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FOREWORD

Since the publication of WASH 1400, one decade ago, Probabilistic
Safety Assessment (PSA) has come a long way and matured as a useful
engineering investigation tool for evaluating reactor safety. Over 20 PSAs
have been conducted to date and insights into plant design and operation are
among the most important results obtained.

In response to the question on whether full benefit from accumulated
nuclear power plant (NPP) operating experience is being properly collected and
factored into these studies, a systematic framework to screen the safety
significance of operating experience and ways of incorporating it in PSA
studies are currently being investigated by the industry and regulatory
authorities of several IAEA Member States.

Operating experience plays a role of utmost importance in PSA. It
validates failure rates and repair times, it helps in trend analysis of both
component and human failure modes, it sets the ground for common mode failure
analysis and it helps to identify precursor events which can lead to accident
scenarios. On the other hand, uncertainty ranges associated with experts
opinion, an intrinsic part of PSA, are expected to be substantially reduced if
operating experience is properly surveyed.

PSA, as any modeling technique, depends heavily on the input
information and operating experience is an indispensable way of making
insights of these studies more realistic.

In several IAEA Member States considerable effort is being made to
collect NPP operating experience and to screen its safety significance.
Systematically incorporating operating experience in PSAs should be a major
step towards validating the input information and consequentially the insights
obtained from the results.

A Technical Committee Meeting was held in Vienna, Austria on
25-29 November 1985. The purpose of this meeting was to provide an
opportunity to review.and assess the current status, recent developments and
future trends of collecting and interchanging reliability data and
incorporating NPP operational experience in PSA studies. It also aimed at
surveying techniques of data collection and treatment and systematic ways of
exploring the safety significance of operational events.

This report, prepared by the participants during the meeting, reflects
the present status and future trends in the field as well as identifies areas
where Agency activities could concentrate on for the benefit of Member
States. It also includes the papers which have been presented during the
meeting.
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EXECUTVE SUMMARY

In recent years there has been an increasing interest in the systematic

utilization of operating experience in the decision making process concerning

large industrial facilities. Even before the advent of Probabilistic Safety

Assessment (PSA), operating experience had always played an important role in

such decisions. Of course, operating experience has always been an input to

PSA also; however, as PSA becomes more mature and the quality and quantity of

operating experience improve, greater emphasis is now being placed on the use

of operating experience to update and validate PSA and thereby provide a more

rational basis for decision making.

Briefly stated, PSA consists of a set of initiating events (IE) that

threaten safe plant operation and models for the response of the plant. To

develop these models, detailed information regarding the design and operation

of the plant is required. Basic models (fault trees, event trees, etc.) are

developed to identify the success and failure paths. In analysing these

models different failure modes of the components and the (actual or planned)

test and operational strategies are used as inputs. The frequency of a given

initiating event is usually assumed to be constant for some time period of

interest. The probability of a component failure mode is also described by a

constant failure rate per hour or per demand. The analyst must be aware that,

besides the independent failures of components, common cause failures (CCF)

have to be taken into account.

Operating experience, which can be generic or plant specific, provides

data for the frequencies of initiating events; the rates of the different

failure modes of the components, CCF rates, repair times and the

unavailabilities due to tests and preventive maintenance. The component

boundaries need to be well defined for this purpose. Because CCF data are

sparse and very dependent on the system configuration, such information should

be given explicitly.

Human error can lead to initiating events and to unavailability of

components. Operating experience relating to this type of error (including

CCF) needs to be collected carefully. After an initiating event has occurred,
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human actions may be required to initiate and/or maintain the safety

functions. These include operator interventions and actions-aimed at system

recovery. In these areas only limited data are available, either from field

experience or from simulator tests. This gap is usually filled with data from

expert opinions. Expert judgement is also needed in evaluating operating

experience related to hardware failure, because event descriptions are often

incomplete.

Apart from the benefit that the operating experience has on PSA accuracy

and completeness, the significance of abnormal occurrences (in terms of the

requirements for design and procedural modifications) can be better

ascertained in the context of an existing PSA.

This report outlines the ways in which data are collected, processed using

mathematical techniques and utilized in decision making. It is not intended

to provide details of the methods and procedures to be used in these areas,

but is rather intended as an introduction to these topics and some of the

relevant literature.

In examining these issues, the members of the Technical Committee have

agreed that the following actions should be given priority in the future:

1. Increasing the dissemination of technical information concerning PSA

studies and the interaction between PSAs and operating experience.

Recommended ways in which this dissemination should take place include:

a. Organization of workshops concerning these topics.

b. Setting up and making available library facilities for material which

is related to these topics. (This is-necessary because much of the

useful information appears in technical reports which are not widely

available.)

c, Sponsoring visits to centres which specialize in the collection and

screening of operating data (e.g., Safety and Reliability Directorate;

Joint Research Centre Ispra; Electricit6 de France; Institute of

Nuclear Power Operation; etc.).
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2. Investigation of means by which a demonstration can be provided of the

use of PSA studies to rank the safety significance of incidents. In addition,

benchmark exercises relating to PSA methodology and the techniques used for

data collection and processing should be sponsored.

3. A review of the major available data collection systems with a view to

recommending a standardized format for this process should be undertaken. In

making this recommendation to Member States, the needs of the PSA analysts

should be recognized and taken into account in order to avoid the deficiencies

of existing systems. Establishment of data banks at least at national level

should be encouraged in Member States.

4. Member States should engage in an open exchange of their available

data bases.

5. Ways should be investigated in which PSA studies are presented in

order to make them more effective as decision making tools.

1. THE COLLECTION OF DATA REPRESENTING OPERATING EXPERIENCE

Predictive studies of any sort need to be grounded in experience. In

recent years Probabilistic Safety Assessment (PSA) methodology has become well.

established in certain countries. As a result greater emphasis is now being

directed in these countries towards the use of operating experience to refine

and update PSA studies. Other member countries of the Agency represent an

earlier stage in the development of PSA expertise. For these countries the

importance of relevant operating experience is recognised and steps are being

taken to set up data collection systems. These two facts, the greater

emphasis on operating experience and the setting up of many new data

collection systems, make this a particularly suitable time for the Agency to

provide guidance and direction concerning methods of data collection. The

combined experience of all the Agency's member countries represents a much

richer source of data for use in PSA studies than that which could be provided

by any single country. In order to ensure that this wealth of experience can

be made use of, efforts need to be made to ensure that data are collected in a

standardised form that recognizes the needs of the PSA analyst.
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1.1 Range of Operating Experence

Operating experience can be pooled to form a generic source of data. It

is data of this sort which is most frequently used as the basis of PSA

studies. Once these studies have been completed, additional plant specific

experience can be used to update and improve them. The updating process can,

of course, be repeated and it is this possibility which gives rise to the idea

of a 'living' PSA.

In using generic data full account must be taken of design or site

specific aspects which would invalidate or require it to be modified before

use.

The main source of data derived from operating experience will be the

unusual event reports (e.g., Ref. 1). These reports are known by different

names in different member countries, e.g., abnormal event reports, licensee

event reports (LER) (e.g., Ref. 2), reports of safety related occurrences,

etc. Information derived from the unusual event reports can be used to make

the updated PSA more specific to the plant being studied. This may involve

the introduction of new events or sequences into the PSA which had not

previously been recognised.

In other instances the event report information may be used directly to

initiate design or procedural changes. Such changes may restore the plant to

the state which had been assumed in the PSA or they may result in the need to

modify the way in which the plant has been modelled in the PSA. This is

usually accepted, for instance, in the case of the anticipated transients

without scram (Ref. 3).

It is recognized that deficiencies may exist in the aforementioned

unusual event reports regarding uniformity of formats, level of details or

clarity. These deficiencies tend to reduce their usefulness to the PSA users.

In broad terms reliability data can be thought of as applying to

components or to operator performance. Both sorts of data present their own

special problems. Concerning component reliability, one of the main problems

arises from the frequently large number of components and failure modes

involved. The limitations concerning the use of human error probabilities

have been recognised by the authors of the main references in this area (Ref.
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4, 5, 6, 7). These reservations have been echoed by the Human Factor Society

of the USA (Ref. 8), who comment that "there is little empirical basis for the

human error probabilities provided in the 'Handbook of Human Reliability

Analysis with Emphasis on Nuclear Power Plant Applications'".

1.2 Data Collection

Available data is often unusable in PSA studies because of the way in

which the data have been collected. Frequently events are recorded without

providing any information concerning the time over which the data have been

collected or the number of demands which have been made during this time. In

practice it is found that failures are very seldom attributed to human errors

even when in-depth studies reveal that this is the case. Other shortcomings

in available data sources are the lack of sufficient detail concerning the

event or operating conditions and the lack of consistent and well specified

definitions.

Clearly if data are to be suitable for use in PSA studies their

collection should be organised in a way which meets the needs of the PSA

analyst. In order to ensure that this state of affairs actually comes about,

it is desirable to encourage close liaison between the people who are

responsible for the collection of data and the PSA analysis.

Data collected should include:

i For each failure detailed information should be provided concerning the

circumstances which have led to failure, the way in which the failure

has been revealed and the effects which the failure has had on the

system or plant involved.

ii The time of failure should be recorded together with success population

data. This latter may include the time during which a component has

been in a state vulnerable to failure or the number of demands which

have been made.

iii Test and surveillance data should be recorded, including test intervals

and the duration of tests.

iv Maintenance data should be collected including component unavailability

due to maintenance and details of the repair or maintenance action.
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v PSA studies have tended to indicate the importance of common cause

failures as a contributor to the frequency of core melt. Because of

this, efforts should be made to record data relevant to such failures

to derive a rate of occurrence with respect to unit time or number of

demands.

vi Details of plant or procedural modifications, which may be implemented

as a result of a failure or simply following experience gained in

operation, should be recorded.

vii Relevant environmental conditions during operation should be recorded.

viii System and component boundaries should be clearly specified. Similarly

systems, components and failure modes should be clearly defined.

ix The importance of human errors is now widely recognised. Data

collection systems need to be designed and administered in ways which

encourage the recording of data relevant to human error probabilities.

Therefore, both the number of human errors and the number of

opportunities should be reported. The conditions under which human

errors have been collected should also be clearly stated. Usually this

information is not sufficiently contained in the logbook or in the

maintenance and surveillance reports.

The basic data sources for operating experience are compiled by plant

staff. These consist in the main of:

- operational logbooks

- maintenance and surveillance records including test reports, work

orders, requisition forms, etc.

- plant modification records

- operating instruction amendments

These basic data sources are used to prepare formal event reports in those

instances where such reports are required. These reports may describe

component failures, system failures or failure sequences. The data of all

these types can be used to update PSA studies and the higher level data,
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relating to functional failures, has been used recently in precursor studies

(Ref. 9, 10, 11, 12). A number of data often does not appear in the event

reports, either because the event is not required to be reported, or the

operating organization does not routinely keep such records.

Particular attention needs to be paid to the collection of data

relevant to common cause failures. In a broad sense, these are multiple

failures having the same cause which can affect many components in the same

system or in different systems. Evidence of such failures can be found in the

unusual events reports or in the component oriented reliability data.

A detailed description of a common cause failure is required to

identify all associated factors such as the cause, the circumstances and the

number of components affected. Such failures need to be classified in ways

that take account of factors such as: design errors, fabrication errors and

operational errors. A significant amount of work is currently being conducted

in this area (e.g. by SRD, EG & G, and EPRI (Ref. 13, 14, 15, 16, 17).

References to some of this work are also contained in the proceedings of the

ANS/ENS International Topical Meeting on Probabilistic Safety Methods and

Applications - San Francisco, 1985).

It is recognised that the establishment and administration of data

collection and screening systems requires a considerable effort on the part of

the operating organisation. However, in many member countries some effort is

already being expanded in this area. By ensuring that these efforts are

directed in concert much greater efficiency will be achieved by these systems.

1.3 Data Banks

One of the problems which faces those member countries who are about to

start PSA studies at an early stage in the design or operation of their plant

is lack of suitable data. Often the infeed of data is a prerequisite to

membership of international data banks and so this lack of data can be doubly

restricting. It is necessary to standardise on the ways in which data are

collected and this should facilitate the setting up of data banks at both

national and international levels.

At a national level those responsible for the setting up and management

of data banks should take note of the following points:
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i) A wide range of technical facilities should be considered as

potential sources of data.

ii) Wherever possible and appropriate, data should be supplemented by

generic data available from international data banks. When this

is done, the sources of the data should be clearly recorded.

iii) Data banks should be set up in ways that facilitate the retrieval

of specific data (e.g. data relating to common cause failures),

by means of automatic searches.

At the international level the Agency already has an established system

for the collection of event oriented data (as opposed to component oriented

reliability data). This system, the Incident Reporting System or IRS, was

created for the purpose of collecting, assessing and distributing information

concerning events in nuclear power plants which are of safety significance.

Concerning reliability data relevant to components, an attempt should

be made to establish, an international data bank which reflects the

requirements for data collection discussed earlier. National data should be

collected from member countries and combined in a standard form. This bank of

information should be made accessible to all members and all members should be

encouraged to contribute data. The possibility of incorporating data into the

bank from various sources should be investigated, including:

- Reactor Safety Study, WASH-1400 (Ref. 18)

- German Risk Study (Ref. 19)

- IEEE Standard 500 (Ref. 20)

- Licensee Event Reports (LER) of USA (e.g., Ref. 2)

- IAEA Incident Reporting System (Ref. 21)

- Component Event Data Bank (CEDB) of European Reliability Data

System (ERDS) (Ref. 22)

- Abnormal Occurrences Reporting System (AORS) of ERDS (Ref. 23)

- Operating Unit Status Report (OURS) of ERDS (Ref. 24)

- Reliability Parameter Data Bank (RPDB) of ERDS (Ref. 25)

- VVER-Data Banks (Ref. 26)

- Data Bank of France for Reliability Data Collection for

Components (SRDF) (Ref. 27)

- Event Files of French NPPs (Ref. 28)
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- Institute of Nuclear Power Operations (INPO) (Ref. 29)

- NUREG Documents of NRC (e.g., CR-2641 (Ref. 30), CR-2886

(Ref. 31), CR-3831 (Ref. 32))

- UK Safety and Reliability Data Bank (Ref. 33)

- Reliability Data Book for Components in Swedish NPPs (Ref. 34)

Clearly in combining data in the way proposed, sources must be traced

so as to avoid including basic data many times over and in this way

inadvertently biasing certain data items.

2. THE PROCESSING OF DATA

The methods which are discussed in this section are oriented towards a

rigorous analysis of the uncertainties associated with the parameters used in

probabilistic modelling. Probability distributions consequently play an

important part in this analysis. Since engineering judgement is widely used

in PSA studies, the natural framework for uncertainty analysis is the

subjective theory of probability and this is also considered in what follows.

This approach to uncertainty is sometimes known as Bayesian Theory of

Probability because of the central role which Bayes' theorem often takes,

although the theorem itself is not always used.

In practice PSA methods are used to identify those sequences which are

of major significance, often using mean probability values. Once the very

large number of potentially significant sequences have been reduced in this

way, particular sequences of importance can be reassessed using rigorous

uncertainty analysis. It is in these assessments that the methods to be

described here are particularly useful.

It should be noted that the methods which are reviewed below deal with

the uncertainty associated with the numerical values of known parameters. A

separate and potentially important source of uncertainty arises from the

limitations of the model used, e.g., due to the omission of some failure

causes or the adoption of approximations. Some work has recently been

directed towards this source of uncertainty (e.g., Ref. 35, 36, 37) and

reliability benchmark exercises have been undertaken by CEC-JRC, Ispra, (Ref.

38), however, there is still much work to be done in this area.
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2.1 Types of Available Information

In general, there are three types of information available for use in

PSA studies. These can be labelled (Ref. 39) as follows:

E1: General engineering knowledge of the design-and manufacture of

the equipment in question and the reliability to be expected on

that basis.

E2: The historical performance in other plants similar to the one in

question.

E3: The past experience in the specific plant being studied.

The information of types E1 and E2 together constitute the

"generic" information and E the plant or item specific information. These
3

three types of information are available in various degrees of detail for

individual events such as hardware failures, initiating events, human errors,

test and maintenance unavailabilities, abnormal environments (e.g., seismic

events, fires, etc.). The objective of data analysis is to combine and

integrate the three types of information. The methods available for carrying

out this integration are discussed, for example, in Ref. 39 and 40.

2.2 The Role of Bayes' Theorem in Data Processing

Bayes' theorem represents the principal mathematical tool available for

combining the different types of information discussed in 2.1 above. (In this

report attention has been confined to the Bayesian approach because of its

importance in the analysis of this type of information). In essence Bayes'

theorem is directed towards the issue of how the probability of an event A is

changed as a result of new information E becoming available. This may be

expressed mathematically as:

p(A) p(E/A),
p(A/E) pE)

where:

p(A/E) is the probability of A given that our state of knowledge

has been expanded to include E. This "new" probability is known

as the "posterior" probability.
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p(E/A) is the probability of observing the evidence E given the

probability for the event A. This is known as the "likelihood"

function.

p(A) is the probability of A prior to acquiring the new

information E. Hence it is known as the "prior" probability.

Bayes' theorem enables us to update existing probabilities (the

"priors"), given some new information. The probabilities may be in the form

of binomial distributions (when, for example, we are concerned with a number

of events occurring in a given number of demands), or Poisson distributions

(when we have a number of events per unit time). The updating process, which

is carried out in this way, may represent a revision directed at including

plant specific information in what was a generically based study (Ref. 41).

It may, on the other hand, simply represent a periodic revision to allow the

incorporation of new plant specific information. This latter revision

incorporates the idea of a "living PSA".

2.3 Generic Distributions and "Prior" Evidence

The "prior" evidence which is updated using Bayes' theorem (see 2.2

above) is most usually in the form of generic distributions representing

general engineering knowledge or judgement, or data derived from experience

with other plants.

Concerning evidence of the type E1, distributions are sometimes

determined using expert opinion. This method was adopted in WASH-1400, IEEE

Standard 500 and the Human Reliability Handbook. "Expert opinion" rarely, in

this context, represents the views of one person. It most likely reflects the

opinions of a body of experts and may involve a detailed study of the topic in

question. Recent studies (Ref. 40, 41, 42) suggest that experts tend to be

overconfident concerning the accuracy of their judgements. A recent exchange

on this matter is to be found in Ref. 43.

Various generic data sources are available in the literature, e.g., the

German Risk Study (Ref. 19) and the U.S. Reactor Safety Study (Ref. 18). One

of the main problems concerning the use of such sources relates to the

credibility of the data. Some formal approaches to this problem have been

explored (Ref. 44).
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Generic information derived from operating experience (information of

type E2 ) is given in the form of a set of doublets, i.e.:

E2 = (kl,T 1), (k2 ,T2) ... (km,T m)

where k. is the number of occurrences of an event over a time T.. The
. 1

index i indicates that the evidence of the ith doublet has been obtained at

the ith plant or location. Alternatively E2 may be available in the

following form:

E = {(knl),(kn2)... .(km 

where k. is the number of occurrences of an event in n, trials or
1 1

demands. A two-dimensional application of Bayes' theorem can be used to find

a generic distribution for the failure rate utilizing these doublets (Ref.

39).

3. THE UTILISATION OF OPERATING EXPERIENCE

Experience gained in the operation of an installation can provide

insights concerning improvements in design, procedures, testing, maintenance,

and training which may be implemented directly. Along with other experts, PSA

analysts can play a role in this process making use of their knowledge of the

systems and the safety significance of each. Apart from this direct impact

which operating experience can have on the design, such experience can also be

fed into the PSA process so as to reveal less obvious weaknesses. Revised PSA

and related precursor studies can in this way be used to provide information

concerning the need for additional design or procedural changes. It is also

important to use operational experience to validate and increase confidence in

the PSA and the assumptions which it makes. (The ORNL Precursor Study (Ref.

9, 10) and the German Precursor Study (Ref. 11, 12) all provide examples of

cases where PSA studies have been validated or improved as a result of

operating experience.)

3.1 The Use of Generic Data in PSA Studies

The use of generic data can be appropriate when a PSA is being

performed for an installation which is in the design, construction or

operational phases, but where plant specific data are unavailable or are

18



unreliable because of their sparseness. The results of such PSAs can be of

use to the designers, regulators or the utility personnel in different ways.

The PSA may lead to the identification of weak points and provide information,

which may be used in decision making concerning design or procedural changes.

For a study which is carried out early in the design stage additional

insights may be provided which allow improvements in the collection of more

appropriate data. If the plant being studied has been operational for a

limited period, it is desirable to combine generic and plant specific data

using Bayesian methodology (see 2.3 above), to derive more appropriate

numerical data. For studies which are carried out at this stage of operation,

test and maintenance data will be available and this should also be

incorporated in the PSA.

Where the plant has been operational for a longer period of time and

has an established data collection system, the Bayesian methodology of Section

2.3 will yield plant specific distributions which are dominated by the strong

statistical record from the plant, as they should.

Even for installations with a long operational history it may still be

necessary to derive information from generic sources in certain cases. This

applies for example when PSAs are carried out for plant populations. In such

studies it is still often useful to evaluate the contribution of specific

plant items to the overall reliability or risk prediction.

Both the analysts and those who use PSA results need to be aware of the

problems which can arise from generic studies. Generic data can be derived

from engineering experience including judgements and expert opinion, or from

operational experience derived from similar plants or populations of such

plants. The use of generic data requires that there be a common level of

detail between the model and the data source, (whether this be at a systems

level or component level, etc.). This is important in order to restrict the

potential for a mismatch between the source of data and the specific use to

which it is put. Also because the data used in a study of this sort may not

be specifically relevant to the plant being considered, it may be desirable to

carry out sensitivity studies to assess the impact of variations in the data.

Parameters which have relative values, e.g. system safety importance or

accident sequence ranking are less influenced by the data used, however, and

because of this, generic studies can be used with greater confidence.
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Particular care should be exercised if generic data are used for the modelling

of site related events such as earthquakes, aircraft crash, abnormal weather

conditions, loss of off-site power, etc.

3.2 The Impact of Operating Experience on PSA Studies

Probabilistic Safety Assessment methodology provides a systematic and

quantitative means of predicting possible accident scenarios at a plant level,

on the basis of operational experience and data which may have been derived

from similar installations. As far as possible operational experience should

be used in studies of this sort in order to generate realistic forecasts of

the future plant behaviour. Once a study has been completed new data may be

used to validate this or it may be used as the basis for modification and

improvements to the study.

Operating experience represents the major source of information

available for the validation of different elements of the PSA. In order to

carry out such validations new and updated information will be compared with

that information used in the original study. Validation, by this means,

provides increased confidence in the results of the PSA. It is in this way

results can be given credibility by relating them to experience and reasoning

concerning that experience. However, it should be recognised that the form of

validation will rarely be absolute. This is inevitable since there will

always be room for debate concerning the detailed modelling of sequences

(e.g., whether for example the incident at Three Mile Island had been modelled

and correctly represented in PSA studies which predated that event, see also

Ref. 45).

One particular area where validation of this sort is likely to be of

great value concerns the probabilities used for loss of safety functions.

Generally these probabilities will have been derived initially without any

input from plant transients or actual occurrences.

In cases where assumptions made in the PSA are confirmed by operating

experience this will contribute to the validation process. In other instances

experiences may highlight deficiencies in the PSA study which require some

form of rectification. Insights derived from operational experience and

precursor studies may in this way result in changes in the modelling of event

scenarios or to the numerical values which have been assigned (e.g. component

failure rates or train unavailabilities).
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Operating experience, when viewed in the context of the PSA study, may

indicate the need for changes to the way in which data is collected. In

particular certain types of experience when assessed by means of the PSA could

indicate the need for new items to be included in unusual event reports (see

1.2 above). Also, if operating experience results in a revision of the PSA

with a consequent increase in the core-melt frequency, it may be necessary to

implement design or procedural changes. In this way there will be a genuine

interaction between, on the one hand, operating experience derived from the

plant and the PSA, and on the other, between the PSA and the design and

operation of the plant.

In order to ensure that this sort of interaction takes place, the PSA

should be updated as part of a continuous process. The idea of a "living" PSA

is very applicable for this purpose. Well defined channels for review and

updating should be established and operating staff should be encouraged to

participate in the process and to liaise with the PSA analyst.

It is important to recognise that all design improvements, system

changes, backfitting and procedural changes provide information relevant to

the updating process. General advice concerning the type of data to be

collected is contained in Section 1.

3.3 Incident and Event Significance

Licensee Event Reports (LERs) and their equivalents (see 1.2 above) are

screened in order to determine those events or sequences which have occurred

on site and which could lead, in coincidence with additional postulated

events, to a severe core damage state. Those events or sequences which are

picked out in this way are defined as severe core damage precursors or simply

precursors. Where a precursor is identified which represents an event or

sequence not being modelled in the PSA this deficiency will need to be

corrected. The PSA may as a result be revised to incorporate the new

prediction and the severe core damage frequency may be adjusted.

Precursor data gathered over a sufficiently large observation time can

also provide estimates of failure probabilities for safety systems and the

frequencies of initiating events. These values can be compared with, and fed

back into, the PSA.
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In addition to the impact which the precursor can have on the PSA, the

event or sequence may suggest the need for design or procedural improvements.

In order to assist in decision processes concerning these improvements it is

useful to provide some indication of the seriousness of the precursor and its

potential to impact on the safe operation of the plant. Information of this

sort can be provided by means of a precursor study and the ranking of the

incidents in terms of their safety significance.

Given a particular precursor event or sequence, the conditional

probability of severe core damage can be calculated using conventional event

tree and fault tree methods. Precursors can then be ranked according to their

frequency of occurrence and their contribution to the severe core damage

probability. In this way an indication is given of "how close" a particular

precursor may have been to a severe core damage state, relative to other

precursors. This information can then be used as a guide in determining the

necessity or urgency of potential improvements.

3.4 Plant and Procedural Improvements

In order to make the PSA more widely understood, it should include a

general description of the plant and the methodology adopted. Assumptions,

possible sources of conservatism and optimism should be clearly indicated.

Whenever possible an indication should be given of the impact which the

various assumptions, made in the study, have.

The PSA analyst should consider who the potential users of the PSA will

be. This is necessary in order that the PSA can be presented in a way that

will effectively communicate its results. Potential users of the PSA may

include regulatory bodies, utilities, designers, researchers and intervenors.

Applications of PSA methodology can result in new safety concerns being

highlighted, e.g. systems interactions, the significance of

over-pressurization of the ECC system in BWRs as an initiating event and the

role of the air supply system as a potential contributor to dependent

failures. This sort of information together with systems importance rankings

and time dependent trends need to be effectively communicated to the PSA

users.

The PSA can also be used to support improvements in operators

procedures and the performance of the operator, e.g., improvements in computer
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aids for accident diagnosis, improvements in simulator programming for

re-training and improvements in control room design including colour coding of

equipment trains and the labelling of pumps and valves. Operators should

themselves be encouraged to become familiar with the PSA as it relates to

their plant. This can assist operators to recognise the relative safety

significance of particular safety functions and actions.
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APPLICATION OF RISK PERSPECTIVES IN THE
ANALYSIS AND EVALUATION OF OPERATIONAL DATA*

P.S. LAM
Office for Analysis and Evaluation

of Operational Data,
United States Nuclear Regulatory Commission,
Washington, D.C., United States of America

Abstract

The Office for Analysis and Evaluation of Operational Data (AEOD) was

established after the accident at Three Mile Island to improve the ways the

U.S. Nuclear Regulatory Commission (NRC) and the nuclear community use

operating experience in identifying and resolving potential safety problems.

One of the major missions of AEOD is to collect, screen, analyze and feed back

operating experience to appropriate NRC offices, the nuclear community and the

public. An important task within this mission is to assess the safety

significance of numerous operating events, and for those determined to be

significant, develop recommendations to eliminate the root causes of the event,

hence to prevent its recurrence.

Since the publication of the Reactor Safety Study (WASH-1400) and some twenty

major probabilistic safety studies in the United States and other countries, it

is well known that a number of important issues in reactor safety involve

relatively rare scenarios with very serious consequences. This is one result

of the application of the fundamental concepts of redundancy, diversity and

physical separation in the design and installation of engineered safety

features and the implementation of detailed operating and emergency procedures.

The rare frequency of operating events with serious consequences makes it

difficult to accurately quantify and place in perspective major safety

concerns. This necessitates the development of a systematic framework for

* The tables and figures in the AEOD procedure occupy some 50 pages; therefore, it is not
possible to include them as part of this paper. However, for clarity, they will be identified by their
numbers in the overview.
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assessing the safety significance of operating events. To this end, AEOD has

developed and implemented an interim procedure to apply probabilistic risk

perspectives to the assessment of operating events.

The AEOD procedure has the following elements: 1) Define safety significance

according to chapter 10, Code of Federal Regulations, part 50.92, 2) Identify

system function, 3) Judge system importance, 4) Determine relation to dominant

accident sequences, 5) Investigate new accident sequences, 6) Assess the

increase in probability of major accidents, and 7) Evaluate the increase in

consequence of major accidents.

A principal result of using this procedure is the quantitative estimate of the

reactor accident risks associated with the event/issue under consideration,

which establishes a basis for whether or not more in-depth evaluation is

warranted. Such an estimate also determines the risk reduction associated with

major AEOD recommendations resulting from in-depth analyses, which in turn

provides the recipients of AEOD recommendations a measure of the safety

significance of the issues involved. For example, a recently issued AEOD case

study of overpresssurization of emergency core cooling systems in boiling water

reactors has identified an important safety problem -- the multiple failures of

independent and diverse isolation barriers -- by the assessment of a

significant increase (two to three orders of magnitude) in the probability of

an interfacing loss-of-coolant accident. Specific recommendations to eliminate

the root causes of these failures were developed by AEOD.

The application of risk perspectives in evaluating operating data has another

major benefit -- the improvement of existing component reliability and failure

data based on operating experience. For example, the isolation valve failure

modes identified in the aforementioned AEOD case study as well as the

steam-binding failure modes of auxiliary feedwater pumps identified in another

study have not been recognized in major probabilistic risk studies completed to

date. The incorporation of these findings based on operational experience into
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the fault tree/event tree models and the component failure data bases will

further improve the quantitative estimates of reactor accident risks.

1. INTRODUCTION

The Office for Analysis and Evaluation of Operational Data (AEOD) was estab-
lished after the accident at Three Mile Island to improve the ways the U.S.
Nuclear Regulatory Commission (NRC) and the nuclear community use operating
experience in identifying and resolving potential safety problems. One of the
major missions of AEOD is to collect, screen, analyze and feed back operating
experience to appropriate NRC offices, the nuclear community and the public.
An important task within this mission is to assess the safety significance of
numerous operating events and, for those determined to be significant, develop
recommendations to eliminate the root causes of the event in order to prevent
its recurrence.

Since the publication of the Reactor Safety Study (WASH-1400, Ref. 1) and some
20 major probabilistic safety studies (Ref. 2) in the United States and other
countries, it is well known that a number of important issues in reactor safety
involve relatively rare scenarios with very serious consequences. This is one
result of the application of the fundamental concepts of redundancy, diversity
and physical separation in the design and installation of engineered safety
features and the implementation of detailed operating and emergency procedures.
The rare frequency of operating events with serious consequences makes it
difficult to accurately quantify and place in perspective major safety
concerns. This necessitates the development of a systematic framework for
assessing the safety significance of operating events. To this end, AEOD has
developed and implemented an interim procedure (Ref. 3) to apply probabilistic
risk perspectives to the assessment of operating events.

2. OBJECTIVES

The- overall objective of the interim AEOD procedure is to provide a simplified
method for assessing the safety significance of events or issues related to
reactor operating experiences. A second objective of the AEOD procedure is to
provide a source of information!regarding probabilistic risk assessment and the
important insights and results from major risk studies. A third objective of
the procedure is to assist the user in obtaining well founded quantitative
estimates of the reactor accident risks associated with the event/issue under
consideration, hence the risk reduction associated with major AEOD
recommendations. These estimates in turn will provide the recipients of AEOD
recommendations a measure of the safety significance of the issues involved.

To the extent possible, important qualitative and quantitative results from
comprehensive risk studies are supplied in the AEOD procedure. No elaborate or
extensive effort in the development of logic models is envisioned in the
procedure. This is predicated on the observation that the nature of the
discussion necessary to allocate regulatory resources does not require great
precision, but rather involves relative assessment of risks. Perhaps equally
important is the observation that some safety issues are difficult to quantify
with reasonable accuracy; therefore, for such issues a deterministic evaluation
may be appropriate.

3. USEFULNESS AND LIMITATIONS

The AEOD interim procedure offers a simplified method to conduct a preliminary
evaluation of the safety significance of operating events utilizing important
engineering insights,from available risk studies. As such, this procedure is

31



intended to be self-contained. It has included in its tables and figures a
large variety of significant results, both qualitative and quantitative, from
existing comprehensive risk studies, so that the user may conduct a preliminary
evaluation of the safety significance of an event or issue without the need to
seek additional information from other references. However, this procedure
does not contain all the information necessary for an in-depth evaluation of
the reactor accident risks. Furthermore, reactor accident risks related to
external events such as tornadoes, floods, earthquakes or fire are not dis-
cussed in the procedure.

4. OVERVIEW OF THE INTERIM AEOD PROCEDURE

The AEOD procedure consists of seven steps. It is intended to guide the user
to expeditiously gather essential information and to formulate a conceptual
framework for discussing safety issues within the context of probabilistic
safety studies. The user needs only a minimum of special training in the area
of probabilistic risk assessment. The seven steps are briefly described below.

4.1 Procedure Step 1: Define Perceived Safety Significance

This step involves the selection of a definition of "safety significance"
perceived to be appropriate for the event or issue under consideration from the
three definitions codified in Part 50.92, Title 10, Code of Federal Regulations
(10 CFR 50.92). Specifically, these three definitions of "safety significance"
are:

An event or issue is deemed to have "safety significance" if it:

(1) Involves a significant increase in the probability or consequences of
an accident previously evaluated; or

(2) Creates the possibility of a new or different kind of accident from
any accident previously evaluated; or

(3) Involves a significant reduction in a margin of safety.

These definitions may be viewed as broad criteria from which safety signifi-
cance can be clearly stated. This step helps to narrow the focus of all
subsequent discussions of an event or issue to a specific area of perceived
safety significance. Definitions 1 and 2 are related to accident sequences
previously evaluated or new accident sequences. Definition 3 can be tied to
generic issues or common-mode failures. The user may have to go to procedure
steps 4, 5, 6 and 7 before deciding which definition is more appropriate for
the event or issue under consideration.

4.2 Procedure Step 2: Identify System Function

This step identifies the principal functions or roles of the components or
systems under consideration in the areas of accident prevention, mitigation or
monitoring. To aid in such identification, results from two major studies are
provided in the AEOD procedure. First, a list of various systems associated
with nine essential functions for two pressurized water reactors (Sequoyah and
Zion) and two boiling water reactors (Peach Bottom and Grand Gulf) developed by
the Industry Degraded Core Rulemaking Program (IDCOR, Ref. 4) is given in
Tables 2 and 3 of the AEOD procedure. The nine functions are related to
providing or maintaining:

o Reactor integrity,
0 Core makeup,
o Core heat removal,
0 Containment pressure suppression,
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o Containment heat removal,
° Containment integrity,
° Containment radioactivity removal,
0 Monitoring reactor or containment status,
0 Miscellaneous support.

Secondly, another way of categorizing systems is to list the front-line systems
challenged by generic initiating events such as loss-of-coolant accidents or
transients. Such a categorization was made in NUREG-1050 (Ref. 2) and given in
Tables 4 and 5 of the AEOO procedure.

With these tables as a guide, a specific identification of the principal role
the system plays in the areas of accident prevention, mitigation or monitoring
can be made.

4.3 Procedure Step 3: Judge System Importance

This step utilizes the existing results of three different ranking schemes to
gauge the relative importance of various systems under consideration in terms
of their contribution to reactor accident risks.

The three different ranking schemes are

o Quantitative and qualitative ranking by the Industry Degraded Core
Rulemaking Program (IDCOR) Task 17 (Ref. 4),

0 "Risk achievement and reduction ratio" in a Battelle Columbus study
(Ref. 2) sponsored by the NRC, and

o "Fussel-Vesely importance measure," also in the Battelle study
(Ref. 2) sponsored by the NRC.

The results of these three ranking schemes are given in Table 6 and Figures 1-6
of the AEOD procedure. The user should screen all these results to assess
whether or not the systems under consideration have been ranked as important to
reactor accident risks. Once a system has been ranked by any one of these
studies as important, consider this step completed. If not, more work may be
required.

The aim of this step is to obtain an approximate ranking of the system under
consideration in terms of its importance to reactor accident risks. Such an
approximate ranking would aid in the discussion of safety significance. First,
the observation that a system has been ranked as very important by a previous
study (IDCOR or NRC sponsored studies) would set the stage for discussing the
information extracted from steps 4, 5, 6 or 7 in the procedure. Secondly, in
the absence of appropriate information, a ranking of "very important" to
reactor accident risks may provide an adequate basis for the user to assign
safety significance to the system(s) under consideration. An example is the
auxiliary feedwater system (AFW) which was ranked by all three aforementioned
schemes as very important. Therefore the user could, if further quantitative
evaluations are not required, state that major failures or degradation of the
AFW system would be deemed significant to reactor safety.

The user should be aware that a precise ranking of relative importance of
systems has not been established for the following reasons. First, there is no
industry consensus on the definition of system importance. Second, the
importance of a system is invariably tied to plant-specific dominant accident
sequences as well as site characteristics. Third, the systems have
interdependence, the extent of which is particularly acute between the
front-line systems and their associated support systems. However, based on
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results in Table 6 and Figs. 1 through 6 of the AEOD procedure, a somewhat
consistent and generic set of important systems can be identified as:

Important pressurized water reactor (PWR) systems

Auxiliary feedwater system (AFW)
High pressure injection system (HPI)

Important boiling water reactor (BWR) systems

Residual heat removal system (RHR)
Reactor protection system (RPS)
High pressure coolant injection system (HPCI)
Reactor core isolation cooling system (RCIC)

4.4 Procedure Step 4: Determine Relation to Dominant Accident Sequences

This step determines if the event/issue (or component/system) under considera-
tion is related to any dominant accident sequences. One of the major conclu-
sions of the completed comprehensive risk studies is that reactor accident
risks stem primarily from a few accident sequences. In other words, only a few
accident sequences among the numerous possible sequences studied dominate the
reactor accident risks. Reactor accident risks can be measured in terms of
reactor core-melt frequency and its associated consequences. Thus, to achieve
a significant reduction in reactor accident risks would have to involve a
reduction in the frequency or the consequence of the dominant accident
sequences. The user should be aware of the fact that events of low consequence
but of high frequency are not addressed here. To what extent they impact on
reactor accident risks can be a safety concern.

To a very large extent, dominant accident sequences are related to the type of
reactor (PWR or BWR), the variation in systems design and configuration within
a given reactor type, and the difference in operating and emergency procedures,
and in test and maintenance practices. This results in a rather large volume
of information pertaining to the dominant accident sequences for various
plants. Provided in this step is information at two levels of detail for the
user to screen and to determine whether or not the event or issue under consid-
eration is involved in any dominant accident sequence:

Generic PWR and BWR dominant accident sequences

0 These sequences are the results of the Accident Sequence Evaluation
Program (Ref. 6) sponsored by the Office of Nuclear Regulatory
Research, NRC.

Plant-specific dominant accident sequences

0 A comparison of dominant accident sequences for 11 plants,

0 A brief description of some of the dominant accident
sequences for Zion, Sequoyah, Peach Bottom and Grand Gulf, from
the IDCOR program Tasks 17 and 23,

0 A list of all the probabilistic safety studies in the United
States completed as of October 1985.

The above information is contained in Tables 7 through 15 of the AEOD
procedure. For the user who can budget sufficient time and effort in this
step, and if the plant under consideration has been studied in a risk study, a
screening and evaluation of plant-specific dominant accident sequences would be
appropriate. Otherwise, the user can limit the screening only to the generic
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PWR and BWR dominant accident sequences listed in Tables 7 and 8 of the AEOD
procedure.

If in step 1 it is determined that the failure of the system under considera-
tion involves a common-cause failure, such a common-cause failure should be
studied here to assess whether or not it is related to any dominant accident
sequences. This follows the logic that a common-cause failure is important
when it is related to a dominant accident sequence or it creates the possibil-
ity of a new accident sequence not previously evaluated.

The user should be aware of the significant role human errors play in contrib-
uting to reactor accident risks. They can occur during any stage of an
accident. For example, human errors can be involved in the initiation, mitiga-
tion and/or monitoring of an accident. They can be errors related to the
performance of test and maintenance, design or installation. They can be
either errors in commission or in omission. A large amount of useful informa-
tion is contained in NUREG/CR-1278, "Handbook of Human Reliability Analysis
With Emphasis on Nuclear Power Plant Applications" (Ref. 5), which should be
consulted if the user needs to obtain a quantitative estimate of a failure
probability related to human errors.

4.5 Procedure Step 5: Investigate New Accident Sequences

This step investigates if the event/issue (or component/system) under consider-
ation is involved in any new accident sequences. This step should only be
taken if the answer to the effort in step 4 is negative; namely, if the
event/issue under consideration is not related to any dominant accident
sequences. Here, a substantial amount of effort may be required to identify
the new accident scenario, to assess its probable causes and how it may
progress. The safety significance of a new accident sequence is immediately
apparent if the likelihood of its occurrence or its consequence is assessed to
be comparable to those of the dominant accident sequences.

An accident sequence is a new sequence if it has not been previously evaluated.
In principle, the user can determine whether or not an accident sequence is a
new one by comparing it to all the accident sequences investigated in past
studies. In practice, this is seldom feasible. Thus, initially the user
should consult an individual who has considerable experience in evaluating
accident sequences.

Furthermore, the role of any common-cause failure identified in step 1 should
be investigated here as well. The user should be aware that a quantitative
evaluation of a common-cause failure and its associated impact also requires a
large amount of effort, particularly if such a common-cause failure involves
more than one system. For existing common-cause failure data regarding valves,
pumps, instrumentation and control assemblies, the user should consult the
following references:

o "Common-Cause Fault Rates for Valves," NUREG/CR-2770 (Ref. 7),

° "Common-Cause Fault Rates for Pumps," NUREG/CR-2098 (Ref. 8), and

o "Common-Cause Fault Rates for Instrumentation and Control Assemblies,"
NUREG/CR-2771 (Ref. 9).

4.6 Procedure Step 6: Assess the Increase in Probability of Major Accidents

This step assesses the increase in the probability of major reactor accidents.
The probability can be either the initiation frequency or core-melt frequency.
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Here, major reactor accidents refer to the dominant accident sequences identi-
fied in step 4 or the new accident sequence identified in step 5. A very large
amount of data exists as to the accident initiation frequencies, the estimated
probabilities of system and component failures, and the estimated containment
failure modes and their associated probabilities. For plant-specific data, the
user should screen the available probabilistic safety study reports listed in
Tables 9 and 10 given in step 4. For generic results, the following data
should be evaluated:

o Baseline frequencies for PWR and BWR transient initiators,

o Core-melt probabilities for PWR (Surry) dominant accident sequences
predicted by the Reactor Safety Study and reevaluated by Brookhaven
National Laboratory, and

o Core-melt probabilities for BWR (Peach Bottom) dominant accident
sequences predicted by the Reactor Safety Study and reevaluated by
Brookhaven National Laboratory.

The above information is given in Tables 16 through 19 of the AEOD procedure.
These tables should be studied to obtain a broad overview of the relative
frequencies associated with various dominant accident sequences. The
containment failure modes and their associated probabilities are discussed in
the next step. The user should be aware that variations in both initiator
frequency and core-melt frequency can be substantial from plant to plant. The
user may need to consult the results related to system failure probabilities
and basic component failure data (e.g., valves, pumps, instrumentation and
control assemblies) contained in the various completed risk studies. The
following references are also helpful.

o "Data Summaries of Licensee Event Reports of Valves at U.S. Commercial
Nuclear Power Plants," NUREG/CR-1363 (Ref. 10),

o "Data Summaries of Licensee Event Reports of Pumps at U.S. Commercial
Nuclear Power Plants," NUREG/CR-1205 (Ref. 11),

o "Data Summaries of Licensee Event Reports of Diesel Generators at U.S.
Commercial Nuclear Power Plants," NUREG/CR-1362 (Ref. 13),

o "Common-Cause Fault Rates for Valves," NUREG/CR-2770 (Ref. 7),

o "Common-Cause Fault Rates for Pumps," NUREG/CR-2098 (Ref. 8), and

o "Common-Cause Fault Rates for Instrumentation and Control Assemblies,"
NUREG/CR-2771 (Ref. 9).

Quantitative estimates of the probability of a system failure can be obtained
using the fault tree technique. Detailed descriptions of how this may be
conducted are given in the "Fault Tree Handbook," NUREG-0492 (Ref. 14). This
handbook should be used in conjunction with the AEOD procedure when necessary.

The user should be aware that considerable uncertainties exist regarding the
estimated system/component failure probabilities and core-melt probabilities in
various safety studies. These uncertainties are primarily associated with
those involved in the collection of failure data, the modeling of systems, and
the issue of completeness. Therefore, it is important to be consistent in the
assessment of probability increases so that uncertainty in the existing results
will not become an overwhelming issue. Furthermore, it is generally helpful
when key assumptions are stated explicitly and, to the extent feasible, defined
as to their applicability.for use in bounding calculations.
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4.7 Procedure Step 7: Evaluate the Increase in Consequence of Major Accidents

This step evaluates the increase in the consequence of major reactor accidents
by using plant-specific or generic results.

The modeling of the consequences of a severe reactor accident is exceedingly
complex and, furthermore, it is frequently updated to reflect new insights
gained in research activities. Some of the key issues involved are how the
accident may progress during core degradation; how a reactor vessel and the
containment fails; the estimated fraction of radioactive inventory being
released and its associated energy; the modeling of atmospheric dispersion; and
the role of emergency evacuation. These issues have been somewhat extensively
discussed in completed full-scope probabilistic safety studies, and the user
should consult the reports listed in Table 9 of the AEOD procedure for details.

Two summaries are offered in looking at containment failure modes and their
associated releases. The first summary gives the containment failure modes,
their estimated probabilities and the release categories defined in the Reactor
Safety Study. This information is reproduced in Tables 20 through 24 of the
AEOD procedure. The user is cautioned that the Reactor Safety Study results
which are useful in providing a consistent framework for comparison should not
be used as absolute estimates. They are subject to revision as more current
knowledge is gained through the study of various important degraded-core
phenomena and from the results of source term research. Containment failure
probabilities have also been estimated in other safety studies (Refs. 15 and 16).

Tables 23 and 24 of the AEOD procedure provide a consistent source of informa-
tion for comparing the severity of release (consequence) associated with the
dominant accident sequences. For example, the accident sequence TMLB'-6 which
denotes a station blackout accident (TMLB') leading to the containment failure
mode 6 (containment overpressure rupture) is in the PWR release category 2.
The same accident TMLB' with a more benign containment failure mode £, which is
a basemat melt-through, is in the PWR release category 6. The PWR release
category 2 involves substantially higher fractions of radioactivities released
to the environment than those associated with a PWR release category 6. Thus,
the consequence of accident sequence TMLB'-6 is more severe (by a factor of 3
to 10,000 depending on the isotope) than that of sequence TMLB'-&.

With these tables from the AEOD procedure as a source of information, the user
can proceed to gauge the reduction in releases, hence the improvement of
reactor safety, associated with a recommendation. This is predicated on such a
recommendation being clearly related to a dominant sequence in one of these
tables, and on the containment failure modes associated with such an accident
being readily identifiable. To illustrate, consider the same sequences TMLB'-6
and TMLB'-e mentioned before. If a recommendation were to have an impact such
that sequence TMLB'-6 would be reduced to sequence TMLB'-c, such a recommenda-
tion would lead to a substantial reduction in radioactive releases, hence
significant improvement of reactor safety. Another way of improving reactor
safety is, as discussed in step 6, via the reduction of the likelihood of
occurrence of the accident TMLB' itself.

The second summary is a broad categorization of release fractions given in
NUREG-1050, provided in Table 25 of the AEOO procedure. It summarizes the
range of release fractions surveyed in eight probabilistic risk studies (Big
Rock Point, Indian Point 2 and 3, Zion, Limerick, Shoreham, Surry-1, Peach
Bottom and Yankee Rowe) for the following three generic types of containment
failures:

° Severe containment failures which include early overpressure rupture
and containment bypass,
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o Late containment failure with engineering safety features functioning,
and

° No containment failure.

The user can use Table 25 of the AEOD procedure to gauge the relative magnitude
of release for Xe, Kr, I, Cs and Te associated with the above generic types of
containment failures. The range of variation is fairly large for the risk
studies surveyed. Despite such a large range of variation, one trend is clear:
early containment failures lead to the largest radioactive releases.

5. SELECTED ILLUSTRATIONS

Two events are chosen to illustrate the use of the AEOD procedure. These two
events, one of which was reported as an AEOD case study, were selected because
they had been extensively evaluated.

5.1 Example 1: Major Degradation of Primary Containment Boundary at the
Palisades Nuclear Plant

This event involved an inadvertently open 4-inch bypass line around the main
48-inch containment purge valve for a period of 17 months at the Palisades
Nuclear Plant during 1978-1979. Two manual valves on the 4-inch bypass line
were left locked open instead of locked closed as a result of a personnel
error, and remained undetected for the ensuing 17-month period. This event was
described in detail in NUREG-0090, "Report to Congress on Abnormal Occurrences,
July-September 1979" (Ref. 17).

Step 1: Define perceived safety significance. For this event, either the first
or the third definition of safety significance in step 1 can be used. The
first definition can be used because an open 4-inch line in the containment has
significant impact on the releases associated with all dominant accident
sequences in which the containment is assumed to be intact during the core-melt
process. The third definition can also be selected because a 4-inch opening in
the containment for a 17-month period involved a significant reduction in
safety margin which, in this case, is related specifically to the containment
integrity.

Step 2: Identify system function. The inadvertently open 4-inch bypass line
for a 17-month period caused- a major degradation of containment integrity,
which in Table 2 of the AEOD procedure was identified as an important function
in accident mitigation. More specifically, the containment is relied upon to
prevent small radioactive releases associated with minor accidents from reach-
ing the environment, and to mitigate major releases from severe accidents.

Step 3: Judge system importance. This step can be omitted.

Step 4: Determine relation to dominant accident sequences. The containment
being open would adversely impact all generic classes of PWR dominant accident
sequences (Tablt 7 of the AEOD procedure) in which the containment was assumed
to be intact during the core-melt process. These generic classes of PWR
dominant accident sequences include transients or small-break loss-of-coolant
accidents with a loss of core cooling. The adverse impact is related to the
failure to mitigate early radioactive releases.

Step 5: Investigate new accident sequences. An open containment by itself is
not an accident initiator. Its involvement in any new accident scenarios will
be in the same role, namely the degradation in mitigating radioactive releases,
as that in dominant accident sequences.
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Steps 6 and 7: Assess the increase in probability or consequence of major
accidents. In the Reactor Safety Study results, the containment failure mode p
was used to denote the containment failure resulting from an inadequate isola-
tion of containment openings and penetrations and was assessed to have a
probability of 10-4 per reactor year. Here, with a 4-inch opening for 17
months, the probability for p on a per-reactor-year basis would be unity which
is higher than the 10-4 value by four orders of magnitude. Therefore, the
accident sequences in the PWR-4 and PWR-5 release categories which are tied to
the p containment failure mode would now have higher probabilities (by four
orders of magnitude) than those assessed in the reactor safety study. More
specifically, these higher probabilities are in the range of 10- 7 and 10-4 ,
respectively, for the accidents in the PWR-4 and PWR-5 release categories.
This magnitude of increase in probability for these accident sequences
represents a significant increase in hazards.

Concluding remarks for example 1. This event is judged significant to reactor
safety because it is related to all PWR dominant accident sequences in which
the containment was previously assumed to be intact during the core-melt
process (step 4), and involved a significant increase (four orders of
magnitude) in probability of accident sequences in the PWR-4 and PWR-5 release
categories (steps 6 and 7).

5.2 Example 2: Steam Binding of AFW Pumps

The generic safety implications of backleakage to the AFW system in PWRs were
delineated in a recent AEOD case study report (AEOD/C404, Ref. 18). The report
stated that operational experience had shown that on numerous occasions an AFW
pump was rendered inoperable due to steam binding resulting from the leakage of
hot feedwater to the AFW system. These events highlight the potential for a
common-cause failure of the AFW system due to steam binding because the AFW
pumps are connected by common piping (discharge header and/or recirculation
piping) with only a single check valve to prevent backleakage of hot water to a
second or third pump..

Step 1: Define perceived safety significance. The first definition in step 1
would be appropriate. The failure of the AFW system is involved in many PWR
accident sequences previously evaluated. Of particular importance are two
sequences: one involves the total loss of reactor core decay heat removal
(sequence TML), and another involves a station blackout scenario (sequence
TMLB').

Step 2: Identify system function. The AFW system is relied upon to remove the
decay heat from the reactor core during accident conditions involving a
transient or a small-break loss-of-coolant accident (Tables 2 and 4 of the AEOD
procedure).

Step 3: Judge system importance. The AFW system is one of the most important
systems in a PWR because it is one of the front-line systems being challenged
early in numerous accident sequences of which the loss of core heat removal and
the station blackout scenarios are two dominant sequences (Table 4 of the AEOD
procedure). Furthermore, AFW unavailability contributes significantly to
reactor core-melt frequency as indicated in Figs. 1, 2, 3 and 5 of the AEOD
procedure.

Step 4: Determine relation to dominant accident sequences. As stated in
steps 1 and 3, the operability of the AFW system is involved in two dominant
accident sequences. In the loss of core heat removal scenario (sequence TML),
the loss of main feedwater and the subsequent failure of the AFW system is
postulated to lead to the uncovery of the reactor core (Refs. 1 and 19). In
the station blackout scenario (sequence TMLB'), all ac power, offsite and
onsite, is lost at the beginning of the accident. The failure of the steam
turbine driven train of the AFW system will constitute the total AFW system
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failure because the other AFW trains are dependent on ac power which has been
lost.

Step 5: Investigate new accident sequences. This step can be omitted.

Step 6: Assess the increase in probability of major accidents. AEOO/C404 gave
the following data:

Number of AFW Pumps involved (assumed
Number of events in 1983 failed) due to steam binding

10 1
3 2

Based on these data, the failure probabilities of AFW pumps due to steam
binding can be estimated as follows. First, assume that there are 47 operating
PWR plants each with 3 AFW pumps. Each of the AFW pumps is assumed subject to
15 demands per reactor year (RY) based on 12 surveillance tests and 3 AFW
challenges after reactor trips. Then,

P1 = failure probability of 1 AFW pump due to steam binding

(10 events involving 1 AFW pump failure/RY)

(47 plants)(3 AFW pumps/plant)(15 demands/RY)

= 4.7 x 10-3/demand,

P2 = failure probability of 2 AFW pumps due to steam binding

= (3 events involving 2 AFW pumps/RY)

(47 plants)(3 AFW pumps/plant)(15 demands/RY)

= 1.5 x 10-3/demand,

P3 = failure probability of all 3 AFW pumps due to steam binding

= 0.1 P2

= 1.5 x 10-4/demand,

where the value 0.1 was estimated to be the conditional probability that the
third pump would fail given two pumps have already failed, which is based on
the common-cause dependency of the hardware between trains having the same
design and subject to the same environment, and the same test and maintenance
procedures. The increase in probability of major accidents TML and TMLB' due
to the steam-binding failure of AFW pumps can be estimated as follows:
Accident sequence TML is initiated by a transient event (T), followed by the
loss of power conversion system and the secondary system steam relief
valves (M) and the failure of the AFW (L); and accident sequence TMLB' is a
station blackout accident where B' denotes the failure to recover ac power
within 1 to 3 hours.
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Accident sequence TML

For the Sequoyah plant (Ref. 19, Chapter 9.1.1), the following comparison can
be made using the estimated P3 value for event L (failure of AFW) for sequence
TML which is a dominant accident sequence in the PWR-3 release category.

Event T, Event M, TML
number of loss of power Event L, Sequence
transients/RY conversion loss of AFW Probability

No steam
binding of 7 10-2 4 x 10-5/demand 2.8 x 10-6/RY
any AFW pump

Steam binding
of all AFW 7 10 - 2 1.5 x 10-4/demand 1.1 x 10-5/RY

Therefore, the sequence probability of TML is increased by approximately a
factor of 4. This increase doubles the contribution of the TML sequence to the
probability of the PWR-3 release category which is already the most probable
release category at Sequoyahr.

Accident sequence TMLB'

For the Sequoyah plant, the unavailability of the AFW system given a total loss
of ac power is 1.9 x 10-2 (Ref. 19, Appendix B.17). The failure probability of
one AFW pump due to steam binding, in this case the turbine-driven pump, is
represented by P which has been estimated to be 4.7 x 10-3/demand. Since the
steam binding phenomenon had not been considered until now, the P value should
be added to the 1.9 x 10-2 value. Then this P value represents about 20% of
the total unavailability of the AFW system wheA all ac power is lost.
Therefore, the contribution of pump failure as a result of steam binding to
total AFW system unavailability, hence sequence TMLB' probability, is about a
20% increase. The contribution here is not as great as that in the TML
sequence in which the sequence probability was increased by a factor of four.
However, since TMLB' is assessed to lead to PWR-1 and PWR-2 release categories
which involve higher release fractions than a PWR-3 release category, a 20%
increase in TMLB' probability should be considered marginally significant.

Step 7: Evaluate the increase in consequence of major accidents. This step
can be omitted.

Concluding remarks for example 2

The failure of AFW pumps due to steam binding is judged significant to reactor
safety because it involves a system (AFW) important to reactor accident risks
(step 3); it is related to at least two dominant accident sequences (TML and
TMLB', step 4); and it leads to a significant increase in the probability of
sequence TML (by a factor of 4) and a marginally significant increase in the
probability of sequence TMLB' (about 20%, step 6).

6. CONCLUSIONS

A principal result of using the AEOD procedure is a quantitative estimate of
the reactor accident risks associated with the event/issue under consideration,
which establishes a basis for whether or not more in-depth evaluation is
warranted. Such an estimate would also determine the risk reduction potential
associated with major AEOD recommendations resulting from in-depth analyses,
which in turn provides the recipients of AEOO recommendations a measure of the
safety significance of the issues involved. For example, a recently issued
AEOO case study of overpressurization of emergency core cooling systems in
boiling water reactors (Ref. 20) has identified an important safety
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problem--the multiple failures of independent and diverse isolation
barriers--by the assessment of a significant increase (two to three orders of
magnitude) in the probability of an interfacing loss-of-coolant accident.
Because of the significance of the safety concern, specific recommendations to
eliminate the root causes of these failures were developed by AEOD and are
currently being expeditiously reviewed by responsible NRC offices.

The application of risk perspectives in evaluating operating data has another
major benefit--the improvement of existing component reliability and failure
data based on operating experience. For example, the isolation valve failure
modes identified in the aforementioned AEOD case study as well as the
steam-binding failure mode of AFW pumps discussed earlier have not been recog-
nized in major probabilistic risk studies completed to date. Specifically, the
important failure modes of isolation valves between the reactor coolant system
and the emergency core cooling systems in boiling water reactors--pneumatic
pressure reversal due to maintenance errors in the nonsafety-related air
operator in the testable check valve and inadvertent opening of the
motor-operated injection valve during surveillance testing--were not included
in the analyses of any major risk studies. The steam-binding failures of AFW
pumps caused by the backleakage-of hot feedwater to the AFW system has not
been, but should be, considered as common-cause failures. The incorporation of
these findings based on operational experience into the fault tree/event tree
models and the component failure data bases will further improve the
quantitative estimates of reactor accident risks.
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SAFETY PERFORMANCE INDICATORS BASED ON
OPERATING EXPERIENCE

A. VILLEMEUR
Electricite de France,
Clamart, France

Abstract

The detailed analysis of the operating history of nuclear power

plants with respect to safety is essential. There is increasing

recognition of the part that probabilistic analysis may play in helping

to analyze operating experience. Indeed, operating history analysis

roughly incorporates two types of analysis:

- the analysis of each component failure and of each incident.

Their causes are identified. As a result the decision is

sometimes taken either to eliminate these causes or to reduce

their probability by introducing appropriate changes.

Potential consequences are also studied.

- the statistical analysis of failures and incidents: the

frequency of the incidents is checked to make sure it is not

too high.

Probabilistic safety analysis may help:

- to identify the consequences of each incident: for instance,

an event tree can be constructed for each serious incident and

accident scenarios that may lead to consequences such as core

melt.

- to evaluate the impact on the core melt probability of the

number of incidents affecting the safety-related systems

components (pumps, valves...).

Clearly, safety performance indicators based on operating

experience should be defined. These indicators are events whose

probability will be calculated on the basis of the operating experience.
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I INTRODUCTION

The detailed analysis of the operating history of nuclear power plants

with respect to safety is essential. There is increasing recognition of the

part that probabilistic analysis may play in helping to analyze operating

experience. Indeed, operating history analysis roughly incorporates two

types of analysis :

- the analysis of each component failure (F) and of each incident

(I). Their causes are identified. As a result the decision is sometimes taken

either to eliminate these causes or to reduce their probability by introducing'

appropriate changes. Potential consequences are also studied.

- the statistical analysis of failures and incidents : the fre-

quency of the incidents is checked to make sure it is not too high.

Probabilistic safety analysis may help :

- to identify the consequences of each incident : for instance,

an event tree can be constructed for each serious incident and accident

scenarios that may lead to consequences such as the core melt.

- to evaluate the impact on the core melt probability of the

number of incidents affecting the safety-related systems components (pumps,

valves...).

Clearly, safety performance indicators based on operating experience

should be defined. These indicators are events whose probability will be

calculated on the basis of the operating experience.

Examples 
- core melt : P (core melt/ F, I)

- loss of a safety related system : P (loss of a safety related

system/F,I)

- failure of a safety-related system pump : failure rate, repair

time...
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II EXAMPLE OF INDICATORS

Such indicators are now regularly computed for the gas-cooled graphite

moderated - natural uranium power plants operated by EDF.

The core is cooled by four turboblowers circulating carbon dioxide ;

one turboblower is sufficient to cool the core. This nuclear power plant has

been operating for about twenty years.

Sixteen losses of turboblower have been recorded every year on the

average. Over the entire operating history, two turboblowers have failed

simultaneously six times approximately. What is the impact of these failures

on the safety ?

A reliability study was performed two years ago to determine the

probability of a loss of reactor cooling capability.
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Such a failure may result in the core melt within a few hours. A

state graphbased analysis was performed to calculate the probability of

loosing 3 and 4 turboblowers. The state graph is represented in figure 1.

The incidents are recorded in an event data base and analyzed to

compute :

- the failure rate of a turboblower for quickly repairable

failures (t < 100 hours)

- the mean repair time for quick repairs

- the failure rate of a turboblower for failures taking a long

time to repair (t > 100 hours)

- the mean repair time for long repairs

- the failure rate of two turboblowers (common cause failure).

- the time to repair two turboblowers following a common-cause

failure.

The probability of losing 3 turboblowers, the probability of losing 4

turboblowers, the mean time for the loss of 4 turboblowers are calculated from

the above values.

All the parameters are safety performance indicators based on

operating experience.

The first indicators provide an assessment of the behaviour of each

turboblowers and the last an appraisal of the safety function and the

probability of its loss.

With the.first, the impact on safety cannot always be determined.

Let's assume, for instance, that the failure rate decreases and that the

repair time increases. Does this favourably or adversely affect safety? Only

the calculation of these last indicators can provide an answer to this ques-

tion.

It was decided to calculate all these parameters each year to help the

operator to assess the impact of these incidents on safety.
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III OPERATING-EXPERIENCE BASES INDICATORS - PROSPECTS -

This approach is worth generalizing. Let us consider a power plant or

several power plants.

A probabilistic safety analysis (PSA) or risk analysis (PRA) is

supposed to have been carried out. The indicators will, for instance, be :

- the component failure rates (pumps, valves, busbars)

- the corresponding repair times

- the systems failure probabilities

- the accident sequences probabilities

- the core melt probability

The first two indicators will be estimated from the operating

experience and the last three ones will generally be calculated by means of

the failure model (fault tree and/or event tree and/or Markov's graphs model)

used in the PSA.

To calculate all these indicators periodically, one needs

- a reliability data base for all the components of the safety-

related systems.

- a model to compute the indicators automatically based on a PSA.

This reliability data base now exists at EDF ; it records the

behaviour of about 600 components in each PWR unit.

The indicator automatic computing model is new being developed for PWR

nuclear power units.

For this model to be readily usable by the operator, it must be

automated. Moreover one should be able to alter it easily to account for new

incidents and the betterment of the industry knoledge. Artificial intelligence

will probably have to be used.
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The periodic computation of these indicators based on operating

experience should help the operator to assess the impact of the operating

experience development on the safety.
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AS - OPERATED SAFETY ANALYSIS REPORT (ASAR)
The Swedish way of combining risk analysis and operating experience

L. CARLSSON
Swedish Nuclear Power Inspectorate,
Stockholm, Sweden

Abstract

The Swedish Nuclear Power Inspectorate, SKI, and the Swedish
utilities have developed a programme for recurrent safety evalu-
ation. The review has the working name ASAR (As-operated Safety
Analysis Report). Every 8 to 10 years of operation the safety of
each plant is systematically evaluated. The aim is manyfold. The
most important aspects are

11 a sYftemantl transfer nf nnerltinon PenriPnrP frnm nnP
generation to the next within the utility as well as the
Inspectorate,

2) a review of the plants regarding safety improvements for
the next 3 to 5 years,

3) a systematic documentation of plant safety.

The table of contents or the utility report suDmIttea to tne
SKI for review consists of

- Organisation and administrative control
- Operating experience
- Quality control and material questions
- Probabilistic Safety Analysis, PSA
- Education and devetlop,,eit uf persurill
- Safety improvements
- Future activities.

More than 80 per cent of the review resources is concentra-
ted on operating experience and risk analysis. The probabilistic
safety analysis is developed to a detailed level. It has been the
aim to use the PSA for incident analysis. That means to use the
PSA for checking if the operating experience is correctly rep-
resentated in the model. For this purpose a common data base for
fault trPes as well as incident rPnnrtt has haan drvFlnnPd The
presentation will give the procedure developed for continuous use
of operating experience in upgrading the probabilistic safety
analysis.

The Swedish reliability evaluation program

There are major efforts under way in Sweden, carried out in
cooperation between the Nuclear Power Inspectorate (SKI) and
the nuclear utilities and focussing on the use of reliability
engineering as one of the more important tools to maintain and
improve reactor safety. In this context, it is of course
realized that preventing disturbances, incidents and accidents
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is essentially the same as promoting safe and reliable normal
operation of the nuclear power plant.

Thus, a thorough plant-specific systems reliability analysis
(PSA) will constitute a major part of the present Swedish
reccurent safety analysis program. Within the framework of
this program the Swedish utilities are required to prepare an
"As-operated Safety Analysis Report" (ASAR) for each plant.
According to directives given by SKI the ASAR should include a
plant-specific PSA, which however, stops at core damage, not
developing into a fulls-scope PRA.

Thus, plant specific system reliability analyses of all
Swedish plants will be performed during the time period
1982-87 as a part of the ASAR program. The utilities are
responsible for carrying out the analyses, and the
Inspectorate will review the completed analyses. The results
of each plant-specific safety review (utility ASAR and SKI
review) will be reported to the Swedish Government.

This first phase of the Swedish national reliability
evaluation program will have as an objective to increase the
awareness of the capabilities, limitations and use of the
reliability methods rather than develop principles for safety
goal discussions. Some key elements is this reliability
evaluation program are:

- very detailed, plant-specific fault and event trees
developed and reviewed in close cooperation with senior
plant operation and maintenance personnel, providing a
detailed map of system functions and interdependencies and
identifying sequences that are main contributors to the
probability of core damage.

- extensive use of computer graphic techniques to facilitate
detailed documentation, modification and analysis

- use to the greatest possible extent of actual component data
from the Swedish reliability data bank for nuclear plants,
which is continuously updated.

Thus, the principal objective of the Swedish program is to
introduce reliability engineering for continuous use in the
operation and maintenance of the plants e.g.

- estabilishing the basis for a systematic evaluation of
operating experience when analyzing disturbances and
incidents, keeping track of component and system reliability
and their effect on plant safety

- planning and reviewing plant modifications

- training plant personnel in system functions and
interdependencies facilitating their awareness of the safety
significance of various operational and maintenance tasks.
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Present Status of the ASAR program

The Swedish Nuclear Power Plants have all been taken into
operation over a period of 13 years from 1972 to 1985. The
ASAR program started in 1981 resulting in the first report to
the Government in 1983 for the oldest plant Oskarshamn 1. The
second in order was the Ringhals 2 plant a PWR. This year the
ASAR for Barseback 1 and 2 and Ringhals 1 will be submitted to
the Government.

At present Ringhals 1 is reviewed by SKI. The status of the
different parts of the probabilistic safety analyses carried
out is given in table below.

The external event analysis will follow given that the plant
event trees and fault trees have been developed.

SKI has developed a database for storing and assessing
fault trees for all Swedish Nuclear Power Plants.

The database will be used for safety evaluation and research
activities. This will be described in other papers presented
later this year.

PSA and Safety Goals

In Sweden, a very cautious approach is taken with regard to
using PSA techniques trying to establish quantitative
estimates of risk to public health and safety and associated
safety goals. The reason behind this approach is that there
are many difficult pitfalls to avoid in such full-scope PSA
studies inter alia with regard to

- political acceptance, e.g. of the way various social
consequences of large accidents are modeled

- acceptance by the statistical sciences community e.g. of
assigning probabilities to phenomena about which little is
kwown empirically, e.g. containment response in some types
of core melt accidents

- possibility of "tunnel vision phenomena" by putting to much
emphasis on good results from theoretical analysis and
forgetting to check with actual plant conditions, e.g. with
respect to quality of operation and maintenance (c.f. Salem
incident).

The present philosophy in Sweden regarding quantitative safety
or reliability goals is that calculations of absolute severe
core damage frequencies cannot be used as a single criterion
for safety evaluations.

On the other hand results from in-depth, plant-specific PSA:s
could and should be used as a guidance. No formal reliability
goals have been set up, but tentatively the following approach
is discussed
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PLETED AND ONGOING PROBABILISTIC SAFETY ANALYSIS, PSA, IN SEDEN

ASAR INITTIING EVENTS TERNAL EVENTS

LOCA'S TRANSIENTS URING FIRE FLOODING EARTH WAKE OTHER EVENTS
SHT DOWN HEAW LOADS EG

83/84 01 83 P85 - (KS1)

86 2 P6 P8 6P8

03 PP85 P85

85 B1 85 85 P85 P P

85 B2 85 85 P85 P P

84/85 R1 83 83 P85 P85 P P

83/84 R 83 83 83 P86 P P P

P88/87 R3 P

P88 R4 P

P88/87 F1

P88 F2

F3 85 85

P = OGOINGO/PED

= SEISMIC ANALYZED

- estimates of very low core damage frequencies (sa 10-6/year
or less) only indicate that the system is well designed. The
focus should then be on keeping a close watch on operation
and maintenance, ensuring that actual components and systems
reliability performance meet the levels used in the PSA

- estimates of core damage frequencies of the order of 10 - 4

and above should lead to considerations of system
modifications as the risk on severe damage to the plant
probably is to high both from the inspectorate's and the
owner's point of view (loss of investment and of production
capacity)

- severe damage to certain other parts of the plant than the
core (e.g. pressure vessel or containment) should also be
considered in future PSA:s.

Thus any safety and reliability goal considerations must be
dynamic and must be given time to develop at the same time as
a vigorous application of reliability engineering is
promoted. The definition of formal, quantitative safety goals
seems less important than the actual knowledge and safety
awareness established within a highquality systematic
reliability evaluation program at each plant. Only when a
number of plant specific PSA:s have been performed with given
and known levels of detail, relative comparisons seems
appropriate between event sequences and later between plants.
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Finally, it should once more be underlined that a close
monitoring of operational experience is the best assurance of
keeping operational safety high - and the only way of
verifying PSA results and creating public confidence in them
is shown in figure below.

1985-10-22

THE SWEDISH RELIABILITY PROGRAM
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A SUMMARY

1 BASES FOR THE REVIEW

1.1Background. Decision in Parliament.

The basis for the work on recurrent safety analysis is the
guidelines for future reactor safety work that the govern-
ment proposed in proposition 1980/81:90, which was ratified
in parliament. The following views on recurrent safety
analysis were stated in the proposition:

Thinking of the increasing amount of operational experience
from nuclear power plants that is successively achieved in
Sweden and abroad, the SKI should in my opinion arrange a
program aiming at thoroughly reviewing each Swedish nuclear
power plant during its technical length of life at least
three times, just like the review being done before saying
OK to operation for a new plant. Such a review should be
done every eight to ten years. The review being accomplished
should be reported to the government. The government is to
provide the necessary regulations.

The SKI reported in its supply estimates for the fiscal year
1982/83 that the work for a program for recurrent safety
analysis had been started. During the fiscal year 1981/82
The Inspectorate had discussions with all the nuclear power
companies about how to accomplish such a program. These
discussions, as well as considerations within the
Inspectorate, lead up to the recurrent safety analysis repo-
rt that is described in appendix 2 and which came to be the
basis for this report. As said above in proposition
1980/81:90 the result of the review is to be reported to the
government. For this report the name ASAR (As- Operated
Safety Analysis Report) was coined.

1.2 First Recurrent Safety Analysis - Direction and Main
Facts

At this stage of recurrent safety analysis the main em-
phasis has been put on accident preventing and consequence
reducing actions - in principle protection against core
breakdown. Overhaul of the safety regarding discharge limi-
ting measures is accomplished according to the special
rules of proposition 1980/81:90 on decreasing risks for
large discharges of radioactive materials that can cause
ground contamination. For the Barseback site a filter-
vented containment was demanded. The Sydkraft Compa-
ny wrote a preliminary safety report for the Inspectorate
in May 1982. The review for the other plants should be done
in such a way that any measures that have to be done, will
be done by the year 1989. This work is being done within
the frame of the RAMA-project and attaching projects at the
power companies affected. A check of the work will be done
during 1985. The project aims at showing methods for analy-
sis of measures to mitigate the consequences of a reactor
accident.
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The Inspectorate has in its directions for the power compa-
nies stated that the first recurrent safety analysis shall
deal with the following items: 

- A summary and analysis of how the safety
work at the plant is organized and carried out.

- A summary and analysis of experiences of
operation and incidents occurred (own and others'
whenever relevant to Barseback).

-A summary of important technical improvements
and other safety increasing measures that have been
carried out at the plant and in the organisation
since the start of operation.

- A systematic reliability analysis using fault tree and
event tree methods.

- A summary and analysis of certain
safety programs.

Matters dealing with sabotage, external events, concequen-
ces of radioactive disposal, waste management, and control
of fissionable material have not been taken into considera-
tion in the first iteration of recurrent safety review.

The SSI is responsible for the review of the matters dealing
with radiation safety.

1.3 Main data for the Barseback plant

The Barseback plant consists of two units. Both of them are
boiling water reactors of the external pump type that is
manufactured by ASEA-ATOM. The electrical net output of
each unit has been 570 MW during the period. The turbines
have been supplied by Stal-Laval. Appendix 1 gives further
information on the technical data for the plant.

Barseback 1 was syncronized to the grid on May 15, 1975 and
Barseback 2 on March 21, 1977. The units have together
produced about 65 TWh since then. This was under an accumu-
lated operation time of about 120 000 hours.

2 ACCOMPLISHMENT

2.1 General facts

The material that has been primarily used for the review is
the account that was produced by the Sydkraft Company. The
account was made in a couple of versions. One is complete
and then there is a version where the main text, the tech-
nical description of the plant and a list of the different
systems is included. Furthermore there is a version where
everything but the systematic reliability analysis is
included.
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In addition to this basic material references and comple-
mentary reports have been used for the review. Meetings
have been held and the plant has frequently been visited in
order to get fast and accurate answers to the questions
that have arisen.

2.2 Contributors

Several people within the Inspectorate have taken part in
the review. The names of these can be found in appendix 3.
The work has mainly been done by the Inspectorate's
employees. For one of the parts a consultant was engaged as
an assistant project leader and reviewer.

2.3 Organization of the review

The safety analysis report that Sydkraft now has presented
to the Inspectorate has been named ASAR-B1/B2. It covers
the time from start of operation until 1983. Even though
some of the notes of events are after this period of time,
the next ASAR-review (in about ten years) will cover the
time from the very start of 1984. The Inspectorate's review
has mainly been concerned with the period that the review
is all about, however, conclusions show the state of today
for each section.

The work with the recurrent safety analysis review of the
Barseback plant has followed the guide lines being des-
cribed in appendix 2. During the time that Sydkraft spent
working with the study, the Inspectorate got stage reports
continuously and could hereby influence upon the lay out
and width of the account within certain parts.

Along with the account of reactor safety issues to the
Inspectorate the radiation protection issues have been
reported to the National Institute of Radiation Protection
(SSI).

3 SUMMARY OF THE CONCLUSIONS OF THE INSPECTORATE FOR THE
ASAR-B1/B2 REVIEW.

Below follow a summary of the conclusions of the review
work with ASAR-B1/B2. A more detailed account for the
background and motives for the conclusions can be found in
part B (chapter 4-11). In part B you also find references
to the ASAR-document and other material that has been the
basis for the judgements.

3.1 Administrative control of the safety

The different measures for administrative control of the
safety have been developped and made more efficient and
they seem to work quite satisfactorily. The Inspectorate
has a good opportunity to survey all activities through the
formal reports that are sent in. Furthermore from visiting
the plant and the main office the Inspectorate can get all
information concerning safety that is available for the
plant.
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The Inspectorate considers the organisation to be suitably
organized centrally as well as locally considering its
function and responsibility both outwards and inwards. The
personnel have overall high competence and are well
qualified to pursue their work within the organisation.
Safety work is carried out competently.

3.2 Routines for operation and maintenance

the SKI has when reviewing the routines for maintenance at
the Barseback plant observed a positive trend since the
start of operation in 1975. The way in which the planning
and accomplishment of the maintenance work is done shows a
well thought-out and reliable philosophy of maintenance
where the quality of the work carried out has a major
priority.

The personnel available for maintanance work at the plant
is well qualified and experienced for the different kinds
of work it does.

Management and Routines concerning the preparation of work
and working order are carried out very well according to
the SKI.

QA-audits of maintenance work are planned and carried
out by the staff at the plant in co-operation with
personnel at the main-office in accordance with the guide-
lines being described in the plant's internal QA-handbook.

3.3 Education and personnel

During the fiscal years 1984/85 and 1985/86 the Inspecto-
rate checks the state of Training at the Swedish nuclear
power plants. This is being done for each plant in order to
evaluate the existing system for following up the level of
competence. Along with the revision of the system that will
be done after the review, a more detailed survey of the
state of training at the plant will be carried out.

The training system will be checked by the SKI and will
furthermore be enlarged in order to among other things give
the personnel dealing with maintenance a more adequate
training.

Through the yearly account of the level of competence sent
in by Sydkraft and the continuous follow-up of state of
training pursued by the SKI there has been noted that the
quality of the efforts put on training is well levelling
the demands being set up.

The Inspectorate will be extra careful when doing the
follow-up of the training of personnel for the new emer-
gency operating procedure.
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3.4 Operational experience

The experience obtained by the operation of Barsebdck 1 and
2 has over the years lead to a low frequency of transients.
Thanks to the fact that the operational experiences of
plant number 1 could be used when starting operation of
plant number 2, this last one did not have to experience
very many reactor trips, not even during the very first
time of operation. The plant availability has gradually
increased.

Transients of importance to the safety that have occurred
both during normal operation and refueling outages have
pointed out weaknesses or vulnerable parts at the site.

The electric generator, control mechanism, pumps, valves,
leafsprings and screws for fuel boxes as well as the diesel
generators are examples of components that have caused
trouble. All these problems have lead to systematic analy-
ses and measures in order to eliminate further events.

Thanks to a consistent work on reliability increasing mea-
sures faults have been possible to identify and to deal
with. However, the Inspectorate has when reviewing observed
that a transient in the pressure relief has caused an in-
correct interpretation of the position of a valve and this
has contributed to an undesirable reduction of the pressure
in the primary system. Since it's not obvious whether the
measures taken are sufficient to help the operators to
interpret a situation like this one correctly, the Inspec-
torate will investigate the matter further.

The transients occurred show the advantage of having a high
readiness through a thorough knowledge of the plant. This
goes for the personnel dealing with operation and mainte-
nance as well as for the head office at safety department.

3.5 Material, surveillance and environment

The first inservice inspection indicated some minor defects
in the reactor vessel head and moderator tank support in
the reactor pressure vessel at Barseback 2. The defects in
the lid have been followed up through shorter test inter-
vals than normal. No changes have been observed. The
Inspectorate's judgement is that the short test intervals
should be retained for some time.

Impact tests of irradiated material have so far shown no
abnormal tendency of embrittlement of the reactor tank
material due to neutron irradiation. The Inspectorate,
however, awaits a complete analysis of the risk of non-
ductile breaks according to ASME III, appendix G, with
reference to topical tests.

The problem with thermal stress in pipe branch connections
is regarded as solved. The experience of non-destructive
tests using ultra sonic technille indicates major difficul-
ties with measurement and detection. Due to this the SKI has
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prescribed that ultra-sonic operators have to pass through
a special training. Demands have also been set up for re-
current testing of pipe branch connections with intervals
of four years.

The SKI shares the view of Sydkraft that thera probably is
a need in the future for a combination of several preven-
tive actions to prevent intergranular stress corrosion
cracks (IGSCC) in the essential parts of the plants. Until
verified effective preventive methods have been developped,
the review of the weak parts in the system has to go on and
the identified ones have to be checked periodically accor-
ding to certain test programs.

The SKI has observed problems with components of cast
stainless material. The prevailing uncertainty about the
crack resistance in the main circulation pumps show the
need for further investigation. While waiting for these
results it's essential to carefully keep up with the
development and validation of test techniques going on
within the frame of national and international research
projects. Furthermore it's important that promising methods
are tested.

The detection of the above mentioned problems was mainly
made possible through the statutory owner control that
Sydkraft accomplished besides the one that the SKI has
demanded.

The work on environmental qualification includes identifi-
cation of the ability to withstand accident environment of
the equipment. It should be fulfilled according to the
plans that have been accounted for in another context to
the SKI.

3.6 Systematic reliability analysis

The reliability study accomplished by Sydkraft has in many
respects contributed to standardized methods taken a big
step forward within the Swedish program on systematic re-
liability analysis. Several new methods for analysis have
been tested and they give in general an increased under-
standing of reactor safety.

Basing of the analysis Sydkraft has found motives for
further investigating constructive safety increasing
measures for

- Backflow of strainer to the systems for core spray and
containment spray

- minimizing the effects of external pipe rupture in the
residual heat removal system

Most of the views that the SKI has put forward when re-
viewing will be taken into consideration by Sydkraft when
it's time to update the material shown. Sydkraft intends to
use the study in the current safety work.
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The future work within the field of reliability analysis is
meant to deal with

- a more detailed description of assumptions made when
modelling the function of the systems

- analysis of common cause failures initiating transients

- analysis of variance and sensitivity in the data, among
other things in connection with choosing the priority of
safety improvements.

The SKI has in its review found that Sydkraft has proposed
a well balanced safety program based on findings in the
systematic reliability analysis and also that the report is
of great value to the reactor safety work.

3.7 Safety analysis and introduced measures for increased
safety

The safety at Barseback has since start of operation been
increased through both technical improvements and improve-
ments of routines and instructions. Many measures have been
implemented using operational experiences and transients in
foreign plants.

The measures deal with technical improvements in the react-
or containment, emergency cooling system, the electrical
system, feed water system and the introduction of a techni-
cal support center . Improved ways of testing and gauging
after a transient have also been introduced. Measures to
improve routines and instructions include accident
managament, check before startup, routines for exchanging
personnel in controlrooms, opearating experience and
internal safety checks.

The SKI has when examining the different measures found
that they are evenly distributed among the systems that are
vital to achieve safety. Measures to make the opearation of
the plant in different incidents easier have been pointed
out a bit more. These measures originate from the program
for safety increasing measures that was issued after the
Three Mile-Island accident. This program has now been carr-
ied out. In the current safety work there is from now on an
analysis of the need for further measures to increase the
safety.

3.8 Future safety work

Sydkraft concentrates its future safety work on the areas
that are judged to be of greatest importance to reactor
safety. Measures for the next few years that require major
efforts deal with filter-vented containment, level censor;
in the reactor tank, environmental qualification, overall
(EOP) emergency operating procedures, exchange of process
computer, follow up of transients and a minor increase of
the capacity of the cooling systems from wetwell to the
sea. Questions of material and phenomena of ageing as well

64



as analysis of system functions will be stressed. The trai-
ning system will be checked and enlarged in order to among
other things make the training of maintenance personnel
better. Research and development will actively be followed
up and the results will be taken into consideration ii t'le
reactor safety work.

3.9 Conclusion

As a summary can be stated that nothing has been found
during the review that gives the SKI a cause to doubt whet-
her the operation of Barseback 1 and 2 can be carried out
with completely acceptable safety during the period of time
that possibly can be covered in a study of this kind, i.e.
a period of 5-10 years. Essential to accomplish this are
among other things that

- the competence and awareness of safety matters are
retained and developed in the same way as up till today

- the improved control- and inspection program for the
reactor tank is fulfilled and also that serious safety
defects don't occur

- no major deficiency of reliability of different safety
systems will be identified through operational experien-
ces at the site and at other sites or in the ongoing
systematic incident analysis that should be forcefully
fulfilled

- the above mentioned completions of Sydkraft's programs
for safety increasing measures is carried out.

The Inspectorate would finally like to say that through the
start of operation of FILTRA and the special emergency
operating procedure belonging to it Barseback will be way
ahead when it comes to stopping release at a severe
accident.

B. Review Reports (to be translated later see table of
contents page 57)

65



PRECURSOR STUDIES

H. HOERTNER, P. KAFKA
Gesellschaft fiur Reaktorsicherheit (GRS) mbH,
Garching, Federal Republic of Germany

Abstract

Probabilistic Safety Analyses (PSAs) are a systematic and quantitative

preview on possible accident scenarios at technical installations on the

basis of experience and data gained from the past on similar technical

installations. For supporting PSAs by operational experience as far as

possible Precursor Studies are performed. An Accident Sequence

Precursor is defined as an observed event which could result - in

coincidence with additional postulated events - in a potential severe core

damage accident. In this paper some insights from Precursor Studies are

shown. Particularely, the methodology and the results from the plant-

specific German Precursor Study are explained.

I. PROBLEM DEFINITION

Probabilistic Safety Analyses (PSAs) are a systematic and quantitative

preview on possible accident scenarios at technical installations on the

basis of experience and data gained from the past on similar technical

installations. This preview is necessary in order to use the information

already gained during the design and construction phases of a plant for

the safety evaluation of the completed plant.

For such a PSA as far as possible operational experience should be used

in order to generate a realistic forecast of the future plant behaviour.

So, the Lewis Committee recommended after reviewing the Reactor Safety

Study (WASH 1400) to use more the available operational experience /1/.

One of these possibilities for supporting PSA by operational experience is

the use of socalled Precursor Studies /2, 3, 4, 5/. Precursor Studies use

probabilistic methods for a deeper understanding of the safety-related

importance of the "precursors" reported in reactor operation.

An Accident Sequence Precursor (ASP) is an observed event, which

resulted in a severe core damage or could lead - in coincidence with

additional postulated events - to a potential severe core damage accident.

67



The precursor methodology is based on the highest possible degree of
operational experience and observed event combinations. Within the

precursor investigations different time periods of the past (e.g. periods

of 1 year) may be studied, which makes it also possible to detect and

judge time effects as system improvements or learning because of

mistakes. Accident scenarios, which rarely happen and have not been

observed naturally can not be verified using the precursor method.

II. OBJECTIVES

The aim of the U.S. Accident Sequence Precursor Program /2, 3/ was

according to /6, 7/:

to develop and apply a formalized, systematic methodology for the

evaluation of nuclear operational experience data,

to assess plant safety as it is reflected by operational experience,

especially by challenges to the safety systems (initiating events)

and by total or partial failures of a plant safety system.

The ASP-Program should therefore use the nuclear operational experience

more directly and extensively as compared to the Probabilistic Risk

Assessment (PRA). Thus the precursor methodology is viewed as

supplementary to PRAs.

Considering the critiques and comments concerning the U.S. ASP-Study

/8, 9, 10, 11/ on the one hand and the smaller scope of the existing

German operational experience on the other hand, the method of the

ASP-Program could not directly be used for the German Precursor Study

(GPS) /4, 5/. The GPS was carried out plant-specifically using the
nuclear power plant Biblis /12, 13/ with the two units A and B as the

reference plant. The main differences between the ASP-Study and the

GPS are:

estimation of plant-specific frequencies of initiating events using

more detailed data than the Licensee Event Reports (LERs),

assessment of plant-specific probabilities of system failures based
on plant-specific train unavailabilities, system failures, multiple

failures as well as potential system and multiple failures,
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evaluation of operator errors on the basis of plant-specific

operational experience,

performance of an uncertainty analysis.

Ill. OVERVIEW OF THE ANALYSIS

When the analysis of the GPS was started, 7 PWR and 4 BWR were in

operation in the FRG, excluding prototyp plants. The corresponding

operational experience was 56 PWR and 24 BWR reactor years. This

corresponds to approximately 20% of the U.S. operational experience

between 1969 and 1979, as used in the ASP-Study. Totally, 1300 (LERs)

were documented in the FRG. Because of the comparably high degree of

redundancy in the safety systems, total system failures occurred only for

a few types of systems and only in a few cases. Partial failures of safety

systems had not to be reported in LERs in all cases, with the exception

of emergency diesel generator and control rod failures. Therefore, it was

not possible to derive system unavailabilities from the reported events.

Thus, the following way was chosen concerning the evaluation of the

operational experience:

Plant-specific frequencies of occurrence of initiating events were

estimated for the time period between the beginning of commercial

plant operation and the end of 1983.

Using the reliability data bank Biblis B /14, 15/ estimates for
plant-specific average train unavailabilities were calculated. In a

few cases in which this was not possible unavailabilities of system
functions were calculated using the plant-specific estimates of

component unavailabilities.

System failures, multiple failures amd potential system or multiple

failures were evaluated when plant specific operational experience

was available.

Operator errors were quantified on the basis of plant-specific

operational experience.

Initiating events, which occurred during start-up and cool-down, during

hot stand-by or partial load, were in general evaluated like initiating

69



events during full load operation. The same minimum requirements for the

system functions were used as in the German Risk Study /16, 17/; they

were taken from the licensing process. As for the initiating events, for

the estimation of the train unvailabilities only the time periods were

considered, when the plant was at full load operation, start-up and

cool-down, hot stand-by or partial load. As "precursors" to potential

severe core damage accidents those events were selected,

which led as initiating events not only to a reactor scram but also

to a demand on further safety systems or safety-related systems

or

where, in connection with a simultaneously occurred initiating

event or a postulated initiating event,

° a system failure or multiple failures occured, or

° a potential system failure or potential multiple failure

existed.

Potential system and potential multiple failures were treated as if actual

failures occurred. Failures of single system trains were not selected as

precursors.

Manual interventions after occurrence of an initiating event where treated

in the following way:

the frequencies of initiating events and the probabilities of system

failures were estimated using operational experience by taking

into consideration the carried out manual interventions.

possible manual actions, which allow to recover failed systems or

system trains were conservatively not considered.

For each precursor the plant-specific frequency of potential severe core

damage was estimated. This was performed on the basis of the fault trees

of the German Risk Study /18/. Estimates for the mean values were

obtained. Uncertainties of these mean values were calculated.

The precursors were evaluated using the frequencies of the initiating

events and the probabilities of the system failures at the time of
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occurrence of the individual precursors. Because of the system

modifications performed during the years of operation and because of the

increasing experience of the plant personnel

the frequencies of the initiating events as well as

the probabilities of system failures

were reduced with the increasing operating time.

In order to show the impact of the performed system optimization and of

the learning effects the frequencies of the initiating events, the

unavailabilities of system functions and the frequency of potential severe

core damage accidents were not only estimated for the total time period of

operational experience (16 reactor years), but also on the basis of the

half time periods.

For the reference plant of the study /12, 13/, the following informations

were used:

- system diagrams and descriptions

- detailed information about all transients

- specific reports to special occurrences

- detailed system information and fault trees as used in the German
Risk Study

component unavailabilities

- train unavailabilities

- description of system changes performed for the units Biblis A
and B in the years 1975 to 1983.

As an overview for the systems of the reference plant Biblis principal

system diagrams for the units Biblis A and B are reproduced from /19/
and /17/.
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Fig 1: Cooling chain for Emergency Core Cooling (Biblis A)

1 reactor, 2 steam generator, 3 main coolant pump, 4 accumulator,
5 RHR-cooler, 6 RHR-pump, 7 flood tank, 8 flood tank valve, 9 sump
valve, 10 intermediate heat exchanger, 11 intermediate coolant

pump, 12 compensation tank, 13 valves for disconnection of
systems, 14 containment closure for nuclear intermediate coolant

system, 15 secondary coolant water pump, 16 disconnection valves.
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Fig. 2: Residual heat removal system (Biblis B) /17/
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IV. CALCULATION METHODS AND PROCEDURES

IV.1 Frequencies per reactor year of the precursors

Following the criteria of Chapter I l 64 events were selected as

precursors in the reference plant Biblis, units A and B, during the

period of about 16 reactor years. 53 precursors were initiating events,

which resulted not only in a reactor scram but also in the demand of

safety systems or safety-related systems. Four main categories of

initiating events were found:

- loss of main feedwater

- loss of main heat sink

- loss of preferred power

- opening of pressurizer valves.

IV.2 Average unavilabilities of system trains

The average unavailability m of a system train is given by

sum of down-times during observation period
m =

observation time

For the down-times

the failures of the components which resulted immediately in the

unavailability of the train

and

the maintenance of components which resulted in an unavailability

of the train

have to be considered.

The average unavailabilities of system trains were evaluated for the

following systems:
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pressurizer system

main steam system

auxiliary feedwater system

emergency feedwater system

demineralized water system (deionat system)

emergency core cooling system

nuclear component coolant system (nuclear intermediate coolant

system)

nuclear service water system (nuclear secondary coolant system)

chilled water system

emergency diesel system

The train unavailabilities were calculated using the records of the

reliability data bank Biblis B on repair and maintainance work performed

between 1.4.78 and 31.10.81; this is a calendar time of 31 500 hours. The

corresponding main machine operation time, i.e. the period during which

electric power was generated, is approximately 23 800 hours.

IV.3 Frequency of severe core damage

The frequency of severe core damage was calculated with the following

formular:

Frequency of \ frequency probability
severe core = of precursor x of subsequent

damage precursors i event i severe core 
with damage associated 

initiating with event i 
events

frequency\ probability probability 
+ / of precurso x of iniltiating x of subsequent

precursors i expected init- event i event j severe core
without iating events j damage associated
initiating with events i and j
events

V. INTERPRETATION OF THE RESULTS

The trend in the overall frequency per reactor year of events selected as

precursors in both units of Biblis NPP is shown in Fig. 5. The Fig. 6

shows the trend in the overall frequency per reactor year of potential

severe core damage accidents. The main contributions to the severe core
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damage frequency come from the first years of plant operation; its

decrease with increasing operating time is due to numerous system

improvements. The estimated mean value of the overall frequency of

potential severe core damage accidents is 5x10 5 per reactor year. The

uncertainty analysis shows that the upper subjective 95 % confidence limit
-4for this mean frequency is 5x10 4 per reactor year. These results are

based on the assumption, that the failure mechanisms of the system trains

can be described by constant failure rates. Under the pessimistic

assumption of constant failure probabilities per demand the estimated mean

frequency of potential severe core damage accidents would increase only

by a factor of 2.

The above mentioned results fit into the 90 % confidence interval for the

core melt frequency which was obtained by the German Risk Study /16/

reaching from 1x10 to 3x10 per reactor year, with a mean value of

9x10 5 per reactor year. One reason for the lower mean value in

comparison to the German Risk Study is due to the limited existing

operational experience, i.e. the study was restricted to initiating events,

system and multiple failures as well as human errors which occurred

during the observation period.

The individual contributions to the severe core damage frequency show,

however, larger discrepancies (see Table 1). In contrary to the German

Risk Study there is no contribution to the total result from a "small leak

in a reactor coolant loop" or from ATWS, because such a LOCA did not

occur and a malfunction of the reactor scram system was not observed in

the operational experience.

The results for the "loss of preferred power" are in accordance with the

results of the German Risk Study. The agreement is satisfactory for the

"small leaks in pressurizer". These results were derived from the

frequency of demands of the pressurizer relief valves and the probability

of failure of the PORVs and the redundant block valves to reclose. It

should be noted that for these initiating events larger frequencies were

gained than in the German Risk Study. On the other hand lower

probabilities of failure of the associated systems were received.

The assumption of the German Risk Study that each "loss of preferred

power" would lead to a demand of pressurizer relief valves has not been

supported by the operational experience.
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The train unavailabilities of the safety systems estimated from operational

experience are generally lower (factor 2-3), but in good agreement with

the values from the German Risk Study. For the high pressure injection,

the accumulator injection, the nuclear component cooling system, the

nuclear service water system and the chilled water system, the train

unavailabilities calculated on the basis of the plant-specific experience are

even lower by a factor 6 up to 2 orders of magnitude. Naturally, these

differences are distinctly influencing the unavailabilities of the system

functions.

Table 1 /4/

CONTRIBUTIONS TO THE FREQUENCY OF POTENTIAL SEVERE

CORE DAMAGE ACCIDENTS

Initiating Event German Precursor
Study

Loss of main feedwater
(without small LOCA via pressurizer)

Loss of preferred power
(without small LOCA via pressurizer)

Loss of main heat sink,
without loss of main feedwater

Small leak in pressurizer
during loss of preferred power

Small leak in pressurizer
during other transients

2.1x105 /yr

1.8x10-5/yr

1 xl0-8/yr

3.1x10-6/yr

2.6x10-6/yr

German Risk
Study

3 xlO-6/yr

7 x10-6/yr

.3xl10-/yr

2 x10-6/yr

Small leak in pressurizer due to
spurious opening of pressurizer valves

Small leak in a reactor coolant loop

ATWS

4.2x10-6/yr

5.7x10-5/yr

1 xlO-6/yr

During the observed time period a significant improvement of the plant

behaviour can be stated. At the beginning of commercial operation the

dominant contribution was given by the "loss of main feedwater and main

heat sink" due to a actuation of the main steam line break-signals. This

initiating event was only observed in the first half time interval (till end
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of 1979) and can be interpreted as an initial problem, leading to

improvements of the actuation devices, of the control of the main steam

by-pass valves and of the operator manual.

In the second half time period (1980-1983) the most important contri-

butions came from the potential multiple failure of three residual heat

removal pumps (in 1983) and from the "loss of preferred power". Mean-

while, the electric power supply of Biblis NPP was improved by the

installation of a second independent grid connection to each unit.

Therefore, the expected contribution of this initiating event will be much

lower now.

The frequency of the opening of the first pressurizer relief valve

decreased from 0,9 per reactor year in the first half time interval to

0,5 per reactor year in the second half time interval, the frequency of

the opening of both pressurizer relief valves remained constant with

0,25 per reactor year.

A considerable reduction of the contribution of a "small leak in

pressurizer" to the frequency of potential severe core damage nearly

exclusively results from several improvements of the pressurizer system,

especially of the control devices for the pilot valves and block valves.

In comparison with the German Risk Study the operating experience of

Biblis NPP has not revealed any new types of initiating events.

Summarizing the results one can say that the plant-specific Precursor

Study supports the PSAs performed for Biblis A /18/ and especially

within the German Risk Study for Biblis B /16/.

The probabilistic results in PSAs, mainly obtained by analytic computation

on the basis of failure rates of single components could be verified by the

plant-specific experience with system trains. Using the precursor

methodology, an annual trend could be derived for the frequency of

potential severe core damage accidents. The reasons are system

improvements and learning effects of the plant personnel. Existing weak

points in the systems were not identified. The impact by erroneous

manual actions is in total significant, mainly the frequencies of initiating

events are affected.
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The application of system-analytic tools and especially probabilistic

methods on the evaluation of LERs and other records of operational

experience can expand and support

- a deeper understanding of the safety-related importance of the

events reported in reactor operation,

- the importance ranking of the different safety features,

- the identification of possible weak points in the plant,

- additional conclusions for design or operation to be drawn from

the events.

Furthermore, the results from Precursor Studies can be compared with

those of PRAs. This gives more confidence in PRAs regarding the

reliability figures and the completeness.

Both, generic and plant specific Precursor Studies have their advantages.

Generic studies, based on a great amount of LERs, expand the general

knowledge about possible events and event sequencies in NPPs. In

generic studies the classification of initiators and the analytic calculation

for a postulated propagation to a severe core damage is much more

difficult because the system information in LERs is less detailed and

therefore, more subjective judgements are necessary. On the other hand a

greater number of events of the same type is available and therefore, the

statistical basis for initiating events and system failures is harder.

Obviously, plant-specific studies give more representative insights for

particular NPPs.

VI. PEER REVIEW PROCESS

The performed German Precursor Study was extensively discussed with

different experts, discussions with experts from the utility led to small

corrections with respect to operator errors. For a very small percentage

of events a conservative interpretation by the authors was necessary. A

formalized Peer Review Process, as discussed and partly performed for

PRAs and Precursor Studies in the U.S.A. was not performed for the

German Precursor Study. But an extensive internal review of the Study

was done in the GRS.
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THE IAEA INCIDENT REPORTING SYSTEM AND
POSSIBILITIES FOR ITS REINFORCEMENT

V.D. TOLSTYKH
Division of Nuclear Safety,
International Atomic Energy Agency,
Vienna

Abstract

Systems have been set up in many countries to collect, analyse and

disseminate information on safety-related events in nuclear power plants in

order to improve their safety. Since 1979 the IAEA has undertaken efforts

in the establishment of the International Incident Reporting System

(IAEA-IRS) - a worldwide scheme to complement national systems. The

intention of the IAEA-IRS is to share information on safety significant

events (incidents).

At present, the IAEA receives, stores, disseminates and reviews

information on incidents. Approximately 200 incident reports from 22

countries are contained in the Agency's IRS. The time has now come to draw

greater attention to the assessment tasks within the framework of the

IAEA-IRS.

There are a number of possibilities for reinforcing the IAEA-IRS.

Some of them are connected with modern approaches and methods for analysing

abnormal operating conditions in nuclear power plants. They must be highly

suitable for analysing safety significant events on an international level.

It would also be useful to develop a guide on the methodology of

investigation of incidents in NPPs and to initiate new forms of IRS

activities.

1. Introduction

Nuclear safety is a prerequisite for the broad utilization of nuclear

energy. Currently, as nuclear power plant technology becomes more complex

and more demanding, the need for sharing operating and construction

experience continues to become more important. Systems have been set up in

many countries to collect, analyse and disseminate information on

safety-related events in nuclear power plants in order to improve their

safety.
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The International Atomic Energy Agency, with its broad-based

membership, plays a unique role in international activities to enhance

nuclear safety. Some years ago, the Agency undertook efforts in the

establishment of the International Incident Reporting System (IAEA-IRS) - a

worldwide scheme to complement national systems. The intention of the

IAEA-IRS is to share information on safety signifiant events (incidents) in

nuclear power plants with all participating coutries. The IAEA believes

that its system is of great importance to countries with large nuclear power

programmes as well as to countries with one or two nuclear power plants in

that it provides them with international incident feedback.

2. Principal Goals and Features of the IAEA-IRS

The end goal to which IAEA-IRS activity contributes is the reduction

in frequency and severity of events occurring in nuclear plants worldwide.

The IAEA-IRS was created for the purpose of collecting, assessing and

distributing information on safety-signficant events in nuclear power

plants. The words - to collect, to assess and to distribute - are keywords

which define both the short-term and long-term aims of the IAEA-IRS. The

word combination - information on safety-significant events - defines the

essence of the IRS.

The Agency IRS is an international incident reporting system and it

can exist only in close connection with national and other international

systems on abnormal events in NPPs.

In the National Incident Reporting System, the operator has the

responsibility to report abnormal events to the appropriate management

levels in the operating organization. The analyses and corrective actions

are performed by the operating organizations. Abnormal events that are

safety-related have to be reported to a safety co-ordintating body which is

usually the Regulatory Body. This body screens information on

safety-related unusual events to identify the most safety significant events

(incidents). The basic reporting scheme is shown in Fig. 1.
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As a result of efforts being taken within national reporting systems

the IAEA receives incident reports which include (Figs. 2 & 3):

(1) a cover sheet (basic information such as title of incident,

dates, name of plant, abstract of report, basis for reporting);

(2) a narrative description of incident (with relevant plant data

and drawings-);

(3) a safety assessment (causes, consequences and implications);

(4) corrective actions (taken or planned).
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International Atomic Energy Agency
Division of Nuclear Safety
VIENNA
Wagramerstrasse 5
P.O.Box 100
A-1400 Vienna, Austria

Telex: 1-12645
Cable: INATOM

Tel: (222)2360-0

IAEA INCIDENT REPORTING SYSTEM

1. BASIC INFORMATION COUNTRY:

REPORT: RESTRICTED

TITLE:

EVENT: Starting Date: EVENT NO: FOLLOW UP REPORT NOS.
End Date:

PLANT NAME: LICENSEE:

Unit Code:

Reactor Type:

REACTOR DESIGNER:

POWER:
Start of Operation:

PLANT SITE:

ABSTRACT:

BASIS FOR REPORT:
FOR ATTENTION OF:
Source of Information:

Record No.:

FIG. 2
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2. NARRATIVE DESCRIPTION OF INCIDENT

Operational state prior to the incident, incident description, system
faults, component faults, operator actions/procedural controls, previous
occurrences and consequences (including relevant plant data and drawings).

3. SAFETY ASSESSMENT

An assessment of the safety consequences and implications of the incident,
the severity of the incident under reasonable and credible conditions.

4. CORRECTIVE ACTIONS

Actions taken or planned, including those to reduce the probability of
similar future incidents.

FIG. 3

Subsequently, a copy of the report is sent in compliance with the

restrictions to all participants in the IAEA-IRS through the national

"co-ordinators" - persons designated by the national authority to send,

receive and distribute incident reports.
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There are special procedures for the confidential and restricted

handling of IRS information in the IAEA. Full reports and supplement

documents are stored in written form and copies are sent to participants.

Main information is stored in concise form in the IAEA computer. All

cover sheet information is retrievable. Computer programmes developed for

this purpose enable searches for all the features deemed necessary. They

include the capability to identify problem areas for further review and

analysis.

The cover sheet has to be filled in carefully; namely, the abstract

should contain all important information describing events and all

components involved in the incident. All non-trivial words on the cover

sheet can be used as keywords in the retrieval process of incidents.

A printed example of the main information stored in the IAEA computer

is to be seen in Fig. 4. This information on the computer is protected by

special codes and cannot be changed or used by unauthorized persons.

The Agency IAEA-IRS computerized storage and retrieval system can

assist participants in finding a set of incident reports using all

non-trivial words on the cover sheet as keywords. In response to a

participant's inquiry defining the type of reactor, components involved and

other input information, a set of reports to which the inquiry refers can be

sent. The IAEA offers this service to all IAEA-IRS participants. The

inquiry can be sent by telex or by letter. In this way, a country does not

need to develop its own computerized retrieval and storage incident

reporting system to use the foreign countries' experiences.

All Member States can participate in the IAEA-IRS if they:

(1) have embarked on a nuclear power programme;

(2) have established or intend to establish a regulatory body with

the appropriate authority for regulating the safety of nuclear

power plants (see IAEA Code of Practice, Safety Series No.

50-C-G, "Governmental Organization for the Regulation of

Nuclear Power Plants");
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IAEA INCIDENT R E P0 R TI N SYSTEM

RECORD INDEX:

REPORT-NO.:

TITLE:

DATE OF EVENT:

END OF EVENT:

PLANT NAME:

UNIT CODE:

REACTOR TYPE:

COUNTRY:

RESTRICTED

EVENT NO.: FOLLOW-UP REPORT NOS.:

LICENSEE:

DESIGNER:

E-POWER NET (MWE):

E-POWER GROSS (MWE)

START OF OPERATION:

PLANT SITE:

-- -------- '-- -- -- -- -- - -- -- -- -- - -- -- -- - -- -- -- -- - -- -- -- -

ABSTRACT:

BASIS FOR REPORT:

FOR ATTENTION OF:

SOURCE OF INFORMATION:

DATE OF INFORMATION:

FIG. 4
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(3) have established or intend to establish a national system along

the lines set out in IAEA-TECDOC-278, "National Systems for the

Collection, Assessment and Dissemination of Information on

Safety-Related Events in Nuclear Power Plants", (hereinafter

called "a national system") in which it is recommended that the

regulatory body of the Member State requires operating

organizations to report safety-related unusual events;

(4) have given an appropriate organization, usually the regulatory

body, the responsiiltiy for sending information on incidents to

the IAEA.

As a result the IAEA-IRS has the following main characteristics:

1. countries commit themselves to send information to the IAEA in

accordance with the procedures of the system. This information

consists primarily of reports on events with safety

significance (incidents);

2. the number of events most significant to safety to be reported

to the IAEA per year by a participant is envisaged to be

between 0.5 to 1.0 times the number of its operation units;

3. the level of signifiance of the events to be reported are

determined by national authorities and can undergo changes in

the future;

4. only participating countries receive the information sent to

the IAEA. All participants are to designate a person (called a

"co-ordinator"), who will be reponsible for sending and

receiving informtion direct to or from the IAEA.

3. The Present Status of the IAEA-IRS

The IAEA-IRS started functioning in 1983. Most Member States

operating NPPs have expressed their willingness to participate in the system

and/or to participate in meetings sponsored by the Agency under this

programme and to contribute information. Of 25 Member States with NPPs in

operation, 13 countries take part in the IAEA-IRS directly and 6 through the

NEA-IRS (Fig.5). Cooperation with the NEA-IRS is on a confidential and

reciprocal basis and sets of incident reports have been exchanged.
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LIST OF COUNTRIES WITH NUCLEAR POWER PLANTS
PARTICIPATING IN THE IAEA-IRS. SEPTEMBER 1985

Status of Date of
participation participation
in IAEA-IRS in IAEA-IRS

1. ARGENTINA

2. BELGIUM

3. BRAZIL

4. BULGARIA

5. CANADA

6. CSSR

7. FINLAND

8. FRANCE

9. FEDERAL REP.

OF GERMANY

10. GERMAN DEM.

REPUBLIC

11. HUNGARY

12. INDIA

13. ITALY

14. JAPAN

15. NETHERLANDS

16. PAKISTAN

17. SOUTH AFRICA

18. SWEDEN

19. SPAIN

20. SWITZERLAND

21. TAIWAN

22. U.K.

23. USA

24. USSR

25. YUGOSLAVIA

26. KOREA REP OF

27. PHILIPPINEs

28. MEXICO

** Trial period

PARTICIPANT

THROUGH NEA

IRS

PARTICIPANT

PARTICIPANT

NO RESPONSE

PARTICIPANT

PARTICIPANT

THROUGH NEA

IRS **

THROUGH NEA

IRS **

PARTICIPANT

PARTICIPANT

PARTICIPANT

THROUGH NEA

IRS

NO RESPONSE

PARTICIPANT

PARTICIPANT

THROUGH NEA
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LIST OF MEETINGS ON INCIDENT ISSUES

1. 1979 Advisory Group to advise the Agency on steps to be taken

(December) in establishment of a system of collection, analysis and

dissemination of safety-related events (10 participants

from 9 Member States)

2. 1981 Advisory Group to advise the Agency on same theme.

(November) It recommended the organization of a system on safety

significant events (36 experts from 22 Member States).

3. 1982 Technical Review Committee concentrated its work on

(July) reviewing the two documents: "Guide on a National IR

System" and "The IAEA-Incident Reporting System".

4. 1982 Technical Committee/Workshop for the exchange of

(November) experience in the operation of national reporting systems

and review of safety-significant events in NPPs.

5. 1983

(September)

Joint IAEA/NEA Meeting for Assessment of Incidents in NPPs

6. 1983 Consultants' Meeting to Prepare the Scheme, Structure and

(December) Arrangements of Computer Storage and Retrieval of

Information in the Framework of the IAEA-IRS

7. 1984

(May)

8. 1984

(July)

9. 1985

(May)

10. 1985

(September)

Technical Committee/Workshop on National Systems for

abnormal event reporting and their interconnections with

the IAEA Incident Reporting System

IAEA/NEA Joint Meeting for the Exchange of Information on

Incidents in NPPs

IAEA Technical Committee Meeting on National Incident

Reporting System

TCM on the Progress and Improvement of the IAEA-IRS

11. 1985 Joint NEA/IAEA Meeting for the Exchange of Information on

(September) Incidents in NPPs

FIG. 6

92



Currently, about 200 incident reports are contained in the Agency's

IRS. This year, 51 safety significant events have been reported within the

framework of the IAEA-IRS.

To review this information recieved in the IAEA-IRS and to review the

operation of this system, the IAEA convenes a Technical Committee at least

once annually. The Committee is composed of individuals having access to

IAEA-IRS information. It selects from the IAEA-IRS reports of those events

for analysis which it considers to be of particular interest to the

international community.

Joint IAEA/NEA meetings for the exchange of information on abnormal

events have been held annually since 1983 and valuable contributions to NPP

safety operation have been presented. A list of meetings on incident issues

and their themes are shown in Fig.6.

Formal and informal personal contact during these meetings is

extremely important for the exchange of experience gained from the

assessment of incidents and from the improvements made to reduce the

probability of similar events occurring in the future.

There are two guidelines that describe the IAEA-IRS scheme and

National IRS features which are necessary in the support and application of

an internatioal system. These documents are entitled:

1. "Guide on a National System for Collecting, Assessing and

Disseminating Information on Safety-Related Events in Nuclear

Power Plants";

2. "IAEA Incident Reproting System (IAEA-IRS)".

Thus, at present, it can be stated that IAEA activities on sharing

information on safety significiant events (incidents) in nuclear power

plants have started to bring insight and findings from operational

experience feedback worldwide for existing system design, equipment design

and quality, operator training simulators, plant procedures, safety systems,

emergency measures, management and regulatory requirements.
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4. Possibilities for Strengthening IAEA-IRS Activity

Everything can be improved all the time but the best is the enemy of

the good. What steps must be taken to reinforce the Agency IRS in the near

future7

Allow me to present some proposals that are presently under

discussion.

At the 1982 IAEA General Conference, the Director General proposed to

establish the International Nuclear Safety Advisory Group (INSAG). In 1985

this Group started acting. The composition of INSAG, representating the

major sectors of the nuclear community as well as its global make-up is able

to play an important role in identifying and helping to resolve current and

evolving safety issues. The Group's main function is to advise the Director

General on the best ways to advance nuclear safety.

The first meeting was held in March 1985 to formulate a programme for

the examination of a number of selected safety issues of international

concern. As first topics of work, the Group chose the accident source term,

incident feedback and the human element. At the next meeting, in October,

INSAG recognized the necessity of improving International and National

IR-systems and suggested a number of incident issues to be developed in

detail. They are related to the schemes of the functioning of IR systems,

the contents of incident reports, the dissemination of information, the

incident assessment tasks on an international level and the assistance of

experts for incident technical analysis upon request of some countries.

Thus, overall, it has been confirmed without doubt that the time has

now come to take further steps for reinforcing the IAEA-IRS.

At this present meeting, I would like to present some proposals for

strengthening IRS activities that are related, more or less, to the theme of

this meeting.

In this context, I believe the following action is necessary and

possible:

- the development of a guideline on indepth investigation

incidents methodology;
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- the development of a guideline (manual) for the preparation of

an incident report;

- the organization of an internationally sponsored ad hoc

incident analysis group consisting of Agency staff members and

experienced persons specially invited by the Agency;

- the regular preparation of an "Incident Reports Review" that

could include tendencies, common mode of incidents, statistical

analysis, recommendations for decision-making in various safety

issues;

- promote and assist the establishment of regular contact between

countries with similar plants including the exchange of

personnel and experts;

- provide assistance in all issues dealing with IRS activities at

the request of countries that have limited experience in

operating NPPs and analyzing their experience.

5. Conclusions

I fully unerstand that, in order to implement plans on IRS

activities, it is necessary to interact in the other nuclear energy and

safety areas of Agency actitivities.

In particular, I am referring to the programme on Reliability and

Risk Assessment, the programme on Computer Aided Safety Analysis and the

programme on Operational Safety Review Team activities.

I am prepared to cooperate with PSA activities to analyze a wide

range of abnormal events pertaining to a population of plants and to develop

a data bank which is necessary for resolving assessment tasks, to

participate in the installation and mastering of new fast-running computer

codes which may be necessary to evaluate incidents in NPPs and also to use

the knowledge and experience of OSART.

95



I am convinced that all my proposals dealing with the Agency IRS

activities demand joint efforts and discussions. I would be very glad to

hear your comments in this respect and I look forward to receiving your

valued advice on this matter.
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Session II

UNCERTAINTIES
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UNCERTAINTIES IN STATISTICAL DATA

A BERTINI
Ente Nazionale per l'Energia Elettrica (ENEL),
Rome, Italy

Abstract

The difficulty of obtaining a reliable statistical

basis which connects symptoms, trends and actual failure probabili-

ties is exposed in the note. In particular, the accuracy of the infor-

mation fed into the data processing system is questioned.

The following main problems are considered:

- Lack of a common language, to define in univocal way system, compo-

nents, events, partial failures.

- Difference in classification of a symptom or event. Even with a de-

fined system, there is not yet a common code of classification, so

the statistical data are influenced by national, or even internal

organisation practices.

- Difference in evaluating environmental, or boundary, conditions.

No event is 100% similar to another; a significant number of bounda-

ry conditions have influence on the development of the event, and

may be a misleading source of unreliability in statistics.

- Difference in evaluating the effects of intervention, or non-inter-

vention. The external actions - or lack of external action - may al-

ter the actual conditions into which an event of failure develops

or is prevented from developing.

- Incertitude in judgment about the effects of an intervention.

In addition to the above, there is the difference

between various reactor plants, as well as the limited number of reac-

tor plants which can actually be considered as similar to each other.

As a conclusion, it is suggested that no effort

should be spared to arrive at a reliable event classificating and

reporting system; after which a probabilistic assessment would be

something realistic, and not a mathematical exercise.

One of the most difficult problems which are encount

ered in the course of a long career with power plants (and I mean power

plants in general, not only nuclear plants, although the importance of the

concept of risk is generally much more stressed in the latter facilities)

is to obtain a reliable statistical basis which connects symptoms, trends
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and actual failure probabilities, and not the simple operating statisti

cal information that, for instance, in the peak of next winter a certain

percentage of the generating capacity in the system will be unavailable.

The techniques for a statistical treatment of data are

available, good and also reliable. A computer is reliable, with its hard

ware and its software. Much less reliable is the accuracy of the informa

tion which is fed as input to the computer, or to the statistical treat

ment of data in general.

As far as a probabilistic risk assessment is concerned,

I saw in my experience many difficulties, which may be summarised as follows:

- lack of a common language;

- difference in classification of a symptom or event;

- difference in evaluating environmental, or boundary, conditions;

- difference in evaluating the effect of interventions, or non-interventions;

- incertitude in judgment about the effects of an intervention.

All of these elements are important when a PRA is

being made. This does not absolutement impair its validity, I mean its

conceptual validity. An event tree can be built, a schematic diagram of

sequence of events can be established, with full reliability, so that an

element A may fail, another element B may fail, and the failure of both

entails the event C, and so on. Everything is ready to write down the

value of the risk, in its terms of probability and severity of consequen

ces.

But, while it is rather easy to assess (or to assume)

the value, or something of the sort of a number, representing the severi

ty of the consequences, the difficulty is in writing the number represent

ing the probability for an event to happen. And this is due to the above

mentioned difficulties in finding a common, accepted basis for a figure

to be introduced in the event tree.

First of all, thanks God and thanks to the conserva

tism in all nuclear projects, the number of real accidents is small and
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we have not the reliable - but dreadful - statistical information which

the vehicle traffic gives us. But although this fortunate circumstance

is not relevant to our argument, it makes the definition of a detailed

statistical probability of a given event more difficult and uncertain.

I shall go briefly over the points which I indicated

above:

Lack of a common language. Failure reports are reported, and published,

in many systems, in many opportunities, according with many agreements.

Still, in my own organisation, I had the possibility of ascertaining that

either the same pieceof equipment is not defined in the same way, or (which

is more likely, a similar event, or symptom, or partial failure, is

defined in a different way (and who is without sin shall throw the first

stone). There is not yet a real common language or code definition to in

dicate without ambiguity any given symptom or failure.

Difference in classification of a symptom or event. Even with a well-de

fined symptom, there is not yet a common code of classification, so that

a complete, comprehensive list of events can be drawn and, apart from

some particular components which are of general use and are called all

the same way, such as the condensate pump or the control rod drives,

it is still uncertain to know in a reliable manner how many failures

per reactor-year we can assume as a probability figure for a given com

ponent which is designated in different ways in various countries and

in various operating organisations.

Difference in evaluating environmental, or boundary, conditions. It may

well be easy to report a failure which puts a pump, an instrument,

a valve, out of commission. But this is not enough to make a probability

assessment to be made. We had, for instance, ten failures which caused

feed pumps to be stopped. First: the ten failures may concern ten dif

ferent types of pump and not be "common mode"; which is the probabi

lity for each type? One-tenth is only a too simplicistic answer.

Second: even for similar pumps, once it could be a bearing, the lubrica

tion of which was neglected by human error, once it could be a more se
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vere shaft crack, a third time it might be a failure in a particular pie

ce of the mechanical seals. How can these different failures be compared

in a statistical way ?

How can it be assessed, if a particular component, say again a pump, was

subjected to an effective preventive maintenance or not, and how the

preventive maintenance was actually able to prevent a failure ? How this

can be considered statistically ?

How can it be assessed, if another particular component, say a sensor

in a safety circuit, is located in a proper or unproper environmental con

ditions (temperature, humidity, vibrations) and how the possibly enhanced

failures;are accounted for in the statistics ?

I am not saying that all these factors have no weight, nor that, looking

at the individual case, an expert cannot judge that these environmental

conditions (including quality of maintenance) have a bearing, certainly

not irrelevant, on the behaviour of the component. I raise doubts on

the present possibility of drawing a statistical number "in general" about

many of those failure probabilities, which takes into account all oF the

se side-factors.

Difference in evaluating the effects of intervention, or non-intervention.

How could we classify the situation when a component, still operating

satisfactorily, is subjected to preventive maintenance and a symptom is

discovered, which would lead sooner or later to a failure? An interven

tion is carried out, perhaps an improvement, and the the risk of failure

is eliminated, or at least set reasonably back in time. Which should be

the effect of this sort of a "near miss" on the statistics? Generally

these situations, which in the life of the plant are really important

are not statistically recorded as potential failures.

Incertitude in judgment about the effects of an intervention. Having re

ceived information from any source, an intervention is carried out, ei

ther of simple maintenance or inspection, or even of modification. This

may improve (sometimes worsen) the situation, but still it does not appear

in the failure statistics, although, without the intervention, a failure

would probably have occurred.
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The last point, which I did not indicate as a sepa

rate point above, is the difference, down to details, between varioas

reactor plants. We all know how even a small engineering difference

in a component can increase or decrease significantly the number of fail

ures, or at least outages, of such component.

Personally I was responsible for a number of years of

all reactors in my country. They were only three, but representing

three basic types: a GCR, a BWR, a PWR. I was in no position of mak

ing failure statistics, except in each individual plant. It was not useless.

It was remarked that certain components were particularly subject to fail

ures; they were analysed, modified and made good'. But this is only val

id to the purposes of operation and maintenance.

I compare the few tens (if there are a few tens) of

almost similar reactor facilities, with the at least tens of thousands

of identical motor cars made by a manufacturer, in which the probability

of failure of any individual component, even with the significant influen

ce of the driver's behaviour, can be assessed with a high degree of

accuracy.

I do not wish to make here a nihilistic-depressing

statement, nor to deny the importance of the probabilistic approach in

evaluating the safe design and operation of nuclear power plants. The

alternative would be the deterministic approach, and the cost of such a

method is well known (even though the public, which instinctively applies

the probabilistic approach in any ordinary act of the daily life, also in

stinctively pretends a deterministic approach in nuclear safety - zero

risk).

My position is that no effort must be spared - and

much has still to be done in this direction - to arrive at a project of

an event classificating, and then reporting, system, which may allow re

liable statistical data to be written, so that statistics should not be

a mere arithmetic exercise, but would represent, as closest as possible,

the real probability of failure of a given element, and therefore would
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allow to write a reliable number in the event tree of any probabilistic

risk assessment.

A probabilistic approach is one of the ways to make

nuclear power more acceptable to the public opinion, if it is shown to

be the outcome of an accurate, well-considered method of ensuring safety.

Its credibility should not be impaired by the lack of accuracy or lack of

proven grounds in some of its basic elements, that is the real probabili

ty of the individual events to be reliably assessed.
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MONTE CARLO SAMPLING FOR GENERALIZED KNOWLEDGE
DEPENDENCE WITH APPLICATION TO HUMAN RELIABILITY

R.M. COOKE
Department of Safety Science

R. WAIJ
Department of Electrical Engineering

Delft University of Technology,
Delft, Netherlands

Abstract

A general discussion of knowledge dependence in risk calculations

shows that the assumption of independence underlying standard Monte Carlo

simulation in uncertainty analysis is frequently violated. A model is pre-

sented for performing Monte Carlo simulation when the variabilities of the

component failure probabilities are either negatively or positively coupled.

The model is applied to examples in human reliability analysis and the

results are compared to the results of Sandia Laboratories as published in

the Peer Review Study.

Key words: Uncertainty Analysis, Monte Carlo Simulation, Knowledge Dependence,

Human Reliability.

Introduction

The problem of knowledge dependence in uncertainty analysis for probilistic

risk assessment was first brought to light by Apostolakis and Kaplan (1) in

1981. They ponted out that standard Monte Carlo methods for uncertainty

analysis can seriously underestimate uncertainty when (strict) knowledge

dependence is present. In this paper we approach the problem of knowledge

dependence from a more general perspective. A methodology is developed for

performing Monte Carlo simulations in the presence of (generalized) knowledge

dependence. The methodology is applied to uncertainty analysis for failure

probabilities due to human error and the results are compared with the

results derived by Sandia Laboratories and published in the Peer Review

Study (2). In some cases the agreement is good, and in other cases the agreement

is not so good. This is contrary to a prevailing intuition (2, p. 3-17) that

Monte Carlo bounds for human reliability problems are more conservative than
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bounds derived by the existing techniques (for a discussion of these

techniques we refer to (3, p. 4-65)).

In the area of human reliability analysis the standard Monte Carlo methods

are prima facie inappropriate (3, p. 4-64), and there is no consensus

regarding the proper method for uncertainty analysis. We have therefore

chosen to illustrate the methodology with problems from human reliability

analysis, but the methodology could be applied for uncertainty analysis

in other areas as well.

Section 1 of this paper provides a general discussion of knowledge depen-

dence. Section 2 gives a general quantitative approach using the method of

moments, and section 3 describes the methodology itself. Section 4 applies

the method to standard problems taken from (2) and compares the results

with the results of the uncertainty analysis provided by the Sandia

Laboratories.

A final section is concerned with discussion and conclusions.

1 Generalized knowledge dependence

Suppose that the failure probability P of a system can be written as a

function of the failure probabilities P1,... P of the components 1, ... n

comprising the system. We may then write:

P = P(P... Pn).

As is well known, P(pl,... n ) can be written as the sum over all "minimal

cut sets" of the probability of each minimal cut set (4, p. 10).

In general, the component probabilities, and hence the probability P cannot

be determined with certainty. Uncertainty analysis concerns itself with the

variability of P as a function of the variabilities of the component

failure probabilities P1,... Pn'

Except in the simplest situations, an analytical computation of the

distribution of P is not possible and one generally resorts to Monte Carlo

simulation (see (5) for a discussion of methods of uncertainty analysis).

If the distributions of the pi 's are known, and if these distributions are

independent, then we can determine the distributions for P via simulation

in a straightforward manner. One simulation "run" determines a sample

value for P by drawing independent samples from the distributions for the
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P1 ... Pn and plugging these sample values into (1). Performing a large
number of runs simulates the distribution of P.

We are interested in the assumption of independence underlying the above

method, and in cases when this assumption fails. It is essential to

distinguish two types of dependence between components, causal dependence

and knowlegde dependence (Apostolakis and Kaplan, (1)).

Two components are causally dependant if the failure of one component

influences the failure probability of the other component. Causal depen-

dence forces us to alter equation (1) in the following way. Suppose

components i and j are causally dependent but causally independent of

other components. Then every occurrence in (1) of the product pipj

reflecting the joint failure of components i and j will have to be replaced

by the product of Pi and the conditional probability of failure of j given

the failure of i (of course, the roles of i and j could be reversed).

Regardless whether the components i and j are causally independent, it

may happen that our knowledge of the failure probability pi is not indepen-

dent of our knowledge of pj. In other words, the distributions over the

possible values for pi and pj are not independent. Apostolakis and Kaplan (1)

introduce the term "knowledge dependence"to describe the most conspicuous

instance of this phenomenon.

Following (1), suppose that the variabilities for the component failure

probabilities express plant-to-plant variabilities in the failure frequencies

resulting from different maintenance regimes and perhaps other plant-specific

factors. Suppose also that components i and j are merely different instances

of the same type of component. Failure data for i and j are then pooled to

determine the failure frequency at each plant. It follows that pi and p

have the same distributions over the population of plants, and in each

plant these values must be identical. If the uncertainty analysis is supposed

to reflect plant-to-plant variability in the failure probability P, then

it is obviously incorrect to sample independently from the distributions

for pi and pj. In each plant, knowledge of pi determines pj uniquely

(and conversely). Note that the components i and j may well be causally

independent. Knowledge dependence does not affect equation (1) itself,

but affects only the manner in which P is "varied" in the uncertainty

analysis.
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It is evident that the potential scope of knowledge dependence is wider

than that considered in the above example. We shall say that components i

and j have a generalized knowledge dependence if the distributions for pi

and pj are not independent. If high (low) values of pi are associated with

high (low) values of pj we shall call the dependence positive. If high (low)

values of pi are associated with low (high) values of pj we shall term the
dependence negative. Apostolakis and Kaplan consider only the case of strict

positive knowledge dependence.

The existence of (generalized) knowledge dependence, and indeed the

interpretation of the uncertainty for P, depend critically on the inter-

pretation of the variability for the component failure probabilities.

We distinguish three possible interpretations (there may well be more).

Plant-to-plant variability

This is the interpretation considered by Apostolakis and Kaplan, though

the scope of (generalized) knowledge dependence extends beyond the type

of case which they consider. For example, if a given plant has an above-

average maintenance regime, then we should expect this to produce below-

average failure frequencies for all components subject to maintenance.

The plant-to-plantvariabilities of these components will therefore exhibit

a (positive) dependence. The components will not have the same distri-

butions over the plantpopulation, and thedependence may not be strict,

but it would clearly be incorrect to use independent sampling from the

distributions of component failure probabilities to determine the plant-

to-plant variability for the failure probability P.

Degree-of-belief variability

We distinguish two cases:

a. The component failure probabilities are determined by consulting experts

drawn from some expert population, and each expert has an opinion for

each component. The variability for each pi is interpreted as the

variability in experts' opinions in the expert population for the

failure probability for component i. The uncertainty for P should then

be interpreted as the variability in the experts' opinions of the failure

probability P. It is not reasonable to assume a priori that the varia-

bilities in the component failure probabilities would be independent

in this case. On the contrary, if a given expert is pessimistic for

some components, he may well be pessimistic for others as well. It seems
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more reasonable (to us) to assume that some positive knowledge dependence

is present in this case also. Striking evidence to this effect can be found in (5).

b. The variabilities in component failure probabilities represent the

subjective uncertainty of one analyst regarding the failure frequencies

of the components in some well-defined populations of components. In this

case the variability in P represents subjective uncertainty regarding

the failure frequency of the systems drawing their components from the

aforementioned populations. Now suppose the analyst observes some of the

component failure freqencies and finds them all to be well below his

median values. This indicates that his subjective probabilities are

"miscalibrated" and may induce him to alter his subjective distributions

for the remaining components. The analyst is willing to "learn from

experience". In general, subjective probability distributions of the

type discussed here are not independent, but show some positive knowledge

dependence. Again, the independence assumptions underlying the standard

Monte Carlo procedures is unwarranted.

Operator variability

Suppose that Pl...pn represent the probabilities that a single operator will

fail to perform tasks l,...n correctly, as in human reliability analysis.

Variability in the values Pl,---Pn is taken to represent variability in the

human error probabilities in the population of operators. P represents the

probability that the system will fail as a result of human error. A well-

trained highly motivated operator will have a below-average probability

of performing any of the tasks incorrectly, whereas a poorly trained or

unmotivated operator will have an above-average probability of performing

any of the tasks incorrectly. Since a single operator performs all the n

tasks, it is obviously incorrect to determine the variability of P via

independent sampling from the distributions for pl... Pn.Instead, a rather

strong positive dependence should be assumed.

In all these examples the knowledge dependence is positive. There is no

a priori reason why knowledge dependence must be positive, but we have no

realistic examples of negative dependence.
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2 The method of moments

Using the method of moments described, for example, in (6), it is easy to

determine the expectations and variances for the sums and products of two

probabilities pi and pj. Writing E for expectation, V for variance, and

cov for covariance, one finds:

E(pi + pj) = E(pi) + E(pj)

V(pi + Pj) = V(Pi) + V(pj) + 2cov(pi ,pj)

E(pipj) = E(pi)E(pj) + cov(pi,p j)

V(pipj) = E(pi)V(pj) + E(pj)V(p i) + 2E(pi)E(pj)cov(pipj).

In the expressions for variance higher orders have been neglected. The

first and third equations express trivial properties of the expectation

and covariance respectively. The generalization to n components is straight-

forward. If the distributions for pi and pj are independent, then cov(pi,pj)
= 0, but if there is a positive dependence between pi and pj, then

cov(pi,pj) > O. This contribution can be significant.

For example, let

P = P1P2P3P4 Pi = .01exp(xi), i = 1,2,3,4;

where x. is a standard normal variable for i = 1,2,3,4. In this case the

pi's are lognormal with median .01 and unit "multiplicative standard

deviation" (see (1), p. 138). If the Pi's are all independent, we find:

E(P) = 7.4E-8, V(P) = 2.9E-13.

However, if the Pi's have strict positive knowledge dependence, as in the

case considered by Apostolakis and Kaplan, then (in this case P is itself

log normal and we can calculate the result directly):

E(P) = 2.9E-5, V(P) = 7.9E-3.

The variance has increased by 10 orders of magnitude. Although the method

of moments gives some insight into the effects of generalized knowledge

dependence, the information it provides is not very useful. The expectation

and the variance are sensitive to the "tails" of the distributions,

particularly the variance. In risk assessment one is more interested in

the fractiles of the distributions. One typically wants to express the

uncertainty for P in terms of the 5% and 95% fractiles for the distribution

of P. Using Chebyshev's inequality one can derive estimates for these so-called

Bayesian confidence intervals, but the estimates are extremely crude.
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It is therefore useful to have some workable mathematical model for

generalized knowledge dependence which enables us to simulate the distri-

bution for P via dependent Monte Carlo sampling from the distributions

of the component failure probabilities.

3 Dependent Monte Carlo sampling

We restrict attention for the time being to two components with failure

probabilities p, en p2. The problem we must tackle has the following

mathematical contours. Distributions over the possible values of p, and

P2 are known or may be assumed. We suspect, however, that some form of

knowledge dependence exists between p, and p2. We wish to observe via

simulation the effects on the variability of the system failure probability

P of varying degrees of knowledge dependence. In short, the known distri-

butions for p, and P2 are to be regarded as marginals of an unknown joint

distribution for p, and P2.

In some cases it might be possible to determine the joint distribution

empirically. In most cases; however, this will not be possible. In such cases

the best we can do is to simulate the possible effects of varying degrees of

knowledge dependence. Ideally, we should like to have a mathematically simple

family of joint distributions having the prescribed marginals in p, and P2,

indexed by a dependence parameter running from -1 (complete negative depen-

dence through 0 (independence) up to 1 (complete positive dependence).

To see how this might be done, let us first assume that p ,, and P2 are uni-

formly distributed over the interval [0,11. A joint distribution may be thought

of as a distribution of probability mass over the unit square in a Cartesian

coordinate system with the possible values of p, and P2 set out along the hori-

zontal and vertical axes.

If p, and P2 are strictly positively dependent, then the joint distribution

for p, and P2 will have its mass uniformly distributed along the diagonal p1 = P2 .

If p, and P2 are independent, then the joint distribution will be uniformly

distributed over the unit square. If pi and P2 are strictly negatively depen-

dent, then the joint distribution will be uniformly distributed on the diagonal

Pi= 1 - P2'
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A simple joint distribution having an intermediate degree of positive dependence

is represented in figure 1. The joint probability mass is spread evenly over

the band containing the diagonal P = p2,exceptin the shaded areas near the

points <0,0> and <1,1>. Here the mass is spread "twice as thickly" as in the

rest of the band. This is to insure that the marginals in pi and P2 remain uni-

form.

b

y

t

P2 p

Pl-'

Figure 1:

A joint distribution for p, and P2 exhibiting positive dependence described

by the parameter d = 1 - (b - a) / 2 (see text). x is sampled from the uniform

distribution and y is sampled from the marginal of the joint distribution con-

ditionalized on the value x, which is the uniform distribution on [a,b].

The parameter

d = 1 - (b - a) / 2

may be used as a measure of the degree of positive dependence between p, and

P2. In the case of negative dependence we construct a similar band about the

diagonal Pl= 1 - p2 and let -d represent the degree of(negative)dependence.

A dependent Monte Carlo sampling procedure could be effected as follows.

One first samples a value for p, from the uniform distribution. Suppose that

the value x is found. We next conditionalize the joint distribution on the va-

lue pl= x. The marginal distribution for P2 of this conditional joint distri-

bution is just the uniform distribution over the interval [a,b]. A sample va-

lue for P2 is drawn from this latter marginal distribution. Suppose the value
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y is found. The values x and y can now be plugged into equation (1) to deter-

mine a sample value for P, the system failure probability. This constitutes

one simulation run. If we perform a large number of runs, we will find that

the marginal distributions for p, and P2 are both uniformly distributed over

the unit interval, as required. Moreover, on each run the sample values of

P1 and P2 will always lie within an interval of length 1 - d. )

This entails that the probability of a value less than or equal to p, differs

by at most (1 - d) from the probability of a value less than or equal to P2,

when p, and P2 belong to the same simulation run. In other words, (1 - d) is

an upper bound on the absolute difference in the values of the respective dis-

tribution functions at arguments corresponding to the same simulation run.

(The reader with a background in measure theory will recognize that we are

skipping many mathematical details of this construction. We trust that such

readers cal fill in these details for themselves. See (7), p. 77-80).

This procedure would seem to meet all the requirements, if p, and P2 are uni

formly distributed over the [0,1] interval. What if they are not uniformly dis-

tributed in this way? In this case it suffices to look at p, and P2 as trans-

forms of uniform [0,1] random variables.

Let x be uniformly distributed on the interval [0,1], and let F be an inver-

tible distribution function. More precisely, we require that for every r

strictly between 0 and 1, there is a unique q such that F(q)=r. For such r,

x satisfies:

Prob{x < r} = r

or equivently:

Prob{x < F(q) } = F(q).

1). A somewhat tedious calculation reveals that the correlation coefficient p
between p, and p2 is given by:

(1 - d)3 - 2(1 - d)2 + 1

This leads to a reasonably close agreement p and d.
It should be emphasized, however, that p is not a good measure to use in
modeling knowledge dependence. Not only is it difficult to calculate, but
its value is not invariant under the transformations to which P1 and p2 will
be subjected (see further in text). In terms of the upper bound on the abso-
lute difference of the respective distribution functions,d is invariant in
this sense.
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This in turn is equivalent to:

Prob{F-l(x) q} = F(q),

which says that F 1 transforms x into a variable having distribution function F.

Now let pi and P2 have invertible distribution functions F, and F2. We perform

one simulation run as above and find the values, say, x and y. Instead of plug-

ging these into (1), as in the case of uniform variables, we plug in the values

P1 = F l(x) and p2 = F y(y). (1 - d) is now an upper bound on the absolute

difference between F1(p1) and F2(p2) whenever p, and P2 belong to the same si-

mulation run. After a large number of runs, the marginal distributions for p,

and P2 will approximate F1 and F2 as required.

If we have n components with failure probabilities pl,...pn, with prescribed

distributions, then any pj can be assigned a knowledge dependence (either po-

sitive or negative) of the above form with respect to one pi, for i < j. The

generalization of the above sampling method in this case is straightforward.

Note that if pj is assigned a knowledge dependence to pi, and pi to Pk' then

the relation between the distributions for pj and Pk is fixed. We are not at

liberty to assume a knowledge dependence of the above form between pj and Pk.

As mentioned in section 1, problems in human reliability can exhibit knowledge

dependence when P,...Pn represent human error probabilities for tasks which

are performed by one and the same operator. As a "first pass" simulation for

such problems it seems reasonable to assume that P2,...pn all have the same

positive knowledge dependence relation to p,. This comes down to assuming that

if we have chosen a "good" operator for a given simulation run, then his "good-

ness" will be equally apparent on all tasks, and similarly for "bad operators".

This is probably a simplification, but it enables us to specify a degree of

positive knowledge dependence simply by specifying one value for d. This is

the procedure which is followed in the computations presented in the following

section.

4 Application to human reliability problems

In the Peer Review Study (2) six problems in human reliability were presented

to a group of human reliability experts. The first two problems were worked out

as exercises. The experts were asked to develop estimates for system failure proba-

bilities for the remaining problems using the Handbook of Human Rei'^ility
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Analysis (8). The purpose of the study was to determine the extent to which

different experts analysing the same problem would agree in their estimations

of the relevant failure probabilities of the systems involved. Roughly thirty

experts (peers) participated in the study.

Sandia Laboratories supplied "candidate solutions" for all the problems together

with estimates of the uncertainty in the form of 90% Bayesian confidence inter-

vals.

The peer solutions exhibited an "extreme spread" (2, p. 3-18). 37% of the

peer responses fell above the upper confidence bound given by Sandia. Regar-

ding Sandia's confidence limits, the authors remark "These limits underestimate

by a factor of two or more the usual uncertainty bounds that would be calcu-

lated by a Monte Carlo procedure. Were the wider bounds used, considerably more

of the peers' responses would lie within the usual uncertainty bounds of the

Sandia solution" (2 p. 3-17).

We have chosen to illustrate dependent Monte Carlo sampling on these problems

not only to compare the results with the Sandia results, but also to check

the above claim that Monte Carlo bounds would include significantly more of

the peer responses. We found that this is not the case.

For each human error probability, Sandia gave an estimated value and upper

and lower limits. In order to perform the simulation we had to make assumptions

regarding the distributions of the human error probabilities. It is standard

procedure to interprete these upper and lower limits as 5% and 95% fractiles

of a lognormal distribution. The estimated value was generally not equal to the

median of the resulting lognormal distribution. As the authors give no

further information, and as we could find no other standard distribution

for which the Sandia estimates would equal the median values we elected

to retain the lognormal distributions. In one case the upper limit was so

large that the lognormal fit would produce values greater than one. In this

case we used a loguniform distribution between the upper and lower limits

(failure probability p4 in problem 6).

The results of the simulation, together with the Sandia error bounds for the

failure probability P for problems 3, 4 and 6 are presented in table 1 (pro-

blem 5 was similar in form to problem 3). The values d = O, d = .5, d = .8

and d = 1 were used to simulate independence, medium positive dependence, strong
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positive dependence and strict positive dependence. The program which performed

the simulation can be run on a personal computer and the average running time per

problem was about six minutes. It was found:that two thousand runs were suffi-

cient to generate stable results. (The program is written in Turbo-87 Pascal.)

TABLE 1

_ Problem 3 Problem 4 Problem 6

p = P+P2+P3+P4 (1-P)(P2+P3+P4 ) + P1((1-P 2)((1-P3)((1-p 4)(P7+P8 ) +

P l (P 5+P 6+P 7 ) P4 (P 5+P 6 )) + p 3 (P 7+P 8 )) + P2)

Sandia .0025, .05 .0195, .195 .0000055, .000055

d = 0 .005, .017 .026, .12 .000013, .00022

d =.5 .0037, .019 .02, .13 ..0000091, .00026

d =.8 .0029, .023 .016, .15 .0000067, .00032

d = 1 .0025, .025 .014, .16 .0000055, .00037

Comparison of Sandia upper and lower limits with 5% and 95% confidence bounds

for three human reliability problems, under varying degrees of positive know-

ledge dependence (see explanation in text). With the exception of p4 in problem 6,

lognormal distributions were fitted to the upper and lower limits for the human

error probabilities given by Sandia. For p4 a loguniform distribution was used.

We regard d = .8 as a reasonable value for the positive knowledge dependence

in these problems. Inspecting table 1, we see that the agreement in this

case with the Sandia values is reasonably good in problems 3 and 4 (the same

is true for problem 5 which is similar in form to problem 3). The confidence

bands generated by the simulation are a bit narrower than the Sandia bands,

as the upper limits in the simulation are lower than Sandia's upper limits.

A significant discrepancy emerges in problem 6. The simulated confidence bands

are wider than the Sandia bounds by a factor five. Moreover, the upper limit

in the simulation is almost an order of magnitude larger than Sandia's upper

limit.
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We can understand this situation as follows. In problems 3 and 4, the system

can fail when the operator makes only one error1 ). These failure paths give

the dominant contributions to the system failure probability P. Now obviously,

knowledge dependence is not going to effect the contribution from failure

paths involving only one failure, hence the effect of varying the knowledge

dependence is not very great. In such cases, the method by which Sandia arrived

at their upper and lower limits (which is not explained in (2)) gives reasonable

agreement with the results of simulation.

In problem 6, however, the system cannot fail as a result of a single error.

In this situation, the error produced by ignoring knowledge dependence becomes

significant. The median value for d = .8 in the simulation is also a factor

five larger than Sandia's estimated value.

Using the above Monte Carlo bounds for d = .8 would not significantly effect

the results of the Peer Review Study, however. The net effect of using these

bounds is that the number of peer responses falling inside the uncertainty bounds

increases by one. The statement in (2) to the effect that use of Monte Carlo

uncertainty bounds would bring considerably more peer responses within the un-

certainty bounds of the Sandia solutions, is not supported by these results.

5 Conclusions and discussion

The existence of generalized knowledge dependence cannot be determined unless

the interpretation of the variability in the component failure probabilities

is made clear. When these variabilities are interpreted as plant-to-plant

variability, as degree-of-belief variability, or as operator variability,

we may anticipate some positive knowledge dependence.

The potential impact of generalized knowledge dependence in uncertainty

analysis is shown to be significant when all possible failure paths involve

multiple component failures.

The mathematical model of generalized knowledge dependence introduced in

section 3 represents one relativity simple possibility. Refinements in the

model could be introduced as our empirical knowledge of knowledge dependencies

increases.

1). In problem 4, P , P and p7 represent conditional error probabilities
for task 2, 3 aRd 4, respectively, given failure of task 1.
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The simple model seems well-suited to human reliability problems. When two ormore

tasks are performed by a single operator a strong positive knowledge depen-
dence should be used for the failure probabilities for these tasks. If all
failure paths involve mutiple human errors, this can lead to uncertainty

bounds which are considerably wider then the bounds generated by the methods

presently in use.

In spite of this, use of Monte Carlo uncertainty bounds in the Peer Review
Study would not result in significantly more peer responses falling within
the uncertainty bounds of the Sandia solutions.
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PROBLEMS ASSOCIATED IN USING OPERATING
EXPERIENCE FOR PSA STUDIES STARTED AT EARLY
STAGES OF A NPP PROJECT

G. AAOCLU
Nuclear Power Plants Division,
Turkish Electricity Authority (TEK),
Ankara, Turkey

Abstract

Turkish Electricity Authority (TEK), who will be the owner and the operator of

the nuclear power plant to be build in Turkey has recognized the importance of

PSA during bid evaluation and contract negotiations phase of Akkuyu-I NPP. A

PSA team is established within the Division and a project entitled "Turkish

Akkuyu Probabilistic Safety Evaluation (TAPSE)" is started jointly by Turkish

Atomic Energy Authority and its research center gNAEM to perform a Level-i-PSA.

During the execution of TAPSE Project several problem areas are identified

where using or combining of operating experience of plants operating in other

countries to TAPSE project is one of them.

In this paper,problems associated with failure data collection and assessment

for components, common cause failure treatment and human error data assessment

are presented particularly from the view point of Turkey where there is no exist-

ing operating experience. The establishment of internationally sponsored cent-

ralized data bank to set up a valuable data with appropriate guidelines for

their correct use in PSA studies is also emphasized.

1. INTRODUCTION

Turkish Electricity Authority(TEK), who will be the owner and the operator

of the nuclear power plant to be build in Turkey, has recognized the impor-

tance of PSA during bid evaluation and contract negotiations phase of

Akkuyu -I NPP.Considering the importance of:

-- safe, reliable and economic power generation for the utility and

-public safety for regulatory bodyTEK, Turkish Atomic Energy Authority

(TAEK) and its research center CNAEM decided to perform a Level 1 PSA

jointly.

The objectives of the joint project are

- to develop expertise in PSA in Turkey in order to assisst the licensing

of Akkuyu-I 665 MWe PHWR,

- to provide decision tool for safety and operational use for life

time of the plant.
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The project titled as Turkish Akkuyu Probabilistic Safety Evaluation (TAPSE)

will be supported by IAEA under the Technical Assisstance Programme.

TAPSE project has started very recently but the preparatory studies has

shown several problem areas related with operating experience and

using. them in the PSA study.

2. LEVEL-I PSA APPLICATION IN TURKEY

For safe, reliable and economic power generation from Akkuyu NPP, Level 1-

PSA, has great importance which would allow to :

- evaluate the system performances,

- identify the major contributors to system failure and core melt,

- improve design at pre-construction and pre-operation stages,

- improve operating, maintenance and testing procedures,

Tasks for the execution of Level 1-PSA, reliability analyses,are decided

to be:

- review plant design

- review plant specific and other 600 MWe CANDU plants operating, mainte-

nance and testing information

- identification of initiating events

- identification of safety functions and systems

- development of event trees to identify mitigating safety systems

and failure modes of interest

- development of fault trees

- component failure data collection and assessment

- common cause failure treatment

- human-error data collection and assessment

- determination of system failure rates

- integration of event trees and fault trees for accident sequence

identification and quantification (Fig.l).
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FI:l-8ASE LINE LEVEL I PSA FLOW CHART

As a result of reliability analysis if system performances have to

be improved, the emphasis will be put on system weakest points. Such

improvement can be achieved in different ways such as:

- changes in hardware (e.g. use of more reliable components , additional

redundancy).

- changes in procedures (e.g. reduce human error)

- changes in test and maintenance practice (e.g. test frequencies and

outage times)

- changes in concept (e.g. additional separation, diversity)

Since one of the perspective of utility in application of PSA to

optimize the economic risk of the plant during its life time, changes of

system design would need to be evaluated by comparing the benefit

(improved system reliability) to the overall cost. For example, hardware

and concept changes lead to variations in capital cost, procedure or

test and maintanence practice changes, influences the operating cost.

Additional redundancy leads to changes in both capital and operating

cost Pig.2 presents the general frame work of parameters affecting

system reliability and their related nature of improvement in terms of

reliability and overall cost. Of course TAPSE project is not mature enough

for execution, even for planning of cost/benefit analysis based on reli-

bility analysis performed,

If reliability analysis performed as early as possible i.e. during pre-

construction or design phase the hard ware and concept changes can be
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FLOWCIIART FOR IMPROVEMENT
U) SYSTEM AVAILIBILITY

Fla: 2- FLOWCHART FOR SYSTEM RELiABiLTY iMPROVEMENT

introduced to the design more easily and less costly. for these

analysis,.information on details of system design and especially data

bases for the frequency of initiating events and failure rates are needed.

For identification and improvement of design weaknesses, the comparison

of data collected and evaluated from operating plants with the data

assumed for design purposes is very important.

Currently available sources of operating data for TAPSE project are:

- NEA Incident Reports of CANDU NPPs,

- NEA Incident Reports of PWRs,

- IEEE Std 500-1977

- Reactor Safety Study-WASH 1400

- Hand Book of Human Reliability, NUREG/CR-1278

- German Risk Study

- Zion NPP Risk Study
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Problem areas identified for combining operating experience to TAPSE

Project, based on the preliminary survey of above listed documents, are

summarized in the following section.

3. PROBLEM AREAS IN USING OPERATING EXPERIENCE

The generation of failure probability rates (unavailabilities) for a

system begins with the failure data collection and assessment for components,

common cause failure treatment and human error data and assessment.

3.1. ComDonent Failure Data Collection and Assessment

In order to derive estimates of component unavailabilities, it is necessary

to collect data as complete as possible, but the fundamental problem in

the PSA is the reliability of data which is needed for all components.

These data can be either obtained from the statistical evaluation of

operating experience or derived from design requirements and application

conditions especially for engineered plant features.

There is a definite problem in obtaining usable data from the operating

experience since:

- reactor history has been recorded with little view towards quantitative

evaluations ,

- sufficient quantitative characteristics are not generally recorded

for the failure occurences

- categorization and classification for statistical and behavioral

evaluations are in sufficient

- systematic storage of data for quantitative evaluations is not available

Though every body recognize the importance of data collection there is not

enough effort for recording data from the operating experience to suit the

quantification. Very few organizations using data derived from their own

data bank but most organizations still using literature data based on

USA experience.

In addition to data source, use of data is another important issue for

component failure rate determination. In process of using data emphasis

need to be put on boundaries considered for a component and degree of

coupling in failure rates.

Currently available data collection forms, as far as to my disposition,

forsee adequate formats for recording information on single piece parts

failed. They do not include component boundaries information to fit in

the analysis.
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3.2. Common Cause Failure Treatment

Common cause failure is another important, unresolved issue in PSA studies.

For reliability analysis it is necessary to classify common cause failures

(CCF) to consider and understand the causes of failure. Failure of multiple

components or systems due to a single secondary event is classified as

common cause failure by definition.CCFs can be particularly serious if

they involve redundant systems, dublicated components, subsystems and systems

to maintain one and the same functions. There are several causes of CCFs

such as:

- design defects

- fabrication, manufacturing and QA variations

- test , maintenance and repair errors

- human errors

- environmental variations

CCFs can only be identified and quantified if corresponding operational

experience is available. Otherwise only qualitative evaluation can be

performed which leads to greater range of uncertainities in unavailability

of systems. Unfortunately this is the fact for most of the PSA studies

since the experience of common cause failures is still limited.

Several studies done on common causes report significant discrepancies among

the probabilities of dependent multiple failures. The factors effecting

such disagreements can be summarized as:

- inaccuracies in failure descriptions,

- physical difficulties in analyzing event reports in cooperation with

plant personnel ,

- lack of consistent definition of common cause failures results in

different interpretations of the same source information,

- dependencies on uncertain parameters in calculating the reliability

of a system,

- extrapolation of information available from simple and interconnected

systems with good separation and with an increased level of redundancy,

- significant plant to plant variations in failure probabilities,

depending on differences on design, operating procedures, test and

maintenance policies,
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- difficulties in correlating the quality of data with the most suitable

model for quantification of common cause failures,

- large uncertainities of the estimated probabilities,

- difficulties in performing sensitivity analysis to minimize the

un certai ni'ies.

3.3. Human Error Data and Treatment

Incorporation of human reliability analysis into PSA study is currently

the most complicated and difficult issue . The operating experience

does not allow incorporation of well structured level-by level approacts

of human interactins into PSA studies.

Human interactions during operation can be classified as:

- interaction during test, maintenance on the system and/or its

components,

- interaction during a transient for controlling its course.

Human reliability analysis are complicated by the fact thatan extensive

actuarial-type data base does not exist for purpose of quantifying human

errors. Human behaviour is extremely complex and human error rates are

highly dependent of behaviour type such as skill-based, knowledge-based

and rule-based. The definition of behaviour classes has importance for

the analysis as well. The behaviour type definitions will be followed

by selecting a model for human behaviour analysis which is another

difficult task of the human reliability analysis. As far as I know

at present there are no predictive models of human behaviour.

The problems associated with the human error data and assessment,

in a very general way, can be stated as:

- identification of key human interactions,

- interpretation of data from different sources,

- selection of a proper modelling,

- non-existance ofstatistical procedures for evaluation,

- treatment of sensitivities and uncertainities.

Due to the problems associated with human error quantification. Most

of the PSA studies do not perform human reliability analysis but introduced

generic data for some features. As a result it can be said that since test
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and maintenance procedures are very case specific and the training,

education and culturesof operators differ from country to country at

the present state of knowledge it is very difficult to quantify human

error during operation.

4. CONCLUSION

Operating experience plays an important role in PSA but it has several

issues need to be resolved. first and important issue is the improvement

in the data base. It would not only improve the results in system

unavailabilities but it would also improve the predictions of the experts

by exporing them to a wider data base.

There is a great need for establishment of centralized data bank to set

up a valuable data with appropriate guidelines for their correct use

according to the specific situations.

It is also recommendable to organize a internationally sponsored

incident analysis group to assess incidents belonging to a population

of plants from the point of view of their applicability to other

conditions and to tailor the lessons learned to specific conditions

in other member states for PSA studies.
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EXPERIENCE OF APPLICATION OF
EVENT-TREE METHODOLOGY IN HUNGARY

I. KELEMEN
Power Station and Network Eng. Co. (EROTERV),
Budapest, Hungary

Abstract

Within the scope of a programme "Developing Risk Criteria for the Nuclear
Fuel Cycle" EROETERV (Power Station and Network Eng.Co.) has been
commissioned by the IAEA to carry out accident event tree developments in
case of WER-440 PWR.

The aim of our study was to determine functions preventing core-melt in
case of a series of accident events started by guillotine break with
double systems realizing these functions and the success criteria of
auxiliary systems attending the latter. We described the events following
each other during the accident and gave the event-tree of the LB LOCA as
well. Finally we presented the results and conclusions.

In Hungary research-development work has been recently

performed by several institutions, the achievements of

this work do furnish a firm methodological basis upon

which reliability assessment work of nuclear power

stations can be started here at home.

Within the scope of a program "Developing Risk Criteria for

the Nuclear Fuel Cycle" our Company /the Power Station and

Network Eng. Co./ has been commissioned by the IAEA to

carry out accident event tree development.

The aim of our study was to determine functions pre-

venting coremelt in case of a series of accident events
started by guillotine break with double ended flow of

coolant as well as safety systems realizing these functions

and the success criteria of auxiliary systems attending

the latter.

At the beginning of the accident the pressure of primary

circuit suddenly drops to the saturation pressure

corresponding to the temperature of coolant. The rate

of pressure drop further on is decreasing, but the quick

pressure drop results in the starting-up of Unit protection.
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5 s after the break pressure of the loop falls to the

value of 60 bar. Then the hydroaccumulators start to

operate and feed water into the upper and lower chamber

of the reactor.

The Unit protection breaks the 6 kV electric power line

and gives start order for the Dieselgenerator. 35 s after,

the automatic step-wise loading program starts in which

the most important consumers are supplied with electric

energy in a particular order.

In this emergency situation the high-pressure pump

cannot operate because of the low pressure in the

head-side. The long-range cooling of the core - this

means actually the decay heat removal - is to be performed

by the low-pressure pump.

Starting takes place in recirculational operating mode.

With a given volumetric flow achieved gate valves of

the recirculational line get closed and the coolant

passes toward the core, provided that meantime pneumatic

valves on the border of the hermetic box are already

open. Intermediate cooling circuit /ICC/ provides for

the cooling of Emergency Core Cooling System Pumps

engines /ECCS/.

A significant part in the recirculation of coolant es-

caped through the break is played by a gate valve

situated in the coolant recirculational line.

Between this gate valve and the tank from where the

LP pump carries the coolant into the core there is
interlock connection. If the level in the tank is

500 mm the gate valve opens and the coolant accumu-

lated in the floor drain of the hermetic box can arrive

at the suction side of the LP pump. Before the pump

the coolant passes through a heat exchanger cooled by

safety cooling water, this way providing that the core

were really cooled by the coolant.
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Event-tree of LB LOCA

As a result of all this work we had a clear-cut image

of system connections and their interaction and in the

following step we could set up the accident event-tree.

The hydroaccumulator being a passive ECCS its operation

is independent of the existance of the Unit protection

sign. If Unit protection sign has not been generated

the Dieselgenerator will not receive start order and

this way the power supply of the LP ECCS pump will not

be ensured; moreover the coolant recirculational line

will not be able to open /9., 10./.
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If the Unit protection sign has been generated depending

on the operation of the hydroaccumulator the event-tree

can be divided into two lines. If the DG does not start

the functionability of the LP ECCS pump and the coolant
recirculation line /actually the gate valve/ is in-

different /4., 8./. If DG starts and supplies electric

power but the LP ECCS pump does not start the state of

the recirculational line is indifferent. '

If the LP ECCS starts and operates with success the

change for recirculational mode can or cannot be realized.

The final events of the event-tree can be evaluated in

accordance with the following. Event N- 1 means the

successful operation of system for accident prevention.

Event N2 2 means that coolant recirculation cannot be

managed. After-the tank of the LP ECCS pump has been

discharged the feed of cold coolant stops and the rise

of cladding temperature can be expected.

Events N 2 3, 4 and 9 are of identical character:

after the hydroaccumulators the LP pump does not start
operating. Water fed from hydroaccumulators boiling away

the core remains uncovered and the temperature of the

cladding is expected to go on rising intensively /even

more so than in state N 2 2/. A common feature of events
N- 5,6,7,8 and 10 is that hydroaccumulators do not start

to work. It is due to this that within a very short period

/within 1 minute/ an abrupt temperature rise occurs that

cannot be prevented even by the LP EC6S pump getting into
operation and this way core-melt is produced. The criterial

temperature for the fuel elements is 1200 °C. This means

no distortion of core geometry occurs, but the claddings

can possibly get swollen or cracked. Except for event N2 1

on the occurrence of each event the distruction of claddings

and activity escape have to be reckoned with.

Results obtained

- in the course of technological system analysis the

system connections and interaction in ECCS have been

clarified.
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- by the help of the event-tree we can identify for a

VVER-440 Unit those series of events which result in

especially grave consequences and we can study the

influence of individual systems on these series of

events for this particular power plant

- processes requiring in the future more detailed

quantitative analysis can also be determined

- we have acquired experience in carrying out studies

by means of event tree techniques.

Our work constitutes the starting point of a study

assigning a certain value of probability to the event

of core melt produced by various breakdowns. The com-

parison of these values will reveal in what way the

system can most easily get into this grave condition

liable to have also dangerous consequences.

'Nuclear power station of Hungary as well as those of

the other CMEA countries have been supplied by the

Soviet Union. No reliability data being so far at our

disposal for the already operating VVER-440 Units and

our own operation experience being rather restricted

we are not able to carry out the concrete calculations

for NPS Paks.

So that later on special calculations could be per-

formed for each particular power station the CMEA

countries have already started the elaboration of a

uniform data collecting and -communicating system.

A computer-aided data collecting and -processing system

is being currently established also in Hungary.

With the necessary data having been obtained we shall

intend to repeat calculations by using up real data.

For practical utilization most information is gained

now from sensitivity study, while for us, designers,

this study is fairly useful because of its pointing

out those parts of the system we have to pay special
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attention to. From this point of view the feedback

process is considered very important: i.e. how the

results of safety analysis reach the operator, the

designer; whether they can be properly evaluated and

utilized by him in his work. With these conditions not

being provided, the analysis actually becomes pointless:

we are aware of the characteristics of our set-up system,

yet we do not and cannot use up the available data for

the construction of a more perfect and safe system.

Conclusions

- results obtained lead to a better knowledge of

the system, this way also serving Unit safety

- they form a basis for the organizational aspects

of operation data collection

- upon these results we consider it useful and

propose the examination of the processes of

nuclear power stations with VVER-440 Units to

be performed by this method in the future, too,

and also to extend this kind of work onto other

systems / eg. safety cooling systems/.
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SAFETY ASSESSMENT IN HUNGARY

E. HOLLO
Institute for Electric Power Research,
Budapest

J. TOTH
Paks Nuclear Power Plant,
Paks

Hungary

Abstract

In Hungary reliability analysis /RA/ and probabilistic

safety assessment /PSA/ of nuclear power plants was

initiated 3 years ago. First, computer codes for auto-

matic fault tree analysis /CAT,PREP/ and numerical evalu-

ation /REMO, KITT1,2/ were adapted. Two main case studies

detailed availability/reliability calculation of diesel

sets and analysis of safety systems influencing event se-

quences induced by large LOCA - were performed. Input

failure data were taken from publications, a need for

failure and reliability data bank was revealed.

Current and future activities involves

- setup of national data bank for WWER-440 units,

- full-scope level-I PSA of PAKS NPP in Hungary,

- operational safety assessment of particular problems at

PAKS NPP.

In present article state of RA and PSA activities in

Hungary, as well as main objectives of ongoing work are

described. A need for international cooperation /for

unified data collection of WWER-440 units/ and for IAEA

support /within Interregional Program INT/9/063/ is

emphasized.
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1. CURRENT RELIABILITY CASE STUDIES

1.1 General Aim of Activity and Organization of Work

Geecral aim of current national R/D activity on PSA is to solve

problems concerning mainly operation and maintainance /less

design/ of PAKS NPP, as well as safety decision [1,2 .

The activity is sponsored by the national authorities and re-

gulatory bodies, mainly by the Ministry of Industry and the

National Atomic Energy Commission.

Scientific and theoretical work is coordinated by the Institute

for Electric Power Research /VEIKI/, in practical applications

the PAKS NPP and the Hungarian Power Plant Design Company

/EROTERV/ are involved. Close cooperation on methodological

problems and field experience exchange has been carried out with

Institute of Fuel and Energy Complex /VUPEK/, Bratislava,

Czechoslovakia.

Currently available codes at VEIKI for the analysis are:

CAT - for.automatic construction of system fault trees

from component decision tables,

PREP - for deriving minimal cut/path sets from system

fault trees,

REMO - for numerical calculation of availability, re-

KITT1,2 liability of components, minimal cut/path sets,

and systems.

For computerized analysis IBM PC, IBM 4361 /VEIKI/, and R55

/Robotron,GDR-PAKS NPP/ computers are used.

Failure input data are currently taken from general international

publications, but more and more field experience of PAKS NPP

/presently of 5 reactor-years/ and other WiWER-440 units are in-

volved in the analysis.

During 1984-85 two main case studies have been carried out.

First the availability/reliability of Hungarian Diesel system 

of PAKS II NPP was determined, currently the analysis of safety

systems influencing event sequences of large LOCA primary event

in PAKS I NPP is being performed.

1.2.Analysis of the Diesel System of PAKS II NPP

Main objective of availability/reliability analysis of Hungarian

diesel system supplied for PKAS II NPP units was to verify its
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ability to meet the requirements summarized as follows /see

Fig.l/a/:

- joint availability/reliability of stand-by /SBY/, start.up /SUP/,

and long-term operational /LTO/ phases should be 0,99,

- subsystems are monthly tested during stand-by period,

- time required for start-up phase is 150-170s,

- the diesel system involves three redundant sets of engines.

Operational
Start-up Long-term

Stand- by Conditions Conditions
Conditions OK ? OK?
OK ? (TSUPO} ) (TOpR? 

(TSy= 720h) forA=0.99) Fulfilled
t A1-~ XK Required

_Yes Conditions

IT~ ~ Yes No
Initiating ~-No NYes No
Signal

:\4~ *BT~~~~~ ^ --------~ bUnfulfilled

No x Required
, '--- - - -r~----K -Conditions

Fig. I/a

During the analysis three steps were completed [3] :

- setup of an integrated system failure modelm containing moduls

of technological, electrical, and control/instrumentation sub-

systems for all three operational periods listed above,

- assembly of input data stack represented by component-related

failure parameters, such as) [l/h] failure rate, Trep [hi

repair time, and P failure probability,

- calculation of numerical system parameters.

Numerical results of 1DG and 3DG configurations are shown on

Fig. 1/b. Main conclusions derived from these curves are as

follows.

A. Stand-by availabilities for both 1DG and 3DG cases are high

due to high-level repairability during this phase.

B. Start-up failure probability for 1DG is 3.10 2 , i.e. original

requirement with one DG unit can not be met.

Part of the theoretical modelling work was sponsored by the IAEA
within Research Contract No. 3210, see Ref. [43
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Diesel Generator Availability Factors

C. Complex availability/reliability factor of higher then 0,99

value can be 'achieved, if three redundant diesel sets, monthly

tests /TSBY Z7 20h/, and less than one week operation

/TLTO 1 82 , 5 h/ are considered.

As a summary, calculations verified that the Hungarian diesel

system supplied for PKS II NPP meets the requirements set up by

the Soviet general plant designer within operational conditions

listed above.

1.3. Large LOCA Event Tree Analysis

Primary objective of availability analysis of safety

systems influencing event sequences induced by large

LOCA primary event is to predict core melt probability

for this case and to identify subsystems of highest par-

tial contributions.

During analysis the same three steps as for the diesel

study are applied.
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/KKZB - during Stand-by, UK2B - during Operation/

BHV - Safety Cooling System

/BHVQY - for Diesel Generator System

BHVTF - for Intermediate Cooling System

BHVTJ - for Long-term Heat Removal System/
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Fig. 2

Large LOCA Event-Tree

The probabilistic model was set up in a combined event

tree/fault tree from - see Fig.2. In the event tree nine

essential event chains resulting core melt are identified,

within the analysis five basic branch points, i.e. five

main safety systems are involved. Altogether 21 subsystem

fault trees containing primary failures of C/I, electrical,

and technological components were developed. Presently
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data collection and numerical probability calculation are

going on, the complete case study is to be finished by

Dec. 1985.

Limitations during modelling work are given by currently

available codes as follows:

- components with repair and with constant failure rate

can be considered,

- no uncertainity analysis and no common mode failure

modelling are being carried out,

- human reliability and periodic inspection have been

partially considered.

2. RELIABILITY DATA BANK FOR PAKS NPP

2.1. General Objectives

The primary objective of the Reliability Data Bank /RDB/

is to collect and process failure statistics, as well as

store and make available failure and reliability para-

meters for components and systems of Hungarian NPP units

of WWER-440 types . ,

It is expected that such objective will make it possible

to

- asses and improve the reliability of components and

systems. As in Hungary imported NPP units are under

construction, the enhancement of designs is of less

significance and the RDB is basicly concerned with

operational reliability factors,

- identify most frequent and significant failure modes.

Imrortance of failures can be characterized by failure

rates and induced consequences on higher system Level.

RDB parameters are designed to characterize and identify

weakest points of operating units,

- evaluate failure trends and determine maintain'ance ac-

tivity. Failure parameters provide data for long-term

determination of optimum test periods and inspection

strategy,
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- support complex safety and reliability analysis. Failure

and reliability parameters are input data for proba-

bilistic safety and risk analysis more and more required

by licensing and regulatory agencies in Hungary, too.

The RDB produces failure and reliability parameters of se-

lected components and systems. The scope of systems and

components is under classification, first ones are to be

reported which are handled by the Safety-Related Event

Reporting Data Base /see Section 2.3/.

2. 2. Integration of National and International Data Bases

As WWER-440 units have been operating in several other countries

since years, failure and reliability data used for RA and PSA

applications are to be stored on data banks set up on national

and international level - see Fig.3.

rl -- - 1 -
International I ISZkO AES?

Data Bank ---_--1 _.- -_. Internationl I
'D ata[ Oata Bank

'based on I 
Ibilateral 
agreements 

-----
VEIKI

I .' Data Bank for Authorities,
National

PSA calcula-ISZKO AEZ
Itions Data Bank 

l I t ^I

I feedback 

NPP Paks
L _ _ _ _ _ D_ _ ODepartment of

Operation 

collecting and
L-- . classification

of data
(Paks NPP Data

Bank)

Control and Instrumentationr

Electric Systems

_.__ ______ _ T..echlr] ogical Systems

Collecting data by professional teams
(MIaintainance and Operational Data)

Fig.3.

Relation of Internal
and International Data Bases
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The primary national data bank is to be set up at PAKS Nuclear

Power Plant, which forms the single nuclear station at Hungary

in the near future /until 2000 its planned total capacity is

8x440 MWe/. Input failure statistics are gathered and reported

by professional teams of control and instrumentation, electric

power, and technological sections. Reported data are pre-evaluated

by the operational section of the plant, and stored on the main

plant-wide off-line data-evaluation computer.Stored data are

transferred to VEIKI and different authorities for further evalu-

ation, as well as are used for unit operational purposes. VEIKI

coordinates and performs required RA and PSA studies, main results

are fed back for operational use 

The international data bank is covered by the .so-called ISZKO

AESZ joint data acquisition system of CMEA countries. Failure

and reliability data of PAKS NPP are reported to this system by

the Hungarian authorities and the national ISSZKO AESZ institu-

tion. Requirements for this international ISZKO AESZ system were

defined some years ago, these requirements are basicly considered

during specification of the PAKS NPP reliability data bank, too.

As scope of data to be reported t9 ISZKO AESZ system does fully

not cover information needed for full-scope PSA applications

/ISZKO AESZ means Information System on Quality of NPP Equipments/,

the PAKS reliability data bank will include a wilder range of input

failure data, To make possible efficient RA and PSA analysis of

WWER-440 type systems, in addition to the information available

from ISZKO AESZ sources,bilateral interchange of experiences

gained at other CMEA countries /e.g. at Czechoslovakia/ becomes

necessary, too.

2.3. Scope of Input/Output Data

The internal Reliability DB of PAKS NPP is to be used for

evaluation and store of failure and reliability parameters

of its main equipments and systems which are essential for

increasing the unit operational safety and for optimal

scheduling of maintainance activity.

Basic input to the Reliability DB are the operational failure

information from Event Reporting DB and repair data from Main-

tainance DB /on control/instrumentation, electric power and
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technological systems/ - see Fig.4. In both cases information

is supplied on data sheets. Coded and stored information con-

tains data on plant state and its perturbation /rate and du-

ration of power changes/, disturbed component and system 

identification, cause of failures, repair and maintainance ac-

tivities, e.t.c. Calendar time information is of basic impor-

tance /listed data are to be directly transferred to ISZKO

AESZ, too/. As in the Event Reporting DB only safety-related

data are handled, other essential component failures are to

be individually announced to the Reliability DB.

Output data from Reliability DB for maintainance and opera-

tional purposes contain

- failure information, which is related to component-level,

i.e. to equipments. Operational data basicly involves mean
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operational time and failure rate, repair data comprises

mean repair time and repair intensity,

- reliability information is related both to components and

systems. Evaluated parameters are failure probability, re-

liability, repairability, availability, repair function and

several density functions.

Components and systems involved in Reliability DB are clas-

sified as "non-repairable", "immidiately repairable", and

"repairable within limited time interval" ones. Interpreted

and reported failure and reliability parameters for listed

classes are summarized in Table 1.

Table 1.

List of Output Failure and
Reliability Parameters

Component Failure Parameters

Top | hourc]

To [hours]

[l/hours\

nmin' )max [1/hoursi

Prep :hour

/ [il/houral

Component and System

- Mean Operation Time

- Mean Initial Operation Time

- Failure Rate

- Failure Rate Confidence Bounds

- Mean Repair Rate

- Repair Intensity

Reliability Parameters

fit]

K(t)2

xlt) 2

H(t) 2

- Failure Probability

- Reliability

- Repairability

- Availability

- Repair Function

f(t) [2/hours] - Operation Time Density Function

g(t) [z/hoursl - Repair Time Density Function

h(t) [1/lhoure - Repair Density Function

Parameters marked cannot be interpreted:

- for non-repairable components or systems

(2) - for non-repairable or immidiately repairable

components or systems
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3.-FUTURE ACTIVITES ON PSA

A 5 years' national RID program on PSA of PAKS NPP is to be

started in 1986. Organisation of this activity with be the

same as currently introduced /scientific coordinator: VEIKI,

participants: PAKS NPP, EROTERV/.' Three main objectives are

foreseen.

A. Setup of reliability data bank for WWER-440 units,

Basic ideas and requirements are described in previous

section. Software organisation work is to be finished by

the end of 1986, computerized data collection is to be

started from 1987. 

B. Full-scope level-I PSA of PAKS NPP.

In addition to present large LOCA study, other event

sequences initiated by further primary events and resulting

core melt top event are to be analysed.

For this purpose more advanced computer codes /with im-

portance sampling, periodic inspection consideration/ are

to be installed.

Participation in the IAEA's interregional program on PSA

/INT/9/063/ has officially been reported and considered as

valuable contribution to the national activity in Hungary.

C. Operational safety assessment of particular problems at

PAKS NPP

Beside full-scope PSA special studies related to particular

systems of the plant are planned, e.g.

- development of optimal supervisory strategy of safety

systems,

- calculation of allowable maintainance period of equipments

in systems of different importance,

- comparative reliability study of electric power supply

by external grid and by plant diesel generators.

The information to be gained from these calculations makes

possible to increase the electric energy production of the

plant with high level operational safety.
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Abstract

The Essential Service Water System (ESWS) is a support

system with a very high importance measure in NPPs all

over the world, and it is convenient to know its relia-

bility. The reliability was assessed using the fault

tree (FT) methodology. The FT was quantified with a

combination of generic and plant specific data. Sources

and methods of plant information as well as their use-

fulness are discussed in this paper. Recommendations for

the use of the plant's operating experience at the level

1 PSA for the Krsko NPP are given.

1. INTRODUCTION

Krsko, the only Yugoslav nuclear power plant has been

in operation for about four years. The plant has been pro-

perly licenced, but it became necessary to perform additional

analyses to assure or upgrade the safety of the plant. The

idea was to perform level 1 PSA for the plant, but owing to

the lack of manpower and financial resources at that time,

a decision was made to start with the system reliability

analysis.

For the beginning, two support systems were chosen,on

site AC power and Essential Service Water System.

The reason for choosing these two particular systems came

from the examination of the PSA studies performed on similar

types of NPPs in the world, where it was seen that the ESW

system as well as electric power are of very high importance

to the plant safety as their failures could be an initiating

event, or because of dependencies, failures of several other

process and safety systems could occur.

The analysis performed was also a part of a bigger project

whose purpose was to assess the extent of possible damage
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to the plant resulting from blackout or loss of ESW induced

transient. This paper deals only with the ESW system

reliability analysis.

2. OBJECTIVES

The objectives of the Essential Service Water System reli-

ability analysis were to:

- assess the adequacy of the system's design, especially

in certain modes of operation;

- assess the adequacy of the system operating procedure,

and to upgrade it, if possible;

- calculate the importance measures, indicate the component

or action on which the system is most dependable, and provide

guidance for plant personnel on how to act in certain com-

ponent fault conditions;

- train and prepare experts to perform level 1 PSA;

- show plant personnel possible uses of this type of

studies and prepare them to apply results of the proposed

level 1 PSA.

At the beginning of the work it was thought that the FT quan-

tification could be accomplished using generic component

failure data bases, e.g., to make such a use of the study

as to become experts with methods instead of learning more

about data acquisition and treatment. During the work it

become obvious that this approach could lead to results that

would not be in a good correlation with the plant experience.

This means they could not be very useful to the plant's per-

sonnel, which was also set as a study objective. Therefore,

we have decided to use the operating experience in the study.

At that time another objective was set, namely to:

- assess and recommend sources, methods and uses of different

data which could be derived from the plant operating experience.

3. ESSENTIAL SERVICE WATER SYSTEM

REALIABILITY ANALYSIS

3.1. ESWS Description (Figure 1)

The Essential Service Water System at the Krsko NPP is a

circulating water system whose function is to transfer waste
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heat from the component cooling (CC) water system, chilled

water generating and distributing system and the Boron ther-

mal regeneration system to the ultimate heat sink during

normal operating and accident conditions. It also provides

a back up water source for the Auxilliary Feed Water System.

The ESWS has both a plant operational and safety function.

The ESWS consists of two separate flow paths (loops), from

the intake structure through the heat exchangers to the dis-

charge structure. Each loop has a vertical, centrifugal

wet pit pump which is uniquely associated with the loop.

In addition, the third pump is provided and can be aligned

to any loop in place of the primary pumps. Water is supplied

to a common pump supply bay through two separate channels,

each including a thrash rake and a traveling screen. Water

for the traveling screen wash system is supplied from the

ESWS loops. The screen wash water passes through a self

cleaning strainer and is delivered to spray headers by

centrifugal pumps. The separate strainer, pump and control

logic is provided for each traveling screen. The cross

connection allows water to be supplied to both screen wash

systems from the same loop during normal power operation

(only one loop in operation). The cross-connection valves

close on the SI signal and fail closed in the event of loss

of electrical power, to establish separation between the

ESWS loops and the screen wash circuits. A sufficient

number of valves are provided in the system so all heat

exchangers, chillers and pumps can be isolated for mainte-

nance purposes. In addition to that, valves are provided

to regulate flow through the CCHX to maintain the CC water

above a specified limit. The control valves are also pro-

vided in the discharge lines of each CSZ chiller and they

operate in response on demand from the chiller package

control. The cross-connection is provided to supply water

to the BTRS chiller and the third CSZ chiller from either

loop. To assure proper operation of the system during

winter periods, return lines are provided from the dis-

charge structure to the inlet channel. These lines are

normally closed. When the temperature of the water is near

freezing, discharge water is recirculated through these
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lines to mix and temper the incoming water to prevent for-

mation of frazzile ice on the thrash racks and traveling

screens. The ESW system is equipped with a variety of

pressure, flow and temperature indicators and alarms.

3.2. ESW System Modes of Operation

The ESWS should be in operation during all normal plant

operating modes and following any accident. It must be

in operation any time fuel is in the reactor or the spent

fuel pit.

During the plant start-up phase, both loops are normally

started and operated. When the start-up is completed, one

loop is shut down in conjunction with the shutdown of the

corresponding CC loop and put in a standby mode for the

subsequent operating phase.

Normally, only one ESW loop is in operation during the

plant power operation. The other loop is in the standby

condition with the pump control switch in normal after

the trip position. All the valves in the standby loop are

to be in the same relative condition as the corresponding

valves in the operating loop. The standby loop is started

manually by moving the pump control switch to the start

position or it starts automatically if the pump in the

operating loop fails, a SI signal occurs, or if there is

a plant blackout.

During the plant shutdown both ESW loops are normally

operated to support the operation of both RHR loops. The

second loop is placed into operation prior to point in

the shutdown where reactor heat removal is switched to

the RHR system.

If a blackout occurs, the ESW pump in the operating loop

is tripped. After the receipt of the blackout sequence

signal both pumps are restarted and loaded on diesel

generators.

Both ESW loops operate following the SI signal. If both

loops are already operating, they continue to operate.

If one loop is not in operation, it is started by the

safety injection sequence signal. The valves to the BTRS
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chiller and the air-op valves ir the screen wash system

crossover connection are closed in response to the SI signal.

3.3. Qualitative analysis

The first step in the system reliability analysis was

the familiarization with the system itself. It was done

by reviewing all available ESWS related documentation

(FSAR, P&ID, as-built drawings, system description ope-

rating procedures, malfunctioning procedures), several

plant visits with system walkthrough and meetings with the

plant operating personel. It was concluded that it is

most appropriate to model the system for each mode of

operation separately and to construct 5 fault trees because

the functional requirements and the system line-up are

different. A separate FT was constructed for the CSZ chillers.

At that time the system's boundaries were defined so we

did not include I&C, air supply, BTRS chiller and some

other minor portions of the system in the reliability

analysis. Other assumptions about the system operation,

acceptance criteria, mission times and influence of repair/

maintenance activities were defined mostly after discussions

with plant pumphouse operators. Electrical energy supply

was included at the loop level. It was also decided not

to include in the analysis any of the external events

except freezing. The common cause - common mode analyses

were also not to be included at this level. During that

period all other relevant literature was reviewed, including

several PSA studies and available LERs from which we could

gain some additional information about failure modes.

In the preparatory work for the FT construction, very

extensive failure modes and effect analyses were performed.

We tried to include every possible failure of

the system's components and then to decide which of then

should be included in the FT using engineering judgement.

This is primarily applicable to certain failures of the

portions of the system (for example, screen wash) that

do not cause the immediate failure of the system but

have a time delay which gives a lot of room for recovery.
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In accordance with the insight gained from FMFA the fault

trees were constructed. The FT basic event

nomenclature was mostly based on the Wash-1400 methodology,

to allow the use of the FT in future analyses. Different

system line-up (pump C operation) states were modelled

using the inhibit gate which enabled us to quantify

the pump maintenance (or repair) without the construction

of a separate FT.

3.4. Quantitative Analyses

The initial basic event quantification was done using

generic data bases (Wash.1400, Zion PSS, NREP). It was

recognized that the use of generic data would lead to

inconsistencies with the plant experience , especially

on certain components that operate on interval bases.

Those components, using generic data, would become the

most important ones in the whole system, which is really

not the case. Therefore, the FT was quantified using

as much of the plant's specific data as possible, while

for the rest (for example, passive components) we used

generic data. To make the evaluation easier we used

failure rate mean values, without performing any of the

sensitivity or uncertainty analyses.

Some of the components for which failure rates were not

available from the generic data base or could not be

extracted from the plant operating experience, were

quantified on the basis of the engineering judgement.

Human failure rates (applicable primarily to after-

maintenance line-up errors and pumphouse operator actions)

were based on the generic data but after the system

walkthrough and discussions with personnel they were

biased. Recovery actions were taken into account, based

primarily on the pumphouse operator's experience. This

showed that some of the system failures could be repaired

in the time interval, which has almost no influence on

the system availability and operability. The assumption

was made that all complex failures could not be repaired

during the observed time interval. That is a bit conser-

vative approach, but it made the analysis less complex.
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As it was mentioned, the only external eventincluded

in the analysis were severe weather conditions (freezing

temperatures). It was quantified using a purely statistical

approach, for example time interval in an average year

with the temperature lower than 0.5 °C (river) and -10° C

(air). The CC HX unvailabilities due to maintenance

(cleaning) were derived from the plant operating experience

and they are discussed in the following paragraphs.

4. INCORPORATING THE PLANT OPERATING EXPERIENCE IN SRA

4.1. Introduction

Besides the plant specific operating and testing procedures

which were included in the model (but are not much in-

fluenced by operating experience, especially in the first

couple of years of the plant operation), there are three

main areas where the operating experience was found very

useful. These are:

1. Unscheduled maintenance intervals and duration

(repair time)

2. System (components) failure modes

3. Components specific failure rates

In this chapter we will try to describe and comment on our

experience in the acquisition of information for each of

these three areas, as well as on information sources,

uses and deficiencies of that work, as we have seen them.

4.2. Unscheduled maintenance intervals and

duration (repair times)

The main reason for assessing maintenance intervals and

duration was to have an input for the CCHX unavailability

due to its cleaning, which must be included in the FT

quantification. The first and the best source of informa-

tion were the operator logbooks, namely, the main operator

and pumphouse operator logbooks. We looked over logbooks

from Aug. 1984 to Sept. 1985. This is a 14 month period

but it included two (one partial) refuelings, which

actually does not make a big difference because the ESW
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system is operational during the refueling, too, although

the functional requirements (for example, heat loads)

are different. The CCHX maintenance (cleaning) was in-

dicated by a specified time when the CCHX was taken out

of service and drained, and time when the activity was

completed and the pressure test made. The cleaning durations

were in the range of 12 to 26 hours (Tech. spec. 24 hours

or hot shutdown must be initiated), and the average time

interval between two subsequent activities was about 45

days per CCHX. That gave us adequate bases for a mean

unavailability calculation.

The second source of information was the maintenance

(repair) work orders. The plant has computerized work

orders data base which has been formed recently. Although

the idea was to include every work order from the plant

start-up it has not been completed yet, so we could get

only a limited amount of information out of it. Every

work order form has a space for action duration time

(number of workers and number of man hours), but on the

computer lists some of them just have blanks and some

others have numbers. This seems to be unrealistic so we

did not use it for the CCHX unavailability calculation.

We also tried to calculate unavailabilities for other com-

ponents and parts of the system, as traveling screens,

screen wash, etc. In the main operator logbook we could find

exact repair times forsome of the components, but not for

all of them. A little better insight provided the pumphouse

operator logbook and work orders, but the data we acquired

that way do not seem to be very reliable. In several cases

we asked the personnel for additional explanations and with

that and the engineering judgements we succeeded to get some

data that could be used further on.

4.3. System (Component) Failure Modes

It was useful to analyze the plant operational experience

to see if there were any other experienced faults not

mentioned in the FEMA, or some failures that were not to

be included in the FT and that actually already happened

in the plant. Sources of information were the same as
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mentioned above, but in addition to the meetings with the

plant personnel, questions about any abnormal occurrences

or situations were rised. From the operator logbooks and

work orders actually nothing new came out, but in the

meetings with personnel a "freezing" situation was

mentioned. As it was stated before, because of that we

included "freezing" in our analysis.

We have also succeeded to identify one human error (valve

misalignment) in the operator logbook. Human errors were

something that we intended to include in the FT, but we

did not expect to identify them in the logbook. For the

ESW system the pumphouse operator logbook usually provides

information about the system line-up, which is important

in the case of switchover. The mentioned alignment was

shown as the ESW pump start and stop in duration time of

a minute and with a restart point 15 minutes later,

after the opening of the pump discharge manual valve. This

event did not cause any problems with the plant operation,

because it was an intentional loop switchover, but in the

case of the operating loop failure it would cause a system

failure. We assumed that errors of this kind probably

happen, but most of them are recovered during a scheduled

(three a shift) pumphouse operator system walkthrough.

Overall, we did not get much use of the operating experience

in the determination of failure modes in the ESWS study,

but we still strongly believe it could find its uses for

other systems and components.

4.4. Component Specific Failure Rates

Component failure rates is the area where the operating

experience is mostly used. All generic data bases are

actually derived from it. To upgrade generic failure rates

we have used the same sources of information as described

above.

In addition to the problem of rare events (we did not have

enough failures to generate adequate statistics) some other

problem areas were identified. One of them was with the

SW pumps. The operators are switching from one loop (and

pump) to another to accumulate about equal operating time
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of the same components, but in most switchovers there was

no indication that the pump failure was the cause of it.

In the period of performing the analysis couple of failures

were identified (mostly gaskets and bearings), which caused

switchover but we could not identify any failure that caused

automatic start up of the standby system. That actually

means that the mentioned failures were not catastrophic,

and the pump could stay in running condition if any emergency

occurred.

For other components even less data was extracted from the

mentioned sources. We have identified just one manual valve

mechanical failure, and several malfunctionings of traveling

screens, screen wash systems and the thrash rakes. It was

not possible to generate meaningful statistics, even with

Baesian approach using only acquired data, so we employed

engineering judgement to get useful valves.

Special problems were on-demand failure rates. From the

mentioned sources it was not possible to clearly identify

that category, because when the faiure was discovered, the

component was declared "oos" without further explanation.

There was not any remark in the logbooks showing that, for

example, a pump failed in the moment of its starting.

4.5. Conclusion

We can conclude that the efforts put in the analyses of the

plant operating experience were useful not only to the

particular ESWS reliability study but to the overall plant

familiarization. Taking into account only direct gains, our

FTs are more realistic and their quantification is better

than it would have been without incorporation of plant

operating experience. It should be noted that in our case

operating experience can be used only as a supplement to

an analysis because the assessed time interval was too short.

The deficiency of the described approach lays mainly in the

insufficient and sometimes unreliable information as could

be found in the mentioned sources. We concluded that some

of the operators usually fill in better and more complete

information than the others, and also on the day when some-
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thing serious is going on (for example, reactor trip),

operators tend to include only the most important events.

For illustration, the SW loop switchover was mentioned,

but not screen wash stainer problem mentioned in the

shift before and after. Examples of this kind can be found

in other areas, too, so one has to take that into account

when analyzing the operator logbooks.

The problem with the logbooks is that extracting information

is usually very time consuming task which results in a

limited amount of information. One has to go over 1000 pages

to cover a one year period (per logbook), and every page

usually contains a lot of information which is not of interest

for a specific study. If the analysis is conducted on the

plant level, the amount of useful information is much greater.

After finding a component "oos", sometimes one has to go

back to the repair work order to find the actual cause of

component failure.

Maintenance-repair work orders have the opening and

closing date of the order, and sometimes the actual time.

We analyze only computerized data, some of which have not

specified duration. Recent work orders tend to have better

information than the old ones and hardcopies are probably

more complete, but we did not check them. The conclusion

is that work orders are anyway a very good source of in-

formation and we should use them extensively in future

analyses.

Meetings with the plant personnel were found very useful

for the certain areas. In addition to the system familia-

rization operators explained modes of operation in detail

which enabled us to construct a more realistic system model.

The operators' explanation about modes of system or components

failures were useful, as well as information about repair

of certain minor component faults (for example, traveling

screen broken pin) and time needed for system's line-up

changes. Because of that we included recovery action in the

system.
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4.6. Future Use of Operational Experience

In the nearest future the level 1 PSA for the Krsko Nuclear

Power Plant will be performed, under the IAEA interregional

Program INT/9/063. In that we tend to include as much info-

rmation about plant operating experience as possible.

A separate project will be formation of the plant specific

component failures data base, which has to be widely used

during inplementation of the study. For the data base we

have to construct special forms and train personnel to

use them properly. The.idea is to have the data base on the

plant computer so it can be used for other purposes (main-

tenance planning, etc.) too.

The sources of information of plant operating experience

mentioned in this paper will also find their use during

the level 1 PSA performance.

In addition to the work done during the ESWS reliability

study, all the sources have to be analyzed more deeply and

thoroughly. Other available plant logbooks where any re-

levant information can be found will be also analyzed. To

ease the work we will construct. special forms to allocate

gathered information to the system or even component directly.

Logbooks will also be used for defining in-plant initiating

events together with the safety and support system states

that the plant had already experienced.

Maintenance-repair work orders will be used for maintenance

repair average duration calculation, as well as identifi-

cation of failure causes. Additional efforts have to be

put in to assure that every work order includes all infor-

mation needed (for example, duration time) and that the

information about failure causes is relevant.

Meetings with the plant personnel will be used as in the

ESWS study, only much more personnel has to be included

and huge amounts of information have to be analyzed and

implemented into the plant model. We will also have the

operating personnel review the documentation of the analy-

sis to check after possible model deficiencies or mis-

understandings which could occur.
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In addition to the Krsko operating experience during the

level 1 PSA performance we intend to use operating ex-

perience from other similar types of plants all over the

world. That would mainly be in the area of component

failure data and initiating event definition.

5. RESULTS OF THE STUDY

As it was mentioned earlier, the study has not been

completed yet, so it is not possible to present its final

results, but we can still give some of our thoughts about

what we gained during the study performance. We think

that objectives of the study mentioned at the beginning

of the paper will more or less be met, so we hope that

the results will be used by the plant personnel. We also

gained a lot of experience in performing studies of this

type. Although we were pretty familiar with the method itself,

it gave us additional knowledge about possible problem

areas one can run into during an analysis and how to solve

these problems.

Numerous efforts that were put in gathering information

on plant operating experience gave us a good overview of:

- available plant operating experience information

- information sources

- usefulness and quantity of information

- amount of work needed to gather a certain amount of

information

Before the ESWS study performance, our knowledge about any

of the above was really minor.

Another gain of the study can be seen through an interactive

work with the plant personnel. In the ESWS study only a

few plant people were involved, but it seems to be a good

start-up for them to get some knowledge about the work we

did, and the kind of help they could provide. We figure

this to be very important for the future work on the

level 1 PSA where more plant people have to be involved

because personnel acceptance would be better. Also, when

the results are presented, they can define their use and

maybe suggest to us some improvements that could enable
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us to make the so-called "living" document which could

be widely used in different areas of the plant operation.

The deficiencies of the ESWS study also have to be pointed

out. We have not performed any of the uncertainty or sen-

sitivity analyses, which made the whole study a lot easier,

but we are aware that the final result could be biased.

Also, none of the common cause-common mode analyses were

made, which we figure as a very important area. As it was

mentioned earlier, of the external events we have analyzed

only "freezing" situations, while situations such as fire

in the pumphouse could be as well important.
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Abstract

In this paper, generic data used in performing reliability analysis is
presented as well as the attempts to collect plant specific data at NPP
Krsko. The categories of generic data are given and the different
contributions for failures. The attempt to standardize literature data
base is discussed in more detail. The list of the sources of generic data
available at our Institute is given. At the end the deterministic
analysis used for the selection of special success or failure criteria
for the development of event trees are presented.

In pertorming a PSA study one of the main tasks is
assessment of the appropriate data. In countries with a
developed PSA program this task is performed by a specialized
reliability data analysis group. As we are still at the
beginning of our PSA pro]ect we are using primarily the
available literature data. In the first part of my presentation
I will talk about literature data that we use and in the secona
part about our attempts to collect plant specific data.

The types of data that should be collected can be divided
into the following categories:

- component failure data
- component test and maintenance data
- initiating event data
- common cause failure data
-uncertainty data

- human error data.

In this presentation I will try to show our experience in
all categories in the same chronological order as listed above.

In quantifying a fault tree the analysts should decide
upon:
which failures are possible
what can be considered as basic events
which basic events can be quantified

Once the decision has been made upon the group of basic
events one has to decide whether to use literature data or to
develop one's own data,based on operating experience. Normally
the combination of both is used, that is literature data
properly weichted with plant data.

In literature, a component failure behaviour is modelled
by a constant failure rate which implies no wear-out or burn-in.
The probability of failure does not depend upon the age of the
component, the flat part of the "bath tabe" curve is normally
taken. Two types of constant failure rates for components are
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cited in literature:

: failure rate per hour which describes
time related failure causes

p : failure rate per demand which describes
demand related failure causes

The total unavailability of a component can be written in
general as the sum of the following contributions:

- failure of start on demand
- failure of operation given a successful start
- unavailability due to testing
- unavailability due to maintenance

The unavailability of a certain component does not
necessarily have to include all contributions. Normally we
should distinguish between components which are part of the
system that is continuously in operation and components which
are the part of standby systems. Further, we distinguish in
general three types of components:

- nonrepairable components
- periodically tested components
- monitored components

To generalize our data base from'the collected literature
we have tried to write a general expression for a component
unavailability which would take into account all four
contributions, all three types of components and both demand and
time related model. And thus without going into details we
write for the component unavailability q:

l-e

' - +- 1 -- e + +-

% f 

failure to failure to run unavailable due unavailable due
start on demand given start to being in test to beina in

maintenance

where: not necessarily
&, = Xo

q component unavailability
p = failure to start in a "demand model"

s = standby failure rate
$o= operating failure rate

= the length of time a component is subject to undetected
failure (normally the time in between two tests = -TI 

t = mission time
r - average time to respond to the failure, repair the

component and return it to service
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q,= the probability that the component is not able to be
operated if a demand were to occur (normally taken to be 1)

d,;= duration of test/maintenance
T,= time in between tests/scheduled maintenance

for unscheduled maintenance T,= f.l /ai.e. some fraction of 1/.
L - normally the remaining plant life

The failure to start on demand can be modelled in two ways. We
can use time related model or demand model. If we use time
related model for periodically tested components, we assume that
the demand can occur with equal likelihood at any point in the t
interval, as it usually does, and the unavailability that should
be used is

If we deal with monitored components, failure is detected
immediately and unavailability is given by

h d o h i a s proy of f r

Using the demand model that is a single probability of failure
to start on demand p, we put the failure rate into the
instantaneous time of the demand and we have the same
probability of failure on demand whether the demand occurs once
per hour or once per year.

The above described theory can be found in any basic PSA 'book.
What I have tried to show here is our attempt to standardize our
literature data base, which is very limited and find the general
expression for all components in use. From case to case we use
that part of the general expression which is appropriate for a
chosen component.

Our present literature data base consists of the followina
sources:

- WASH 1400 data
- NREF data
- Baseline component failure rates
- LER data
- data supplied by the Argonne training center.

In table 1 we have tried to summarize the existing data from
different sources only for the main components and obtain the
mean value using the expression

BEST ESTIMATE = ~t x, x1 yt

where x; are the data from different sources. We are
continuously trying to obtain more data and improve our
literature data base.
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Table 1: D A T A B A S E

Component Mode of failure Error Source

PUMPS
Motor driven: failure to start

failure to run given start
- normal environment

- extreme environment

Turbine driven: failure to start

failure to run given start

Diesel driven: failure to start

AC power to pump (per bus)
DC power to pump (per train)
ES signal to pump (per train)
Room cooler for pump

1E-3/d
1E-3/d
7E-3/d
1E-5/h

1E-5/h
1E-4/h
3E-5/h
2E-5/h
1E-3/h
3E-3/h
1E-3/h

1E-2/d
1E-4/h
1E-5/h
2E-5/h

1E-3/d
1E-6/h

1E-3
1E-3
1E-4
1E-2

10 NREP
3 WASH 1400

50 LER
Baseline

10 IREP
Baseline

10 WASH 1400
Argonne

10 1REP
Baseline

10 WASH 1400

10 NREP
Baseline

3 NREP
Baseline

3 IJREP
Baseline

Argonne
Argonne
Argonne
Argonne

VALVES
Motor operated: failure to open

MOV fails to open on demand
failure to remain open

failure to remain open
failure to remain open
failure to close

internal leakage (Catastrophic)

failure to operate (includes
driver)

rupture,

AC power to MOV (per bus)
ES signal to MOV (per train)

1E-3/d
1E-5/h
6E-3
1E-7/hr
3E-7
1E-4/d
2E-7/h
1E-3/d
1E-5/h
1E-8/hr
1E-7/h

1E-3/d
1E-3/d
3E-7/hr
3E-7/hr
1E-8/hr
1E-8/hr
1E-3
1E-4

10 NREP
Baseline
Argonne

3 NREP
Argonne

3 WASH 1400
Baseline

10 NREP
Baseline

100 NREP
Baseline

3 WASH 1400
Argonne

3 WASH 1400
Argonne

10 WASH 1400
Argonne
Argonne
Argonne
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Table I (ccntd)

Component Mode of failure p, Z Error Source
---------------------_-----________________-____.- -________ -_----_____-___

Solenoid
operated:

failure to operate 1E-3/d
1E-3/d
1E-3/d
2E-6/h

(plug) 1E-4/d
1E-4/d
1E-8/hr
1E-8/hr

failure to remain open, Q

rupture

3 WASI 1400
Argonne
NREP
Baseline

3 WASH 1400
Argonne

10 WASH 1400
Argonne

Air/Fluid
operated:

failure to operate

failure to remain open

rupturerupture

1E-3/d
1E-5/h
3E-4/d
3E-4/d
1E-4/d
1E-4/d
3E-7/hr
1E-8/hr
1E-8/hr

10 PREP
Baseline

3 WASH 1400
Argonne

3 WASH 1400
Argonne

3 WASH 1400
10 WASH 1400

Argonne

Check valves failure to open

failure to close

internal leakage:

1E-4/d
1E-7/hr
2E-7/h
1E-4/d
1E-4/d
1E-3/d
1E-6/hr
2E-6/h

- minor 1E-6/hr
3E-6/h

- catastrophic 1E-8/hr
1E-7/h

- severe 3E-7/hr
3E-7/hr
1E-8/.hr
1E-8/hr

3 NREP
10 NREP

Baseline
3 WASH 1400

Argonne
3 NREP

10 NREP
Baseline

10 NREP
Baseline

100 NREP
Baseline
Argonne

3 WASH 1400
10 WASH 1400

Argonne
rupture

Manual valves failure to operate

failure to remain open, Q

rupture

fails closed

2E-7/h
1E-4/d
1E-7/h

(plug) 1E-4/d
1E-4/d
1E-8/hr
1E-8/hr
1E-6/hr

Baseline
3 NREP

10 Baseline
3 WASH 1400

Argonne
10 WASH 1400

Argonne
Argonne

Vacuum valves

Code safety
valves

Primary safety
valves

failure to operate 3E-5/d

failure to open

failure to close, given open

failure to open
failure to close, given open

1E-5/d
6E-7/h
1E-2/d
2E-5/h

1E-5/d
1E-2/d

3 WASH 1400

3 NREP
Baseline

3 NREP
Baseline

3 NREP
10 IiREP
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Table 1 (contd)

Component Mode of failure p,, Error Source

Relief valves failure to open 1L-4/d
1E-5/d
1E-5/hr
2E-2/d

premature open
failure to close, given open

10 NREP
3 WASH
3 WASH
3 NREP

3 NREP

1400
1400

Stop check val. failure to open 1E-4/d

Test valves,
Flow Meters
Orifices

Gear operated
valves

failure to reamin open, (plug)
rupture

failure to operate
failure to remain open, (plug)

3E-4/d 3 WASH 1400
1E-b/hr 10 WASH 1400

1E-3/d
1x1 OE-4/d

Argonne
Argonne

STRAINER/
FILTER

plugged 1E-5/h
3E-5/h

10 NREP
Baseline

TERMINAL
BOARDS

AIR COOLERS

open circuit
short to adjacent circuit

3E-7/h
3E-7/h

Baseline
Baseline

Baseline
3 NREP

failure to operate 6E-6/h
1E-5/h

HEAT EXCHANGERS tube leak (per tube)

shell leak

1E-9/h
3E-9/h
1E-6/h
3E-6/h

10 NREP
Baseline

10 NREP
Baseline

SWITCHES
Torque failure to operate

Limit failure to operate

1E-4/d
2E-7/h
1E-4/d

1E-4/d
6E-6/h
3E-4/d

1E-5/d
2E-7/h
1E-4/d

1E-4/d
1E-6/h
1E-5/d

3 NREP
Baseline

3 WASH 1400

3 NREP
Baseline

3 WASH 1400

3 NREP
Baseline

3 WASH 1400

10 UREP
Baseline

3 WASH 1400

Pressure failure to operate

Manual failure to transfer

Contacts failure of NO contacts to close
given switch operation
failure of NC by opening, given
no switch operation
short across NO/NC contact

1E-7/h

3E-8/hr
1E-8/hr

10 Argonne

10 Argonne
10 Argonne
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Table 1 (contd)

Component Mode of failure p, . Error Source
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _- - - - - - - - - - - - --_-_ _ _ _ _ __- -

CIRCUIT
BREAKERS

failure to transfer 1E-3/d
1E-5/h
1E-3/d
1E-6/h
1E-5/h
3E-5/h

premature transfer
spurious trip

10 NREP
Baseline

3 WASH 1400
3 WASH 1400

10 NREP
Baseline

10 NREP
Baseline

3 WASH 1400

3 NREP
Baseline

FUSES

BUSES

premature open 1E-6/hr
3E-6/h
1E-6/hr

all modes 1E-8/hr
3E-8/h

ORIFICES

PIPES
- pipe < 3 dia

per section
- pipe > 3* dia

per section

SCRAM systems

SCRAM rods
(single)

ELECTRIC MOTOR

CLUTCH
- ELECTRICAL

- MECHANICAL

TRANSFORMERS

failure to remain open - plug

- rupture

rupture/plug

3E-4/d
6E-7/h
1E-8/h
3E-8/h

1E-9/h

3 NREP
Baseline

10 1REP
Baseline

30 WASH 1400

rupture/plug 1E-10/h 30 WASH 1400

failure to SCRAM 3E-5/d

failure to insert 1E-4/d

3 NREP

3 WASH 1400

3 WASH 1400

3 WASH 1400
10 WASH 1400

failure to start
failure to run, given start

- normal environment
- extreme environment

failure to operate
premature disengagement
failure to operate

all modes

open circuit primary or secondary
short primary to secondary

3E-4/d

1E-5/h
1E-3/h

3E-4/d
1E-6/h
3E-4/d

1E-6/h
6E-7/h
1E-6/h
1E-6/h

3 WASH
10 WASH
3 WASH

1400
1400
1400

3 NREP
Baseline

3 WASH 1400
3 WASli 1400

EMERGENCY
DIESEL
(complete
plant)

(engine only)

failure to start

failure to run, given start

failure to run, given start

3E-2/d
6E-5/h
3E-2/d
1E-3/h
3E-3/h
3E-3/h
3E-4/h

3 NREP
Baseline

3 WASH 1400
10 NREP

Baseline
40 WASH 1400
10 WASH 1400
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Table 1 (contd)

Component Mode of failure p, a Error Source
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __--- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __-- - -

INDIVIDUAL
PLANT DIESEL
FAILURE RATES

INDIVIDUAL
FAILURE RATES
"per demand"

overall average

overall average

9E-5 LER

LER3E-2

RELAYS contacts fail to transfer (open
or close) 1E-4/d

1E-6/h
coil failure (open or short) 1E-6/hr

3E-6/h
failure to energize 1E-4/d
failure of NO contacts to close,
given energized 3E-7/hr
failure of NC contacts by opening,
given not energized 1E-7/hr
short across NO/NC contact 1E-8/hr
coil open 1E-7/hr
coil short to power 1E-8/hr

10 NREP
Baseline

10 NREP
Baseline

3 WASH 1400

3 WASH 1400

3 WASH
10 WASH
10 WASH
10 WASH

1400
1400
1400
1400

BATTERY POWER
SYSTEM (Wet
cell)

fails to provide proper output 1E-6/hr
2E-6/h
3E-6/hr
1E-6/hr
2E-6
3E-6/hr

3 NREP
Baseline

3 WASH 1400
3 NREP

NREP
3 WASH 1400

BATTERY CHARGER failure to operate 1E-6/hr
6E-7/h
1E-6/hr
6E-7/h

3 NREP
Baseline

3 NREP
Baseline

MOTOR
GENERATORS

INVERTERS

WIRES (per
circuit)

failure to operate

failure to operate

open circuit

1E-6/hr
3E-6/h
1E-6/hr
3E-6/h

1E-4/hr
6E-5/h
1E-4/hr
6E-5/h

1E-6/hr
1E-5/h
3E-6/hr
1E-6/hr
1E-5/h
1E-6/hr
1E-7/hr
1E-6/h
3E-7/hr
1E-7/hr
1E-6/h
3E-7/hr

10 NREP
Baseline

10 NREP
Baseline

3 NREP
Baseline

3 NREP
Baseline

10 NREP
Baseline

3 WASH 1400
10 NREP

Baseline
3 WASH 1400

10 NREP
Baseline

10 WASH 1400
10 NREP

Baseline
10 WASH 1400

short to ground
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Table 1 (contd'

Component Mode of failure p, & Error Source
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - --_-_-_-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __- -

WIRES (per
circuit

short to power 1E-8/hr,
3E-8/h
1E-8/hr
1E-8/hr
3E-8/h
1E-8/hr

10 NREP
Baseline

10 WASH 1400
10 NREP

Baseline
10 WASH 1400

FUSES failure to open

premature open

1E-5/d
1E-5/d
1E-6/hr
1E-6/hr

3 WASH
3 WASH
3 WASH
3 WASH

1400
1400
1400
1400

INSTRUMENTATION
(General) failure to operate 1E-6/hr

1E-6/hr
1E-6/hr
1E-6/hr
3E-5/hr
3E-5/hr

10 NREP
10 WASH
10 NREP
10 WASH
10 WASH
10 WASH

1400

1400
1400
1400

shift in calibration

SOLID STATE high power applications
DEVICES

- fails to function

- fails shorted

low power applications

-fails to function

- fails shorted

bistables

TERMINAL BOARDS open circuit

open connection
short to adjacent circuit

1E-6/hr
3E-6/h
1E-6/hr
3E-6/h
1E-6/hr
3E-6/hr
1E-6/hr
1E-6/hr
1E-6/hr
3E-6/h
1E-6/hr
3E-6/h
1E-6/hr
1E-6/hr
1E-7/hr
1E-7/hr
1E-7/d
1E-7/d

1E-7/hr
1E-7/hr
1E-7/hr
1E-7/hr
1E-7/hr
1E-8/hr
1E-7/hr
1 E-8/hr

10 NREP
Baseline

10 NREP
Baseline

10 WASH 1400
10 WASH 1400
10 WASH 1400
10 WASH 1400
10 NREP

Baseline
10 NREP

Baseline
10 WASH 1400
10 WASH 1400
10 WASH 1400
10 WASH 1400
10 NREP
10 NREP

10 NREP
10 WASH
10 NREP
10 WASH
10 NREP
10 WASH
10 NREP
10 WASH

1400

1400

1400

1400

TIME DELAY
RELAYS

premature transfer 1E-4/d
1E-6/h
1E-4/d
1E-6/h
6E-6/hr
1E-5/h
6E-6/hr
1E-5/h

10 NREP
Baseline

10 NREP
Baseline

3 NREP
Baseline

3 NREP
Baseline

fails to transfer - bimetallic
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Table 1 (contd)

Component Mode of failure p, a Error Source

DAMPERS failure to operate 1E-3/d 10 NREP
1E-6/h Baseline
1E-3/d 10 NREP
1E-6/h Baseline

ERRONEOUS SIGNAL 1E-4 Argonne
1E-4 Argonne

PLANT PROTECTION
SYSTEM loss of actuation signal 1E-3 Argonne

1E-3 Argonne

HEAT EXCHANGERS tube rupture 1E-9/hr Argonne
1E-9/hr Argonne

TANK rupture 1,5E-9/hr Argonne
1,5E-9/hr Argonne

In performing reliability analysis for a particular system we
try to include operating experience by looking at operating
procedures, test and maintenance procedures and reports but we
are still at the beginning of collecting our own plant specific
failure data as will be described later. Once we collect our
own data we will try to combine them with literature data and
obtain properly weighted data.

Though we realize that for example pumps or MOVs differ from
each other in different systems of NPPs, we are forced to use
data from Table 1 as we haven't got better literature data or
our own plant specific data. In this way we use at least the
same approach when we analyse different systems, and though we
do not get reliable final results we hope at least to get
reasonably good importance rankings.

For initiating events we will definitely use literature data as
most of these events do not happen very frequently on a plant
and we can not have relevant operating experience (e.a. large
LOCA). Some of them can be estimated from plant operation and
those will be used (e.g. inadvertent reactor trip). For a
typical PWF the following initiating events are normally used:

a - inadvertent reactor trip
b - total loss of main feed
c - spurious closure of all main steam isolating valves
d - small LOCA
e - large LOCA
f - steam line break inside the containment
g - steam line break outside the containment
h - feed line break
i - total loss of 11 kV supplies
j - total loss of component cooling water system
k - total loss of essential services water system
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As can be seen from Table 1 there is do human error data and
common couse failures. Human errors are considered case by case
as we have very limited amount of literature data from this
field (basically only NUREG/CR-127B - Handbook of human
reliability analysis). In Table 2 orders of magnitude taken
from WASH 1400 for different types of human errors are given.

Table 2

EXAMPLES OF HUMAN ERROR PROBABILITIES USED IN WASH-1400

NOTE 1: MODIFICATION OF THESE UNDERLYING (BASIC) PROBABILITIES WERE MADE ON
THE-BASIS OF INDIVIDUAL FACCTORS PERTAINING TO THE TASKS EVALUATED.

NOTE 2: UNLESS OTHERWISE INDICATED, ESTIMATES OF ERROR RATES ASSUME NO UNDUE
TIME PRESSURES OR STRESSES RELATED TO ACCIDENTS.

ESTIMATED ACTIVITY.
HEP'S

10-3 SELECTION OF A SWITCH (OR PAIR OF SWITCHES) DISSIMILAR IN SHAPE OR
LOCATION TO THE DESIRED SWITCH (OR PAIR OF SWITCHES), ASSUMING NO
DECISION ERROR. FOR EXAMPLE, OPERATOR ACTUATES LARGE HANDLED SWITCH
RATHER THAN SMALL SWITCH.

3 x 10-3 GENERAL HUMAN ERROR OF COMMISSION, E.G., MISREADING LABEL AND THERE-
FORE SELECTING WRONG SWITCH.

10-2 GENERAL HUMAN ERROR OF OMISSION WHEN THERE IS NO DISPLAY IN THE CON-
TROL ROOM OF THE STATUS OF THE ITEM OMITTED, E.G., FAILURE TO RETURN
MANUALLY OPERATED TEST VALVE TO PROPER CONFIGURATION AFTER
MAINTENANCE.

3 x 10-3 ERRORS OF OMISSION, WHERE THE ITEMS BEING OMITTED ARE EMBEDDED IN A
PROCEDURE RATHER THAN AT THE END AS ABOVE.

3 x 10-2 SIMPLE ARITHMETIC ERRORS WITH SELF-CHECKING BUT WITHOUT REPEATING
THE CALCULATION BY RE-DOING IT ON ANOTHER PIECE OF PAPER.

10 -1 MONITOR OR INSPECTOR FAILS TO RECOGNIZE INITIAL ERROR BY OPERATOR.
NOTE: WITH FEEDBACK OF THE ERROR ANNUNCIATOR, THIS HIGH ERROR RATE
WOULD NOT APPLY. (E.G., ON )

5 x 10-1 MONITOR FAILS TO DETECT UNDESIRED POSITION OF VALVES, ETC., DURING
GENERAL WALK-AROUN:D INSPECTIONS, ASSUMING NO CHECK LIST IS USED.
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All data used are always accompanied by some uncertainties. The
uncertainties normally have few contributions and the main ones
are probably the following:

a - statistical error in using a data sample
b - the reporting of component failures may not be complete
c - the component environment for which the data is used

may not be appropriate to the available data
d - the constant failure rate model may not be appropriate

It is very hard to make an estimate of these uncertainties. The
best solution probably is to perform a sensitivity analysis and
then further investigate more in details the data which showed
to be important.

Table 3: Sources of plant data

Data Potential
Parameter requirements sources

1. Probability of
failure on demand

a. Number of failures

b. Number of demands

Periodic test reports,
maintenance reports,
control-room log

Periodic test reports,

periodic test pro-

cedures, operating
procedures, control-

room log

2. Standby failure ratea

3. Operating failure ratea

4. Repair-time distribu-
tion parameters

5. Unavailability due
to maintenance and
testing

6. Recovery

7. Human errorsb

a. Number of failures
b. Time in standby

a. Number of failures
b. Time in operation

Repair times

Frequency and length
of test and

maintenance

Length of time to
recover

a. Number of errors
b. Opportunities 

See la above
Control-room log

See la above

Control-room log, pe-
riodic test reports,
periodic test

procedures

Maintenance reports,
control-room log

Maintenance reports,

control-room log,

periodic test
procedures

Maintenance reports,
control-room log

Maintenance reports,
control-room log,

periodic test pro-

cedures, operating
procedures
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At NPP KrSko we have started to collect plant specific failure
data. The ultimate goal is to collect data according to
NUREG-2300 recomandations, which are shown in Table 3. In order
to achieve this, a special form has been made by QA group at NPF
Krsko. This form is shown in Table 4. It is meant to be an
additional information with the purpose of enabling an easier
categorization of actions performed on the basis of operation
order. An operation order used in NPP KrSko for all actions
taken is shown (unfortunately in Slovene language) as Table 5.
The QA form serves as a special appendix to the operation order
since the order itself does not contain all the assumed sections

Table 4

FAULT ANALYSIS Order No.:

FAULT FOUND AT

A TESTING
B PREVENTIVE MAINTENANCE
C SOUND/VISUAL ALARM
D ROUTINE CHECKING
E ABNORMAL INDICATION
F OTHER
G
H
I
K
L
M

RELATION TO ANOTHER ORDER

A WORKSHOP
B ENGINEERING
C ELECTRICITY
D INSTRUMENTAL
E TEST
F OTHER
G
H

TYPE OF FAULT - ACTIVE

A DOES NOT START
B DOES NOT STOP
C DOES NOT CLOSE
D DOES NOT OPEN
E DOES NOT OPERATE ACCORD. TO SPEC.
F WRONG OPERATION
G WRONG RESPONSE
H OTHER

CAUSE OF FAULT

A DESIGN
B MANUFACTURE
C INSTALLMENT
D OPERATING
E MAINTENANCE/TESTING
F UNUSUAL MAINTENANCE STATE
G END OF LIFE
H INSTALLATIONS SWITCHED ON
I BY ACCIDENT
J UNKNOWN
L MATERIAL FAULT
M OTHER

CONSEQUENCES

A LOSS OF SYSTEM FUNCTION
B LOSS OF SUBSYSTEM/CHANNEL
C SYSTEM OPERATION DETERIORATED
D COMPONENT OPERATION BLOCKED
E LOAD DECREASE
F OTHER COMPONENTS INJURED
G REACTOR TRIP
H OTHER SYSTEMS OPER. DETERIOR.
I GENERATOR SWITCH-OFF
K NO CONSEQUENCES
L OTHER
M OPER.TIME LIM.ACC.TO SPECIF.

STEPS UNDERTAKEN

A PART CHANGED (I)
B PART REPAIRED (11)
C WHOLE COMPONENT CHANGED
D RECALIBRATED/ADJUSTED
E REDESIGNED/MODIFIED
F TEMPORARY REPARATION
G OTHER
H

TYPE OF FAULT - PASSIVE

A LEAKING
B RUPTURE
C BREAK
D PHYS. DEFORMATION
E PHYS. REMOVAL
F OTHER
G OVERHEATING
H UNCLEAN CONTACTS/COMPONENTS

TYPE OF FAULT

A ELECTRICAL
B MECHANICAL
C METALLURGICAL
D CORROSIVE
E OTHER CHEMICAL
F INSTRUMENTAL
G OTHER
H PROGRAM (COMPUTER)
I
J
L
M

INSCRIPTION DATE:

WRITTEN BY:
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and instructions. It is used for all operation orders related
to technological procedures. The form is filled in by:

the originator
control room
maintenance engineer
operation head

and during the annual refuelling outages by the corresponding
responsible personnel.

A computer program with data input is set up in such a way that
the results can be used immadiately after we start with this
system operation. The use of analysis results is basically
directed towards a qualitative analysis of events, performed on
the basis of the operation order. This is meant as an initial
step for a more extensive collection of data for defining
components and systems reliability in KrSko NPP.

Since the above system is not yet in full operation we
have to concentrate on:

- periodic test reports and procedures
- maintenance reports
- operating procedures
- and control room log

as is normally suggested in literature. In this respect I must
point out that at our work we are given all the support from the
KrSko staff and we believe that the situation will be even
better once the Interregional PSA project INT/9i063 starts since
the KrSko staff will take their active part in it.

For the development of an event tree data are required to
support the adoption of special success or failure criteria, to
define frequency and timing of initiating events and importance
of support systems. For this purposes a deterministic analysis
could be used. At "JoZef Stefan" Institute we have quite a
strong team working in this field. They mainly use computer
programs RELAP4, RELAP5, COBRA, CONTEMPT, ALMOD, DRUFAN etc.

As an example let us take the results of LOCA analysis
that can be included in decision making in developing an event
tree for this type of the accident. The analysis was performed
at "Jo2ef Stefan" Institute and was published in the Institute
document 1JS-DP-3985, "LOCA Parametric Study for NPP Krsko Using
RELAP4/MOD6 Code", by S. Bizjak et al. Calculation for two
loop PWR of KrSko NPP was performed in the following phases:

- primary system response on one line break
during blowdown and refill phase using RELAF4/MOD6 code

- extrapolation of the containment response
using CONTEMPT-LT/28 code

- definition of the input model for the reflood phase
- repetition of the blowdown and reIlood phase, this time

instead of defining average core parameters, performing
calculation for the hot rod, with specific and more
sophisticated process descriptions.
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nuklarna elektrarna krko 
^^~~~~~~~ -__J

Table 5

LETO OISCIPUNA

DELOVNI NALOG Ft.: / 1* 125381 B
SISTEM: 

OZNAKA NAPRAVE:

LOKACIJA: i ' 
!

_i_; ' i
REFEREN CNI NACRT:

AvrTOR: ' 
SLU2SA: L: l . !j

PODIS: I
DATUM/CAS: I : ' 

) ODOBRITEV OPISA PROBLEMA (IZPOLNUJE VOOJA IZMENE) 

POTREBNO STANJE ELEKTRARNE ZA IZVAJANJE DEL NOSILEC VZDRtEVALNIH DEL

Nl POUMEMNO c MIOC OMEJENA VROCA UGASNITEV C STROJNO VZDR2 ELEKTRO t2OR. 0 INSTRUM. VZR. VZ

HLAONA G PRAZEN D MENJAVA ORIVA D ORADtENO VZDR. TIMSKO VZ0R2. 
VGASNITEV . <,,,~ [ ,,,.. o [] ~.:,,,.o ~o.. [ Tp..O .o. 
OMEJITEV TEN. SPECIF. DA , NE | TEST OPERA8ILNOSTI IZOLACIJA OBYEZNA PRIORIETA DEL ,
OOKLONITI DO PA SLEDI: DA NE DA NE A-NUJNA INTERVENCIJA

- ZAUTAVITIEV TIPA: I I I ' I I RUITINSKO VZDR2EANJE 

VOOJA 1ZMENE: j j[ i II j fj PODPIS: I OATUM: | ; CA:

KQ IVNh PHEVENTWVNO REMNT e e ZKiSA JE
( ZAHTEVA ZA DELO: (IZPOLNJWE INZENIR VZDR2EVANJAI M T PRZ N

KLASA INSTRUKCIJSKA KNJIGA POSTOPEK PP POSTOPEK KK NACRT: DOVOWJENJE
4)SIoLO8KE ZA4C1TE

L1111 _ l i 111111111 I ! l II I I I I I 11 a 1 1 Lo D NE o
OPIS DEL PO FAZAH / DOOATNA NAVODILA

FA2A DISCIP O P I S D E L FIRMA VOOJA DEL POOPIE

=EL " = . I I t I I I I I I I I I

_~~ .~ ~ .t~ ~ I! ~ 'I I I I! I I I~~~~_ ___________________________ 111111111111l -

MINIMALNI ZAtCITNI UKREPI (GLEJ NA HRBTNI STRANI) ST.:
IN2ENIR VZDRZEVANJA: I I Ill IIII POOPIS: OATUU: | | CA: ]

ZAGOTOVITEV KVALITETEDA] NE 3 | RD P WD TD | OA IN2N: | | | | | | | | | P

( DOVOLJENJE ZA ODLO__ _

OELO NE OVIRA PROCES (VODJA IZMENE) IZOLACIJA IZVRSENA (NADZORNI INt IZMENE) PRICETEK OELA DOVOLJEN (VODA DEL)
POOPIS DATUM/CAS POOPIS DATUMICAS ~POP15 DATUM/CAS

111111 ! 111 I I I l1111111j I i I I ll[1111Jlll! i i ! I
(I) NEPLANIRANA PREKINITEV DEL RAZLOG:

INZENIR VZDRZEVANJA VOOJA IZMENE

PODPIS DATUM/CAS POoPIS DATUM/CAS

I III J A I- - -- J I I I ITIT 11 O*T 11.

VZDRZ. DELA KONCANA IVODJA DEL) KVAUTETA ZADOVOUIVA IKONTROLOR KVAUTETE) TEST OPERABILNOSTI USPESEN

PODPIS DATUM/CAS PODPIF DATUM/CAS POBTOPEK. iT 1II

I I | I ] ||| || | ~I IIJ ~wINZ VZDR -PODPIS OATUM/CAS

NAPRAVA SPREJETA V OERATOVANJE (VOOJA IZUENE)
OA IN2ENIR

POOPIS D ATUM CA$ PODPIS OATUMICAS

® DELOVNI NALOG ZAKLJUCEN 4 IN2ENIR VZDREVANJA: I I|I I| j | D " s: ~bATUU 

NEL 22 18 11 0164 *-. 23- 071-4-*50 ANIVA- ODEOVA KORJA
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( HISTORIJAT OPREME PO DELOVNEM NALOGU

OPIS NAJOENEGA STANJA:

OPIS IZVRSENIH DEL:

POTROSEN MATERIAL-OPIS STEIILKA _IA D5L^NO. TRAJANJE-OTRD^ OATFBI~l-nPIS a;I TEVILKA ,7 DELOVNA MOC TRAJANJEPOTROSEN MATERIAL - OPIS_____________________I IZDAJNICE FAZA PO DISCIPLINAH DEL- LRE

i

POTREBNE SPREMEMBE V ROKOVANJU. NADZORU, TEH. RESITVI:

KOMENTAR TESTA OPERABILNOSTI:

IN2. VZDROEVANJA PODPIS DATUM

POROCILO IZVRENE KONTROLE KVALITETE:

KONTROLOR POOPIS DATUM

p

*T, I- -irai4-«*- .
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Parametric study for the above mentioned phases was done
for the determination of the influence:

- depending on break location,
- break dimension
- and in the worst stated case influence of systems for

emergency core cooling (varying capacity and time-starting point)

Data obtained from the deterministic analysis of LOCA that can be used i
event tree design are:

- time and type of ESE signal
- time and type of reactor trip signal
- actuation time and type of emergency core cooling system

(e.g. accumulators in the affected and unaffected line,
SI start, RHR starting point, AFW starting point)

- a conclusion about the importance of systems in relation
to their capacity or useless operation (e.g. for a specific
accident when filling the system near line break, it is necessary
to define the time when the downcomer flow changes its direction
and cold water from ECC system begins to fill the downpart of the
reactor vessel instead of flowing out into the containment.)

Final results show that:

- accumulator operation in unaffected line is basic for core
melt protection (during blowdown and refill phase)

- core is affected seriously also in case of RHR system
misfunction during reflood phase; SI system is found to be
unimportant for large LOCAs.

In order to stress the discussed facts it has to be pointed out
that results used in LOCAs sequence quantification (taking into
account the degree of system misfunctioning) can be used for
success criterion and reliability analyses for such particular
case.
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THE IN-PLANT DATA COLLECTION SYSTEM FOR
ESTIMATING RISK ORIENTED COMPONENT FAILURE
RATES - METHODOLOGY AND GENERAL PRINCIPLES

M.J. KULIG
Department of Reactor Safety Analysis,
Institute of Atomic Energy,
Swierk, Poland

Abstract

The paper presents some preliminary results on the

development of PSA-oriented data base in Poland. General

requirements for risk oriented data are outlined. Accessible

sources of data and the possibility of using then, in both

recent and planned PSA tasks are discussed. Recognized

deficiences of data collecting systems currently operated

in several other countries are mentioned. Future trends and

needs are also pointed out.

General concept of in-plant reliability data system,

oriented on estimation of nuclear plant component failure

rates is presented. The data system inputs and outputs are

proposel. Some recommendations related to logical structure

of the in-plant data base are derived.

In order to assure good quality of failure characteristics,

a systematic approach is proposed for estimating success

population data of plant components. Component exposure time

and/or number of successfull activations are represented in

terms of various plant operational occurrences that are

traceable in the plant operational records. At present this

data element is in much extent based on proffessional engineer-

ing Judgment. This approach is expected to improve quality

of failure data to be retrived from the system.

INTRODUCTION

Increasing interest in using Probabilistic Safety

Assessment /FSA/ method is observed in many countries

throughout the world because of great ability of this epproach

in achieving safe and reliable operation of NPP's.

Poland is at the very early stage in development of nuclear

power. Construction of the first NFPP ARNOW'IEC /VVWR-440
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type/ started this year. The reactor as well as the basic

systems and components are supplied from abroad. However,

national industry, the utility, regulatory and other

organizations are to much extent involved in design process,

equipment manufacturing, plant contruction and in preparation

of the plant start-up. Probabilistic Safety Assessment

techniques seem to be important tool to assist in these

activities.

In general, one of the major difficulties in performing

PSA is the lack of adequate risk-related data. Quality of

data is the major contributor to the large uncertainties of

PSA results. Difficulties with quality of PSA data result

from two reasons - the lack of operational statistics and

the deficiences in the process of collecting and handling the

accesible operational data. The first reason is difficult to

overcome at present situation however the latter may be coped

with by reasonably planned, well organized human activity

and application of computer data processing techniques.,

A need for establishing proper framework for aquisition and

processing of operational data to produce proper input to

PSA tasks is evident. A study of the problem has recently

been undertaken at the Institute of Atomic Energy, Swierk.

The task is supported by the IAEA within the scope of

Coordinated Research Programm on "Basic Risk Criteria for

Nuclear Risk Assessment". Some preliminary results of this

study are presented in the paper.

OBJECTIVES OF TAE STUDY

Providing sufficient data for PSA tasks performed

recently in Poland has been formulated as a short - term

objective of the study. However, it was realized that the

problem of data collection and handling should be analysed

from the very beginning in terms of the future PSA needs.

Establishing systematic framework for data collection and

handling consistent with all future data requirements was

then specified as a long-term objective for the study. For

numerous reasons it seems important to clarify this long-term

goal.
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Specification of all milestones of the project in terms

of the final goal focuses the attention on certain fields

and problems that should be solved at the beginning of the

project, for instence consistent and flexible classification

for plant systems and components, categorization of

failures etc.

Clarification of PSA data requirements in terms of

future needs provides valuable recommendations for other

projects undertaken or planned by different organizations

in the field of operational data gathering. It will help

to coordinate these acitivies in order to minimize the effort

and resources. For instance, certain utility or plant -

mantained information systems may be used as primary sources

for PSA - oriented data.

Establishing general policy for reliability data gathering

may be essential in organizing international data exchange.

Some activities in this field have been-undertaken by the

Ministry of Mining and Energy. The system ISKOAES organize,

within the framework of CIIEC under the quidance of

INTERATOMENERGO will collect in-plant data oriented on

quality and reliability of certain nuclear plant components.

Proper evaluation of this system by PSA analysts as a

*potential source of reliability related data may be beneficial

in establishing final prindiples of the system.

O'eERVIE7i OF THE STUDY

The study started from the analysis of the scope of PSA

uses in Poland during the next few years and general requi-

rements for appropriate data base. Basing on this analysis

general concept of the system for PSA - oriented date handling

has been established. Accessible sources of data from national

industry, both nuclear and nonnuclear, and the possibility

of their use in PSA-data base development has been reviewed.

The principles of in-plant reliability oriented data collect-

ion system has been analysed in more detailed maner.

Before the main features of the in-plant data system were

established several relevant reliability data systems maintaine-

abroad were scrutinized. In particular, Nuclear Plant Relia-

bility Data System - NPRDS [1] , national data system
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currently used in the USA and European Realiability Data

System - ERDS [2] , international data system organized at the

Ispra Joint Research Centre of the Commision of the European

Communities, have been analyzed. Other comprehensive efforts

on improved data bases currently underway in the USA have

also been reviewed. These include In-Plant Reliability Data

- IFRD system [3] , a program of collecting data from several

NFP's in-plant records and converting them into reliability -

- oriented data base.

This task was concentrated on basic methodology of dat.

collecting and handling, including definition of system out-

puts and required row-data inputs, classification and encoding

principles, data base structure etc. Experience in data collect-

ing an' recognized deficiences of existing data systems have

also been analyzed, as well as future trends and needs.

As a results of this study data base outputs and the requi-

red row data needed to calculate the outputs have been proposed.

Some recommendations related to logical structure of the in-plant

data base have also been derived. Certain methodological ini-

provements related to estimation of success population data for

plant component has been suggested.

RESULTS OF THE STUDY

General data remuirements

The PSA tasks started in Poland recently and planned for

the next few years are limited to probabilistic analyses of

accident sequences that could lead to core-melt /level 1/.

These tasks are mainly focused on safety evaluation of systems

and the plant. Other objectives that are foreseen' for the near

future include evaluation of proposed changes in design,

operation and procedures, including test and maintenance

policy, providing recommendation for personel training and

gaining additional insight into plant performance, and are

comparative in their nature. Complex risk evaluation

including inside and outside consequence analysis are long-

term objectives.

The final goal in PSA activities is to develop a

"living" PSA - model for each plant being put into
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operation, that could serve for the lifetime of the plant,

as a base for various safety and availability related

decisions. Data required for quantification of such a model

must include failure unavailabilities, test and maintenance

unavailabilities, human errors and initiating events

frequences, the first two equipment - oriented data cate-

gories constituting significant part of the data base,

much difficult and labourious to develop.

The data base should accomodate for all data require-

ments that follow from frequent use of the plant model

and its continuous up-dating and development.

Process of collection and handling risk related data

for PSA use should be organized within certain systematic

and consistent framework /system/.

The data system should provide a large degree of flexi-

bility, allowing for the development of data with various

level of aggregation.

The system must be able to be changed to reflect changes

in plant design and operational procedures that could affect

in-plant data.

The system also should facilitate preparation of input

data to allow fast response to all practical problems that

could be analysed using PSA model of the plant.

General concept of PSA - date base

The approach chosen in establishing general concept

of the data base for PSA studies in Poland is compliant

with principles of Bayesian analysis to combine generic

information from industry-wide experience, with plant

-specific data from utility-owned plant records. This

approach has been applied in several recently completed

PSA studies [4] . It provides a logical framework for

formalized approach to data assimilation and for the

quantification of the uncerntainties associated with the

data.

In this method PSA data development is a two stage

process. In the first stage generic data base is developed.

In general, these data are obtained from extensive plant

experience within a nuclear and non-nuclear industry.
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Large population of plant components with not very high

level of "similarity" is used for estimation of required

reliability parameters.

In the second stage of data development generic

estimates are up-dated to take into account plant specific

environmental and design conditions as well as operational

practice. In-plant data required for this purpose should

be collected from operational records of the plant, that

is to be analysed, or if it is not operational, from

other plants with possibly high level of "similarity".

The system for collecting and handling PSA - oriented

data that is based onthis concept comprises the three

main data banks - in-plant data, generic data and plant

-specific aggregated data.

Accessible sources of data

In the forseeable future operational experience from

national industry,both nuclear and non-nuclear,will be

very limited. Experience from nuclear plants will be

available after the first NPF is put into operation.

National data systems collecting operational experience

from conventional power plants suffer from many deffi-

ciences that preclude their use as a reliability data

sources for NPP equipment. Typical problems encountered

include insufficient spectrum of equipment and low

level of detail, limited failure reporting, information

oriented on other uses than PSA, incompatibility between

failure data and operational data, and the like.

However, many sources of generic data exist in

literature. These data with high level of aggregation

can be easily tabulated and the information is relatively

well accessible. Reactor Safety Study. [6] , IEEE

Standard 500 [7] , NPRDS Annual Reports of Cunulative

Component Reliability, current PSA plant specific

studies [4] , [5] and other topical reports that

focus on presentation and analysesof failure data for

particular components [8] - [9] will be used for-this

type of data. However, the lack of standardization in the

generic literature requires this task to involve much
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more than a simple cataloguing of published failure-rate

estimates. Due to inherent difficulty in ascertaining

the direct comparability of various estimates, carefull

evaluation an'r special treatment of the data from different

sources is required, for instance assignation of subjective

weighting factors.

Access to in-plant data, specific for design and

operational conditions, that are needed in the second

stage of data base development will be very limited too.

For PSA tasks recently performed in Poland and those

planned for the next few years some VVER-specific data

might be gained from VVER plants operatea in other

countries. However, for data exchange it is required that

consistent framework for risk-related data treatment be

established and approved by all parties involved. Future

benefits of such data exchange seems to be unquestionable

for all participating countries, which is especially true

for Poland with modest nuclear programme, however, the

interests of different countries to participate in such

joint ventures may vary from country to country depending

on a present stage of nuclear power development.

The system ISKO AES mentioned above may serve

as the framework for exchanging certain in-plant

operational data that may be used in estimations of

risk-related data, however, it should be realized that

both the scope and the type of information reported

by the system is not focused on PSA data needs. The

primary objective of the system is identification of

generic problems of components quality and recurring

failures, and to much extent the information included

into the system is tailored for this uses

With regard to the present situation,possibilities

for systematic exchange of in-plant WER data at

international level can not be considered for near

future PSA tasks. For PSA tasks planned for the next

few years,that are comparative in their nature,this

limitation will not be very severe.

In longer perspective complex risk evaluation will be

performed. This type of analysis is more sensitive for
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data uncertainties, and the problem of collecting in-plant

data for domestic plants has to be solved by this time.

Suitable information system for in-plant data collection

and handling should be put into operation after start

-up of the first NPP ZA.RNOWIEC.

Existing systems experience
....... T~ -- r-- ........

The general methodology of reliability data bases

exsists and is supported by the substantial experience

gained in operation of several relevant data bases. The

main principles of the in-plant PSA-oriented data base,

that is considered in the paper, may be developed basing

on existing systems experience. Some logical elements

of the systematic structure such as systems definitions

and component family classification, categorizations of
failures may be essentialy the same as that used in

other reliability oriented databases. Other methodological

concepts may also be adapted, such as the idea of

hierarchical numbers that give information, in very

compact form, on the design of the component and the

environment in which the component operates [3] .

Existing experience may also be useful in establishing

the type of information reported and the logical structure

of the data base [1] - [3].

From PSA standpoint existing reliability data

systems suffer from some limitations and inconsistencies.

Some of them has been recognized and eliminated, for

instance some ambiguities in the definition of reportable

scope of the component population and the definition of

reportable failures in the NFRDS [10] . Certain limi-

tations, that derive essentialy from the fact that the

systems were not originally designed to be used as a

source of reliability data, still exist.

One of the recognized weak points of existing systems

is deficiency of components success population data related

to operational parameters such as component demand spectrum

and failure exposure time. At present this data element

is to much extent based on professional engineering

judgment. This problem is specific for plant components
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that perform more than one type of duty during operational

time and for components that are activated only periodical-

ly, for instance during periodical tests.

Important problem that deserves for more attention

than it has been the case with data system design, is the

area of multiple failure events [11] . Providing the

proper means to detect and report failure events, ,here-

in the failures are related by some common factor is

important for gaining relevant quantitative information

for PSA modeling /dependent failures/. These needs should

be taken into acount while specifying the type of

information to be reported, defining coding schemes and

designing the data base structure.

Another area that needs to be addressed is that of

human reliability. Human error data still remain a major

source of concern in PSA analysis and some consideration

should be given in data base design to this area.

Substantial amount of information that may be available

from nuclear plant should be used for various human

actions, particularly those that are plant equipment

oriented and/or procedurally oriented tasks. More

systematic structuring of information concerning errors

made during operational maintenance and tests seems to be

important area, still insufficiently explored in existing

in-plant data systems.

Certain methodological aspects

In order to assure good quality of failure characteri-

stics, a systematic approach for calculating component

success population data is proposed,

Two types of success population data are used in

estimating failure rates for plant components /systems/

- the operational time T , during which the component

/system/ is "exposed" for certain type of failure /time

dependent model/ and the number of times N the component

/system/ is demanded to perform certain operational

action /on-demand model/. These two operational parnmetrs

are very difficult to derive from typically available

in-plant records, however thay may be deduced from plant
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operational history in combination with component /system/

engineering data.

Two elements of the systematic structure are intro-

duced for implementation of this concept. The first is

a definition of the set of applicable component modes

of operational duties. It may cover various type of

equipment used in nuclear pover plants or may be divided

into several subsets each applicable to certain component

family. T-:o types of operational duties are distinguished

- time dependent duties and on-demand actions. Some examples

may be found in table 1. Appropriate modes of duties may be

chosen for each type of failure considered. For example, for

valve failure rate to remain closed /transfer open/ appro-

priate exposure time is the time period in which the valve

operates in closed position.

Table 1. Component mode of operational duty / examples /

type of duty Word description Designator, Coding
m

time -running 1 RI

dependent -remines open 2 R2

duties -remlnes closed 3 R3

-remines energized 4 R4
m M1.

on-demand -starts ml+l D1

ection -opene m1+2 D2

-closes m +3 D3

mE -2 -energizes m 1+4 D4

-operates m1+5 D5

Another element of the systematic scheme includes a

definition of the set of various operational occurrences

that may be used in representing plant operational history

an2 are relatively easy to record. These occurrences include

transitions from one operating status of the plant into

another, operating tests of equipment end certain abnormal

events of the plant that may affect component operational

success data. Some examples are given in table 2.
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Table 2. Plant operational states and plant operetional

events to be used in representing equipment ope-

rational history / examples /

Category Word description I esignator,j Coding

plant -normal power operation 1 T1

operational -hot stand by operation 2 T2

states -cold shut down period 3 T3

* .
jej 1

plant -plant start-up event j1+1 El

operational -plant shut down event J+2 E2

events -periodic test No.xxx J1+3 Ei'xx
-abnormal events

jG J2 -turbine trip J1+4 EA1

-reactor scram Ji+5 EA2

... .~~~~~~~

The following formula may be used for estimation of. the

exposure time Tmi and the number of demands N mn for the
component L performing duty

m 

mn

m e M, Tmi =

m e M Nrn = je J
LTj Aijm +E Ej Bijm

jc j2

where: M] - the set of time-dependent modes of duty

/see table 1/;

M2 - the set of on-demand duties;

j - an index that designates certain plant

operational status ( j 6 3J ) or certain

plant operational occurrence (j 6 3^), that

gives a reasonable description of the

operational history of the plant, and is

traceable in the plant operational records

/see table 2/;
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ATj - the number of hours the plant is in

operational status "ju ( j e J )

during the observation period T;

Ej - the number of plant operational occurrences

"j" ( j e J2 ) during the observation

period T;

A;jm - the relative number of hours (for m e M,)
or demands (m e M2) for the component "I

performing duty 'm' per unit of time,

during which the plant is in operationcl
status "j " ( j 6 4);

Bijm - the relative number of hours ( mC e M )
or demands ( m e Mz) for component "I"

performing duty m per plant operational

occurrence 'j" ( J 6 Ja).

The coefficients A jm , Bj m are oomponent oriente-'

parameters that depend on the system in which the component

is operating and the function that the component performs,

on operational procedures and test requirements etc.

They may be estimated for each mode of duty "rm" and each

component L " basing on detailed analysis of plant design

and operations. Uncoded date may be stored in the equipment

engineering records. For certain groups of components of

some population "pE" (i £ P) values T A;j m and
Le P

iCL 3I m may be pre-calculated, and stored for further

use to facilitate data aggregation.

To illustrate the implementation of the concept presented

in the paper some practical examples are given in table 3.

Some comments related to practical significance of the

method should be made. It is evident that the amount of

engineering and operational data reported to and stored in

the system increases. However, substantial part of this data

is introduce' only once for the lifetime of the plant in

very compact form.. Required engineering knowledge on plant

design and operations may be accumulated as a by product

of PSA task performed for the plant.
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Table,3. Success engineering data for various plant components /examples /

Component Word description of component duties mode of operational. engineering success
operationeal hstorJ population factorsoperational htator2 ..1 in. t

1 2 time eventdutyl), m descriptor2) e laed

-starts on demand once per each test
HPIS pump No.xxz D1 ETxxx - 1

-Li running for 15 minutes per each
D01 test o.xxx . R1 ETxx - 15/60

-starts on demand once per each cold
shut down D1 S2 - 1

-is running for 1 hour per each cold
ehut down R1 E2 - 1

-reminea open during normal operation R2 T1 1 -

HPIS motor -remines open during hot stand by R2 T2 1 -

operated -remfnee closed during cold shut down R3 T3 1 -

valve -sa demanded to open in each start up
event D2 E1 - 1

S03 -is demanded to close in each shut
down event D3 B2 - 1

-is demanded to open once per each
test No.zZz D2 ETzz 1

-is demanded to close once per each
test No. zsz D3 ETzza 1

1) See table 1 for coding convention
2) See table 2 for coding convention

The method seems to be especially useful for components

that are activate'. only periodically and for which test

demands are the substantial part of all activations. Possible

deviations from originally prescribed frequency of tests are

taken into account by using real data from plant tests history

records. Providing convenient reference to tests identificat-

ion numbers the scheme allows for reflection of changes in

test demands or operational time during the test.

It is expected that similar approach may be used for

systematic structuring of data related to human actions

performed during operational maintenance and testing.

Quantitative measures for opportunity to make errors that

are very often procedurally and component related, may be

derived basing on similar concept of combining engineering

knowledge with plant operational history.

Loi2cal2 structure of the system

Overview of the system for collecting and handling PSA

-oriented reliability data is shown in Fig. 1. The system

comprises the three main modules.

Module A handles in-plant data for plant, systems

end their components. It includes component oriented
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oriented abnormal events failure data and repair data, 

history/ and unit orientedabnormal events /incidents/. The 

.and given type of failure.
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Fig.1. PSA oriented data system-logical
structure and information flow.

engineerxing ang operational dat /population date/, component

oriented o abnormal events /failureliab datand repair d/,

plant operationeZ history /plant status, test and maintenance

history/ end unit oriented abnormal events /incidents/. The

module processes row information to produce success opera-

tional data and failure statistics for specific component

and given type of failure.

Module B handles existing generic data with relatively

high level of aggregation, using existing reliability data
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banks. It also develops generic data of differing agregetion

levels.

Module C combines generic and in-plant data to produce

plant specific data of the required level of aggregation,

stores plant specific data for existing FSA models, processes

plant specific data to produce input file for PSA model

quentification.

More detailed information on the logical structure of

the in-plant data base is given in Fig. 2. Data base entries

are listed in APPENDIX. Data are arranged into three records

- population data, failure data end repair data.

Population information is included for every component

in the data base, whether or not a failure has accurred for

that component. One failre and one repair record is entered

into the data base for each failure.

COMPON£ET ORIENTED OArA

rOPlAzrOf MTAf aAsUR£ ITA fXTEPAI/R TA

* x lSHmiH I-| ,Dlsca( fDTAr -IftMTH PONA
.ir//nA rA I-'WAtwirSCM 7r/I I-.EPA/Nrtw/ON
;NrO>C DwiTA f P-fAXZmt froa

PLANT ORlEN TED
DATA

P- 4Nr srArus DArA

EVENTS ...I /u PUONo- ATrrta
^

rI s
s DrA

Fig.2. In-plant data base- logical structure.

The engineering data including into the population record

provide a mechanism for flexible aggregation of failure and

repair data of oomponents that are similar in design and

operational environment. This is important in reducing sta-

tistical uncertainties and in identifying the variables
that control component failure characteristics.
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The failure data record includes information describing

the circumstances that have led to failure /failure cause/,

the effect by which failure is observed /failure mode/, the

date the failure occurred or was detected, failure severity

and effects the failure had on the system and on the plant.

The physical location of components is unique feature of the

data set. This information may be used in detecting spatial

dependencies between failures.

Coding schemes will be adopted from other existing data

systems or in some cases new schemes will be developed.

COIiCLtING CO^~'iE'UTS

The study presented in the paper has outlined the ratio-

nale for a program of work which will need to continue for

some years. Within this program appropriate PSA oriented

data system for collecting operational data from national

NFP's should be established and put into operation after

start-up of the first plant ANOV.IC.

Substantial experience from several foreign reliability

data systems may be usefull in designing the system.

However, the state of the art in this field is still

evolving and it is essential to take into account the most

recent improvements and. future trends in data system

metho dology.

Efforts of the IAEA to develop some framework for

operational risk-related data collection are very essential,

providing assistance both for establishing national data

systems an' for exchanging operational data on international

level.

The major objective of the study is to provide date

base for PSA uses, however it is clear that large amount

of information produced an,' recorded in nuclear plant

would be of substantial importance for other potential

uses related to plant scfety and availability. Proper co-

ordination of various activities in the field of operational

data gathering is essential for minimizing the effort

an5 resources.
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Preliminary results presented in the paper reflect

only PSA analyst point of view and should be discussed

farther 'ith data system and computer specialists as well

as plant performance and operations experts.
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APPENDIX. Il-PLANT SYSTETM DATA ENTRIES

POPULATION DATA

- plant, unit, system

- component identification number

- component type

- component vendor

- functionel neme

- population

- hierarchicel number

- driver

- component modes of operetional duties

- operational history descriptors

- engineering success population factors

PAI UW E DATA

- component idcntificetion number

- physical location

- feilure det.

- failure mode

- failure severity

- system effect

- plant effect

- failure cause description

- failure report number

REPAIR DATA

- component identification number

- repair date

- crew size

- elapsed repair time

- component unaveileble time

- repair category

- repair action description

- repeir order number
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PEER REVIEW WORK IN A SPANISH PRA

A PEREZ RODRIGUEZ
Nuclear Safety Department,
Junta de Energia Nuclear,
Madrid, Spain

Abstract

According to a regulatory requirement from the Spanish Authority,

the utility NUCLENOR, S.A. , undertook a PRA level 1 study for the plant 

S.M. de Garona", a boiling water reactor, supplied by G.E., Mark I Contain-

ment type, in commercial operation since May 1971.

The program plan for the study was stablished by NUCLENOR in ju

ne 1984; and two months later an Independent Evaluation Group (I.E.G.) was

formed, integrated by (three ) experienced people in the field of nuclear tech-

nology, with the mission of verifying that objectives, methodology and result-

sof the PRA were in accordance with the document "Interim Reliability Evalua-

tion Program Procedures Guide, NUREG/CR-2728".

Two thirds of the peer review work have been completed; final con-

clusions will be reached during the next month, October (third-and last - mee

ting of the I.E.G. will be held very soon).

The paper will describe my work in the I.E.G. and will show my in

dependent conclusions, with technical reasons on their support.

A list of my interim conclusions (dated june 1985) follows.

1) The work, in general, satisfies the proposed objectives.

2) Plant familiarization, Accident sequence delineation and

Plant systems analysis Tasks are in accordance with NUREG/CR-2728

3) Human reliability and procedural analysis Task is also in accor-

dance with NUREG/CR-2728, but some .suggestions were made.

4) Use of generic data for failure rates and demand failure proba-

bilities is valid; diesels, batteries and components in dominant

cut sets of dominantccident. sequences should be treated separa

tedly.

5) Some Rrouping of the core melt sequences in base of their dange-

rousness seems to be convenient;
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6) Big relative contribution on risk from ATWS sequences is expected.

Hardware modifications and improvements of the study are sugges

ted.

7) Conservatisms were included in the study (FWS and CRDHS injec-

tion were not considered).

8) Outside-contaiment breaks were not explicitly addressed in the

study.

9) Some systems were not analyzed using fault trees. This is valid

(II.3.1.6, NUREG).

10) Loss of one d.c. bus seems to be a significant transient in the

design analyzed.

11) The Drywell Cooling System should be addressed in case of LOCA

scenarios.

12) Isolation Condenser fault 'ree study should improve its description

of operator actuations.

13) Incidence of vacuum breakers periodic testing on availability could

be subject of additional work.

14) Some control failures in ESWS.valves could interfere with LPCI heE

exchangers cooling.

15) Bus-tie breaker in d.c. system could not be modelled enough.

16) Fault tree for the Manual Depressuization System appears to be

unnecessary.

17) Failure probability assigned for reclosing of a safety / relief

valve is especially important, in connection, with transient-inducer

LOCA sequences quantification.

18) Adequate positioning of some selectcrs is very important for the

safety-related systems response.

19) In some cases, circuit- sealing the safety signal were considered

as an alternative way of the actuation signal.
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20) Detection time for d.c. breakers failures could be shorted.

ending with 29)...

The paper will deal with my final conclusions; then, some of

the preliminary conclusions listed above could be changed.

1. INTRODUCTION.

According to a regulatory requirement from the Spanish licensee

authority (Consejo de Seguridad Nuclear), the utility NUCLENOR, S.A., under-

took a level 1 PRA study for "Santa Maria de Garona" plant, a 460 MWe boiling

water reactor supplied by General Electric, Mark I containment type, in commer

cial operation since 1971.

The program plan for the study was established by NUCLENOR in june

1.984; and, two months later, an Independent Evaluation Group (I.E.G.) was -

created, integrating a reduced group of people, well experienced in the nuclear

technology field, which, besides supplying with considerations and comments -

aimed to the potential improvement of the undertaken study, should verify that

objectives, methodology and results of the PRA analysis were in accordance -

with the document "Interim Reliability Evaluation Program (IREP) Procedures -

Guide", NUREG/CR-2728 (ref.l).

The I.E.G. was formed with the following persons: the well known

Dr. Agustin Alonso, from the Polithecnic University of Madrid, supported by

his staff; Mr. Peter Bieniarz, from Risk Management Associates, Albuquerque,

USA; and I, from the nuclear safety department of "Junta de Energia Nuclear",

organization that formerly had the Spais~ licensing authority.

Substantially, all the peer review work has been completed. Three

meetings were held along this year, in the headquarters of NUCLENOR in Santan

der, and subsequent interim reports were issued (one per meeting and I.E.G.

member). Finally, a joint Report will integrate the conclusions of the i.E.G.

members, and this Final Report, that will be concluded in about two months, -

will give reason of the work of the group as such.

2. SCOPE.

An IREP study, through the identification of the more frequent

core melt sequences, supplies, as the more outstanding result, with an in-

sight into those design and operation plant features with a greater poten

tial weakness, and with an assessment of their relative importance.

203



It should be understood that all the Garoia IREP study was deve-

loped by the utility NUCLENOR; my work, as member of the I.E.G., was to re--

view the documents prepared by this Spanish utility and sent to the I.E.G.

for peer review.

This report is the result of an individual advisory work; then,

the conclusions and comments that follow will not necessarily be shared by

the other I.E.G. experts; and also the utility NUCLENOR could not agree with

the considerations here shown. Some of the potential improvements on the stu

dy suggested by the author of this report have been adopted by the utility;

but probably the utility people, by themselves, reached analogues conclusions

from the additional knowledge on the plant gained with the PRA study they have

developed.

Several considerations involve particular features of the plant

systems, and, as such systems implement safety functions, the result is that

the recommendations are, in a certain sense, related with the safety of the

plant. When, in this report, considerations in some way related with nuclear

safety are presented, it is exclusively as a result of the work made to deve

lope the fuctions commissioned to the I.E.G.

The review work has been developed along one year, in my case with

about a fifty percent dedication. The experience of the author of this report

with other Spanish BWRs (Cofrentes, Valdecaballeros) was very useful; it was

also a help to make selected consults in some U.S.N.R.C. documents, as those

referred to Peach Bottom (see ref. 3), Grand Gulf (ref. 4) and Browns Ferry

(ref. 5) plants.

In the following sections, starting with a summary description of

the plant, some considerations on the work developed by the utility are presen

ted. A first group refers to the general assessment of the study; a second one

deals with specific aspects, mainly related to particular systems; finally, so

me comments on the results and uses of the study are presented.

3. SUMMARY DESCRIPTION OF THE PLANT.

As mentioned before, the Garoia plant is a G.E. boiling water reac

tor, that belongs to the first vintage of the nuclear power plants built in Spain.

Bearing in mind the nature of a presentation of this kind, I think

it can be useful to make some mention of the front-line systems that implement

the safety functions that appear in the headings of the funcional event trees.
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For LOCAs, the subcriticality function is commended to the Reac

tor Protection System (RPS); the containment integrity, to the Vapor Suppre

ssion System (VSS); the emergency coolant injection, to the High Pressure -

Coolant Injection (HPCI) System, Deppressurization System, Core Spray System

(CSS) and Low Pressure Coolant Injection (LPCI) System; and the decay heat -

removal, to the Low Pressure Coolant Injection/Containment Cooling mode - -

(LPCI/CC) System and the Reactor Shutdown Cooling System (RSCS).

For transients, the subcriticality function is also assigned to the

RPS; the overpressure protection (primary integrity) to the relief and safety/

/relief valves; the water vessel inventory, to the systems already mentioned -

for emergency coolant injection in LOCAs, plus the Feedwater System (FWS), the

Power Conversion System (PCS) and the Isolation Condenser (I.C.) System; and

the decay heat removal can be achieved with the systems mentioned for the LOCA

case or, normally, by extending the operation of the I.C. system or the PCS.

Brief comments on some of the more characteristic of such front-li

ne systems, and on some of their support systems, follow.

The I.C. system is a cloSed-loop system, in which, in case of tran

sients, natural circulation is established when specified valves are adequately

positioned; the heat removal function is achieved through a heat exchanger (the

re is no loss of inventory), with diverse makeup water systems and a steam out-

let to atmosphere; with adequate makeup, the I.C. system can cope with both -

phases (short term, long term) of transients. The I.C. system does not appear in

more recent BWRs designs, that now count on the RCIC system.

The LPCI system has two trains, with two pumps per train, and one

heat exchanger per train cooled by the Essential Service Water System (ESWS).

The LPCI injects into the recirculation loops (one train per loop).

The RSCS injects into one of the recirculation loops, and takes its

suction from the other loop; it is cooled by the Reactor Building Closed-loop

Cooling System (a kind of component cooling water system), and this, finally,

by the normal service water system.

In relation with other support systems, it is highlighted the fact

that the A.C. power system is splitted in two trains, with a good electrical

separation between them, and with a diesel generator assigned to each train.

The external grid has proved to be very stable, and with very good recovery

factors.
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4. GENERAL ASSESSMENT.

a) The methodology used in the Garona PRA study is generally in accordance -

with NUREG/CR-2728, "IREP Procedures Guide", and therefore it is my thought

that the study has been conducted in a way that satisfies the aimed objec-

tive.

b)Related to the plant familiarization task, the utility presented a very de-

tailed list of LOCA and transient initiators, grouped in accordance with

plant response characteristics; it is my opinion that the list of transients

should also include the transient initiated in the case of loss of the dry-

well cooling system.

c) In relation with the plant system analysis task, it is remarkable the high

degree of detail reached in the fault trees, mainly in the aspect of analy-

sis of the relay diagrams for systems actuation; moreover, it should be men

tioned that fault tree construction, in aspects of terminology, resolution

level, interfaces,... has been carried out based on uniform criteria for all

the systems.

d) In relation with the data base development task, the PRA study has used -

plant specific data in the initiating events and maintenance unavailability

areas; these are two of the tree. big groups of data involved in PRA stu-

dies.

For the third big group of data (the failure rates and failure

-on-demand probabilities), generic data sources, mainly the IREP data ba-

se, have been used. NUCLENOR has developed a document showing the good fit

ness between the data from those generic data sources and the data obtained

from available plant records.

It is my thought that generic data can be used in a valid IREP

study. NUREG/CR-2728 (section II.,5.2.1) considers convenient to introduce

some modifications in the generic IREP data base, but mainly (section III

5.2 ) for selected components, as diesels and batteries, and for components

appearing in dominant cut sets of dominant sequences.

However, if diesels and batteries have a good operational expe-

rience, the author of this report considers valid to use data from generic

sources; and, in relation with component failures appearing in dominant cut

sets of ndonant sequences, it seems to be sufficient to review if the plant

has demonstrated to be prone, along its operation,to some of such failures;

in such occasional cases, generic data should be modified, on the basis of

analyst judgement and available data.
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e) In relation to the human reliability & procedural analysis task, I consider

that more effort should have been dedicated to the analysis to determine -

best-estimate probabilities for human errors most contributing to dominant-

accident sequences; and, in relation to the interpretation and analysys of

resultsf task , sensitivity analysis, for the assumptions that, it modified,

could change the results of the study, have not been apparently envisaged.

Apart from these possible objections, the above mentioned big

two tasks of the study have been, in my opinion, suitably developed.

f) The Garoca plant study does not include fault trees for all the plant systems.

This is acceptable under an IREP study scope (see NUREG/CR-2728,

II.3.1.6 ).

The most important of such systems appears to be the RPS. NUCLErIOR

has developed a document providing a justification for not developing a fault

tree for such system; in my opinion,, the document is clearly acceptable.

g) Usually, in an IREP study, dominant sequences are ordered according to their

frequency values in order to proceed to identify, through a dominant cut set

analysis, those design and operation features that, with relatively simple -

upgradings, would allow a significant improvement in the plant safety. NUCLE-

NOR has followed this approach.

However, I consider that some binning of the sequences according

to their relative severity, of a limited nature (because the undertaken stu-

dy is a level 1 analysis), could have been possibly addressed.

Such clasification could be made by assigning the sequences in

three big groups: the first one would be restricted to unmitigated ATWS se-

quences, apparently the more severe events because, in general, containment

fails first (due to overpressure), and a core damage condition in a previous-

ly failed containment is subsequently reached; the second one would gather in-

jection failure sequences, with early core damage, but in an initially intact

containment; finally, the third one would collect sequences with failure in -

the decay heat removal function, with delayed core damage. In general, time -

available for recovery will be shorter in the first case, and longer in the -

third one.

h) The PRA study has, in my opinion, several assumptions that probably skew the

results of the study to the conservative side:
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1) success criteria taken from FSAR have been used. Some of them are perhaps

too conservative, as for instance the 3-ou't-of-4 requirement for LPCI pumps

during the injection phase of a LOCA.

2) some injection systems have not been considered in the study; for instance,

credit could have been taken for control rod drive hidraulic system (CRDHS)

operation to maintain the vessel inventory during transients; and feedwater

system operation could have been considered in case of LOCAs.

3) the last-resbrt possibility of injecting water into the primary system direc-

tly taken from the river has not been considered.

4) the suppression pool temperature at which the LPCI pumps are supposed to fail,

fixed at a conservative low value, introduces an appreciable constraint in

the operator time available for taking manual corrective actions.

i) Along the review work, no explicit reference to the risk associated to outside

containment breaks has been detected.

For these breaks, coincident:al failure of two MSIVs in one steam

line would give origin to a final depletion of the suppression pool water on

the actuacion of the low pressure systems, because the fluid flowing through-the

break would not actuate as makeup of the SP.

I consider that it is valid to neglect such type of event under the

scope of a level 1 PRA analysis, due to the its very low probability and conse-

quent very low contribution to the total core melt number; but, if risk conside-

rations were taken into account (i.e., probabilities were weighted with their -

consequences), the accident would probably be significant, due to the direct way

of communication, created by the break, from the primary vessel to the outside

of the reactor building.

j) According to my insights in the workreviewedit might be inferred, in an

intermediate stage of the study, that two types of sequences could presu-

mably play a very significant role in the core melt number : those initia

ted by the loss of any of the two direct current buses and those initiated

by ATWS events.

In the case of loss of a d.c. bus, the reactor finally trips due

to problems induced in the Power Conversion System (mainly, changes in val-

ve positions and subsequent flow diversions); a situation is created in which

the transition to a safe shutdown condition must be made without the help of
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one half of the safety systems, whose control is lost with the d.c. bus fai-

lure; and, in the case of ATWS events, the PRA study has just considered that

such accidents get to a core damage condition, without any further develop-

ment.

In an interim report, I recommended the implementation of design

changes aimed to avoid the reactor trip in case of a d.c. loss or, at least,

to avoid the FW loss that would accompany the more limiting case of loss of

the bus "A"; for ATWS, I advised to proceed with the incorporation of the -

pump recirculation trip (on high vessel pressure) in the design , followed -

by an analysis of the ATWS types, constructing an event tree per type; it

is well known that the event tree structure,for a given AT type, is conditio

ned by the limitations on safety systems availability (and then, on the ET

headings)imposed by the own AT event type.

In the section of this presentation dealing with results and -

uses of the PRA study, these two outstanding items will be addressed again.

5. SPECIFIC ASPECTS

The list of items considered in the peer review interim reports of

this lecturer has been reduced for this presentation, due to the specific natu-

re of the items involved, generally dealing with very specific features of the

Garona plant systems.

Some examples, of different types to better illustrate the review

work made, follow:

a') The Load Shedding System fault tree analysis does not consider the diesel

generator overload condition created when, in case of a LOCA with loss of

offsite power, some load trip coils fail to energize.

This was clarified later by the utility, mentioning that

such eventuality is a possible cause of DG failure on demand, taken

into account in the value of starting-on-demand failure probability

that has been used in the analysis.

b') The loop selection logic in the LPCI system (this logic identifies

the unbroken recirculation loop -or loops- in case of a LOCA, to

direct the flow to it), although in my opinion valid from the nuclear

safety standpoint, is rather complex, what it is not usually the prac

tice for circuits implementig safety related functions.
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c') In the d.c. system fault tree analysis, the data sheets, for human

error unavailability due to testing, had initially considered a high

detection time (a quarter of year) for the breakers that connect, in

each train, the d.c. battery with the respective busbar.

A new version of the involved documents already shows that

the adequate positioning of these breakers is daily reviewed, then -

cutting the mentioned detection time down to one day with the subse-

quent availability improvement.

d') Related to the Fire Protection System (this is one of the support sys-

tems that supplies water to the I.C.S. heat exchanger), its most impor

tant safety role is played in a total black-out scenario (i.e., hypo--

thetical coincidence of loss of offsite power and loss of all a.c. on-

site sources), in which a diesel pump is automatically started; in such

scenario, it is not possible to count on the flow pumped through the

NSW system, due to the lack of motive power for its pumps.

e') In some cases, initial revisions of some fault trees had considered

that energization of safety actuators could be made through sealing

circuits (these circuits are normally in parallel with the master

relays used to energize the actuator coils on demand). It is my thought

that this should be corrected, because the latching is subsequent to

the previous success to close the relay that energizes the actuator

coil. Subsequently, NUCLENOR .ammended some fault tree diagrams accor

dingly.

f') Initially, the PRA documentation had not shown the fact that, during

a stuck-open relief valve transient event, as steam goes directly to

the suppression pool, the reactor does not trip on high drywell pre-

ssure, then being necessary a manual reactor trip by the operator.

The revision 1 of the NUCLENOR document dealing with acci

dent sequence delineation clearly shows the manual trip ET heading.

g') The d.c. system design presents two d.c. trains that have the possibi

lity of being tied together through an tad hoc" bus-tie. It is my -

thought that such type of breakers can be a source of hypothetical

single failures involving both d.c. buses, i.e., all the d.c. system.

I suggested to remove such breaker from the system design-..
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As such bus tying can be useful in some circumstances

NUCLENOR has considered the possibility of installing a second tie

breaker, in series with the already existing, to improve the elec-

trical segregation between the buses.

h')

6. COMMENTS ON RESULTS AND USES OF THE STUDY.

I) NUCLENOR, in a document dealing with the accident sequence quantifica-

tion, has established a ranking of the sequences most contributing to

core melt probability. A detailed presentation of such ranking, and

of the sequence probability values finally obtained, will not be addre

ssed here, because such results have been reached by people from NUCLE

NOR after a hard work., and, in my opinion, it does not correspond to

a member of on advisory group to present them.

It can be said, however, that, according to the predictions

based in expert judgement, the sequences initiated by the loss of a d.c.

bus, and those initiated by ATWS events, appear in the first places of

the ranking.

Related to the sequences arising from the loss of a d.c. bus,

NUCLENOR has already engineered design changes aimed to avoid the reac-

tor trip in the case of such initiators. This will permit to expunge -

such sequences from the list of main contributors, with an important re

duction in the final core melt figure. To have gained the conviction of

the convenience of fighting in this way the loss of d.c. bus initiators is,

probably, the most important insight obtained from the PRA study.

In relation with ATWS accidentsthey; are intended to be addressed

in future activities developed by NUCLENOR as follow-on studies subsequent to

the PRA analysis.

Also in the "winners circle" it appears a sequence initiated with

a stuck-open relief valve, in which the operator it is supposed to fail to trip

the reactor timely (then, the LPCI/CC mode system is postulated to fail on

high suppression pool temperature), with an additional independent critical fai

lure in the alternate decay heat removal system - the RSCS, see section on summa

ry description of the plant -. The relative high probability obtained for this

sequence is probably influenced by the conservative value of SP temperature for

LPCI/CC system failure, that limits the time available for operator decision. -

211



Anyhow, it is expected that applicable procedures, supported by an easy percep-

tion of the plant condition, will allow the operator to identify promptly such

initiators, in order to proceed with a timely manual shutdown, avoiding a situa

tion of dependency on the success of the RSCS.

As already mentioned, the grid has a good stability and also good

recovery factors, and, as it could have been expected, quantitative contribu-

tion of loss of offsite power (LOOP) initiators is not too much significant.

II) In connection with the uses of the study, tha PRA analysis has proved to be

very useful, mainly to identify intersystem electrical dependencies, respon-

sible of many dominant cut sets in the dominant sequences.For instance, sequen

ces including failure of both the IC system and the HPCI system will have a

considerably lower probability after the elimination of some shared electrical

dependencies.

Also, the study has proved to be very useful to identify critical

operator actions.

NUCLENOR has developed an important effort, aimed to improve the

safety of the plant, to incorporate those modifications in design aspects and

testing & operation procedures whose implementation has been advised by the

PRA study.

In the area of emergency procedures improvement, it is my opi-

nion that, in general, the use a PRA analysis can be limited by conserva-

tive assumptions taken in the early stage of the study: some headings in

the event trees could have been omitted, because of the systems whose ope-

ration has not been taken into account; and some fault tree top events can

be unrealistic due to conservatisms in the systems success criteria.All this

can result in a sort of loss of perception of the real plant response.

7. CONCLUSION.

It is here concluded that the Spanish utility has developed a per

fectly valid analysis, aimed to the intended objective. The study has proved

to be very useful to suggest modifications aimed to improve selected features

of the design and operation of the plant, on the basis of an interpretation of

quantitative results of the study.

It is expected that the work of the author of this report had been

helpful for the improvement of some aspects of the Garofa PRA analysis.
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