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ORGANISATION FOR ECONOM IC CO-OPERATION AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into force on 
30th September 1961, the Organisation for Economic Co-operation and Development (OECD) shall promote policies 
designed:

-  to achieve the highest sustainable economic growth and employment and a rising standard of living in 
Member countries, while maintaining financial stability, and thus to contribute to the development of the 
world economy;

-  to contribute to sound economic expansion in Member as well as non-member countries in the process of 
economic development; and

-  to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in accordance with 
international obligations.

The original Member countries o f the OECD are Austria, Belgium, Canada, Denmark, France, Germany, Greece, 
Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, Turkey, the United 
Kingdom and the United States. The following countries became Members subsequently through accession at the dates 
indicated hereafter; Japan (28th April 1964), Finland (28th January 1969), Australia (7th June 1971), New Zealand (29th 
May 1973), Mexico (18th May 1994), the Czech Republic (21st December 1995), Hungary (7th May 1996), Poland (22nd 
November 1996) and the Republic of Korea (12th December 1996). The Commission of the European Communities takes 
part in the work of the OECD (Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD N uclear Energy Agency (NEA) w as established on 1st February 1958 under the name o f  OEEC 
European N uclear E nergy Agency. It received its p resen t designation on 20th A pril 1972, when Japan becam e its firs t 
non-European fu ll M ember. NEA mem bership today consist o f  a ll OECD M em ber countries, except N ew Zealand and  
Poland. The Comm ission o f  the European Communities takes part in the work o f  the Agency.

The prim ary objective o f  the NEA is to  prom ote co-operation am ong the governm ents o f  its participating  
countries in furthering the developm ent o f  nuclear p o w er as a safe, environm entally acceptable and economic energy 
source.

This is ach ieved  by:

-  encouraging harmonization o f  national regulatory po lic ies and practices, with particu lar reference to the 
safety o f  nuclear installations, protection  o f  man against ionising radiation and preservation  o f the 
environment, radioactive waste management, and nuclear third p a rty  liability an d  insurance;

-  assessing the contribution o f  nuclear pow er to the overall energy supply by keeping under review the 
technical and economic aspects o f  nuclear pow er growth and forecasting dem and and supply fo r  the 
different phases o f  the nuclear fu e l cycle;

-  developing exchanges o f  scientific and technical information particu larly  through participation  in common 
services;

-  setting up international research and developm ent program m es an d  jo in t undertakings.

In these an d  rela ted  tasks, the NEA works in close collaboration with the International Atom ic Energy Agency in 
Vienna, with which it has concluded a Co-operation Agreement, a s  w ell as w ith other international organisations in the 
nuclear field .

©OECD 1999
Permission to reproduce a portion of this work for non-commercial purposes or classroom use should be obtained through 
the Centre français d’exploitation du droit de copie (CCF), 20, rue des Grands-Augustins, 75006 Paris, France, Tel. (33-1) 
44 07 47 70, Fax (33-1) 46 34 67 19, for every country except the United States. In the United States permission should be 
obtained through the Copyright Clearance Center, Customer Service, (508)750-8400, 222 Rosewood Drive, Danvers, MA 
01923, USA, or CCC Online: http://www.copyright.com/. All other applications for permission to reproduce or translate all 
or part of this book should be made to OECD Publications, 2, rue André-Pascal, 75775 Paris Cedex 16, France.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

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

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

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

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

The opinions expressed and the arguments employed in this document are the responsibility of 
the authors and do not necessarily represent those of the OECD.

Requests for additional copies of this report should be addressed to:

Nuclear Safety Division
OECD Nuclear Energy Agency
Le Seine St-Germain
12 blvd. des Iles
92130 Issy-les-Moulineaux
France
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ABSTRACT

The W orkshop’s main objective was to facilitate an international forum for exchanging experience on 
Reliability Data Collection in the different countries and reflecting the insights, results and discussions of 
specific issues of data collection, a very positive result of this meeting can be concluded. General 
observations, specific items and issues of further development of data collection are summarised as 
follows and are structured according to the items which are treated in the above mentioned state-of-the-art 
report:
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FOREWORD

In October 1985 OECD-Principal Working Group (PWG 5) - Risk Assessment has initiated the Task 
Force 7 “Use of PSA in Nuclear Power Plant Management” to explore and report on the principles, 
characteristics, requirements and status of PSA oriented safety management.

This overall process is known as Living PSA.

Since 1986 OECD-PWG 5 has arranged a series of international workshops on Living PSA application to 
support this development, to facilitate.exchange of international experience and to summarise the state-of- 
the-art of Living PSA methodology. These activities were accompanied by following Task Groups of 
OECD-PWG 5 and the work results were published in state-of-the-art reports:

-  Task 4 : The Role of Quantitative PSA Results in NPP Safety Decision Making, 19921311

-  Task 7 : Probabilistic Safety Assessment in NPP Management, 1989 /46/

-  Task 10 : Living Probabilistic Safety Assessment for NPP Management, 1991 /44/

-  Task 11 : PSA Application to Technical Specifications, 1992I A ll

-  Task 12 : Reliability Data Collection and Analysis to Support PSA, 1994 /38/

-  Task 14 : Risk Based Management of Safety Systems Availability - Risk-Based 
Configuration Control, 1994/49/

According to the increasing development of Living PSA in the international field and its capacity to
support plant safety management in a broad sense, OECD PWG 5 has continued its work in setting up the 
Task Group 96-1 “State of Living PSA and Further Development1* to clarify specific aspects of Living 
PSA”. This workshop formed a major contribution to the work of this task group.

PWG5 and the Task Group offers their thanks and appreciation to Mr. Hans-Peter Balfanz, who provided 
valuable time and considerable knowledge towards the production of this report and to PWG5 for many 
years on this topic. Additional recognition is given to Dr. Elod Hollo and the staff at VEIKI Institute for 
Electric Power Research for their excellent planning and arrangements for the workshop. The Task Group 
Members contributing to the proceedings are:

Hans-Peter Balfanz - Germany, Task Group Leader and Editor

Mr. Reino Virolainen Finland
Dr. Jeanne-Marie Lanore France 
Mr. Elod Hollo Hungary
Mr. Mamoru Fukuda Japan
Dr. Tea Woon Kim Korea

Mr. Magiel F. Versteeg 
Dr. Charles H Shepherd 
Mr. Joseph A. Murphy 
Ms. A. Cobo Gomez

Netherlands 
United Kingdom 
United States 
International Atomic 
Energy Agency
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1. INTRODUCTION

1.1 Background

In October 1985 CSNI Principal Working Group (PWG 5) - Risk Assessment initiated the Task Force 7 on 
the use of PSA in Nuclear Power Plant Management to explore and report on the principles, 
characteristics, requirements and status of PSA oriented safety management.

During this study, it became apparent that the utilisation of PSA techniques in nuclear plant safety 
management requires the development of supporting programmes to ensure that PSA models are being 
updated to reflect plant changes, and to direct their use towards the evaluation and determination of plant 
changes. These requirements also influence the software and hardware characteristics necessary to support 
the programme. This overall process is known as Living PSA (LPSA).

In this context PWG 5 has arranged international workshops on Living PSA application to support this 
development, to facilitate exchange o f international experience and to summarise the state-of-the-art of L- 
PSA methodology.

The following series of CSNI PWG5 Workshops characterises the development and exchanges that have 
taken place:

1986 Workshop on Probabilistic Safety Assessment as an Aid to Nuclear Power Plant
Management, Brighton, Hosted by the UKAEA

1987 Specialist Meeting on Improving Technical Specifications for NPPs, Madrid , Hosted- 
•by the Consejo de Seguridad Nuclear Spain

1988 Workshop on Program-Systems and Computer-Codes for Living-PSA-Application, 
Hamburg, hosted by TÜV Norddeutschland

1990 2nd TÜV Workshop on Living PSA Application, Hamburg, hosted by TÜV
Norddeutschland

1990 Workshop on Applications and Limitations of PSA, Santa Fe

1992 3rd TÜV Workshop on Living PSA Application, Hamburg, hosted by TÜV
Norddeutschland

1994 4th TÜV Workshop on Living PSA Application, Hamburg, hosted by TÜV-Nord

1995 International Workshop on Reliability Data Collection in Support of PSA,
Maintenance and Life Assurance Programmes, Toronto, Hosted by Ontario Hydro
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1998 . International Workshop on Reliability Data Collection for Living PSA, Budapest,
Hosted by VEIKI

These workshops were accompanied by the following Task Groups of PWG5 and the results of their work 
were published in state-of-the-art reports:

Task 4 : The Role of Quantitative PSA Results in NPP Safety Decision Making, 1992

Task 7 :  Probabilistic Safety Assessment in NPP Management, 1989

Task 10 : Living Probabilistic Safety Assessment for NPP Management, 1991

Task 1.1 : PSA Application to Technical Specifications, 1992

Task 12 : Reliability Data Collection and Analysis to Support PSA, 1994

Task 14 : Risk Based Management of Safety Systems Availability Risk-Based Configuration Control.

According to the increasing development of Living PSA in the international field and its capacity to
support plant safety management in a broad sense, CSNI PWG 5 continues its work by setting up the Task
Group 96-1 : State of Living PSA and Further Development.

The results of this Workshop on Reliability Data Collection will be summarised in the state-of-the-art
report of Living PSA of Task Group 96-1 which will be finalised at the end of this year.

1.2 Objective

The main purpose of the Workshop is to provide a forum for the exchange of information on the subject of 
reliability data collection and analysis to support Living Probabilistic Safety Assessments (LPSA) 
Participants will have the opportunity to meet their counterparts from other countries and organisations to 
discuss current and future issues regarding the topic.

Background

The NEA Committee on the Safety of Nuclear Installations believes that an essential factor in ensuring the 
safety of nuclear installations is the continuing exchange and analysis of technical information and data. 
To facilitate this exchange, the Committee has established Working Groups. Principal Working Group 
No. 5 - Risk Assessment (PWG5) was established to deal with the technology and methods for identifying 
contributors to risk and assessing their importance.

According to the increasing development of Living PSA and Reliability Data Collection in the 
international field to support safety management, PWG5 has set up a series of workshops to facilitate and 
stimulate the exchange of information.

As a result of these experiences it can be stated that an appropriate LPSA and Reliability Data Collection 
at the current state of the art needs accompanying model and tool development.

It is felt that in future, special discussions on single issues would be helpful for facilitating these 
applications rather than treat the whole spectrum on general issues meetings. Basic data on specific active 
components (e.g., independent failure data for pumps, valves, etc.) is one type of data to be covered.
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Conditions of reliability data collection of common cause failure, human factor data, failure data of 
passive components, electronic devices and software as well as data assessment (verification of failure 
models, identification of environmental impacts, component population gathering, data uncertainty 
treatment) need further discussion. Data collection for unavailabilities due to testing and maintenance is 
also an important aspect in LPSA applications (especially during shutdown conditions). Conditions for 
application of LPSA especially concerning the organisation of the decision making process will be 
discussed at the workshop as well. The workshop will address the following topics:

-  Basic data on specific active components

-  Conditions of reliability data collection of CCF, HF, passive components, ED and software.

-  Reliability data assessment, specific issues.

-  Results of data assessment of safety important components, initiating events, CCF, HF.

-  Data collection for unavailabilities due to testing and maintenance

-  Organisational aspects of Living PSA, routines and procedures on how to utilise the LPSA.

9



2. SUMMARY AND CONCLUSIONS

The Workshop Chairman H.-P. Balfanz drew the following conclusions of the presentations and 
discussions of Reliability Data Collection during the 2 and Vi days Workshop.

According to the aim of the Workshop, facilitating an international forum for exchanging the experience 
of Reliability Data Collection in the different countries and reflecting the insights, results and discussions 
of specific issues of data collection, a very positive result of this meeting can be concluded.

As stated at the beginning of the Workshop the gathered experiences of data collection will be reflected in 
the state-of-the-art report of Living PSA and Data Collection which is under work of the CSNI PWG 5 and 
will be published to the end of this year.

General observations, specific items and issues of further development of data collection are summarised 
as follows and are structured according to the items which are treated in the above mentioned state-of-the- 
art report:

2.1 Organisations Involved in Plant-Specific Data Collection

-  Plant site use of data bases (majorities of contributions),

-  Inspector and research organisations,

-  National DATA BASES, Institutes facilitating DATA BASES in support of related NPP 
which contributed to the national DATA BASES (see 2.6)

-  Spanish DATA BASES-DACNE,

-  Germany DATA BASES-ZADB,

-  France DATA BASES

2.2 Objectives of Reliability Data Collection

2.2.1 Spanish DATA BASES DACNE

-  Plant specific data to ensure realistic PSA results

-  Performance based maintenance regulation

-  Maintenance optimisation program

10



-  Data trend analysis (ageing)

-  Sharing information between different NPPs

-  Reducing uncertainties

-  Establish typical industrial parameters

2.2.2 France

-  reflect operating experiences

-  equipment ageing

-  changes of maintenance practices

2.2.3 Hungary

Main purpose to develop a Living PSA is to provide a risk evaluation tool for analysing the safety
effects of changes in physical, operational and organisational plant states.

2.3 Types of Events Collected for Data Evaluation

-  Initiating event frequencies

-  Component failure rates

-  Component unavailabilities due to maintenance

-  CCF, HF from plant experiences are little discussed

-  Passive components (some examples)

-  Fire events from Swedish and Finnish - NPP operation are estimated and encompasses about 
210 reactor years, taken into account the different characters and size occurred.

2.4 Scope of Data Evaluation

-  Reduction of scope of data collection in respect of the risk impact of the components (UK 
approach)

-  Scope of data collection of all safety related plant components as specified in the Technical 
Specification; it is broader than the scope of PSA related components (approach of a German 
inspection organisation).

1 1



2.5 Elements of Data Collection

-  Failure modes, critical, non-critical failures, failure causes, types of failure detection are 
generally mentioned to be treated in a DATA BASES

-  Precise component boundary definition consistent with PSA models (KOMPAS)

-  Break down of component into its parts (KOMPAS)

-  Grouping similar components, taking into account different environmental conditions (UK)

-  Detailed storage of technical data of component types (Swiss)

-  Root cause analysis to identify design, installation, O/M-Errors (Korea, Germany)

-  Systematic failure cause rooted in the history of the component before it started to get in 
service. "The higher the level of failure event the higher the percentage of conceptional 
failure cause" (Germany).

2.6 Tools and Computer Systems for Data Collection and Assessment

-  National Data Bases:

-  Spanish DATA BASES DACNE covering all Span. NPP, based on the requirement of 
Spanish Regulatory Body

-  German DATA BASES ZADB is a centralised DATA BASES operated by the utilities of 
NPPs

-  DATA BASES KOMPAS is used at plant site, interface to ZADB

-  Swedish and Finnish NPP perform a common DATA BASES, known by the reports named

-  T  - Book - Component data

-  1 - Book - Initiating Events

-  X - Book - External events (fire frequencies).
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2.7 Evaluation of Reliability Data from Operational Feedback

2.7.1 Quality Assurance:

Involvement of plant staff is necessary and it is required so that they can see the rational of DATA BASES 
to increase the adoption of their knowledge.

"The more limited the knowledge of defect, the greater the uncertainty associated with the choice" (UK).

2.7.2 Acceptance criteria o f reliability data:

"The benefit of a PSA is not the absolute number it gives, but the insights it provides into management 
safety" (UK).

Internal and external consistency checks of failure events and data evaluation (Swiss).

Use of reliability knowledge base for qualification of data assessment (Germany/GRS).

CCF-models are verified in a German Benchmark, indicating high differences of the results depending on 
the different models.

Treatment of generic PSA data for plants which have no or small operational experiences was discussed in 
respect of

-  How to reflect the different quality of generic data

-  Neglecting events which are estimated not to be applicable for the plant under consideration

-  What is the meaning of conservative approach; it depends on the type of use of PSA

-  Engineering investigation and insight of the selection process of generic data are highly 
important.

2.8 Management Aspects of Data Collection and Analysis

Spanish DATA BASES DACNE, enhancing an integrated use of plant specific reliability data and data 
flow between

-  NPP site ,

-  System manager of DACNE

-  Regulatory Body.

13



Effort of Data Base management

-  1 person / plant / year (UK)

-  2 man-years for updating of 10 years-plant experiences (German)

2.9 General Findings and Issues of Development

Long term trends to be observed from data evaluation

-  decrease of IE frequencies (France, Germany)

-  increase of component failure rates due to ageing.

Management and organisational factors (M/O)

-  factors have strong impact on events but are hidden

-  not modelled in the PSA and no models are available (Hungary)

-  Reliability data depend on persons who are in charge of the equipment, frequent change of 
personnel has a negative impact of the component reliability, new personnel need, e.g. 2 
years to understand specific component mechanisms (Korea).

Identification of Common Cause Initiators (CCI) are dependent events of an Initiating Event and a 
mitigation system due to a common cause failure; such dependencies were observed from plant experience 
but generally not modelled in a PSA.

Identification of component failures caused by human errors in maintenance passing several barriers of 
surveillance; such failure events were observed from plant experience but generally not modelled in a 
PSA.
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DATABASES OF THE SPANISH NUCLEAR POWER PLANT 
FOR SUPPORTING RISK ANALYSIS

José Faig
Central Nuclear Ascô 
Barcelona, Espana

José E. Diez Moreno 
UNESA
Madrid, Espana

UNESA. SPANISH ELECTRICAL COMPANIES.

ABSTRACT

Safe, reliable and economic operation of a nuclear power plant requires that system 
and component performance remains within the limits for which they have been 
designed. New projects and activities appear within the Nuclear Industry with the 
purpose of improving availability and safety of the plants. A characteristic common to 
all these projects is the need to easily retrieve and handle information in order to carry 
out different risk assessments. These evaluations are normally accomplished by 
applying more or less complex methodologies on the basis of plant specific data 
(availability and reliability) and comparing these data with industry data or generic 
data.

Since 1989, the Spanish Nuclear Industry has managed an information collection 
system (DACNE) that stores data for supporting safety analysis. The DACNE system 
includes two main data bases, an Operating Event Database and a Reliability 
Component Data Base. This technical paper describes database designs, operations 
and uses.

1. INTRODUCTION

Safe, reliable and economic operation of a nuclear power plant requires that system 
and component performance remains within the limits for which they have been
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designed. There is also a strong demand for optimization in plant operation and 
maintenance.

New projects and activities appear within the Nuclear Industry with the purpose of 
improving availability and safety of the plants.

A common characteristic to all these projects is the need to easily retrieve and handle 
information in order to carry out different analysis and assessments. These evaluations 
are normally accomplished by applying more or less complex methodologies on the 
basis of plant specific data (availability, reliability, risk, production, costs, ..) and 
comparing these with industry data or generic data.

Some of the projects currently under way in Spain are described below:

Probabilistic Safety Assessments (PSA). In order to ensure realistic results and 
allow decisions to be taken, these studies require plant specific data, such as 
maintenance records, equipment unavailability, significant events (transients) 
and information relating to tests and preventive maintenance. These data are 
used to perform reliability estimations. This is a significant task in terms of 
resources within a PSA.

Performance based maintenance regulation (Maintenance Rule). A large part 
of the resources required for implementation of this standard will be dedicated 
to collect information, fundamentally in relation to maintenance and operation 
records.

Maintenance optimization programs based on reliability analysis (Reliability 
Centered Maintenance, RCM) or based in risk aspects (Risk Focused 
Maintenance, RFM). These programs usually result in cost reduction measures. 
The methodology allows to prioritize maintenance task and establishes 
shortcomings or excesses in maintenance activities to be identified. As in the 
cases described above, these methodologies require maintenance records.

These three areas of work have been picked out because they are those which require



the largest volume of resources in processing data. Nevertheless, information needs 
can be extended to a large number of activities: operating experiences, report for 
national and international organizations, licensee reports, spare-part management, 
design changes, selection of manufacturers,...

In view of the above, it may be appreciated that a multi-purpose information collection 
system would be both useful and of great interest. It should be taken into account that 
the data collected may be used in different activities, as a result of which the most 
effective method would be to collect the information once only and then process it with 
different objectives, thus avoiding the need to collect data several times.

Likewise, whenever there is a need for information for a new project, it is more 
convenient to take advantage of information that has already been collected, ordered 
and validated than to start again.

These are the objectives of DACNE System, data banks of Spanish Nuclear Power 
Plants. The system provides a easy way to collect and process information.

In addition, sharing information between different nuclear power plants provides two 
advantages:

A larger volume of data is available, this reducing uncertainties and allowing 
decision to be taken.

Rational comparisons of results are possible, and it is possible to establish 
typical industry parameters or identify possible deviations which might otherwise 
go unnoticed.

The following sections describe the DACNE Information System in more detail and 
present possible applications in the areas of maintenance and Probabilistic Safety 
Assessments.



2. SPANISH NUCLEAR POWER PLANTS

The following nuclear power plants are currently in operation in Spain:

TABLE I
SPANISH NUCLEAR POWER PLANTS

NPP DESIGN POWER

José Cabrera Westinghouse PWR 160 MWe

Sta. Ma de Garona General Electric BWR 460 MWe

Almaraz I and II Westinghouse PWR 930 MWe

Cofrentes General Electric BWR 990 MWe

Ascô I and II Westinghouse PWR 930 Mwe

Trillo KWU PWR 1066 MWe

Vandellôs II Westinghouse PWR 1004 MWe

3. DACNE: DESCRIPTION AND CONTENT

In 1986 the Spanish Regulatory Body (CSN) required that two databases should be 
created. One to record operating events and the other to obtain equipment reliability 
parameters. The objective of this requirement was to supply data for carry out and 
updating of Probabilistic Safety Assessments (PSA's).

This requirement led to two Spanish NPP's databases came into operation by the 
beginning of 1989, with wider objectives than those involved in carrying out PSA's only. 
These databases were integrated in an information system known as DACNE.

Latter on and under a new regulation on maintenance “USR-NRC Maintenance Rule”, 
the information system was updated in order to include new necessities. A new 
database was created with the objective of implement the requirements of the



Maintenance Rule.

Nowadays, the DACNE system includes the following databases and applications:

3.1 Operating Events Database (BDiO)

This database contains reports on significant events that have occurred at the plants. 
Each report contains the following data:

A general classified and coded description of the event. Fields identifying the 
event are included. The type of transient (PSA initiator) is provided, along with 
the reporting criteria, unavailable systems due to testing or maintenance, initial 
and final plant conditions, and the causes and effects of the event.

A textual description of the event, structured into the following sections:

Summary
Background
Initial plant conditions
Chronological description of the most significant steps
Causes of the event
Effects of the event
Corrective actions
Conclusions

Records of anomalies. Each event record contains as much anomaly reports as 
necessary. Anomalies are significant adverse conditions which have caused the 
event or affected its evolution. These anomalies may be equipment failures or 
human interventions. Each anomaly contains information of system and 
component affected, the causes and corrective actions implemented, along with 
a description of the anomaly.
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As of 1st March 1998, the database contained 533 event reports.

3.2 Component Database

This database has been designed as a reliability database. It contains information on 
the main equipment of safety-related systems. The Figure I shows the information 
stored in the data base.

Data for component identification and characterization. The database contains 
fields such as system, safety class, operating environmental conditions and type 
of maintenance to which the component is subjected. A set of fields on operating 
and design characteristics has been defined for each family of components. 
Important efforts have been made to define the physical boundaries for each 
family of equipment contained in the database.

Failure reports. Reports are included on events considered as catastrophic and 
incipient failures, along with their repair and unavailability times. Also is included 
information on the detection mode, causes and failure mode, corrective and 
administrative actions, piece-part failed, key words and, finally, a general 
description of the event.

Unavailability reports. Since 1st January 1995, the database has includes 
equipment unavailability times resulting from maintenance interventions, testing 
and other causes.

Equipment operating reports. Component operating hours and cycles are 
included annually in order to estimate typical reliability parameters.

The information contained in the database as of 1st March 1998 is as
follows:
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TABLE II
COMPONENT DATA BANK -DATA VOLUME

N°
COMPONENTS

ACCUMULATED 
EXPERIENCE 

COMP, x YEAR

N° OF 
FAILURE 
REPORTS

N° OF 
UNAVAILABILITY 

REPORTS

3.3 Database for reliability data collection and Maintenance Rule implementation 
(BDATA)

Each NPP has a database for reliability data collection and Maintenance Rule 
implementation. The database is called BDATA. The objectives of the database are:

The data collection of all information related with PSA and Maintenance Rule. The 
information is selected from plant logs (maintenance and operation records), is 
analysed and entered in the data base. Periodically the information is discussed 
by the involved experts in the different areas (PSA, Operation and Maintenance).

BDATA provides the information to be entered in the Component. Automatically, 
the information under the scope of the component database are sent to the 
common database.

BDATA provides the management of Maintenance Rule implementation. This rule 
requires the evaluation of maintenance effectiveness.

The Figure II shows the design of the database. This database contains the 
following records:

Plant status modes.
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Performance criteria and objectives at plant level 
Plant events that affect to the performance criteria at plant level 
System data. Systems under the scope of the Maintenance Rule 
Reliability performance criteria and objectives at system level.
Component data
Events at system level: failures and unavailabilities records

Performance criteria and objectives are evaluated against the events occurred in 
order to obtain different kind of reports and graphs.

4. COMPUTER SYSTEM. OPERATING MODE

A versatile computer system has been provided to the users. The Figure III, IV 
and V show the Computer System and the Data Flows.

At each plant there is a Coordinator in charge of collecting the information.

The information collected by the plant is sent to a database management team, 
which verifies its quality and uniformity. Data comment reports are sent to the 
NPP.

The management team incorporates the information in the database master 
copies and updates the on site data bank user copies periodically.

The system is made up of the following computer developments:

Data collection programs

Each plant has a data collection application and exports data files to the 
Database Manager. This application verifies the data analysis and prevents 
information classification errors from occurring.
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Data loading programs

The Manager includes loading programs which perform a second verification and 
draw up reports on the data loaded for detailed analysis.

Query programs

A easily handle applications have been developed for retrieving databases and 
several kind of reports are available. Users can use their copies of the databases 
on site or can connect master databases as well.

5. AREAS OF APPLICATION

5.1 Probabilistic Safety Assessment (PSA)

All the Spanish Nuclear Power Plants have now carried out a PSA of greater or lesser 
scope. PSA’s are periodically updated using specific reliability and availability data of 
systems and components.

The following data are easily obtained from the DACNE system and are of interest for 
PSA's.

Initiating event frequencies, i.e, total loss of feedwater, turbine trips, loss of 
condenser vacuum,...

Failure probabilities (fail to open, fail to start, fail to run...) for the different types 
of components (valves fail to open, motor driven pump, turbines, inverters, circuit 
beaker....)

Unavailability times due to test and maintenance interventions
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All these data provide realistic assessments using the specific data in each plant. Risk 
contribution of systems and components can also be obtained, that improves the 
knowledge of the plant and allows allocate risk focused resources and decision making.

5.2 Effectiveness of maintenance activities in safety related systems

New safety related maintenance regulation is applicable to Spanish NPP's. This 
regulation is known as Maintenance Rule (USA-NRC regulation). Without going into 
great detail, in order to verify the effectiveness of plant maintenance, the Rule requires 
that performance criteria (goals) be established in relation to plant, systems or 
equipment and evaluate the goal with the real data.

Goals are established in terms of maximum unavailability of systems and in terms of 
maximum number of functional failures, fn addition, some performance criteria are 
defined in terms of unplanned unit unavailability or number of unit shutdown (trips).

A informatic tool has been developed in order to select the failures an unavailabilities 
of the different systems and the performance criteria are evaluated. The Figure VI 
shows an example.

6. CONCLUSIONS

New projects or activities often emerge requiring plant operating information similar to 
that existing in the DACNE system. The objectives of these projects are to improve the 
availability and safety of the installations or to optimize their operation.

Advantages of a information system as DACNE are:

The system includes, and will include even more so in the future, a large volume 
of information on the operation of Spanish Nuclear Power Plants. DACNE has
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been established as a far-reaching set of objectives allowing it to be used for 
different purposes. Three possible applications in the field of maintenance and 
PSA have been presented in this article.

An information system shared by all plants enriches the information system of any 
given plant.

The single, up-front gathering of information for a wide range of objectives avoids 
the need for the data to be collected and processed every time there is a specific 
necessity, saving on unnecessary efforts due to the duplication of work already 
performed.

The information contained in the system has been typified in a variety of ways. 
These characteristic allows selection and queries to be made by mean of 
computers system.

Finally, it should not be forgotten that this type of information source becomes enriched 
with time, since the volume of information contained therein becomes increasingly 
large. Although the current quantity of data already allows for a certain degree of use, 
this will be larger in the future, as a result of which the resources used will provide 
subsequent advantages leading to potentially significant savings.
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Unavailability time (schedule tests)

FIGURE I. COMPONENT DATA BANK STRUCTURE
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KOMPAS - A basic tool for reliability data collection

M. Offermanns

ABB Reaktor GmbH 
DudenstraBe 44 

68167 Mannheim, Germany

1. Introduction

The application of Probabilistic Safety Analyses (PSA) in decision processes 
and their credibility depends to a great extend on the quality of the applied 
input data, i.e. the failure rates and the unavailabilities on demand of the safety 
equipment of the plant. It is essential that these data represent well enough the 
characteristics of the plant components and the involved operational process 
and allow a reliable prediction of failure occurrences. Correspondingly, the 
German commission on Reactor Safety included in their recommendation to 
carry out probabilistic safety analyses for every German nuclear power plant 
also the recommendation to perform a plant specific collection of component 
reliability data [1].

In close corporation with plant operators, ABB Reaktor has developed the 
KOMPAS computer code, a universal tool for the collection and assessment of 
reliability data, including the necessary data bank functions for descriptive data 
and component characteristics as well as the computational routines for the 
statistical evaluation of failure occurrences. This paper will give a short 
introduction to the main functions of KOMPAS and the use of KOMPAS in 
Living PSA application.

2. Definitions for plant specific data acquisition

The statistical evaluation of plant specific failure data requires first of all a clear 
definition of the component samples for witch the evaluation shall be done. The 
principles of data collection, the rules for defining the statistical samples, the 
required descriptive data for the characterisation of the selected samples, as 
well as the applicable mathematical equations for the statistical evaluation of 
events, have been laid down as part of the German PSA guide [2].
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According to this guide, the task of reliability data acquisition shall be done at 
the component part level, e.g. for a valve assembly single failure rates are to 
be established for the valve, the gearbox, the electric motor, the remote- 
controll switch, and the valve control, see fig. 1. This is in accordance with the 
way that repair shops in nuclear power plants are organised and that event 
data are recorded. Alternatively, the data collection can also be organised at 
the component level.

Component parts are defined as single technical items such as motors, circuit 
breakers etc., which are interchangeable and perform a simple function. A 
component covers one ore more component parts. Basic event entries in fault 
trees represent component failures. Only a rather limited number of component 
failure modes influence system unavailability.

The various modes of part failures lead to different types of component failure 
modes ( see fig 1. ). For example the failure mode “fails to make contact of the 
remote-control switch may cause the failure mode “fails to closeu or “fails to 
open" of the valve.

component part component part failure mode
component 
failure mode

control unit j l l l l i l l l
----- signal fails passiv tails to close 

fails to open
L

i l i
l i l i l i l l l -----24 V DC

fails active inadvertent closing 
inadvertent onenino

remote-control
switch

— — — i----- 380 V AC

fails to make contact
fails to open 
fails to close

V d
V c b

□  EZ3-V

E it - y

220 V DC

AC-Motor
W Ê Ê m w M Ê È È m
M s È m Z Z M S

fails to start
falls to open 
fails to close

valve drive V
mechanical failure fails to ^lose/open

\ .
inadvertent contact 
of torque switch

fâitâ to clûÊè

...........:: fails to close fails to closevalve fails to open fails to open

figure 1 : part structure of a valve assembly

3. The KOMPAS computer code

3.1 General features of KOMPAS



KOMPAS is an open xbase-database system. Open means that none of the 
KOMPAS database tables is encoded. The data bank part is programmed 
under dBASE IV, the mathematical part under TurboPascal 5.5. KOMPAS 
works together with operating systems like DOS, Windows 3.11, Windows NT 
and Windows 95 and can be used as single user version on only one computer 
or as a multi-user version in a local network. If KOMPAS is used in a network, 
KOMPAS provides a lot of security functions, to avoid uncontrolled and 
unintentional database operations.

Every function of KOMPAS is described in detail in the user manual. To make 
code application easier, a KOMPAS key template is provided.

For different customers, the base code-version of KOMPAS was extended 
with special functions. For example, one version of KOMPAS allows not only 
the set-up of component samples for one plant, it allows the set-up of samples 
for up to 46 plants. Also, interfaces for additional statistic modules are 
available.

3.2 KOMPAS Interfaces

The external interfaces of KOMPAS are shown in fig. 2.

It is possible to collect all necessary data by manual input. Therefore 
comfortable selection tables and clearly structured input screens are provided. 
The KOMPAS standard import routine is able to read Data from DBF- or 
ASCII-Source-Files. A possible source for descriptive data and for failure and 
repair data are computerised plant information systems. At the moment, the 
user has to download the required data from plant information systems 
manually. A direct interface to plant information systems is currently being 
developed.
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manual
plant computer computerised plant information system 

other computer flies

Input operating hours 
demand frequency
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KOMPAS
1 ---------------1 - — ; ------------------ * ---------- — i ------------

PSA computer code 
(Risk Spectrum)

data sheets
free

exportZEDB - technical description 
• reltabily data

figure 2: KOMPAS- interfaces

The normal output of KOMPAS are standard datasheets. The code presents 
the calculated failure rates and component unavailabilities in clearly arranged 
datasheets together with component descriptive data. Also, graphical output of 
the calculated statistical distributions is provided.

One of the export interfaces of KOMPAS allows to transfer the calculated data 
to the PSA-code system RiskSpektrum [3]. With this module it is possible to 
export basic eventdata including all required parameters. The module works in 
three modes: Generation of new PSA-projects, generation of new basic events 
in existing projects and update of basic events and their parameters. The 
update of parameters is the normal operation mode. The module encloses a lot 
of security functions to avoid unintentional changes to the PSA project.

Another interface can be used to export descriptive and failure data for the 
German ZEDB. ZEDB is the abbreviation for the German centralised reliability 
database. Every German nuclear power plant has to send descriptive 
component data and failure occurrences to the ZEDB [5].

For individual KOMPAS users, KOMPAS was expanded with specific 
interfaces. One of these extensions allows the export of descriptive data back 
to the computerised plant information system.
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3.3 Internal processing of KOMPAS

The data procession schematic of KOMPAS is shown in fig. 3. First of all, 
KOMPAS uses separate database tables for descriptive data like valves, 
pumps, compressors, heat exchangers, ventilators, pipelines, remote-controll 
switches, measuring circuits, electronic parts and other component types. For 
every component type KOMPAS provides different input screens. The data 
acquisition is done on the component part level, for every part of a component, 
KOMPAS provides a separate input window. An example for the input window 
of a valve is given in fig. 4.

Standard types of circuit breakers or control units are marked in KOMPAS as 
standard material. KOMPAS allows to collect the design data of these standard 
types of control units or circuit breakers in special standard material tables. 
This avoids repeated input of identical data since the library of standard 
material can easily be referenced.

On the other hand, KOMPAS uses one table for the recording of part 
component events and failure data and three tables for the recording of the 
component observation time, the operation time and the number of demands. 
Every observed failure has to be described by several aspects like failure 
mode, mode of failure detection, date and time of failure detection, mean time 
to repair e tc ..
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figure 3: KOMPAS internal data processing
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figure 4: input of descriptive data for a valve
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Other KOMPAS tables are used as a library for global data like thesaurus 
tables for test intervals, manufactures, failure mode keys e tc ..

If once the database of descriptive data for the PSA-relevant components is 
established KOMPAS allows to select any group of component identifiers as a 
statistical sample or to define technical characteristics on which an automated 
sample selection will be based. KOMPAS allows the selection of individual 
component samples and of standard material samples as well.

For example, the four pumps of the low pressure safety system can be set-up 
as an individual component sample. This sample contains all part components 
of the pumps like circuit breaker, control unit, clutch and motor.

An example for a standard material sample would be a sample of all control 
units of one type. For standard material samples special code functions are 
provided in order to make a very efficient evaluation possible, regardless of the 
specific component group that the standard type parts belong to.

The calculation of the reliability data has to be done in two steps. At first, the 
calculation has to be done on the part component level. With the results of this 
calculation the computation of the component reliability can be done in the 
second step. In this step it is possible to use also the results of standard 
material samples as input. For example it is possible to calculate the data for a 
individual group of pumps introducing results of a standard material group for 
the control units and for the circuit breakers into the evaluation.

KOMPAS provides different kinds of paper output. Fig. 5 shows an example for 
a combined output of descriptive component data and calculated reliability 
data. For the graphical representation of the component structure, KOMPAS 
disposes of a large library of component sketches that are printed on the 
datasheets together with the component codes for functional interfaces ( see 
fig. 5 ).

3.4 Mathematical routines of KOMPAS

The mathematical routines of KOMPAS allow, at the one hand, the evaluation 
of the pure plant specific failure occurrences without applying any prior 
information. On the other hand, prior failure rate distributions may be used for 
the Bayesian inference from generic data. Possible distribution functions for 
the prior information are log normal, beta, gamma, normal, uniform, log-uniform 
and chi square. As computational results failure rates or unavailabilities are 
presented by their mean and median values as well as the 90 % confidence
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interval. The underlying distribution function is determined or approximated by 
a log normal distribution.

datasheet reliability data 06.03.98

name low pressure centrifugal pump

data bank key #TH#5D101 KPA

component-ID 1TH15D101KPA 2TH25D101KPA 2TH35D101KPA 1TH45D101KPA

description

manufaktor and type

component | border

operation mode

centrifugal pump, horizontal 

nominal with inlet : 300 mm 

nominal with outlet : 200 mm

Halberg H0250X2de

motor radiator j componente 
cooling

system TF 

pad | oil supply system RM

Standby

1HC03A45.103X001 

1HB08034.101X011

MKE

KPA

design and 
operating data

medium
total developed head [m]
pressure [bar]
:emperature [°C]
delivery [m3/h ]
rated head [m]

demineralized water

30.0 /
170,0/75,0 
1150,0/1150..1550
54.0

failure type BV/BV
parameter rate
expectation value 2,71 E-3
mean value 2.14E-3
5%-Fractile 3.18E-4
95%-Fractile 7.06E-5
distribution form Gamma
parameter 1,5

operation Time 554
number for failures 1

date 06.03.98

failure detection direct
time to failure det. -

mean time to rep. 12

)V\II

\
\ s

\ y

O.Og.OO 2.06-03 4.0E43 fl0E-03 »Q E 4J 1.0E-02 V2E-02 MÉ-02 1.0E-02 1.IE-02 2.0E-02

comment

figure 5 : Example for KOMPAS output datasheet
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KOMPAS allows the administration of generic data in a special table. Figure 6 
shows the calculated statistical distribution for a Diesel-generator, evaluated 
with a log normal priori information.

figure 6: KOMPAS Graphical Output

In this case, the left curve presents the a-prior distribution, the right curve 
presents the a-posteriori-distribition. Different points are marked in the a- 
posterior-distribution: 5% and 95% fractils, the median, modal and expectation 
value. For the graphical output KOMPAS uses a simple HGL-format.

4. KOMPAS in Living - PSA application

For Living PSA application, KOMPAS provides a lot of functions for efficient 
PSA updates.

A possible example for the use of KOMPAS is given in figure 7. In most of the 
German nuclear power plants, all repair and maintenance data are available in 
a computerised plant information system. Since every component of interest is 
marked as PSA-relevant, it is simple to download repair and maintenance data 
from the plant information system into a special classification table of 
KOMPAS. A special interface was programmed to support this step. The table 
is used for the final classification of the raw data and for the selection of the 
relevant data sets. A special data analyst has to do this work.
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figure 7: Workflow for update of reliability data

In this classification process, an important aspect is weather the maintenance 
action was really to repair a failure ( i.e. the loss of a safety related function ) or 
if it was only a preventive action to correct a degraded property. Most 
maintenance activities during the refuelling outage are of the preventive type 
only. The analyst has also to check the correct identification of the failure 
modes and to integrate information coming from elsewhere (especially the 
actual operation time and the number of demands ).

After the classification is done, KOMPAS takes over the new failure 
occurrences in the KOMPAS failure table. KOMPAS provides automatic 
evaluation routines for efficient updates of the resulting reliability data, 
considering the new failure occurrences.

In the final step, KOMPAS transfers the new component failure rates to the 
Risk-Spectrum PSA-code system.



5. Cost and benefit of KOMPAS

The experience shows, that the acquisition of plant specific reliability data is 
expensive, especially for older nuclear power plants without a computerised 
plant information system. This is also true for the statistical evaluation of past 
component failures which are only documented in paper files. In comparison 
with these costs the additional costs for buying KOMPAS and getting 
acquainted with are not really high. In contrast to this, KOMPAS has many 
advantages :

the registration, administration and evaluation of all necessary data can 
be done with only one program

the data are clearly structured

documentation of results is easy

flexible possibilities for evaluation of data are provided

the code provides extensive import and export functions

parallel work of several user in a network is possible

If once the tables of descriptive data for PSA relevant components are 
established, the use of KOMPAS provides, as shown in chapter 4, a great relief 
for Living PSA application. Only the new failure occurrences have to be 
registered and in one totally automated réévaluation step KOMPAS updates 
the data.

Twelve German nuclear power plants use the KOMPAS-System for calculation 
and administration of plant specific reliability data. Also, ABB Reaktor uses the 
code in data evaluation contracts for customers.
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Abstract

Within the British Energy (BE) group of companies, Nuclear Electric Ltd and Scottish Nuclear 
Limited own and operate eight Nuclear Power Stations of which seven are Advanced Gas Cooled 
Reactors (AGR) and one is a Pressurised Water Reactor (PWR). Three stations have PSAs 
produced as part of their initial licensing, the remainder are having PSAs produced to support their 
Periodic Safety Reviews. The failure rate and failure probability data used in these PSAs is largely 
based on generic sources, although some site specific data has been used, where practicable.

This paper highlights the issues associated with the collection of reliability data for PSA, describes 
BE’s experience to date and outlines the current developments within the company for the 
collection and analysis of failure rate data to underwrite the existing PSAs and to provide data for 
future PSAs. A pragmatic approach is described which takes account of the role of the PSA in the 
stations’ safety cases and focuses on components to which the PSA results are most sensitive. The 
approach fully integrates with the company’s approach to the collection of component defect 
information for maintenance activities.

1 Introduction

Within the British Energy (BE) group of companies, Nuclear Electric Ltd and Scottish Nuclear 
Limited own and operate eight Nuclear Power Stations of which seven are Advanced Gas Cooled 
Reactors (AGR) and one is a Pressurised Water Reactor (PWR). Three stations have PSAs 
produced as part of their initial licensing, the remainder are having PSAs produced to support their 
Periodic Safety Reviews. The failure rate and failure probability data used in these PSAs is largely 
based on generic sources, although some site specific data has been used, where practicable.

This paper discusses the issues associated with the collection of reliability data for PSA, describes 
BE’s experience to date and outlines the current developments being considered within the 
company. Section 2 describes the status of PSAs across the company. Section 3 describes the 
important elements of reliability data collection for PSA. Section 4 outlines the experience in 
collecting such data, noting that this primarily reflects experience within Nuclear Electric Ltd prior 
to the formation of BE, and Section 5 discusses the company’s business needs for data collection 
for PSA. Section 6 highlights particular issues that are important to developing a consistent and 
efficient approach. Finally Section 7 discusses the issues associated with reviewing the measured 
data against the data in the PSA.



2 Status of PSA in BE

The company’s earliest five AGRs have purely deterministic safety cases. However, Level 2 PSAs 
are being carried out as part of their first Periodic Safety Reviews (PSRs) in order to compare their 
risks against targets agreed with the regulator and to assist in demonstrating that the risks are as 
low as reasonably practicable (ALARP). These PSAs are now largely complete and the intention is 
to review them as part of the next PSR (10 year frequency). Consideration is currently being given 
to the costs and benefits of providing stronger links between these PSAs and the formal Station 
Safety Case. The stronger the link, the greater the need to establish a Living PSA. Currently no 
particular safety or commercial benefit in providing full Living PSAs for these stations, has been 
identified. Rather there is a need to formulate a pragmatic approach in which the risk implications 
of plant modifications and changes in the safety case can be assessed as they occur and, if 
necessary, additional PSA work carried out. In the interim, the PSR PSAs will be used to support 
safety case changes and development, but will only be subject to full review 10 yearly.

The company’s two latest AGRs were designed against both deterministic and probabilistic safety 
criteria, and therefore PSAs (Level 1) were carried out as part of their formal safety cases. These 
PSA have not been maintained as Living PSAs. Modifications have been carried out to the plant 
but these were judged not to significantly affect the overall risks from the plant so there was no 
need to update the PSA models. These stations are currently undergoing their first Periodic Safety 
Review in which the PSAs are being revised and upgraded to Level 2 consistent with the PSAs 
produced for the PSRs for the earlier AGRs. These Level 2 PSAs will be incorporated into the 
formal safety cases; no commitment has been made to maintain them as full Living PSAs’. As with 
the earlier AGRs, currently no particular safety or commercial benefit has been identified, but again, 
the degree to which changes impinge on risk will need to be considered in an appropriate way.

The company’s latest station Sizewell B, is a PWR, which was designed against both deterministic 
and probabilistic safety criteria. The licensing regime in which this station was designed and 
constructed differed from that of the AGRs which required a Level 3 PSA to be carried out as part 
of its formal safety case. Many of the data items in this PSA were derived directly from US peer 
group NPPs items performing a similar function. A commitment has been made to maintain a 
Living PSA to support its ongoing safety case.

3 The Elements of Reliability Data Collection for PSA

Most of the input reliability data for ‘base events’ in a PSA is in the form of either

a) the probability of failure i.e. per demand or

b) the failure rate, e.g. the probability of failure per 106 hrs

‘Base events’ are the particular failure modes, often at component level, which when acting in 
combination, lead to the sequences calculated in the PSA. The events modelled in the PSA are 
therefore assumed to be either induced by time-related mechanisms, or brought about by the action 
of demands. Failure rate is usually used for components which are normally running, but most of
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the events modelled in a PSA are standby components. For standby components, failure probability 
is used direct, or if the component failure modes are considered to be time related, failure rate is 
used. This is then converted to a failure probability within the PSA by inputting the functional test 
interval appropriate to that component. In practice, there are events in which the failures might be 
induced by a number of physical mechanisms, some of which are time dependent and some of 
which are demand dependent. It is unusual for detailed knowledge of these mechanisms and their 
relative contributions to be available, so a choice is made that a component failure mode is either 
time or demand dependent. The appropriate choice relies on engineering judgement based on 
knowledge of the failure modes and what causes them. The more limited the knowledge of defects, 
the greater the uncertainty associated with the choice.

An event failure probability is derived from measured data as

Number of failures
Failure probability = --------------------------

Number of demands

An event failure rate is derived from measured data as

Number of failures
Failure rate = --------------------------

Operating time

The process for collecting reliability data for PSA involves the following steps:-

■ Define the component failure modes for which data is needed
■ For each one, decide whether failure rate or failure probability is appropriate
■ Identify the sources of data for number of failures, number of demands and the operating 

times
■ Retrieve the information from the sources
■ Calculate th e ‘reliability’for each event

4 Experience in data collection for PSA in BE

BE experience of reliability data collection for PSA has been mixed:

Reliability data collection for the company’s most modem AGRs has been relatively successful. 
Failure data, demand data and time bases have been derived from various sources on station and 
data monitored regularly. However the process is relatively costly and improvements in efficiency 
and quality are desirable.

Work was put in place to collect data for the earlier AGRs prior to the production of their PSAs. 
The data had to be extracted from information already collected by the defect reporting scheme, 
reactor trip reports and other various logs. Teams of reliability engineers were sent into each station 
with a broad remit to "collect reliability data" on a large list of defined safety and safety-related 
systems. Difficulties associated with this were:

Defects not having been recorded
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• Defect data not recorded in sufficient detail to identify whether there had been a failure and 
what the failure mode was
Inconsistent approach to the level of detail at which failure data was collected i.e. 
component level or system level

• Inconsistent approach to choice of failure rate or failure probability
• The resource required trying to retrieve information from logs and interviewing personnel

leads to loss of focus if spread over a large range of systems.

The result was that in many cases, the data derived were incompatible with the way the plant was 
being modelled in the PSA. Either because the data had been collected at a different component 
level than the plant had been modelled in the PSA, or because the data did not specifically relate to 
the failure modes required in the PSA.

In parallel, the company had been trying to introduce a detailed systematic data collection scheme, 
which if successful would have assisted with the collection and retrieval of much of the failure data. 
The approach involved engineers needing to 'code' all defects in six different categories:

• component item - high level
• - low level
• failure mode
• safety significance
• reliability significance
• corrective action

This method was not successful. Again, there are problems if the failure modes of interest are not 
pre-defined for each system Most importantly, the engineers found the coding too complex, and in 
particular, they found that ambiguities and overlaps in the codes meant that, too frequently, any one 
defect could be coded in a number of ways. This meant this system lost credibility and the coding 
became unreliable. This system has now formally been abandoned.

A more pragmatic approach to the collection of defect data is now being introduced within British 
Energy. It involves engineers recording details of any defects found during preventative and 
corrective maintenance. Engineers are required to enter text based details onto Job Cards 
covering:-

identify the item or equipment level within the plant at which the failure was 
apparent, and the local effect on that item of plant 
identify the cause that lead to the Reason for Work and why this happened 
identify the primaiy action taken to restore the function/component to 
operation and to what this was applied
where known, identify the effect of the event at the highest level of plant

Engineers also identify whether the defects found were 'significant'. These details then go into the 
computer based maintenance management system (MMS), which makes the filtering of information 
simpler when defect data is reviewed.

Reason for work -

Cause
Action

Overall Effect
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5 Business Needs for Reliability Data Collection for PSA in BE

For the PWR station with a Living PSA, there is a requirement for regular monitoring of the 
reliability data to ensure the plant continues to perform safely, with reliabilities consistent with the 
PSA. This station only recently went to power and the approach to data collection is still being 
formulated. The regular production of reliability data means there is a business need to have an 
efficient process in place to collect, retrieve and analyse the relevant operational data.

For the early AGR stations with essentially deterministic cases, PSAs have been carried out as part 
of Periodic Safety Reviews as aids to judgement in supporting the deterministic safety case. For 
these there is a business need to collect data for the next PSR, PSRs being carried out every 10 
years. The current PSAs are largely based on generic data, and in the interests of improving the 
accuracy of teh plant models, it is desirable to collect more site specific data. Since this data will not 
need to be produced as a routine, there is less incentive to invest in setting up an efficient process. 
However experience has shown that unless data capture is routinely reviewed, quality can suffer. 
Consideration is therefore being given to the level of routine reliability data collection which is 
appropriate and practicable for these purposes.

For the latest AGRs the current arrangements for data collection for PSA will be reviewed after 
their current PSRs, to identify if there are any practicable and worthwhile improvements which can 
be made.

In the next section, the issues which need to be considered in developing these arrangements are 
discussed.

6 Discussion of Issues for Component Reliability Data Collection for PSA

6.1 Defining failure modes of interest

Experience has shown that it is difficult to collect and analyse reliability data for use in PSA before 
the PSA has been produced. It helps greatly for the PSA to be available, so that a clear definition is 
available of which components have the most significant safety roles, and in particular what are 
their failure modes. For example, defining which valves have a safety role and whether failure to 
open, failure to close or spurious operation are the failure modes which affect safety, as opposed to 
failure modes which only affect generation.

6.2 Focusing on the important events

In modem PSAs there are literally thousands of components and tens of systems modelled. 
Experience within BE has shown that it is not practicable to collect and analyse data on all 
components and systems modelled. However the PSA results can be used to rank the importance 
of the events, and this can be used to define the most important group of such events for which 
data will be collected. For example, the PSAs for the early AGRs are being carried out using the 
RiskSpectrum fault and event tree analysis code. One of the sensitivity analyses calculated by 
RiskSpectrum is as follows:
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• for each reliability parameter RiskSpectrum calculates the top event value obtained by 
increasing the parameter by a factor of ten (U) and the top event value obtained from 
decreasing the parameter by a factor of ten (L).

• The sensitivity value calculated for each parameter is then the first top event value divided 
by the second i.e. (U/L). RiskSpectrum can be used to produce a sorted list of parameter 
sensitivities for any top event which thus identifies the significant parameters.

This factor reflects the sensitivity of the risk to uncertainties in the data for individual events. 
Events with a very low sensitivity are not worth monitoring, because if the component reliability 
differs significantly from the value in the PSA, there will be very little impact on risk. On the 
other hand, it is important to collect data on components and systems with a high sensitivity. 
Identifying the high sensitivity items for monitoring is important because it focuses resources, 
ensuring that data of the appropriate quality is derived. This raises the question of how is the 
dividing line between what is high and low sensitivity is defined? Current indications are that 10% 
might be an appropriate value, i.e. that if a data item has a sensitivity of 1.10 or more, then that 
component/failure mode is significant enough to monitor.

This sensitivity parameter appears a good choice for these PSAs but may not be optimum in other 
cases. For instance, these AGR PSAs are 'all plant available' models. The reliability data does not 
include any allowance for component unavailability for maintenance and testing. The effect of 
such unavailabilities on risk is considered separately using the PSA. Where unavailability is 
accounted for in the reliability data, a different sensitivity parameter may also need to be 
considered.

6.3 Grouping of Similar Items

Often in generic data, similar items are grouped together in order to produce reliability data which 
is representative of a population of such components. Such components may appear in a number 
of systems with differing importances in the PSA. The issue here is, do such components actually 
form a single population within the power station, or are they in different populations? The 
populations may be different because, for example, the components are located in different 
systems, with differing environmental conditions, differing maintenance and testing regimes and 
detailed component design differences.

This is an issue which needs careful consideration when collecting and analysing station-specific 
data, and there are difficult judgements to make which might for instance need to balance the 
differing needs arising from too small a population, to grouping components which may not easily 
be considered as a single population.

6.4 Defining the sources of data

In Section 3, one of the steps in the process is identifying the sources of data for obtaining 
numbers of failures, numbers of demands and the operating times. If the reliability data collection 
process is to be efficient, it is important to define how such data is captured so that retrieval from 
such sources is quick and efficient.
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6.4.1 Numbers of Failures

In Section 4 a revised approach to the collection of defect data is outlined. By training the 
Systems Engineers to be aware of the component failure modes selected by the relevant 
prioritisation process outlined in Section 6.2, if any such component failure modes occur 
in practice, they should be recognised as ‘significant’ in the data collection process. The 
significance marker should optimise the efficiency of carrying out searches of the MMS to 
identify numbers of the important failure modes that have occurred.

There are a significant number of demands on safety systems which occur as a result of 
activities not controlled by the MMS. In particular, when the reactor trips, a number of 
safety systems are operated, and in the case of minor failures (e.g. relays failing to reset), 
these are often rectified without raising a job card. Clearly it is important that such failures 
are identified and recorded. Separate procedures therefore need to be developed to capture 
this data in a way which makes it easy to retrieve.

6.4.2 Numbers of Demands

Routine testing of standby components is controlled by the MMS, so for components with 
demand dependent failure modes, the number of demands can be identified from the 
MMS. Where such components are also exercised operationally, e.g following a reactor 
trip, separate trip logs may also need to be set up.

6.4.3 Operating Time

Where failure rate data is required, there is another level of detail required, again 
depending on the failure mechanisms.

i) Is the failure dependant on calendar time, i.e. is the failure equally likely, 
irrespective of which state the component is in, e.g. whether a circuit breaker is 
open or closed? In these cases, the likelihood of failure is primarily dependent on 
calendar time and the environment in which it is located.

ii) The other choice is operating time. This applies to components like pumps and 
motors. In these cases, if the components are normally operational when the 
reactor is at power, reactor operating time can be used. In cases of standby pumps 
and motors, the use of reactor operating time may lead to misleading results. In 
cases where precision is needed, it may be necessary to log the running hours of 
individual components. Experience has shown that it is difficult to get high quality 
data in these cases if reliance is placed on plant operators completing log sheets. 
The installation of running hours meters on specific pumps and motors may 
therefore be worthwhile.
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7 Reviewing reliability data

A key aspect of reliability data collection for PSA is the review of the acceptability of the 
measured data compared to the data in the PSA. The issues associated with this include frequency, 
acceptance criteria and corrective actions.

7.1 Frequency

A number of factors influence decisions on the frequency of reviews. Clearly if an update 
frequency is declared for a particular full Living PSA, then this sets the frequency of the reliability 
data review. In the case of PSAs carried out ten yearly as part of a PSR, it could be argued that the 
measured data should be reviewed between PSRs, if only to ensure that the data capture process is 
providing high quality data. The actual choice of frequency should be a judgment which takes 
account of the importance of the PSA to the safety case, the sensitivity of the risk to the 
reliability of individual components, and the practicability and costs of collecting data.

One pragmatic approach that could be explored is to routinely monitor the defect rate on the 
components prioritised by this process. Increases in trends on defect rate may be an early indicator 
that underlying reliability is suffering, triggering the need for a reliability data review on the 
relevant component type.

Another important issue is the time span over which the data is grouped. If too long a time span is 
selected, recent trends in the reliability data may be masked. On the other hand, if data is grouped 
over too short a time span, the populations of failures and demands may be too small to result in 
meaningful statistics.

7.2 Acceptance criteria

There is a danger that if component reliability data is collected which is in excess of values in the 
PSA, that licensees will be put under immediate pressure to justify why plant can continue to 
operate when it is "outside the safety analysis". This is a position that should be resisted. That is 
not to say that component reliability should not be monitored and corrective action taken when 
there are indications that significant degradation in reliability is occurring. This should be done in 
a considered way, using good engineering assessment and practices, using the collected reliability 
data and the PSA as an aid to judgement in assessing the adequacy of the safety claims.

Any move to interpreting PSA reliability data as an absolute safety criterion that must not be 
exceeded should be strongly resisted. Measured reliability data is a statistic and it is widely 
accepted that the use of pure statistics can be misleading. Similarly the use of probabilistic 
techniques on their own is not recommended: the benefit of a PSA is not the absolute number it 
gives, but the insights it provides into managing safety. These are important principles that must 
be borne in mind when reviewing reliability data for PSAs.

Therefore, as long as a pragmatic approach is taken, it is entirely appropriate to establish target 
values for component reliability, and action levels associated with them. These action levels 
effectively define what is a ‘significant degradation in reliability’, and trigger the need for 
appropriate corrective action. Action levels may vary depending on the sensitivity parameter for a 
component. For example, use of the sensitivity parameter described in section 6.1 may indicate 
that for components with sensitivity values of less than around 3 or 4, a factor ten degradation is 
an appropriate action level for reliability.
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7.3 Corrective Actions

Where measured reliability data indicates a significant degradation for a component, compared to 
the value in the PSA, then corrective actions need to be considered.

Analysis of the underlying cause of the poor reliability may indicate a clear root cause which can 
be engineered out by modifying plant or procedures. In these cases, care must be taken in future 
data collection to establish whether the data population before the modification can be excluded 
from the data collection. This point also applies when individual failures have been analysed and 
clear actions taken to prevent reccurrence of similar events. (Although it is sometimes a matter of 
debate whether such a failure can be excluded because it may not be certain that the actions taken 
will prevent reccurrence.)

It is often the situation that the underlying reasons for a degradation in reliability are not clear, so 
that the corrective actions cannot be defined. It may also be the case that a corrective action is 
clear, but may carry a significant cost or operational penalty with it. In these cases, it may be 
helpful to revisit the PSA using the degraded data, and identify whether appropriate safety 
analysis can justify continued long term operation with the current level of component reliability.

8 Conclusions

The use of PSA techniques in supporting safety cases on BE plant is becoming increasingly more 
mature. Experience has shown that the collection of component reliability data for use in PSAs, or 
for comparison with the values in the PSA, can be very costly and the production of high quality 
data difficult to achieve.

BE is developing its approach to the collection of component reliability data for PSA. Many 
issues need to be considered in defining the detail of the approach and further development is 
required. These issues include:

The role of the PSA in relation to the safety case at each station.
Focusing data collection efforts on the components indicated by the PSA as being most 
important

• Setting up a data capture process which is practicable, efficient and tuned to the needs of
the PSA
Adopting a pragmatic approach to the review of the measured data against the data in the 
PSA.

9 Acknowledgements

The authors would like to acknowledge the contribution made by colleagues in NEL and SNL in 
the preparation of this paper and to BE for their permission to publish.

53





Session 2

Reliability Data Collection for PSA

Ms. Sophie BARDOU, Institut de Protection 
et de Sûreté Nucléaire (IPSN), PSA Data 
Updating in France (co-author: L  Magne, 
EdF)

• Dr. Sândor CZAKÔ, VEIKI and Dr. Zoltân 
VIDA, Paks NPP, Current Practice o f LPSA in 
Hungary

• Dr. Gerhard SCHOEN, Swiss Federal 
Nuclear Inspectorate (HSK), A Databank for 
PSA - Data

•  Mr. Volker SCHULZE, Gesellschaft für 
Anlagenund Reaktorsicherheit (GRS), 
Reliability Data Assessment for PSA (co
authors: H. Ho/tschmidt and C. Versetegen)

•> Dr. Tae-Woon KIM, Korea Atomic Energy 
Research Institute (KAERI), Some Aspects of 
Korean Specific Data Base Development

55



INTERNATIONAL WORKSHOP ON RELIABILITY DATA COLLECTION 

FOR LIVING PROBABILISTIC SAFETY ASSESSMENT

Budapest, 21-23 April 1998.

PSA DATA UPDATING IN FRANCE

S. BARDOU Institute for Nuclear Safety and Protection (IPSN)

L. MAG NE Electricité de France (EDF)

ABSTRACT

In 1990, the French Institute for Nuclear Safety and Protection (IPSN), carried out a Level 
1 PSA for the 900 MWe series PWRs. At the same time, the French licensee, Electricité De France 
(EDF), carried out an equivalent study for 1300 MWe series reactors. Thanks to the standardisation 
of the French nuclear power plants (56 PWR units in three series) which are run by a single 
licensee, it is possible to obtain statistical data which are representative of all reactors in the same 
series.

In the 1990's PSA, the data were assessed considering the experience feedback between 
1983 and 1986, regarding equipment reliability, initiating events, operating profiles and common 
modes. In 1996, EDF undertook to update these studies in the light of accumulated operating 
experience. IPSN carried out a critical analysis of the reassessment methods, and validated the 
most safety significant data sets. This work has provided a common referential.

« Frequent » initiating events (observed at least once in France) were calculated on the 
basis of French experience feedback. « Rare » initiating events (never observed in France) were 
calculated on the basis of world-wide PWR experience feedback, where such information could be 
used. When none of these methods seemed realistic, expert appraisal was used.

As regards the 900 MWe and 1300 MWe series' operating profile, EDF now has a 
statistical application which collects all the periods spent in the different standard states as well as 
the number of transients to each state. Supplementary data were needed to establish the profile 
during outages.

To gather the new 900 MWe series equipment reliability data, equipment considered to be 
"safety sensitive" was selected to be dealt with first on the basis of French experience feedback 
from 1988 to 1993. The main points of the method are choice of representative samples, validation 
of information provided by databases, determination of failures criticity and consideration of 
corrective actions carried out on the equipment.

During 1998, EDF and the IPSN will undertake to update the reliability data for the 
1300 MWe series. This updating will provide the opportunity to confirm some of the methodological 
principles used for the 900 MWe data, or to introduce new concepts.
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INTRODUCTION

The purpose of Level 1 probabilistic safety assessments (PSAs) is to identify the 
different scenarios which can lead to core damage. Possible scenarios are drown up by 
postulating the occurrence of a range of initiating events of accident situations (primary 
breaks, secondary breaks etc.) aggravated by system failures and/or human error. These 
scenarios are modelled mathematical!y to calculate their probability.

In 1990, the IPSN carried out a Level 1 PSA for the French 900 MWe reactors, 
financed by the Safety Authority (DSIN), while EDF, the operating organisation, made a 
similar study for the 1300 MWe reactors. The population of French plants is particularly 
suitable for such studies as it consists of 56 operating PWRs (some of which have been in 
service for more than 15 years), all from a single vendor (Framatome) and with a single 
operating organisation (EDF) applying a policy of standardisation of equipment and of 
O&M practice. It has therefore been possible to obtain statistical data representative of the 
reliability of men and equipment, as well as identical operating profiles for all reactors in 
the same series. It should be noted that these features make the population of plants 
particularly vulnerable to common mode failures. Both of the Level 1 PSAs were made for 
reference plants. The models used are complex, covering all reactor states, maintenance 
operations and operating procedures. Most of the components of the systems important 
for safety are identified in them.

It is planned to update the PSA regularly so that changes concerning technology 
and operating practices can be taken into account. Likewise, the lessons learned and the 
data derived from operating experience feedback needs to be integrated in the studies.

Reciprocally, the installations have benefited from substantial modifications 
affecting equipment reliability and system operation. Some of these modifications resulted 
from the use of the existing PSA.

It is therefore important that the IPSN validates the data updated by EDF that is 
to be used in the Level 1 PSA. This work will be the opportunity of making sure that the 
PSA actually corresponds to a unit representative of the population and of harmonising 
the new PSA models with a view to their future use by EDF and the IPSN.
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1 - UPDATING OF THE REFERENCE UNIT OPERATING PROFILES

The reference profile of a reference unit expresses the manner in which the 
cycle is made up of discrete phases which are meaningful in terms of the scenarios it is 
envisaged to study in the PSA, as well as the average amounts of time spent in each of 
them.

The discussions between EDF and the IPSN have focused mainly on the profile 
for reactor outages.

This is because innovations in unit outage practice have required that when 
operating profiles used in the PSA are being updated, allowance be made for the 
following:

• direct opening of the reactor vessel after two days,

• continued possibility of installing the steam generator nozzle dams when the 
core is loaded, with prior opening of the pressurizer manway,

• removal of the steam generator nozzle dams with core fully loaded in most 
cases,

• optimised unit outage durations,

• new thermal hydraulic data (particularly the delay before core damage after 
refuelling and the effectiveness of automatic makeup during shutdown for 
maintenance).

EDF has various ways of obtaining the operating data and experience feedback 
required for drawing up these profiles:

• the « STA 36 » database (duration per standard state),

• investigations and schedules taking experience feedback on refuelling 
shutdowns into account,

• the event file or SAPHIR (for unplanned outages).

EdF made two consecutive updates of the 900 MWe operating profile, leading to 
exchanges between IPSN and EdF: the profile for the period 1990 to 1993 and that for the 
period 1993 to 1995. The latter, which is more recent and therefore more representative of 
how French nuclear power plants actually operate, was selected for inclusion in the current 
PSA update.

The 1300 MWe operating profile update will take into account the period 1990 to 
1993 and is included in the 1996 1300 MWe unit PSA update.
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2 - UNAVAILABILITY (PLANNED AND UNPLANNED) OF EQUIPMENT IN THE
900 MWE SERIES

Firstly, EDF outlined to the IPSN the methodology it intended to use to update 
the cases of unavailability in the 900 MWe series. EDF has opted for a method similar to 
that used for the 1300 MWe series in the 1990 version of the PSA. Experience feedback 
from two particular units in the series has to be used: Saint-Laurent B1 and B2. The period 
between 1988 and 1994 is being examined. The method is based on the creation of 
"unavailability groups", in other words sets of equipment which form common parts of 
systems, for each standard reactor state. Data are collected using EDF computer 
applications (AIC, SAPHIR and FIDEMIS). The IPSN has agreed to the method and is 
now awaiting for the results of the study.

3 - FREQUENCY OF INITIATING EVENTS IN THE 900 MW AND 1300 MW SERIES

3.1 - Selecting initiating events for review

Initiating events whose frequency of occurrence has been reviewed by EDF 
correspond to accident sequences accounting for over 10'10 of the overall core damage 
risk.

When the list of initiating events to be reviewed was examined to ascertain 
whether or not it was complete, EDF and the IPSN agreed to add events which the IPSN 
wished to include. They mainly involved the loss of certain electrical switchboards and the 
loss-of-heat-sink initiating event.

3.2 « Determining methods for calculating the frequency of occurrence of 
initiating events

EDF suggested various methods for calculating frequency of occurrence or 
probability of occurrence, depending on the type of initiating event concerned. In the end, 
discussions with the IPSN led to the following methodology :

- The frequency of what are referred to as "frequent" initiating events, i.e. 
those which have occurred at least once in the population of French plants, was estimated 
using French ëxperience feedback.

This means, for example, that the calculation of the "small break during 
shutdown states" calculation differs from that in the previous PSA. From now on, this 
calculation will include small breaks in the reactor coolant system and in the residual heat 
removal system. The method adopted splits the initiating event into two break sizes: small
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breaks, and very small breaks which make allowance for experience feedback from the 
Gravelines 5 incident which occurred on 21 September 1995 involving a half-inch nozzle 
in the shutdown cooling system.

- The frequency of what are referred to as "rare" initiating events, which have 
never occurred in French plants but which have occurred elsewhere, was calculated using 
experience feedback from pressurised water reactors (PWR) worldwide. This method 
could be applied when French and foreign plants differed only slightly in design and 
operation.

When worldwide experience feedback could not be used and there was no 
French experience feedback, EDF calculated the frequency of occurrence of the initiating 
event using the statistical law known as "Khi2" (0.7/T for a confidence interval of 50%), 
taking the years during which French plants have been in operation as the observation 
period. This statistical law determines the frequency of occurrence of rare events which 
have not occurred during the observation period.

In the case of "hypothetical" initiating events, which have never occurred 
anywhere in the world, the Khi2 law was used taking the total number of years of 
worldwide PWR operation as the observation period. In this case, the frequency of 
occurrence of the initiating events was calculated for each of the states considered in the 
operating profile.

When neither of the above methods seemed realistic, the frequency of 
occurrence of the initiating events was determined by means of expert judgement.

When this methodology was applied, many discussions took place,'particularly 
on rare initiating events such as steam generator tube rupture, secondary system rupture, 
large breaks and intermediate breaks, as well as on cumulative initiating events.

In the end, almost 70 initiating event frequencies were reviewed by EdF for each 
series. Preliminary discussions focused mainly on primary and secondary system breaks. 
The IPSN is still in the process of validating the results obtained by EdF.
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4 - RELIABILITY DATA FOR THE 900 MW SERIES

French nuclear power plant operating experience has widened since the Level 1 
PSA was made. In 1990, it amounted to 200 reactor-years and now stands at about 650. 
The number of failures observed can be used to draft a new, more accurate set of 
equipment reliability data which will be used to update the PSA. EDF has a national 
database for collecting basic reliability and maintenance data for important items of 
equipment. The data collected reflect both operating experience (more accurate average 
values) and equipment ageing, as well as changes in maintenance practices.

4.1 - Selecting equipment for review

To begin with, EdF drew up a list of equipment whose reliability data had to be 
updated as a priority. The items of equipment put forward by EdF were those which, if 
their level of reliability were to change considerably, would lead to a significant increase in 
the annual core damage risk. In order to determine which items of equipment were to be 
considered, EdF and IPSN used the « Risk Reduction Worth » method. About 20 Items of 
equipment, chosen with this method, and considered as being the most important for 
safety, have been first selected. Those items are for example pumps, relief valves, 
transformers, turbines, emergency diesel generators, reactor trip breaker...

4.2 - Determining the reliability data calculation method

When the method was, many discussions took place between EDF and IPSN 
representatives, both on the need to apply criticality levels other than 0 or 1 to failures and 
on how to take corrective action into account.

Thus it is that a criticality level of 1 is applied to failures which are certain to lead 
to loss of functions. When the failure observed has absolutely no effect on the safety 
function in question, the criticality level is 0. It was finally accepted that a criticality level of
0.5 could be used whenever the potential severity of the damage couldn’t be assessed 
precisely.

Moreover, all failures occurring during the observation period were taken into 
account, even if plants had been modified in the meantime to eliminate certain types of 
failure. It was accepted that the PSA did not have to be representative of a given reliability 
objective but that it did have to represent the actual condition of the plants over a given 
period. However, to avoid having to consider failures which occurred a long time ago and 
which were no longer representative of the state of the plants, data were collected for a 
recent, limited period (3 to 5 years, depending on the amount of experience feedback 
available for the item of equipment in question).
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CONCLUSION

If the first results of this review are compared with the previous data (1990 PSA), 
initiating events frequency of occurrence seem to reduce in many cases. It can be thought 
that frequencies are reduced because the previous data was pessimistic, due to lack of 
experience feedback. Thanks to the amount of experience feedback years now available, 
the new calculation is closer to the actual situation.

For most of the equipment whose reliability data have been updated, an 
improvement of the reliability can be also noticed. One explanation can be that operation 
and maintenance practice have changed in order to avoid certain type of failures (or 
ageing). For some other equipment, the increase in failure rates is probably due to 
equipment ageing.

Now, specific 1300 MWe reliability data are being updated by EdF. IPSN will 
have to validate them soon. It will be possible to reapply the same principles when the 
reliability data for equipment in the 1300 MWe series are updated. Nonetheless, whether 
or not certain corrective actions should be taken into account at this stage is open to 
debate. Indeed, EDF and the IPSN will have to decide to what extent it is possible to 
allocate an attenuating factor to certain observed failures when equipment or operation 
practice have been modified to solve the problems. In this respect, the IPSN considers, a 
priori, that a sufficiently long observation period has to be adopted to guarantee that 
modifications have no adverse side-effects.
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CURRENT PRACTICE OF LPSA IN HUNGARY

Sândor CZAKÔ
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H-1016 Budapest, Gellérthegy u. 17.
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Abstract
This paper summarises and gives an overview of the living PSA (LPSA) procedure used 

in Hungary to update the PSA model and its documentation of the Paks NPP units. In recent 
years unit-specific PSAs have been developed for the units of VVER-440/213 type NPP of 
Paks to assess the general level of their safety, to identify plant weaknesses, and to outline 
necessary safety upgrading measures. The PSAs performed have been limited to level-1 and to 
internal initiating events. Since completion of the original unit-specific PSAs several safety- 
related modifications of the technological systems have been made, as well as operational 
changes described in related procedures have been introduced. These changes make it necessary 
to update the risk model of the plant on given conditions to reflect their impact on the plant 
safety. Therefore the use of an LPSA has become necessary.

1. INTRODUCTION
The LPSA is a daily safety management system and it is based on a plant-specific 

PSA and supporting information system. The main purpose to develop an LPSA is to 
provide a risk evaluation tool for analysing the safety effects of changes in physical, 
operational and organisational state of the plant and in the enhanced understanding and 
knowledge of the plant from the safety point of view.
Since the first level 1 PSA for full power operation and internal initiators was 
completed for unit 3 of the Paks NPP in 1994 PSAs have been performed for other 
units of Paks, and the scope of the unit specific analyses has been extended as well. 
Parallel to these activities, the PSA models and results have been updated and 
maintained to reflect important changes in the plant and enable credible and meaningful 
PSA applications. By now a formalised LPSA procedure has been developed. This 
procedure is followed when updating the data bases, logic models, results and 
documentation of the unit specific PSAs for Paks.
The first part of the present paper gives a short overview of potential applications of 
LPSA with references to examples taken from the Hungarian practice and experience. 
The LPSA procedure for the Paks NPP is introduced in the second part of the paper.

2. APPLICATION OF LPSA
The full power level 1 PSA for unit 3 was completed in the framework of the 

AGNES project (Advanced General and New Evaluation of the Safety) in 1994 by 
VEIKI. Since then safety improvements have been made to reduce the relatively high 
core damage frequency estimated at the time of the AGNES project. The most 
important of these improvements is the re-location the auxiliary feedwater system 
including removal of the auxiliary feedwater pumps from the turbine hall into a 
particular room in the primary side, re-location of important motor operated valves, re-



design of pipeline arrangement, etc. (This plant modification was the first 
recommendation of the PSA study.) The PSA results show that after modifications the 
core damage frequency for full power operation is around 5.0E-5.

The PSA for unit 3 was used as a basis to perform similar analyses for units 1 and 2. 
The unit specific PSAs are maintained within an LPSA programme. The technological 
differences among the units are taken into account in the unit specific models. These
differences are attributable to either differences in the original design or to plant
modifications introduced since the beginning of operation. At the present day there are
3 unit specific LPSA models for the Paks NPP: for the units 1, 2 and 3. The last update 
of Paks PSA reflect the plant state on 1 January 1997.

The models and results of the LPSA provide a useful tool in support of making
evaluation of plant safety as well recommending and introducing safety upgrading 
measures. Both the regulatory body and the plant have made use of the application of 
the LPSA in their activity and decisions. The unit specific PSA models support several 
applications of the LPSA.

2.1 Changes Induced by Plant Operation
The plant operation could be affected by plant management or regulatory and inspection 
activities. These activities can initiate several changes and modifications at the plant. 
These changes have to be involved and considered in the LPSA model and these 
modifications have to be analysed and quantified.

2.1.1. Physical Changes
Several technological modifications are performed during the operation of the 

plant. In the case of Paks the LPSA models have been used to support design, 
implementation and licensing of some significant modifications. After modifications the 
corresponding changes have been introduced into the LPSA.

Most of all, PSA has been used in support of the following modifications1:
-  re-location of the auxiliary emergency feedwater system (made at units 1, 2 and 3 

so far, underway at unit 4)
-  design phase of a primary side residual heat removal system
-  elimination of automatic switch-over from normal to emergency power supply in 

case of plant transients that induce operating of Load Sequencing Program (e.g. 
certain LOCAs)

-  introduction of a new strategy and means of emergency operation to handle 
primary to secondary leakage (PRISE).

In addition to the above, there are additional modifications that will be considered in the 
LPSA. Some examples of these are as follows:

-  technological modification related to the prevention of overfilling of the LP 
ECCS tank due to recirculation phase (to be included in the LPSA in 1998)

1 Not all of these modifications are implemented at Paks yet.
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-  refurbishment of the reactor protection system at NPP Paks (So far use has made 
of PSA in support of licensing, PSA will reflect modifications as the 
refurbishment proceeds.)

2.1.2. Operational Changes
For a controlled safety management of plant operation all NPPs are equipped with 

a number of documents, such as safety reports, technical specifications, system and 
component descriptions and surveillance test procedures, which describe NPP safety as 
specified. The review and approval of these procedures are important from LPSA 
application point of view On one hand LPSA can be used in the revision of some of 
these documents (e.g. revision of Technical Specifications). On the other hand the 
effects of these documents are reflected in the LPSA, therefore the changes of plant 
documentation have to be fed back into the LPSA model.

In the short and mid-term LPSA efforts for Paks the following operational changes will 
be taken into account:

- changes in the test strategy of the ECCS inlet lines to the reactor
LPSA will be used to make a quantitative evaluation of these changes (longer 
versus shorter test intervals).

- changes in emergency operating procedure for PRISE scenarios 
(See also reference to related physical modifications above.)

- implementation of symptom oriented emergency operating procedures (EOPs) 
Symptom oriented EOPs are being developed that will replace current event 
oriented procedures. This will have a significant impact on emergency responses, 
crew operation and reliability during an accident. Evaluation of expected changes 
in plant safety is one of the most important tasks for LPSA in the future.

2.1.3. Organisational Changes
Evaluations of severe accidents of different industries have shown a strong impact 

of organisational factors on the events. In addition, an underestimation of the risk 
impact of the tasks to be performed was observed.
During normal plant operation these factors are generally not visible and cannot be 
measured explicitly. Because of this attribute organisational factors of risk impact are 
not modelled in a PSA today. For the moment there is no proven method to 
quantitatively assess organisational changes.

Although some data and other types of information (i.e. event reports and the associated 
“ root cause” analysis) can be used in support of such an assessment, the LPSA 
program for Paks currently does not involve a systematic treatment of organisational 
changes at various levels of corporate hierarchy2. Further developments are seen 
necessary to uncover hidden organisational and management factors and their effects on 
safety of Paks. The LPSA can play an important role in this developmental process.

2 It is noted, however, that a number of important organisational aspect (e.g. organisation of control 
room crew, maintenance operation) are embedded in current PS A/HRA models and results for Paks.
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2.2 Changes Induced by the Use of the LPSA Model and by Enhanced 
Understanding and Knowledge of the Plant

This task is related to the LPSA model development, namely to integrate the new 
or enhanced knowledge about the plant or to give a new analysing process possibility 
for the analyst considering the modelling assumptions.

For illustration an example can be taken from the Paks LPSA models. This is a new 
feature of plant specific PSAs that enables an analysis of changes in the system 
configuration of those normal operating systems, which have safety functions during an 
incident (i.e. make-up system, boron system etc.). The user of the LPSA model can 
select the actual configuration for these systems, calculate and compare results with 
other possible configurations.

3. PROCEDURE OF THE LPSA AT NPP PAKS
The management of the Paks NPP. requires an assessment of the safety upgrading 

measures with respect to their effect on plant safety. Those evaluations and decisions 
that are made in the plant by using input from PSA have to be backfitted by applying 
appropriate models and data that reflect the actual state of the plant.
In the licensing process a safety analysis is required for each modification, which 
includes PSA as well. This PSA should be based on up-to-date plant models and data.
In summary, there is an apparent need for the Paks plant to have an LPSA programme 
and the associated LPSA procedure

The procedure of the LPSA at NPP Paks is illustrated in Figure 3-1. The information 
needed for the steps of the procedure corresponds to the changes of the plant using the 
categorisation introduced in Section 2.

3.1 Phase I

Planned physical changes
The planned modifications are collected by the Analysis Section of the Paks NPP 

co-operating with VEIKI during evaluation of the LPSA. Once a year in May this 
Section hands the documentation of the planned modifications of the 4 units over to 
VEIKI. This information is made available to prepare the models considering the 
required changes.

3.2 Phase II

Performed Physical Modifications
The performed hardware modifications are usually not the same as the planned 

ones. The local and technological factors of the implemented changes have influences 
on the real state of the plant after the modifications. The Analysis Section collects the 
differences between the planned and the performed modifications. The documentation 
of the performed modifications is given to VEIKI at the end of refuelling of the last 
unit.
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Operational Changes
The new operational rules and procedures are required by new operational 

experiences and new technologies. The changes in the operating procedures are 
collected by the Analysis Section and these are sent to VEIKI to build into the 
appropriate parts of the LPSA models.

Organisational Changes
The modifications in the plant organisation are also collected by the Analysis 

Section and sent to VEIKI for consideration regarding the LPSA model.

Use of Input from Plant Data Collection System
The Living PSA procedure requires the use of as much plant specific data for the 

PSA models as possible. The original reliability database developed during the AGNES 
Project was partially site specific, and a Bayesian procedure was applied to combine 
plant experience with generic data of international databases.
So far the plant specific data collection has been performed mainly manually using 
several independent databases (computerised as well as log-books) with insufficient co- 
ordination among them. This year a new data system called Maintenance Management 
System started to operate, which makes an automatic data collection. This enables the 
development of a new automated reliability data collection and data processing system 
supported by appropriate computer hardware and by a software package that serves as a 
central base for data storage and processing
The first step in the development of the new reliability data system is to collect the data 
requirements of the different PSA models. For the calculation of reliability data the type 
of the failed component, the type of the failure, the population of the component (class) 
in the NPP, the number of failures, the outage time and the total operating time (or the 
total number of demands) should be known as a minimum. It is possible to collect 
detailed information about the random failures from the new computerised failure log
book system, which is filled in by technologists. A Central Technical Basic Database 
supports to reveal the interrelations among the random failures of different equipment 
types and the basic events defined in the LPSA models. During the initial phase of 
using the new data system the selection and filtering of the data will be made manually, 
afterwards it will be computerised as much as practicable utilising the experience from 
manual data sorting.
The data collected this way is given to VEIKI each year together with the 
documentation of the performed modifications at the end of the refuelling of the last 
unit.

3.3 Model, Documentation, QA
The LPSA models are upgraded and maintained at VEIKI. The upgraded versions 

are documented considering the certified quality assurance (QA) system of VEIKI 
according to standard ISO 9001, with special attention to the QA process of the Nuclear 
Engineering Division where the QA process covers the Safety Guide Q8 of the IAEA 
related to QA in research and development.

The documentation of each modified PSA version includes the upgraded:
- fault trees/event trees
- basic events
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- CCFs
- parameters used in the PSA model3
- house events used in PSA model
- results of computer runs.

The documentation also includes a detailed description of the analysis process, 
assumptions, results and their interpretation.

3.4 Verification Process
The 4 LPSA models, that incorporate the modifications made at the plant are 

presented by VEIKI. A verification is made by the Paks NPP as follows:
- Check the model modifications using the documentation of the changes prepared 

by VEIKI.
- Define appropriate test failure events concerning a particular technological 

modification. Model these test failure events. Check the response of the old and 
the new models (core damage frequency, minimal cut sets) to see if modifications 
in LPSA are adequate.

In addition to VEIKI, a master copy of the official LPSA models for the 4 units is also 
stored at the Analysis Section of the Paks NPP. Every other organisation at the Paks 
NPP uses the same official models for the different LPSA applications at the plant. 
After verification is finished the Analysis Section changes all the previous models to the 
new upgraded ones including the master copy and the additional copies used at the plant 
for PSA applications.
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A Databank for PSA Data

G .M. Schoen
Swiss Federal Nuclear Safety Inspectorate, CH-5232 Villigen-HSK, Switzerland

Abstract - The Swiss Regulatory (HSK) is developing a living PSA model o f each Swiss nu
clear power plant. This project includes a significant amount o f work with data. A databank was 
developed to support data collection, processing and quality assurance.

The databank consists of three modules. In the data collection module, plant-specific compo
nents (pumps, diesel generators, etc.) are described. This information is used to class the com
ponents into different statistical groups and to select appropriate generic data. The plant-specific 
component failures and demands are also documented in this module. In the reliability data
base, the results o f the quantification are summarised. Finally, in the PSA event generator, the 
basic events, supercomponents and common cause failure (CCF) events are defined, checked for 
consistency and exported into the PSA code.

The databank was successfully applied to the fiill-scope PSA for a Siemens KWU plant. The 
databank was particularly helpful for case studies and whenever updates needed to be performed 
quickly and consistently. Currently, the use o f the databank is extended to other PSA studies.

1. Introduction

The Swiss Regulatory (HSK) required a plant-specific level 1 and level 2 PSA from all the licensees. The 
regulatory reassessment o f the licensee PSAs involves the development of independent, plant-specific PSA 
models (for details o f the review process see [4]). These models are updated regularly and are used for vari
ous PSA applications. The initial quantification and later updates o f  a PSA model both involve a substantial 
data-management effort. In order to simplify the data work, the development o f a databank for PSA was 
initiated. The requirements for the databank were

- to offer various import- and export data formats

- to allow to define supercomponents (sometimes designated as failure groups), CCF groups as well as 
special, user-defined events

- to have access to the source code in order to make modifications or extensions as required by the 
various PSA models.

The databank was written using EXCEL and Visual Basic for Applications. This solution was chosen in 
order to minimize the programming effort for graphical tools and table formats. Details o f the structure o f the 
databank are outlined in Section 2 o f the paper.

The program facilitates the quantification of the basic events, failure groups, and CCFs. The corresponding 
uncertainty calculations are done automatically. Due to this and other automatic features, errors in the data 
quantification are minimized. Furthermore, there are a number o f possibilities to check the consistency of the 
data (see Section 3).

The databank proved useful for the initial quantification, data updates, and case studies.
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The structure of the databank was partly influenced by the way in which PSA models are developed at HSK. 
In a typical PSA project, several people work simultaneously on different fault trees belonging to the same 
PSA model. These system analysts are also responsible for updating "their" fault trees. In addition, some 
quality control tools were desirable, in order to guarantee the consistency of the database. For the initial 
quantification, reliability data such as failure rates, maintenance frequencies etc. were taken from the licensee 
PSA. This simplifies the comparison of the regulatory model with the one o f the licensee which is part o f the 
PSA reassessment performed by HSK for each licensee PSA. The application of the databank first focused 
on the incorporation o f new reliability data provided by the plants, and on case studies. Currently, the reli
ability data is studied in more detail, due to the review of the reliability data used in the licensee PSA and the 
participation in the ICDE (International Common-Cause-Failure Data Exchange) [1] group. The latter reason 
also influenced the structure o f the databank. The general concept o f the databank is shown in Figure 1. The 
rectangle on the top o f this drawing stands for the PSA model in our PSA code. The connections between the 
main modules are shown with arrows. In the following, the three main modules are described.

2.1 D a ta  Collection M odule

In order to generate reliability data we proceeded as follows. First, information about the properties o f a 
component type was collected. Only components which are considered in the PSA model were studied. 
Which information is collected depends very much on the component type. For example, for pumps, the 
following characteristics were collected:

- system membership
- component ID
- pump type (centrifugal/pi ston/screw/wet/oil pump)
- installation type (horizontal/vertical)
- number o f stages
- room cooling requirements
- name of the electrical buses of the oil pump (if any)
- external sealing water requirement
- normal status of the pump
- room number of the location of the pump
- date of manufacture
- flow and pressure in the main operating point
- motor power
- name and power of the electrical buses (control and power)
- air or water cooling requirements
- name of the manufacturer.

The information has been taken from the various documents available at HSK. Independently, the datasheets 
o f the pumps have been requested from the plants. Plant walkdowns complete this part of the data collection. 
The information is stored in a table for each plant and component type. Some of the data sets have already 
been sent to the plants for validation and update. This procedure also supports the update o f the PSA model. 
However, the main purpose of this data collection is to class the components into different statistical groups 
and to select appropriate generic data. It is also a good basis for a comparison of the reliability of different 
pumps.

2. Modules of the Databank
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Fig. 1 Structure o f  the Databank

The plant-specific component failures, the demands, and the operational time are also documented in this 
module. However, only for the most important components in the PSA, HSK intends to independently derive 
plant-specific reliability data. The component boundaries are taken from the licensees PSA studies. The 
generic data are taken from the available literature and some proprietary data sources. As a first approach, 
classical Bayesian Update Methods [2], [3] are used.

2.2 R eliab ility  D atabase M odule

In this module, all reliability data results are summarized. As it was already mentioned, reliability data will 
only be derived for the most important components of the PSA model in the data collection module. The 
corresponding results can be directly connected with the reliability database module. For the less important 
components, the mean and the various percentiles are taken from the licensee PSA and entered into the 
reliability database module. So far, the data were fitted to a lognormal distribution. The fitting was done by
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defining a special procedure for the derivation o f the error factor. The reliability data are subdivided into four 
groups:

- failure rate (per demand or per hour), initiating event frequencies

- common cause failure parameters

- maintenance frequency

- maintenance duration.

Table 1 is an excerpt o f the failure rates table. The PSA event generator module retrieves the necessary
information from the reliability database module with the help o f the data designator shown in the first
column.

Tab. 1 Reliability Database Module/Failure Rates

D a ta

D e s ig n a to r
C o m p o n e n t F a ilu re  M o d e M e a n

Sth 

P e rce  n tilc
M e d ia n

9S th

P e rcen tU c
E F

F re q u e n cy  

p e r  D e m an d 

JDJ o r  p e r  

H o u r  [H j

VBHX1U H eat E x ch a n g ers, C lo se d  L o o p  - R up tu re/L eak 1.2I& 06 3.04E-07 9.51E-07 2.98E-06 3.13 H

VBHX2B H eat E x ch a n g ers, R iver W a te r  - R u p u u c/L ea k 1.3 lb -0 6 1.67E-07 1.01R-06 2.76E-06 4.07 H

V B T K IB T an k s, S to ra g e  - R u p tu re /L ea k 2.21 f>08 7.5ÛE-IO 7.92E-09 8.36E-08 10.56 H

VDEY2R Fuel Oil P um p Fails d u rin g  O peration 3.34B-04 2.1 IE-05 1.58E-04 1.18E-03 7.48 H

VDP,Y2S Fuel Oil Pum p Fails T o  S la rt 1.22t>03 I.77E-04 8.01 F.04 3.62E-03 4.52 D

VDFN2R Small F ans Fail ilurini» O p e ra tio n 2.78t>06 5.85E-07 ■ 2.07E-06 7.32Er06 3.54 H

V D FN2S Small F ans Fail T o  S tart 5.08E-04 1.16E-04 3.88E-04 I.30E-Û3 3.35 D

VDM GSU M o lo r-G e n e ra to rS e ts  Fail d u rin g  O peration 2.83E-05 1.07E-0S 2*18 E-05 5.77Fa05 2.33 H

2.3 PSA Event G enerator M odule

In this part of the program, the basic events, failure groups and the CCFs are quantified for a specific fault 
tree. Correspondingly, this module consists of three parts.

A basic event can be connected with the reliability data by simply entering the data designator(s). Also, at 
this level of the databank, additional information such as the mission time, the detection time, and the avail
ability factor is brought into the databank. The parameters needed for the uncertainty calculation (error 
factor, population group) are generated automatically.

It is possible to lump a number of basic events together to form a failure group (supercomponent). Using 
failure groups reduces the total number of basic events in the PSA model and therefore decreases the com
putation time for the quantification o f a complete PSA model. Furthermore, it makes large fault trees more 
readable. Two failure groups are shown as an example in Table 2. The numbers in the columns under a 
darkened cell ( Q p a s s ,  EFPAss, K  EFa, EFt , Qu EFt) are computed automatically. The column on the left side 
indicates the name o f the failure group, e.g. VH01PTPASS. This failure group is composed of the three basic 
events VH01S004HVTC, VH01S006HVTC and VH01S005CVTC.

Once the basic events are defined, the CCF groups can be quantified. So far, the Multiple Greek Letter 
(MGL) Method has been applied [5], In the MGL Method, it is assumed that the total unavailability Q, o f all 
basic events which belong to the same CCF group are equal (symmetry condition). Furthermore, Q, is subdi
vided into independent and dependent parts. The partitioning o f Qt is calculated with the help of the (3 -, 7 -, 
Ô -, ... factors. The PSA event generator module retrieves the corresponding values o f the factors with the 
help of the data designator from the reliability database module. A change in reliability data automatically 
changes the quantification o f a basic event, and, if the basic event is a member of a CCF group, the corre
sponding CCF values.
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Tab. 2 PSA Event Generator Module/Passive Failure Groups

Basic Event 
Name Q p a s s Event ID Data

Desig.
A EFX Td |H) Tm |H]

Maint.
Duration

Data
Desig.

EFt
Avail.
Factor

--------- -*1

Number 
of Comb. 

Events
Q, EF,

V H 0 1 P T P A S S 2.33K-06 8.06 V H 01S004H V T C V SH O V l 4.28E -08 9.15 24.00 1.00 1.00 I.03E -06 9.15

V H 01S006H V T C VSHOVT' 4.28E-0.S 9.15 24.00 1.00 1.00 1 1.03B-06 9.15

V H 01S005C V T C VSCOVP I .1 3 M S 3.09 24.00 1.00 1.00 I 2 .7 1 & 0 7 3.09

V H 02P T P A S S 2.06E-06 9.15 V H 02S004H V T C VSHOVT 4,28  f>08 9.15 24.00 1.00 1.00 1 1.03E-Ü6 9.15

V H 02S006H V T C V SHOVT 4.28E-08 9.15 24.00 1.00 1.00 1.03E-06 9.15

The information at this level o f the databank is always connected with a fault tree. The name o f the responsi
ble analyst, the date and the time of the last change are also stored. For each fault tree, there is a (ASCII) file 
which contains all information brought into the databank at this level of the databank. It is possible to proc
ess the data o f a single fault tree or the data o f  all fault trees o f a PSA model.

The PSA event generator module is also the module from which the data is exported into the PSA code. 
There are some routines to print appropriate tables documenting the results. Finally, consistency tests can be 
carried out with this module. The consistency tests are discussed in the next section.

3. Quality Assurance

The fact that several people can define basic events independently makes consistency checks necessary. 
Inconsistencies may occur if  the same component is considered in different fault trees. One may distinguish 
between two kinds o f tests. In the first case, the consistency o f the data inside the databank is checked. In the 
second case, the data in the databank is compared with the data stored in the PSA code. The two cases are 
described below.

3.1 In terna l C onsistency Checks

The description of the check routines is presented for basic events and failure groups (consistency tests for 
CCF groups are analogous). The various types o f tests are listed in the following.

- The syntax o f the basic event names is checked (maximal length, abbreviation of the failure mode 
and of the component type).

- A procedure prevents basic events to be defined more than once for a given fault tree.

- Basic events which are defined more than once, are identified and the consistency o f the quantifica
tion is checked.

- Failure groups which contains both basic events describing passive failures and basic events repre
senting an unavailability due to maintenance are identified.

- A basic event which is a member o f a failure group and exists simultaneously as a regular basic event
is identified.

- Basic events appearing in several failure groups are checked for consistent quantification.

3.2 E xterna l C onsistency Checks

The data necessary for the quantification o f a PSA model is exported into the main PSA code. In order to 
check the version o f the data set used in the PSA code, the quantification of the basic events and CCFs in the
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PSA code is compared with the corresponding data in the databank. A routine was written which identifies 
the following inconsistencies:

- Basic events defined in the databank but not in the main PSA code (and vice versa) are identified.

- Discrepancies in basic event quantification between the data in the PSA code and in the databank are 
identified and signaled.

The comparison of the CCF groups is treated in the same way.

Conclusion

The databank was successfully applied to a full scope PSA. Since the databank has proven its various bene
fits, it is currently extended to other PSA studies. For the future, it is planned to increase the effort in the data 
collection and to implement more advanced Bayesian Methods.
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Abstract

In accordance with the German Guide for Methods for PSA, in general, only plant 

specific data should be used for reliability analyses. For this purpose GRS has 

developed a computer based reliability data system which contains databases and 

software for the collection of maintenance reports, for the assessment of failure data 

and also mathematical programs for statistical methods. This system also serves for 

the purpose of a Living PSA. As of today, the system contains plant specific 

databases for eight NPP (4 PWR and 4 BWR).

The generation of reliability data for a PSA is performed in 3 steps:

1. Selection of the components, which are considered to be a homogeneous 

component group with the same reliability characteristic

2. Selecting the failure events depending on the required failure mode

3. Calculating the failure distribution from the selected failure events and related 

observation times

All mathematical methods for the calculation of the failure distribution are based on the 

Bayesian approach. In general, only plant-specific data from operational experience of 

the considered components are applied. In the case that only few plant specific data 

are available (e.g. stand-by pumps for the failure mode "Failure to run") generic data of 

comparable components in other plants is included. In the case of a complete lack of 

plant specific data, a generic distribution is used.
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1 Introduction

GRS has the experience of 25 years in the performance and evaluation of probabilistic 

safety analyses (PSA). Up to now GRS has carried out six PSA and just now is starting 

a PSA Level 2 for the most recent generation of installed NNP in Germany. In the 

following table an overview of these PSA is given.

Table 1 Overview of PSA carried out by GRS

Deutsche Risikostudie 
Kernkraftwerke

Biblis Unit B PWR 1980

Deutsche Risikostudie 
Kernkraftwerke Phase B

Biblis Unit B PWR 1989

SWR Sicherheitsanalyse Gundremmingen Unit B BWR 1993
Modellstudie KKP-1 Philippsburg Unit 1 BWR 1995
SWR Sicherheitsanalyse Phase II Gundremmingen Unit B BWR 1996
Sicherheitsanalyse KWO Obrigheim PWR 1998
PSA Konvoi Neckarwestheim Unit 2 PWR 2000

Experience from the performance of these PSA leads to the conclusion, that the quality 

of the results is mainly effected by the quality of the input data. For this reason GRS 

has applied only plant specific data as most of the input data in these PSA. The 

demand for applying only plant specific data is also layed down in the German Guide 

for Methods for PSA/1/.

Already when performing its first probabilistic safety analysis, GRS initiated the 

development of a system of data collection procedures, plant specific databases and 

programs for the evaluation of reliability data. Up to now the system consists of the 

following databases and tools:

1. Network of several computers and programs for the collection of maintenance 

reports and the codifications of failure criteria

2. System of plant specific databases

3. Programs for evaluating the operational und failure behavior of components

4. Programs for the calculation of reliability data for PSA
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5. Generic knowledge base for the behavior of components

In order to obtain a higher quality assurance and documentation of the reliability data 

GRS initiated the development of an integrated system. In the following an overview is 

given on the evaluation of reliability data and on the generation of plant specific data 

sets for independent failures.

2 Plant Specific Databases

The plant specific databases contains the basic information of the raw data collection 

in each plant and the corresponding codifications of the maintenance reports. The raw 

data are stored in three different databases:

1. Plant database

2. Event database

3. Operation database

The plant database contains the basic technical information about the considered 

plant. This information includes the engineering and operational characteristics of 

systems, pipes, components and component parts. The information about systems, 

pipes and components is usually available at the plant as a data file, thus simplifying 

transferral of these data to the GRS plant database. GRS enhances these data by 

information on the component parts, such that the component boundary (e.g. for an 

electrical valve) includes the component parts of the following list:

1. armature

2. gear unit

3. drive

4. limit switch

5. control unit

6. electrical connection

7. anticipatory control unit
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The event database contains all maintenance reports issued for the respective 

components during the observation time interval. The maintenance reports include all 

tasks performed on the components like servicing, maintenance, repair, periodic tests 

and modifications. If the information of the maintenance reports is available at the plant 

in data files, this information is directly transferred to the GRS event database. In case 

the maintenance reports exit only in paper form at the plant, GRS has developed a 

system consisting of a network of laptop computers and special programs to transfer 

the necessary information to the GRS event database.

The operation database contains the • operation times and cycles of the considered 

components. These data are easily changed in case of an enlargement of the 

observation time interval.

As of today the plant specific database of GRS contains data for eight nuclear power 

plants (NPP), as listed in table 2.

Table 2 Plant specific database at GRS

■■■Ni
Obriqheim PWR 357 Mar 1969
Biblis Unit B PWR 1300 Jan 1977
Philippsburg Unit 1 BWR 900 Mar 1980
Kriimmel BWR 1316 Mar 1984
Gundremminqen Unit B BWR 1300 Jul 1984
Gundremminqen Unit C BWR 1308 Jan 1985
Grohnde PWR 1394 Feb 1985
Philippsburq Unit 2 PWR 1402 Apr 1985

Table 3 shows the extent of maintenance reports in a nuclear power plant. The 

quantity of maintenance reports is specified for a NPP with PWR (Power gross 1300 

MWe) as accumulated in a single year.

Table 3 Quantity of maintenance reports of a typical 1300 MWe PWR per year

mm

5000 Maintenance reports of the plant
1200 Maintenance reports of relevant systems due to the
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requirements of the PSA
250 - 500 Relevant maintance reports which are evaluated and coded in 

detail

3 Selection of Failure Events

The maintenance reports in the event database are later expanded by additional 

information and codifications for the selection of different maintenance and failure 

criteria. Codifications of the failure criteria are attached both to the component part and 

to the effected component. The codification is very important for the evaluation of 

component failures for different aspects. This is the most intensive part of the work and 

takes up the most time of the entire data collection. GRS has invested large efforts in a 

qualified codification. The relevant events are always discussed with the operator of 

the respective NPP.

GRS has developed a special program for the selection of failure events and the 

evaluation of the relevant statistical parameters for calculating the reliability data. This 

selection program accesses all three databases and performs the selection in three 

steps:

1. Plant database -> selection of the components, which are considered to be a 

homogeneous component group with the same reliability characteristic

2. Operation Database -> summarisation of the related operating times and 

cycles

3. Event database -> selection of the maintenance reports which are related to 

the selected component group in dependence on the considered failure criteria

The selection program permits a great variety of different possibilities of selection 

criteria. In this way the selection program enables a flexible evaluation of the 

operational and failure behavior of the components under different viewpoints.

For the calculation of the reliability data the selection program delivers the following 

statistical output data:
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1. number of considered components

2. accumulated observation time or cycles

3. number of selected events

The results of the selection program are stored in a reliability knowledge base which 

serves as a documentation and information system. In this way repeated or revised 

selections due to a new component group or an enhanced observation time for the 

purpose of a Living PSA are possible.

4 Mathematical Evaluation

Over the last fifteen years GRS has been working with and has further developed the 

Bayesian approach. Recent results of this research are published in 121. The Bayesian 

approach assumes the reliability characteristic to be a ramdom variable with respect to 

a certain distribution. This leads to a correct and consistent treatment of the 

uncertainties of the reliability characteristic in the PSA.

In general the results of the calculations are Gamm-function and non-parametric 

distributions. For an easier use in the fault tree programs these distributions are 

approximated with a normal logarithmic distribution by fixing the 50%-quantile and the 

95%-quantile. In this way the right part of the distribution with the higher values is 

better approximated and serves as a conservative approach.

From the experience with the evaluation of the operational and failure behavior of 

components GRS has found, that the calculated uncertainty do not reproduce the 

dispersion of the failure distribution of components in technical facilities. It is assumed 

that the reasons for this lie in the complex construction and function of components 

and the different kinds of failure possibilities. For this reasons a lowest dispersion 

coefficient of about 3 for plant specific data and of about 4 for generic data has been 

specified.

In practice three different situations will result for the evaluation of reliability data 

depending on the extent of operational behavior of components in the considered 

plant:



1. Sufficient operational experience is available

2. Only insufficient operational experience is available

3. No operational experience is available

In the first situation the Bayesian approach with a uniform apriori-distribution is used. 

For most of components this is the normal way of calculation.

The second situation often arises in the case of an evaluation of the reliability 

characteristic for the failure mode "Failure to run" of stand-by pumps or in the case of 

exchange of special components. Since even a zero failure statistic leads to 

unacceptably high values, the operational experience of comparable components in 

other plants is included. The Bayesian approach in this case is called "Superpopulation 

Approach".

The third situation occurs, when there is a complete lack of information regarding the 

operational experience of special components in the considered plant. In this case 

operational experience of comparable components in other plants is transferred to the 

considered plant. The Bayesian approach in this case is called "Generic Distribution".

GRS has developed a program for the calculation of all three Bayesian approaches. 

The input data is the statistical output from the above mentioned selection program. A 

calculation on the Bayesian approach depending on the given situation is performed 

with this data. The results are the origin, the approximated and the enhanced 

distribution. These data are listed in data files and can be easily transferred to the fault 

tree program and to the reliability knowledge database.

5 Summary

The experience of many years in the performance evaluation of PSA has lead to the 

conclusion, that the quality of the results is mainly effected by the quality of the input 

data. Therefore GRS preferred the use of plant specific data and the Bayesian 

approach. GRS has initiated the development of an integrated system for the collection 

of plant specific data and the mathematical treatment, which also serves for the 

purpose of a Living PSA. Large efforts are invested in quality assurance of this system.
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Abstract

Living probabilistic safety assessment o f nuclear power plant requires quantitative 
reliability parameters. To obtain high quality reliability data in complicated systems 
such as nuclear power plant, there needs to understand hardwares such as plant, 
systems, and components, and to consider softwares such as culture, human, 
management, organization, and to understand plant life cycles such as design, 
installation, operation and maintenance in a wholely integrated manner. Now we are 
in a situation to set up of a new establishment of reliability database systems in Korea 
for living PSA in near future. A few but not less important cases to be reminded 
which I have experienced during the very initial phase of reliability data collection 
and analysis for the sample plant and components are introduced here.

Introduction

In Korea, we have much experience on PSA for various types of reators as described 
below. Now we are in a new era from the (static) PSA to living PSA (or PSA 
applications to specific plants). Plant specific database is indispensible in living PSA. 
But, it is not easy work to set up and maintain reliability database systems.

Example reliability parameters which are needed in probabilistic safety assessment of 
nuclear power plant are demand failure probability, standby failure rate, running 
failure rate, common cause failure probability, unavailability due to test and 
maintenance, initiating event frequancy and human error probability. Demand failure 
probability, standby failure rate, and running failure rate are mainly related to 
components or equipments. The unavailability due to test and maintenance and the 
common cause failure probability are related to systems/plant as well as 
components/equipments. To consider carefully plant operation and maintenance 
practices, in other words, cultures are also one of the most important aspects in 
obtaining high quality data. To obtain initiating event frequencies, human error 
probability, we need to understand operating procedures as well as plant itself. 
Human factors, organizational factors, managemental factors, in other short words, 
safety culture, should be carefully considered to obtain high quality reliability data.

It is also needed to deeply understand design, installation, O&M, outage practices to 
obtain quantitative data. To deeply understand mechanical, electrical, and I&C 
aspects of components and systems in an integrated manner is also very important. 
Therefore there needs to understand plant, systems, and components, and to consider 
culture, human, management, organization, and to understand design, installation,

85

mailto:twkim2@nanum.kaeri.re.kr


operation and maintenance in a wholely integrated manner to obtain quantitative 
reliability parameters in a highly qualitative environment. All of these are qualitative 
in nature. That is, we should try to obtain quality in quantity, in other words, 
harmony between quantity and quality.

A few but not less important cases which I have experienced during the collection of 
reliability data of emergency diesel generators are introduced here. The emergency 
diesel generator is selected as demonstration equipment for the establishment of a new 
nationalwise reliability database systems. Before going into the main topics, let me 
introduce first the status o f Korean PSAs for NPPs and recently started RCM projects.

Status of PSAs for Korean NPPs

• PSA's are done for Operating Plants, Kori 3&4, YGN 1&2, Westinghouse 900 
MWe PWR.

• PSA's are not vet done for Kori 1&2 (Westinghouse 600 MWe PWR), Ulchin 1&2 
(Framatone 900 MWe PWR), and Wolsong Unit 1 (CANDU 600 MWe PHWR)

• For Wolsong Unit 1, Reliability Analysis on the four Special Safety Systems and 
SDG and EPS-DGs are done. Component Failure Data are collected during 1985- 
1993 and analyzed for these systems.

• PSA's are done for Wolsong Units 2/3/4, which are CANDU 600 MWe plants. 
ECCS design is much improved compared to Wolsong Unit 1. CCF (common 
cause failure) events are incorporated in the final PSA.

• PSA's are done for YGN 3&4, UCN 3&4, which are ABB-CE's and Korean 
Standard 1000 MWe PWR. SDS (safety depressurization system) and AAC-DG is 
installed additionally by PSA recommendation.

• Low Power and Shutdown PSA is under development now for Korean Standard 
Nuclear Plant (KSNP). Plant Operating States (POS) is developed using the 3 years 
operating experience of YGN 3,4. Event trees and fault trees are under 
development now. Accident sequence quantification will be performed next year.

• PSA's for Korean Next Generation Reactors (KNGR) have been perfomed. D-RAP 
(Design reliability assurance program) is set up and will be maintained during 
design stage.

• Most o f the above PSA projects are done by our own developed computer code 
KIRAP. Windows version is now available. We have also experiences using 
foreign codes such as NUPRA, CAFTA, and IRRAS, etc. Communication beween 
these codes and KIRAP is possible.

• Risk monitor, called Risk Monster is developed under EPRI R&R projects. Plant- 
specific Risk Monster model is under development and initial version will be 
installed YGN 3,4 and Ulchin 3,4 for testing feasibility this year.

RCM Projects

RCM (reliability centered maintenance) projects are started recently for selected 
systems and components as a initial demonstration projects.
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(1) RCM projects for YGN units 1&2 for three systems, which are CVCS, IA, MSS 
are started last year. About 10 years operating experience data are collected and 
analyzed. Component types and failure modes are classified and their failure rates are 
analysed.
(2) Reliability improvement project for standby diesel generators of Wolsong unit 1 

are performed. Failure mode and effect analysis (FMEA) are performed for starting 
and running failures with 10 years operating experience data. Design modification and 
maintenance improvement options are suggested.
(3) Root cause analysis are performed for the recently operated YGN 3&4 EDGs. 

these EDGs are tandem-type, that is two diesel engines with single generator in 
center. A few rubber coupling events, which connects engine and generator, are 
occurred recently. The analysis process for root cause idenfication of rubber coupling 
damage that is load unbalance between two engines are to be started. A few 
possibilities are thought, such as high vibration, controller design faults, controller 
gain setting errors, etc.

Establishment of New Reliability Database Systems

All the above projects and studies require plant specific data. However, it is not easy 
to get plant specific data in Korea since the quality of data are not so high yet. Thus, 
an important project to set up a Korean plant specific reliability database has started 
since last year. Related with this project, there are now three kinds of activities.

First, the development of RAM-Pro software to make easy the reliability data 
collection process at site. It is a kind of automated shift supervisor logging system 
related with test and maintenance activities of satety related systems and components 
of nuclear power plants.

Next, to make easy the centralization process of reliability data stored at each site, a 
World-WideWeb program will be developed and tested in two years. Program 
structure is under development now.

Finally, to develop data structure of each module needed in establishment of 
reliability database of Korean nuclear power plants, sample data collection and 
analysis is being done now.

Maintenance Unavailability :

Accurate data for maintenance unavailability is very difficult to obtain. A few cases 
are introduced here.

First, the shift supervisor describes the unavailable events of components due to test 
and maintenance in their logs, but the maintenance department does not indicate 
whether the maintenance events affect the unavailability of components.

Second, the shift supervisor usually records starting time on maintenance events but 
not always records ending time. Maintenance personnel does not rehave much 
interest on accurate timings of maintenance. Cross-checkings are made beetween 
control room logs and maintenance records, but recording on timings are not complete 
one.
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Finally, the allowed outage time (AOT) due to limiting condition for operation (LCO) 
of safety systems is also one of the important aspects in estimating maintenancy 
unavailability. We have 72 hours margin when one train is decided to be inoperable. 
But we are often in a situation where that eqipment cannot be repaired in 3 days, 
because the spares are not sufficient, or because experts are not available in such a 
limited time, or because the maintenance takes time in nature. In those situations, 
there is a tendency to maintenance in two or three days, and reassemble the 
equipment, and disassemble again some time after. How do I do in this case ?

Demand Failure Probability

In estimating demand failure probability of components, we need two parameters. 
One is number of demands and the other is number of failures. We are frequantly in a 
situation of arguing whether the demand and failure are valid or not. The current 
descriptive regulatory guides bring in this kind of argument. The regulatory guides 
cannot descrive all the cases.

Before going into the discussion of degradation, lets discuss first the vaildness of 
failure of pumps and valves. In case of emergency diesel generator, valid failure is 
clearly described in technical specifications, final safety analysis report, or testing 
procedures. Only overspeed trip and generator faults are valid failures. However, in 
case o f pupms and valves, it is not clearly described. For the pumps, for instance, the 
criteria for vibration, output pressure, and flowrate are ' described in the testing 
procedures. For the valves, I am not sure but, the criteria for internal and external 
leakages may not be descibed in the testing procedures. Only the criteria for the 
stroke time and ampares are described in testing procedures. Shortly, there is no 
criteria for the equipment to be failed in his functioning in emergency situation.

The other case in which we are in patiance is treatment of degradation. How much 
high degration is the symptom of immediate catastrophic failure ? How to handle a 
number of not so high degrations ? We may need criteria.

Organizational & Managemental Factors :

Last year, I have an experience to calculate reliabilty of emergency diesel generators 
in a plant. There is a tendency that every four or five years the calculated reliability is 
going down repeatedly. Why ? There may be many reasons, but it can be simplified 
as follows. The person who is in charge of that equipment is replaced every three or 
five years. For the new comer, he needs one or two years to understand that 
equipment deeply. We cannot blame the management of replacing the personnel 
periodically, because the personnel wants to be promoted or move to another position. 
The fact to be blamed is not to encourage the personnel in other ways. Whenever the 
new personnel comes, the diesel generators are not started by operspeed trip. It takes 
about two years to understand overspeed trip mechanism. The reason for overspeed 
trip was because poor quality air is accumulated in starting air lines every three years. 
It is recommended to replace air compressors with better design. They are now 
considering to replace the air compressors, but it will take time due to budgetary 
sqeeze recently. There seems no cost-effective way, in other words, optimization in 
safety o f nuclear power plant. Only the priorities, in other words, intention of 
manager is needed.
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Design and Installation Process to be considered :

About three years ago, a new plant started commercial operation. Last year, the 
emergency diesel generator at that plant had two times of rubber coupling damage 
events. They are tandem-type diesel generators, that is, rubber couplings connect one 
generator at center and two engines outsides. Now we are in a situation to identify the 
root cause of those events. There are many possibilities, such as no good engine, high 
vibration, no good controller, no good combination between engine and controller, 
controller gain setting errors, or etc. If the root cause is due to no good controller, it is 
a design error. If the root cause is due to high vibration, then it is a installation error. 
If the root cause is controller gain setting mistake, then it is a operation and 
maintenance error. This engine is now under investication of root cause during this 
annual outage.

The big problems in identifying root cause are no detailed chronological descriptions 
of event records and no detailed descriptions of sympotoms and situations when event 
occurs. The biggest block in the root cause analysis seems to be organizational factor. 
Maintenance department is divided in three divisions such as mechanical, electrical, 
and I&C maintenance divisions. Each division will not want to be engaged in 
problem area.

Concluding Remarks

There are many other cases which bring into our patiance in obtaining high quality 
reliability data for the living PSA to work. Only what I have experienced during these 
years are discussed here. I am not trying to build fully automated computerized 
reliability database systems. Only a system which will bring in small uncertainty and 
which give small patiance in decision making with a bunch of information such as 
chronology and symptoms of events will be tried to build. The computerization 
recduces only times of plant visit, interviewing with plant personnel, and looking for 
the records and documents. The analysis or decision making should be performed in a 
wholly integrated, multidiciplnary manner reflecting all the processes of design, 
installation, operation and maintenance. PSA reqires quantitative data in nature. We 
should try to obtain quality in quantity, in other words, harmony between quantity 
and quality.
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SUMMARY OF THE DATA COLLECTION AND ANALYSIS PROCESS
USED FOR TEMELIN NPP PSA PROJECT

O. Mladÿ, L. Kucera

NPP Temelin 
373 05 Temelin 
Czech Republic

Abstract

The Temelin NPP is a WWER-1000/320 two unit plant under construction. This material briefly discusses the 
characteristics of data sources that were used to estimate the initiating event frequencies, component reliability parameters, 
unavailabilities due to maintenance, common cause failure probabilities and human error probabilities in the frame of 
Temelin PSA Project covering Level 1 for both at power and non power modes of operation, external events and the Level 2 
analysis.

I. INTRODUCTION

The Temelin NPP is a WWER-1000/320 two unit plant under construction, originally designed 
according to the standards of the former Soviet Union. When the Czech Republic became independent, 
Temelin was still in the early stages of construction, therefore it was decided to upgrade areas of the plant 
where it was considered that the design standard was below that for other plants, due to come on line in the late 
nineties. This resulted in the decision to replace the Russian core with a Westinghouse core, retaining the 
original configuration and rod drive control mechanisms, and at the same time, replace all instrumentation 
control and protection with that of the latest Westinghouse design, including digital software for the generation 
of the ESFAS and reactor scram functions.

Besides above mentioned a significant number of other safety improvements are being or have been 
incorporated into the Temelin design, among the most significant: new WEC core monitoring system 
"BEACON”, development of new symptom based emergency operating procedures using COMPRO 
(computerized procedures system), improved MCR and ECR design and TSC development, two additional non 
safety grade diesels supplying AFW, ADV and normal charging system. The SGs design has been modified to 
reduce the likelihood of the primary header cracking and reduce the primary to secondary leak flow rate, 
enhanced batteries life, replacement of rectifiers and inverters, flame-retardant cables replaced by flame- 
resistant, containment sump screens and common ECCS suction modified, ECCS/RHR heat exchanger material 
improved, equipment/structures seismic requalification, PORV fitting into the design, etc.

The utility, CEZ-NPP Temelin also decided, following the recommendations of a number of audits and 
IAEA pre-OSART mission, that the performance of a PSA would be an integral step in the preparation of the 
Preliminary Safety Case. The Temelin PSA Project covers both at power and non power modes of operation, 
external events and the level 2 analysis to determine the source terms. Off-site consequences were not evaluated 
at this stage.

There are several features of the Temelin plant which impacted the PSA data estimation task. Firstly, the 
plant is not operational yet so that only sources of non plant-specific data were available. While the utility CEZ 
has operating experience with other VVER reactors (Dukovany NPP), it is of a different design (VVER 440 
MW, type V213), thus any data is of limited direct applicability. Secondly, the plant is an unique mixture of East 
European and Western design. The RCS design is Russian, and a large number of the components are of Czech 
or West European origin, the core and the instrumentation is supplied by Westinghouse. These features therefore 
require that special attention be paid to ensure the applicability of any parameter adopted from other sources.

This material briefly discusses the characteristics of data sources that were used to estimate the initiating 
event frequencies, component reliability parameters, unavailabilities due to maintenance, common cause failure 
probabilities and human error probabilities.
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2. INITIATING EVENT FREQUENCIES

As said above, due to the changes in the design the unit becomes a unique mixture of East European 
and Western design. There is also another design feature that has important impact to the initiating event 
consequences. It is a possibility of avoiding reactor scram through some of 42 limitation functions of the reactor 
control system which cause automatic rod insertion at the maximum rate so that the turbine trip doesnt 
necessarily cause a reactor scram. This possibility is referred to as "Reactor Runback".

The fact that the plant is something between the WWER and the PWR design raised questions such as:

1. Will be the plant behavior more close to the Eastern or to the Western operating experience?
2. How big is the difference between both designs from the point of view of the initiator frequencies ?

Thus, both the VVER-specific and the non-VVER specific and generic information from various sources were 
examined for estimation.

2.1 VVER Specific Experience

The starting point was very detailed generic list of IEs for WWER 1000 based on the IAEA effort on 
the TC Project RER/9/005 "PSA for VVER Reactors". Other information was obtained from VVER operational 
experience of Balakovo and Kalinin NPPs as well as IAEA-PRIS outage records analyzing together 115 reactor 
years.

2.2 PWR Operating Experience

U.S. PWR operating experience was considered on the basis of the IEs list developed in the EPRI-NP 
2230 report and update of this EPRI study contained in NUREG/CR-3862. This document analyzes 423 reactor 
years of PWR operating experience.

2.3 Other Data Compilations

In case of rare events a consensus of expert judgments was used based on the revised methodology 
manual, NUREG/CR-4550, Vol.l, Rev.l, 1990 ("ASEP"). The second data source was recent IAEA Document 
IAEA-TECDOC-719 (Defining IEs for Purposes of PSA, September 1993).

2.4 Data Analysis

The data analysis was performed by comparing data from different sources, considering its 
applicability, grouping the IEs, and assigning each group a value. In some cases, such as Interfacing LOCA, 
plant specific simple analytical models have been developed. The IEs taken from above mentioned sources were 
examined and grouped into several general groups based on their similarities with respect to the plant response. 
Also the Rector Runback feature had to be taken into account in development of the IE groups.

The following three main rules were adopted for the process of a parameter value assignment to each group of 
IEs:

a) To prefer an observed occurrence frequency if there is any occurrence of the event of interest.
b) To use the most conservative value when there are several sources, and no clear preference can be established 

by any other means.
c) To prefer a value used before in a similar study to a new one resulting from some not fully transparent 

process.

The individual initiating event groups for Temelin PSA includes 12 transient and 5 LOCA categories. These 
categories as well as individual frequencies assigned to each category are summarized in Table 2-1.



TABLE 2-1: SUMMARY OF IE FREQUENCY ESTIMATES FOR THE TEMELIN PSA

IE
Code

Description Mean
[1/year]

EF
a

Source

T1 Reactor Trip - MFW, AFW, offsite power available 3.31 3 NUREG/CR-3862
T2 Reactor Runback - Generator unavailable; MFW, AFW, 

offsite power available
3.11 3 Balakovo,

Kalinin NPPs, PRIS
T3 Reactor runback - Generator, MFW, AFW, offsite power 

available
2.43 3 NUREG/CR-3862 

Balakovo, Kalinin
T4 Reactor Trip - MFW unavailable 

AFW, offsite power available
0.36 3 Based on

NUREG/CR-3862
T5 Reactor Trip - MFW, AFW unavailable,offsite power 

available
IE-3 3 Judgementally like 

Medium LOCA
T6 Reactor runback - offsite power unavailable; generator, 

MFW, AFW available
0.1 3 NUREG/CR-4550, 

Vol. 1
T7 Unisolable Steamline/Feedwater line breaks 4E-2 3 Balakovo + 

Kalinin NPPs
T8 Steam Generator tube rupture 4.4 E-2 3 PRIS
T9 Large Steam Generator tube rupture 2.5E-3 5 Engineering

judgement
SI Reactor Vessel Rupture 2.7 E-7 10 Ringhals 2
S2 Large LOCA 5 E-4 3 NUREG/CR- 4550, 

Vol. 1, Rev. 1
S3 Medium LOCA IE-3 3
S4 Small LOCA 1 E-2 3 Balakovo + 

Kalinin (splitted)
S5 Very Small LOCA 0.19 3
V Interfacing System LOCA 1.6E-7 10 Reliability analysis

TV Loss of VF Cooling System (Three trains) 2.2E-5 5 Reliability analysis
TV2 Loss of VF Cooling trains VF 10 and VF20 4.5E-5 5 Reliability analysis

Remarks: a - Error factors of lognormal distribution of frequency parameter are determined
subjectively.



3. EQUIPMENT DATA

3.1 Data Sources

The Temelin equipment is provided by various Czech, Eastern Europe and Western suppliers. 
Therefore, there are no sources of reliable data on the components, and practically no data from other VVER- 
1000 units in operation is available or is applicable for the Temelin plant. The only relevant operating experience 
for VVERs is that for the advanced 440 design, i.e., the V213 reactor type. However, only the ongoing data 
collection effort at the Dukovany NPP can be considered as a reliable source. While this plant is operated by the 
same utility, the plant design is different from Temelin, and the raw data would have to be re-analyzed before it 
could be used for the Temelin PSA. Other generic sources for component reliability parameters depend largely 
on Western industry experience. These include the IAEA compilation, the Swedish Reliability Data Book, 
NUREG/CR-4550, and the IREP (Interim Reliability Evaluation Program - NUREG/CR-2728). NUREG/CR- 
1740 was a source of failure rate data for instrumentation and control components.

3.2 Data Analysis

The main output of this task was to create (and maintain) the parameter database (PRM file) by means 
of the NUPRA computer code. This PRM file supports the faull/event tree quantification. It serves to a data 
assignment to a basic event set (BED file) or to their updating. The first step in choosing an appropriate data 
source is to identify those that most closely match the required event type. For a failure event, the component 
characteristics and its boundary definition, and failure mode definition are the defining characteristics.

The approach adopted for parameter estimation was the subjectivist approach. As mentioned above, 
the Temelin unit is under construction, so there are no plant specific data. The component set is a unique mixture 
of East and West manufacture. Therefore neither an updating of generic data by the help of plant-specific ones, 
nor any other mathematical combining of several data sources, took place here. Thus, the task was simplified to: 
"Compile all suitable sources and select one of them.'' The analysis process consists of the following steps:

• Collection of all available information on component type, failure mode, and parameter type of 
interest.

• Collection of all relevant estimates from available data sources to concentrate them in one table.
• Evaluation of all collected estimates if they match component type, boundaries, failure mode, 

parameter type, and other important aspects of interest.
• Discarding all suspicious values (e.g. the item doesn’t match well with some important aspect, or it 

was based on a small population), and discussion for any outliner to refuse/accept it.
• Selection of one of remaining sources according their category or other preferences; if there is no 

additional preference, some estimate which balances the range of all remaining estimates (or is 
close to their geometric mean) could be adopted as the point estimate.

• Assignment of the uncertainty distribution type and parameters value; these can be either quoted 
from the original source or adjusted on the basis of the range of remaining estimates (e.g., the 
lognormal distribution with an error factor EF=3,5, or 10).
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Each component failure rate/probability estimate has an individual "Reliability Parameter Estimation Sheet." The 
sheet typically shows and documents the following items:

• Component type.
• Component boundary specification.
• Manufacturer (if it is unique).
• Failure mode description.
• Reliability model.
• Parameter type (failure probability, standby/operating failure rate).
• Parameter name.
• Parameter uncertainty distribution (name and NCJPRA parameters.
• Point estimate (mean value of an uncertain parameter).
• Used information source.
• Component boundary matching between the source and above specification.
• Review of relevant or similar estimates reported in the literature.
• Comment on the source selection.

The values of individual parameters for selected component failure modes are summarized in the Table 3-1.
An example of Reliability Parameter Estimation Sheet for the diesel generator is shown in the Table 3-2.

TABLE 3-1: OVERVIEW OF SELECTED COMPONENT RELIABILITY VALUES

Basic
Event

Description Type Distribution Mean Param eter 1 Param eter 2 Reference

ACC-LF Accumulator fails to function 2 Lognormal 3.60E-07 1.35E-07 1.00E+01 EdF

BAT-LP Battery fails to supply 2 Lognormal 1.00E-06 8.00E-07 3.00E+00 IREP; ASEP

BUS-LR Bus fails to supply 4 Lognormal 5.00E-07 4.00E-07 3.00E+00 IAEA-RER

EDG-FR Emergency DG fails to continue running 4 Lognormal 2.23E-03 1.78E-03 3.00E+00 NUREG/CR-2989
EDG-FS Emergency DG fails to start 3 Lognormal 2.60E-02 2.08E-02 3.00E+00 Dukovany specific

FIC-LF Flow instr. channel fails to function 2 Lognormal 4.70E-06 2.91E-06 5.00E+00 NUREG/CR-1740

MOV-FC Motor oper. valve fails to open 3 Lognormal 1.80E-02 1.12E-02 5.00E+00 Dukovany specific

MOV-FO Motor oper. valve fails to close 3 Lognormal 1.80E-D2 1.12E-02 5.00E+00 Dukovany specific

PSB-FR Motor driven pump fails to run 4 Lognormal 3.20E-04 1.98E-04 5.00F.+00 Kola NPP

PSB-FS Motor driven pump fails to start 3 Beta 5.13E-03 7.54E+01 3.87E-01 Sweden

RV-FC Relief valve fails to open 3 Lognormal 1.10E-02 8.80E-03 3.00E+00 Kola NPP

SEQ-LF Load sequencer fails to function 2 Lognormal 1.00E-04 3.7.6E-05 1.00E+01 Reliability analysis

SV-FC Safety valve fails to open 3 Lognormal 2.00E-03 1.24E-03 5.00E+00 IAEA-RER

SV-SP Safety valve spuriously opens 2 Lognormal 3.90E-06 1.46E-06 1.00E+01 ASEP

TNK-LF Tank (sump) fails to function 2 Lognormal 2.00E-07 7.52E-08 1.00E+01 EdF

TRB-FR Turbine driven pump fails to run 4 Lognormal 5.00E-03 1.88E-03 1.00E+01 ASEP

TRB-FS Turbine driven pump fails to start 3 Lognormal 3.00E-02 1.13E-02 1.00E+01 ASEP; IREP

TCS-T6 Failure of runback to houseloads 3 Lognormal 2.50E-01 2.29E-01 2.00E+00 Dukovany NPP

TCS-T3 Failure o f runback to 40 percent 3 Lognormal 8.80E-02 7.04E-03 3.00E+00 Dukovany NPP
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TABLE 3-2: PARAMETER ESTIMATION SHEET EXAMPLE

Component Type: Diesel Generator
Component boundaries:

Generator body, generator actuator, lubrication system (local),fuel system (local), cooling components (local), startup 
air system, exhaust and combustion air system, individual diesel generator control system, circuit breaker for supply to 
safeguard buses and their associated local control circuit (coil, auxiliary contacts, wiring and control circuit contacts) 
with the exception of all the contacts and relays which interact with other electrical or control systems.

Manufacturer: "ZGODA" Poland (license by Sulzer)
Failure Mode: Failu re  to S tart
Reliability model: #3 - Failure on Demand 
Parameter type: Failure Probability

Parameter name: — .............EDG-FS- Uncertainty distribution: Lognormal
Median:2.08E-2

Point Estimate: 2.6E-2 (mean) Error Factor: 3

Information Source: value specific for the Dukovany NPP (till 1990)
Component boundary matching: Yes

Table A. 13 - Review of reported estimates for Diesel generator (fail, to start)

Source Failure No. of No. of Probability Remarks 
Rate [1/hr] Failures Demands on Demand

346 2.6E-2 till Dec. 1990

1474 1.8E-2
6E-2 

9.6E-2

3E-2

5 2F-3 
2090 ’ 7.7E-3

(i) WWER specific
- observations
Dukovany 4.3E-5 9
Paks
Kola 1.9E-4 27
old WWER 1000 1.4E-4
old WWER 440 3E-4
- compilations
IAEA for 440 8.3E-5

(ii) non-WWER
- observations 
France
Sweden - 16
- compilations 
4550, Vol. 1 
IREP
IAEA-TECDOC-508: 

highest value 
lowest value

3E-2 NUREG/CR-2989 
3E-2 Lognormal EF=3

3E-2
2.9E-3

Comment: The plant specific failure rate for the Dukovany NPP, having DGs of the same manufacturer, was selected. The 
selected value is close to the ASEP/IREP value and to the IAEA consensus but somewhat optimistic. 
The value is based on a good statistical population and creates an average between the West-Europe and 
Russia’s observations. The Russian estimates seem to include all reported occurrences as the catastrophic 
failures.
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4. MAINTENANCE AND TEST UNAVAILABILITIES

There are two contributions to the component unavailability related to maintenance:

1. scheduled activities (tests; preventive maintenance actions)
2. unscheduled maintenance (corrective maintenance actions, i.e. component repair or replacement)

This analysis is focused on these two items, which were assessed separately in most cases. Both types of 
maintenance are modeled as separate basic events in a fault tree for fluid system.

4.1 Scheduled activities

Due to the lack of plant-specific information on test procedures, the Dukovany NPP operation 
practices was used as a guidance for the test frequency and duration assessment. The Dukovany NPP is operated 
by the same utility as Temelin, so the similar approach to testing of safety systems could be expected when the 
unit is operated at power.

The test of fluid safety systems is organized every 4 weeks for all the trains that have power supply 
from the same diesel generator. A complex test based on simulating of loss of one vital bus represents the last 
stage of testing activities - the appropriate DG starts automatically and load sequencer turns on individual pumps 
to work for recirculation (outlet valves are blocked) for one hour. One day before the complex test, all I&C 
functions (protections and interlocks) are tested separately for each relevant pump. The unavailability of a train 
when the I&C is under test cannot be easily overridden (in contrast with the complex test). The average duration 
of the test was assessed as 2 hours.

An unavailability due to periodic tests is given by the following formula:

u = test duration * test frequency 
u = 2 hours * 1/(4 weeks) = 2/672 = 0.003

4.2 Unscheduled maintenance

To reduce the number of basic events in the plant response model, the maintenance contributors were 
introduced on the train rather than component level. Only those trains or segments which can be isolated, tested 
and maintained during normal plant operation were included in the plant model. The need to distinguish more 
than one maintenance segment within one train was dictated by the specific topology of some systems. The train 
(segment) unavailability is evaluated by simply adding the unavailabilities of each of the components which can 
be maintained while the plant is at power. Individual component unavailabilities are taken from NUREG/CR- 
4550, Vol. 1, Rev. 1 and are shown in following Table 4-1.
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TABLE 4-1: MAINTENANCE UNAVAILABILITY FOR DIFFERENT COMPONENT 
TYPES (based on NUREG/CR-4550, Vol.l, Rev.l)

Component Type 1 Unavailability
Motor operated valve, Air operated valve,
Solenoid operated valve, Hydraulic operated valve, 
Manual valve

8E-4

Turbine driven pump IE-2

Motor driven pump 2E-3

Fan 2E-3

Diesel Generator 6E-3

Battery IE-3

Battery charger 3E-4

Inverter IE-3

5. DEPENDENT FAILURES

In the initial phase of the Temelin study, a simple Beta-factor type model was used to quantify the 
impact of common cause failures, and to identify those common cause component groups for which a more 
detailed CCF analysis is warranted. In this model, the common cause failure probability is estimated by 
multiplying the single component failure probability by a factor, the Beta factor, which for this screening phase 
was given a value of 0.1. This value is generally accepted averaged value, and it is also relatively conservative. It 
should be noted that concept of "residual" CCF was used in the CCF analysis to account the fact that all known 
inter- and intra-system dependencies were explicitly modeled in the system analysis. The concept of "residual" 
CCF covers variety of influences that could cause simultaneous unavailability of some components. These 
influences include hidden common design weakness and manufacturing error, as well as operational shocks, and 
environmental stress may serve as an example of the residual common cause. Since the common cause failures 
are modeled as single events in the fault trees, the appropriate value to enter in the data base is the common 
cause failure probability itself, which in this case is the independent component failure probability multiplied by 
the Beta factor.

In the final phase of the modeling, a more detailed analysis of CCFs was performed for those CCF 
component groups which were found, in the initial screening analysis, to contribute significantly to the core 
damage frequency. A CCF component group was considered to be significant if its FV importance measure was 
in excess of 1%. The detailed analysis was carried out using the Basic Parameter Model.

The CCFs that were found to be most important are CCF of all five emergency diesel generators, CCF 
of three emergency feedwater pumps, CCF of three MOVs of the emergency feedwater system, and CCF of 
three low pressure injection pumps. For these CCF groups a more detailed analysis was performed to obtain 
improved estimates of CCF unavailability contributions. In this approach, industry data is converted into a 
pseudo "plant-specific" database. The U.S. historical data was selected as a basis due to lack of VVER specific 
data.
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There are two main steps necessary for the converting of a raw event description to the item of a pseudo "plant- 
specific" database:

1) Detailed analysis of each event - If the reported event is a single failure, isolated in time, and without 
any potential for CCF, it is treated as an independent failure. In case of multiple failures, failures 
repeated in a short time, or a failure with a CCF potential, a more complex evaluation takes place, 
resulting in the development of an impact vector.

2) Reinterpretation of event impact vector for target plant - The similarity of the target plant to the original 
plant is evaluated. The strength of target plant defense against the event cause and coupling mechanism 
is expressed by an "event applicability factor," r, that ranges between 0 and 1. When the number of 
components in the affected group differs between both plants, a mapping up (or down) of the impact 
vector takes place.

After evaluating all relevant events, the number of events in each category (i.e. independent events, 
failure of couples, triple failures, etc.) could be calculated by adding the corresponding elements of the impact 
vectors. Then the alpha factors and basic parameters of interest was calculated.

TABLE 5-1: SELECTED COMMON CAUSE FAILURE PARAMETERS

Basic Event Description Type Distribution Mean Parameter 1 Param eter 2 Reference

DGJK—-EDG-CC CCF of both non- safely grade 
DGs

3 Lognormal 1.30E-03 8.06E-04 5.00E+00 NPE re-evaluation

DGVWX—EDG-CC CCF of ail three safety grade 
DGs

3 Lognormal 3.10E-Û4 I.92E-04 5.00E+00 NPE re-evaluation

DGVWXJK-EDG-CC CCF of all five DGs 3 Lognormal 4.30E-05 2.66E-05 5.00E+00 NPE re-evaluation

MOV-CC CCFof MOVs 3 Lognormal 5.40E-04 3.35E-04 5.00E+00 NPE re-evaluation

PSB-CC CCF of standby pumps 3 Lognormal 1.30E-03 8.06E-04 5.00E+00 subjective;beta=0.1
TQ-2D01-PSB-CC33 CCF of three LHI pumps TQi2 3 Lognormal 8.80E-04 5.45E-04 5.00E+00 NPE re-evaluation

TQ-2S04-MOV-CC33 CCF of 3 LHI valves TQi2S04 3 Lognormal 5.40E-04 3.35E-04 5.00E+00 NPE re-evaluation

TRB-CC Turb. driv. pump CCF 3 Lognormal 1.50E-02 9.30E-03 5.00E+00 subjective; beta=0.1

TX33D01-PSB-CC CCF of 3 EFW pumps TX3 i 3 Lognormal 1.20E-03 7.44E-04 5.00E+00 NPE re-evaluation

TX33S04-MOV-CC CCF of three valves TX3iS04 
of EFW system

3 Lognormal 5.40E-04 3.35E-04 5.00E+00 NPE re-evaluation

6. HUMAN RELIABILITY

The principal objective of the Human Reliability Analysis was to provide estimates of the probabilities 
of the human failure basic events included in the event trees, functional top logic trees, and fault trees of the 
Temelin PSA.

6.1 Data Sources

Also this task was significantly affected by the fact that the Temelin plant is not yet in operation so that 
complete procedures are not finalized and verified. Consequently, the methodology was such that the 
probabilities of the HFEs were evaluated in a somewhat conservative manner to ensure that no important human 
error events were overlooked in the final quantification.

Other important aspect of the pre-operational state of the plant was that there did not exist a finalized, 
completed and verified set of abnormal and emergency procedures (AOPs and EOPs). It is normal PSA practice 
to use the EOPs to develop the event trees and functional top logic trees to identify and define appropriate human 
failure basic events, and thus they form an important part of the base information for development of the PSA. 
To overcome these limitations, it has been possible to obtain qualitative information that could be used to 
characterize how the major activities, such as maintenance and calibration will be performed, at least, in general 
terms. This has been achieved through discussion with the responsible staff at the Temelin power plant. In 
addition, information about the maintenance, test, and calibration practices at the Dukovany plant is relevant 
since the plant is operated by the same utility, and some of the staff at Temelin have experience at Dukovany.

The new symptom based EOPs and discussions with the plant staff showed the strategies that could be 
used to respond to accidents of various types. A Westinghouse document describing the strategies was available
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and has been used in the development of the accident sequences. Another important feature of the Temelin plant 
is that it is intended that the Temelin control room will be equipped with the Westinghouse EOP computerized 
tracking system COMPRO (COMputerized PROcedures).

6.2 Data Analysis
Two main categories of human failure events were included in the Temelin PSA model. The first 

category includes the pre-initiating event errors. These are associated with interactions of the plant staff with the 
plant during normal operations. Specifically they represent the results of errors made during test, maintenance, or 
calibration activities that inadvertently leave equipment unavailable. Examples of these types of errors include 
failures to restore a system to its standby configuration after completing maintenance, or miscalibration of a 
sensor such that a system does not initiate when required.

The second category contains events related to the actions required to be taken by the operating crew 
in response to a transient or an accident. These actions are those that are governed by the abnormal and 
emergency operating procedures. The human failure events that are included in the structure of the model can be 
divided into two classes:

• Failure to manually back up initiation when the automatic initiation has failed. This is typically only 
included when the action can be performed in the control room.

• Failure to perform an action called for by the emergency, abnormal, or annunciator response procedures.

Pre-accident Human Errors - there are several methods which can be used to provide estimates of the 
probabilities of the human/system interaction basic events, and to provide guidance on the correct representation 
of human/system interactions in the logic model. For the PSA study of NPP Temelin, the well-known THERP 
(Technique for Human Error Rate Prediction) methodology and its shortened version, the ASEP (Accident 
Sequence Evaluation Program) HRA Procedure were the main contenders. Because the information available is 
not very detailed, the ASEP approach was adopted.

The ASEP procedure is an attempt to model only the important factors and events in PRA, and does 
include some shortcuts when compared to the procedure described in THERP. It provides more conservative 
estimates of HEPs, response times, dependence levels, recovery factors and other human performance 
characteristics than THERP does.

Using the ASEP procedure, the pre-accident human error probabilities are following:

• mean value of the HEP for a miscalibration is 3.0E-5, and
• mean value of the HEP for a failure to restore is 3.0E-3, both with an error factor of 10.

Post-accident Human Errors - post/accident human errors can be divided into two categories: errors to perform a 
manual backup and errors to perform procedure operator actions required by procedures. The probability value 
of failure to carry out a simple manual backup has been derived on the basis of the THERP values of the
probability of not performing a simple manual action. The value of 3.0E-03 that is adopted is the geometrical
mean of the two boundary values presented in THERP manual for this type of action -- 1.0E-03 and 1.0E-02.

The failure to perform a procedure driven action has two contributions:

• The DDD (failure to detect - diagnose - make a decision) phase and
• The execution phase.

Each human error identified in system modeling task as failure of operator to respond correctly to an 
accident situation was analyzed and assigned a probability that was a sum of probabilities of DDD and execution 
phases.

The DDD phase probability was estimated using modified decision trees as developed for EPRI. 
Following decision trees were developed for Temelin HRA:

• AVAILABILITY OF INFORMATION
• FAILURE OF ATTENTION 1 0 0



• INFORMATION MISREAD/MISCOMMUNICATED
• PROCEDURE STEP SKIPPED
• PROCEDURE MISINTERPRETED

Each human error was analyzed by these decision trees and a probability of failure of information 
processing was assigned to the human action.

The execution phase was analyzed using modified ASEP procedure. Number of tasks, probability of 
failure to perform each task, and probability of failure to perform recovery if the first execution failed were 
estimated for each human error. Total probability of human error was obtained as a sum of the information 
processing value and execution phase value. It should be noted that consideration of COMPRO system that will 
be used in the Temelin control room resulted in significant simplification of decision trees and methods used in 
the analysis, and thus to reduction of a probability that an operator makes a fatal error.

7. CONCLUSIONS

The data and HRA tasks were those of the most difficult ones in the course of the Temelin PSA. The 
reason was that the Temelin plant is not yet in operation, so that no plant specific equipment data were available 
at time of the analysis, and many conservative assumption and estimates had to be used to complete the PSA 
study.

The task for the future is to perform the periodic updates in the frame of the LPSA in which more 
credible plant specific data should be used when the plant becomes operational. This fact calls for development 
of the plant specific raw data collection system either in the frame of plant multipurpose data gathering system 
(eg. IAEA-TECDOC-756) or PSA dedicated data collection system as well as for development of the procedures 
for analysis of raw data collected, PSA data processing and incorporating into the models.

However, it cannot be expect that the future updates of the PSA will rely on the plant specific data 
only. In the most cases either use of generic data or mathematical combining of the plant specific and generic 
data from other sources is to be expected due to the low statistical significance of collected data sample. Thus, 
important for the data task will be also the intended central component reliability database for VVER 1000 type 
reactors and other reliable generic data sources.
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PSA DATA DEVELOPMENT FOR NOVOVORONEZH UNIT 5 LEVEL 1 PSA 
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ABSTRACT

This paper presents the approach used in developing data for the level-1 Probabilistic Safety 
Analysis (PSA) of the Novovoronezh Unit 5 nuclear power plant (NVNPP-5), the first Russian 
VVER-1000 reactor. The NVNPP-5 PSA is being carried out within the framework of the 
joint Russian-Swiss project (i.e., SWISRUS).

This paper describes briefly approaches and results of PSA data analysis done in respect to 
various PSA data required for the PSA model quantification including:

-  Initiating event frequencies;
-  Component reliability parameters;
-  Component unavailabilities due to maintenance and common cause failures;
-  Human error probabilities.

Specifically, both generic and plant-specific data on initiating event frequencies and reliability 
parameters for system components (pumps, valves, diesel generators, etc.) were developed on 
the basis of available initial statistical data ("raw" data) with usage of the Bayesian updating 
methodology. Samples of final data are provided. The problems and insights dealt with 
processing the statistical data and parameters definition are identified in the paper.

The insights obtained from Human Reliability Analysis (HRA) and component Common Cause 
Failure (CCF) analysis, as well as the effect of various types of PSA data on PSA results are 
discussed.

Also, plans and procedures for PSA data updating for Living PSA purposes are discussed in 
this paper.

INTRODUCTION

The PSA study for Unit 5 of the Novovoronezh Nuclear Power Plant, the first Russian VVER- 
1000 reactor, is being carried out within the framework of the SWISRUS project. This project 
is based upon an agreement between the Swiss and the Russian Nuclear Regulatory Authorities 
(HSK and GAN, respectively). The project is financed by the Swiss Federal Department for 
Foreign Affairs, Office of Cooperation with Eastern Europe and the Commonwealth of 
Independent States. The main objective of the SWISRUS project is to assist in the training of 
the Scientific & Engineering Center for Nuclear and Radiation Safety (SEC NRS) of the 
Russian Nuclear Regulatory Authority staff for performance and application of PSAs in safety

1 Scientific & Engineering Center for Nuclear and Radiation Safety of the Russian Nuclear Regulatory 
Authority
14/23, Avtozavodskaja str., Moscow, Russia, 109280, E-mail address: kirena@dol.ru
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evaluations of Russian Nuclear Power Plants (NPPs). Project objectives and organization are 
presented in Reference 1.

The first phase of SWISRUS project, which is the NVNPP-5 PSA of level 1 for internal 
initiators, started in November 1994, and was completed in March 1997. This PSA was 
performed by members of GAN and the Novovoronezh plant. The final report on Phase I of 
SWISRUS project has been issued in March 1997 [2] in compliance with the IAEA guide [3]. 
The main results of the SWISRUS project have been published in an international journal [4].

The second phase of the SWISRUS project comprising of living PSA, of external events and 
level-2 PSA tasks, was started in July 1997, and this final phase of the project is scheduled to 
be completed by July 2000.

In the framework of Living PSA task, the model improvement task has been accomplished, and 
re-evaluation of the level-1 PSA model was performed and documented. The IAEA IPERS 
mission will review the latest PSA results in July 1998.

NVNPP-5 is the first VVER-1000 type reactor built in Russia. It started operation in 1980. It 
is similar in design and configuration to the standard VVER-1000 reactors which were built 
later in the former USSR, except for some differences. For example, NVNPP-5 has two 
turbines, and loop isolation valves also exist between the reactor and the steam generators.

PSA studies of operating NPP units require quantification of initiating event frequencies, 
component reliability parameters for the systems used in response to initiating events, and 
human error probabilities.

Estimation of IE frequencies and reliability parameters (failure rate, failure probability per 
demand, etc.) based solely on operating data of NVNPP-5 is not statistically adequate because 
of the limited operating history. The estimation of IE frequencies and component reliability 
parameters was made using the Bayesian approach. Data from similar NPPs allows for the 
development of generic data, which are then used as priors for Bayesian updating; NVNPP-5 
specific data is used as the evidence. This approach is consistent with the state-of-the-art in 
data analysis for contemporary PSAs.

SCOPE OF DATA ANALYSIS
The following data are required for the performance of a PSA:

1. Initiating Event Frequency Data (required for event tree [ET] quantification);

2. Component Reliability Data (required for fault tree [FT] model quantification); and

3. Human Reliability Data (required for FT and ET quantification).

METHODOLOGY AND TOOLS FOR COMPONENT RELIABILITY AND IE 
FREQUENCY DATA DEVELOPMENT
The compilation of the NPP component reliability and initiating event data base used the 
Integrated System for Management and Processing (ISMAPRO) computer code of Data Base 
on NPP Component Reliability and Initiating Event Data for Use in PSA Level-1 developed by 
the PSA division of SEC NRS. The code is used for generating both plant-specific and generic 
NPP component reliability and initiating event data.
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The main feature of ISMAPRO is the inclusion of a single-stage Bayesian parameter estimation 
module (for IE frequencies, failure rates, and probabilities of failure per demand).

Given the plant specific information (the plant specific data base), which is normally not 
statistically robust, one can develop more robust estimates for failure rates /  IE frequencies and 
probabilities of failure per demand, by using the estimation obtained from other NPPs (the 
generic data base) as a prior estimation, and updating this information with the plant specific 
data (number of incidents and exposure time for IE frequencies, and number of failures and 
operating times/ number of demands for component reliability data). In such a way, a robust 
posterior distribution is obtained in the Bayesian estimation module of ISMAPRO. In 
ISMAPRO, the generic data are estimated using the maximum likelihood method. For the 
process of Bayesian updating, a Gamma-distribution was assumed for the initiating event 
frequencies and failure rates; and a binomial distribution was assumed for probabilities of 
failure per demand. The plant updated data provided by ISMAPRO includes mean values and 
90% confidence intervals. The process of Bayesian updating is illustrated in Figure 1, where 
the interconnection of the generic and plant-specific data base, and the information flow can be 
seen. Details on the Bayesian approach are presented in Reference 5.

GWhere: X - generic estimation of IEF/ failure rateg
X - specific estimation of IEF/ failure rate 
PG - generic estimation of probability of failure per demand g
P - specific estimation of probability of failure per demand

Figure 1 Bayesian updating process
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INITIAL STATISTICS DATA CHARACTERISTICS

Source of Raw Data

The information on incidents and component failure events from several units of various NPPs 
with VVER-type reactor was used as the raw generic data for IE frequencies and in defining 
the component reliability parameters, respectively. This information is provided to the Russian 
Nuclear Regulatory Authority and the utility organization (VNIIAES) on a quarterly basis.

For plant-specific data, additional sources of information used were control room logs and 
maintenance work orders.

Form of Raw Data

The incident and component failure events were provided in the form of dBASE-III files. This 
information had the following drawbacks:

-  the essential information is contained primarily in text fields of limited size (254 
characters);

-  the information is insufficiently structured;
-  code fields do not always have the required code; and
-  the coding system does not meet PSA requirements.

These problems resulted in considerable manpower requirements for analysis of the data. 
Direct use of a computer for this task was not possible.

IE FREQUENCIES DATA DEVELOPMENT
In the framework of this study, an event that creates a disturbance in the plant operation, and 
requires reactor scram or trip, was considered as an initiating event. The initiators of interest 
are those that are referred to as "internal" initiators (that is to say, they are plant upsets whose 
source is associated with malfunctions or failures of the plant systems, operator errors, or the 
electrical distribution system). Loss of off-site power (total or partial) is also considered as an 
internal event.

Two plant operating states were considered: full power operation, and 50% of normal power 
(because this operation mode occurs quite often at NVNPP-5).

After the work on compiling the list of IEs and IE grouping, both generic and plant-specific 
data on IE frequencies (IEF) were estimated for groups of IEs, based on the available 
information on incidents in VVER type reactors.

Incident data available contains information on incidents for the period 1988 to 1995 for the 
following plants:
- Balakovo Units 1,2,3,4 - Rovno Units 1,2,3
- Kalinin Units 1,2 - Zaporozhskaja, Units 1,2,3,4,5
- Kola Units 1,2,3,4 - Chmelnitskaja Units 1
- Novovoronezh Units 3,4,5 - Juzhno-Ukrainskaja Units 1,2,3.

To supplement this data from the Russian (and former USSR [FSU]) plants, the experience 
from VVERs operating in Eastern Europe (up to 1992), obtained from Reference 6, was also 
incorporated. This reference also includes data for plants in the FSU.
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Exposure time for generic frequencies was defined as the sum of unit power operation times 
(without outage time) over the period of time where data was available (i.e., 1988-1995). For 
estimation of unit power operation time, it was assumed (based on expert estimation) that 
during every 4-year period, each unit is out of operation for approximately 2 months per year 
for refueling and preventive maintenance for each of 3 years, and for the fourth year, each unit 
is out of operation for 4 months for essential preventive maintenance and refueling. This 
results in an average annual outage of 2.5 months, for each unit.

For generic data on IEs, the information on events in all VVER plants excluding NVNPP-5 
data was accounted for, and the number of events for each IE group was then defined.

For the plants in the FSU, the preferential source of data was the information from the Russian 
Nuclear Regulatory Authority. However, whenever event data was not available in this source 
and there was data available in Reference 6 (the IAEA report), the data in the IAEA report 
was used.

The plant specific data was obtained directly from records at NVNPP-5. The plant specific 
data was then used as the evidence in a Bayesian update process, in which the generic data was 
used as the prior distribution. As shown before, this updating is performed using the 
ISMAPRO code. Table 1 presents a sample of the updated frequencies obtained for the 
NVNPP-5 PSA.

It is important to note that, a separate analysis was performed to obtain frequencies for IEs at 
full power and at 50% power. Events relating only to NVNPP-5 decreased power operation 
on one turbine (50% power operation) were considered separately. Only plant-specific data 
were used for frequency estimation of these initiating events, based on the fact that NVNPP-5 
is not a typical VVER plant and events related to reduced power operation, possible in other 
VVERs, are not applicable to NVNPP-5, and vice versa (set points and interlocks are 
different).

The following approach was used for estimating the plant-specific frequency of these events 
for NVNPP-5:

-  Initiating event data and exposure time for 50% power level at NVNPP-5 operation 
(operation on one turbine) were obtained.

-  For inclusion in the PSA model, the initiating event frequencies for plant operation on one 
turbine were assessed taking into account the probability of the plant being in operation on 
one turbine. That is:

IEF=IEF5o*(Ei/Etotai),

where: IEF50 - IEF calculated on the basis of plant-specific statistical event data and 
relevant exposure time (i.e., time of power operation on one turbine);

Ei - exposure time for operation on one turbine; and
Etotai - total exposure time for available plant-specific incident data.
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Table 1 Sample of Initiating Event Frequency Data

IE Group

Generic 
Frequency 
Estimation 
(per r*year)

NVNPP-5 Specific 
Updated 

Frequency Estimation 
(per r*year)

Comments

Mean Mean 95% 5%

1. Loss of Forced 
Circulation in 
Primary Circuit

4.2E-1 3.6E-1 8.5E-1 6.4E-2

2. Reactor Scram 7.1E-1 1.1 2.0 4.7E-1 Events dealing with administrative shut-down are 
excluded from the statistics.

3. Compensatable 
Leaks Requiring 
Orderly Shutdown

1.7E-1 2.0E-1 4.7E-1 3.5E-2

•  •  •

11. Inadvertent 
Opening of SG SV

4.0E-2 3.4E-2 1.0E-1 1.8E-3

12. Inadvertent 
Opening of SDS-A

4.8E-3 This IE was not observed in available data, 
although it may occur somewhere.
Because of zero statistics within available data, 
only generic IEF is defined with total exposure 
time for data available.

•  •  «

27. Small LOCA 
Outside 
Containment in 
Isolable Part

6.2E-3 Kola event is excluded from the consideration.
Because of zero statistics only generic IEF is 
defined with total exposure time of available data 
80 years (without exposure time for Kola NPP).

SPECIFIC TRANSIENTS FOR NVNP P UNIT 5 OPERATION ON ONE TURBINE

32. Loss of Forced 
Circulation in 
Primary Circuit 
While on Operation 
with One Turbine

-

2.0

4.8E-1

4.7

1.1

3.6E-1

8.6E-2

The event is valid for operation of the unit with 
one turbine; only plant-specific data are used for 
IEF estimation.
IEFjo

For inclusion in the PSA model, the IEF is 
estimated taking into account the probability of 
operation on one turbine:
IEF=IEF50*(l/4.2)

Additional assumptions associated with the estimation of initiating event frequencies were as 
follows:

1. In 1992, an automatic power reduction system (APRS) was installed at NVNPP-5. As a 
result, a number of reactor scram events (applicable only to power operation on one 
turbine) which occur prior to the installation of the APRS are no longer valid as initiating 
event data. Consequently, the plant-specific data and exposure time for this category of 
events is only considered for the period from January 1, 1992 until March 1, 1995. The 
remainder of the initiating event data applicable only to operation on one turbine (for 
which the installation of the APRS had no effect), is collected over the entire plant-specific 
data period (i.e., January 1, 1989 until March 1, 1995).
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2. The frequency of initiating events which have different success criteria (in the PSA model) 
for operation on one turbine versus two turbines, was partitioned based on the ratio of 
plant operating time on one turbine versus two turbines.

3. For rare initiating events, such as large LOCAs, medium LOCAs, etc., the initiating event
frequencies were obtained from the IAEA report [6]. The arithmetic average of
estimations available was defined for every rare event.

4. For the subdivision of LOCAs into isolable and unisolable parts, the frequency data were
adjusted by the fraction of pipeline length before and after the main isolation valves.

5. For steam line breaks (larger than 100 mm), generic data with no failures for all the
operation time for all VVERs were used.

6. For subdivision of steam line breaks inside and outside containment, the frequency data 
were adjusted by the fraction of pipeline length inside and outside containment.

7. For leaks from the primary c.ircuit outside containment, the initiating event frequency was 
defined as the (annual) probability of simultaneous spurious opening of two motor- 
operated valves on the normal cooldown line.

8. After obtaining the preliminary quantification results, the dominant contributors were 
discussed with the plant staff. For a number of cases, where the core damage frequency 
(CDF) contribution was driven by the initiating event frequency, a more refined screening 
was undertaken for the initiating event analysis. As a result, the following modifications 
have been implemented for the incident data:

a. For the initiating event “Medium Leak from Primary to Secondary Circuit,” the 
Rovno incident which occurred in 1982 was excluded from consideration due to:

-  The design and material o f the steam generator header cover and pins in NVNPP- 
5 differ from those in Rovno NPP; and

-  After the Rovno incident, the header maintenance procedure was changed at 
NVNPP-5, and special organizational/technical measures were implemented 
specifically to exclude the occurrence of such an event.

For frequency estimation for this initiating event, the Rovno exposure time was 
excluded from the total exposure time considered.

b. For the initiating event “Small LOCA Outside Containment in Isolable Part,” the 
incident which occurred in Kola NPP in 1991 was excluded from consideration. This 
event involved the break in the blow-down line. The cause of this event was due to 
use of the wrong welding material at Kola. After this event at Kola NPP, the 
appropriate weldment and joints in NVNPP-5 were carefully examined.

Therefore, for frequency estimation for this initiating event, the Kola exposure time 
was excluded from the total exposure time considered.

c. For the initiating event “Loss of Off-Site Power,” the incident which occurred in Kola 
NPP in 1992 was excluded from consideration. The reasons for not considering this 
event as applicable to NVNPP-5 include:

-  Kola NPP has a limited number of external power sources ("deadlock” NPP), 
differing substantially from NVNPP-5, which has a unique placement in the 
power grid system and has several sources for external power; and
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-  The weather conditions at NVNPP differ substantially from those at Kola NPP.

Therefore, for frequency estimation for this initiating event, the Kola exposure time 
was excluded from the total exposure time considered.

d. For initiating event “Reactor Scram,” it was decided to exclude from the statistical 
data, the initiating events dealing with administrative shutdown. These events differ by 
the conditions preceding administrative shutdown, and by the possible recoveries 
during the process of administrative shutdown. The events were included into a 
separate group («Administrative Shutdown»).

COMPONENT RELIABILITY DATA DEVELOPMENT
Component unavailability model considered in the framework of the study in relation to 
component reliability included:

1. Failure of standby tested component on demand;
2. Failure of standby tested component during standby regime;
3. Failure of operating component to run during mission time;
4. Component unavailability due to unscheduled maintenance;
5. Component unavailability due to common cause failure.

Failure Rates and Probabilities of Failure per Demand

The first three items mentioned above and related to component unavailability model deal with 
failure rates and probabilities of failure per demand. For the NVNPP-5 PSA, the estimation of 
component reliability parameters was performed in the same fashion as for initiating event 
frequencies, that is, using the Bayesian approach.

As the initial (raw) information for development of generic reliability data (failure rate and
failure probability per demand), the information for 28 reactor-years on component failures
from several units of various NPPs with VVER-1000 reactor type was used. For plant-specific 
data analysis, the same type of data from NVNPP-5 for 11.5 reactor-years was used.

To analyze the failure event data, the following steps were undertaken:

1. Definition of the component boundaries and comparison of the component description, 
from the failure event record, to the component boundary descriptions developed for the 
PSA, to determine if the failure record applies to a component modeled in the PSA.

2. Classification of the component failure as a critical or non-critical failure (a component 
failure was considered to be a critical failure if, from the available failure event description, 
it can be explicitly concluded that the component has lost the possibility to perform its 
required function). If the failure was classified as critical, it was allocated to a component 
failure mode in accordance with modeling requirements.

3. Treatment of degradation events (if a failure event record reported only about degradation 
of component function, this event was further analyzed to determine its failure status, and 
whether it should be allocated to a specific failure mode). Based on expert opinion, a set 
of assumptions for classifying the degraded events was compiled. This is presented in 
Table 2. This set of rules was implemented for generic data; for plant-specific data, the 
decision on classifying degradation events was made basically from discussions with plant 
staff.
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4. As criteria for component data aggregation, the following principles were followed:
• for major safety system components, such as pumps, relief valves, etc. data were 

analyzed separately for all the components;
• for other components, the component function and type of construction, especially 

driver type, were taken into account for data aggregation (e.g., SDS-C plus SDS-A, 
data for valves of different driver type).

Based on the initial component failure data identified above, the generic data for failure rates 
and probabilities of failure per demand were calculated for all safety system pumps, main relief 
and bypass valves, diesel generators, accumulator batteries, tanks, and heat exchangers. The 
generic data were then used as prior estimations for developing the plant-specific data at the 
next stage of data processing. For plant specific data on operating times/ number of demands, 
the real data from operating records were utilized. For a number of components in the 
secondary circuit and containment sump, expert estimations were used (for example, for 
estimation of drain pumps operating time, which is not recorded in the plant).

Data for electrical and C&I components modeled were taken directly from generic sources of 
information, and were not updated with plant-specific data, by this, failures of local C&I of 
components were accounted for in component parameters (as defined by component 
boundaries).

For several components (motor-operated valves, check valves, etc.), the reliability parameters 
were obtained based only on the plant-specific data.

Sources of plant-specific data include licensee event reports, control room logbooks, and 
maintenance work orders.

The sample of component data is presented in Table 3, with indication of the generic and 
updated data, error factors, and source of data (if generic sources are used).

Component Test and Maintenance Unavailability

Where applicable, the NVNPP-5 PSA fault trees include the possibility of system, train or 
component unavailability for unscheduled maintenance. Based on plant information, 
unavailability due to testing is not included in the fault tree models, since the test procedures 
do not place any of the PSA components in an unavailable state. Similarly, scheduled 
maintenance unavailability is not included in the fault trees, since plant information indicated 
that no scheduled maintenance is performed during power operation.

Unavailabilities due to unscheduled maintenance are modeled on the basis of plant-specific 
information on component outage times and number of maintenance events. The sources of 
the plant-specific information are the same as for the component reliability parameters (i.e., 
licensee event reports, control room logbooks, and maintenance work orders). Component 
unavailabilities due to unscheduled maintenance were calculated as follows:
T T  _  p  *  T  \-J — i  m  A av>

where, Fm is the frequency of component maintenance (per hour), and Tav is the average 
maintenance outage time (in hours).

A sample of component unavailabilities due to unscheduled maintenance is presented in Table
4.
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Table 2 Assumptions on Component Degradation/Failures for Treatment of Events

N Event
Description Degradation/Failure Event Treatment Description

1 Pump bearing 
damage

When failure event description implies that the failure was discovered at the beginning of 
pump test/operation, it is treated as “pump fails to start”; otherwise it is treated as “pump 
fails to run”.

2 Pump bearing 
heating

When a failure event description concerning pump bearing heating reports that the value 
of heating exceeded the maximum allowed value (70 C) or (in absence of data on heating 
value) the description is accompanied by words “strong” or “considerable”, it is treated as 
“pump fails to run”. It is assumed that during an accident, such a degraded state could 
prevent the pump from operating during the entire mission time.
If the pump bearing heating event is accompanied by words “non-considerable”, or 
something similar, then the event is accounted only for calculation of unavailability due to 
maintenance (in the case of component outage).

3 Pump cooling 
water leak

This failure event is treated as “pump fails to rim”.

■4 Water in 
pump oil

This type of event is treated as “pump fails to run”.

5 Pump oil drop 
leak

When a failure event description contains description of an event dealing with pump oil 
drop leak, it is not considered as a failure, and accounted only for unavailability due to 
maintenance (in the case of component outage).

6 Pump seal 
leakage

Pump seal leakage is not considered as a failure when the failure event description is not 
accompanied by words “considerable” or “strong”, and is accounted only for estimation of 
unavailability due to maintenance (in the case of component outage).
However, when seal leakage description contains words “big” or “strong” (or something 
similar), and allows to conclude that this event resulted in considerable maintenance or 
consequences, the event is treated as a failure and accounted as “loss of function”.

7 Pump
vibration

When a failure event description concerning pump vibration reports that the value of 
vibration exceeded the maximum allowed value (90 mkr) or (in absence of data on 
vibration value) the description is accompanied by words “strong” or “considerable”, it is 
treated as “pump fails to run”. It is assumed that during an accident, such a degraded state 
could prevent the pump from operating during the entire mission time.
If the pump vibration event is accompanied by words “non-considerable”, or something 
similar, then the event is accounted only for calculation of unavailability due to 
maintenance (in the case of component outage).

8 Valve
external leak 
(seal leak)

When a failure event description indicates valve seal leakage, it is not considered as a 
failure, and accounted only for calculation of mean repair time and maintenance frequency 
(in the case of component outage).

9 Valve internal 
leak

When a failure event description indicates valve internal leakage without long 
maintenance duration, it is not considered as a failure, and accounted only for calculation 
of mean repair time and maintenance frequency (in the case of component outage).
However, when the leakage description contains words “big” or “strong” (or something 
similar), and allows the conclusion that the event resulted in considerable maintenance or 
consequences, the event is treated as a failure, and accounted as “spurious opening” for a 
normally closed valve with driver; or as “fail to close” for a check valve.
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Table 3 Sample of Component Reliability Data
System
Name Name Failure

Mode*
Data
Ind.

Generic
(Mean)

Updated
(Mean)

Error
Factor Comments

Main Coolant 
Pump System

Main coolant 
pump

FTR H 9.7E-06 1.6E-05 2.4

Make-up
System

Make-up pump, 
motor-driven

FTS
FTR

D
H

5.8E-04
5.2E-06

4.6E-04
6.3E-05

7.6
1.2

Oil pump, 
motor-driven

FTS
FTR

D
H

5.8E-04
2.6E-06

4.6E-04
2.1E-06

7.6
7.6

Boron solution 
supply pump, 
motor-driven

FTS
FTR

D
H

1.0E-03
5.7E-03

3.2E-03
2.8E-03

2.2
3.7

Boron solution 
tank

clogging H 1.3E-06 1.0E-06 7.6

High Pressure 
Emergency 
Core Cooling 
System

High pressure 
emergency core 
cooling pump, 
motor-driven

FTS
FTR

D
H

2.3E-03
9.3E-03

1.1E-03
7.8E-03

7.6
2.8

Low Pressure 
Emergency 
Core Cooling 
System

Low pressure 
emergency core 
cooling pump, 
motor-driven

FTS
FTR

D
H

3.5E-03
3.4E-04

1.7E-03
7.2E-04

3.7
1.5

Tank sump clogging
on

LLOCA

H 3.1E-01 Sump clogging is a failure 
dependent upon IE with LOCA. 
Expert estimation is provided 
for LLOCA on the basis of 
NVNPP-5 plant-specific 
information.
It is conservatively assumed that 
the location of the LOCA will 
always result in clogging of the 
filters, and that sump clogging 
will fail all three filters.

Normal Heat
Removal
System

'Main steam 
dumping units 
(SDS-A; 
SDS-C)

FTO
FTC
FTF

D
D
H

2.7E-03
1.8E-03
1.1E-03

1.7E-03
9.0E-04
1.0E-03

2.8
3.7
2.8

The data were calculated on the 
basis of combined statistical 
information for the SDS-A and 
SDS-C units.

Emergency 
feedwater pump, 
motor-driven

FTS
FTR

D
H

4.6E-03
5.7E-03

3.8E-03
2.8E-03

2.8
1.2

Reserve Diesel 
Power Station

Diesel generator FTS
FTR
FTR

D
H
H

6.9E-03 
2. IE-02

7.0E-03
3.0E-02
1.0E-02

1.8
1.7 Within first hour 

In accordance with American 
data, the failure data within first 
hour is reduced by a factor 1/3.

Valves of 
different types 
for all systems

Motor-operated
valve

FTOD D 7.7E-04 1.2 Data for valves are estimated 
only on the basis of NVNPP-5 
plant-specific failure data for 
the components modeled.

C&I
Components

State fixation 
relay, DC 220V

FTF H 2.6E-05 - - Design data

Electrical
Components

6 kV Busbar all
modes

H 1.4E-07 - - IEEE data

*
The following abbreviations for failure modes are used: FTR: Failure to Run; FTS: Failure to Start; FTO: 

Failure to Open; FTC: Failure to Close; FTOD: Failure to Operate on Demand; FTF: Failure to Function.
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Table 4 Component Unavailabilities due to Unscheduled Maintenance

System Name Component Average Outage 
Time (hour)

Repair Frequency 
(1/hour)

Unavailability due 
to Maintenance

Main Coolant Pump 
System

Main coolant pump 106.55 2.1E-05 2.2E-03

Make-Up System Make-up pump, 
motor-driven

27.3 3.7E-04 1.0E-02

Boron solution supply 
pump, motor-driven

20.6 2.0E-05 4.1E-04

High Pressure 
Emergency Core 
Cooling System

High pressure emergency 
core cooling pump, 
motor-driven

18.3 4.0E-05 7.3E-04

Low Pressure 
Emergency Core 
Cooling System

Low pressure emergency 
core cooling pump, 
motor-driven

31.0 1.5E-04 4.5E-03

Normal Heat 
Removal System

Steam dump station to 
condenser

3.2 8.0E-06 2.6E-05

Emergency feedwater 
pump, motor-driven

12.7 1.5E-04 1.9E-03

Ejector 1.0 5.0E-06 5.0E-06
Drain tank pump 98.3 2.0E-05 2.0E-03
Condensate pump 21.5 5.5E-05 1.2E-03

Spray System Spray pump, motor- 
driven

7.4 4.0E-05 2.9E-04

Reserve Diesel 
Power Station

Diesel generator 27.8 2.5E-04 6.9E-03

Service Water 
System

Service water pump, 
motor-driven

31.1 1.0E-04 3.2E-03

Valves Motor-operated valve 11.2 1.7E-06 1.9E-05

Common Cause Failure Parameters

In NVNPP-5 PSA, common cause failure has been considered for the following component 
types and failure modes:

Pumps fail to start/fail to run
Motor-operated valves fail to open/fail to close
Fans fail to start/fail to run
Dumping units fail to open/fail to close
Check valves fail to open
Diesel generators fail to start/fail to run
Relays fail to operate on demand

The Multiple Greek Letter (MGL) method, which is an extension of the beta-factor method, 
was used for estimating common cause failure probabilities (of 2, 3, 4 and more redundant 
components), with the exception that the beta-factor method was used for check valves failing 
to open. The determination of the MGL parameters was beyond the scope of this study. The 
data that has been used in other Russian VVER PSAs were adopted for this study. They are 
presented in Table 5.

1 1  3

Pre.se/ntp.H hv  T.Krai7mina. 55P.C! N R S OAM Russia



Table 5 Multiple Greek Letter Model and beta-factor Component Parameters

Component Name
2-Element

Group
3-Element

Group
4-Element

Group Comment
b2 b3 .. g3 b4 g4 d4

Pump 0.08 0.067 0.6 0.055 0.64 0.57
Motor-driven valve 0.08 0.067 0.6 0.055 0.64 0.57
Fan 0.0114 0.011 0.6 0.01 0.64 0.57
Dumping unit 0.07 0.058 0.6 0.048 0.64 0.57
Check valve

- - - - -
For check valves, a Beta- 
factor method was used with 
b=0.01 (since reliable data on 
MGL for check valve are not 
available, this approach is 
used only for sensitivity 
analysis).

Diesel generator 0.05 0.042 0.6 0.034 0.64 0.57
Relay 0.050 0.085 0.50

After obtaining the model quantification results, a sensitivity study was conducted on CCF 
data. One of the main contributor to the calculated CDF is the CCF of the emergency 
feedwater pumps (EFWP). Figure 2 shows the contribution of independent failures, human 
error probabilities, and CCF. In this figure all cutsets which contain at least one human error 
were included as part of the human error contribution; cutsets which contain a common cause 
failure, but no human errors, were included as part of the common cause failure contribution; 
and cutsets which contained no human errors or common cause failures were included as part 
of the independent component failure contribution.

This figure shows that common cause failures make the largest contribution (approximately 58 
percent), followed by human errors (approximately 36 percent), to the calculated CDF.

' 6 ,0 0 E -0 3  j  

5 ,0 0 E -0 3  - - 

4 ,0 0 E -0 3  ■ ■ 

3 ,0 0 E -0 3  

2 .0 0 E -0 3  +  

1 .0 0 E -0 3  + 

0 .0 0 E + 0 0

3.I7E-03

3,30E-04

2,00E-03

13 Component Common Cause Failures 
■  Component Independent Failures 
□  Human Errors

"Russian" CCF data for all 
components

US CCF data for EFWP

Figure 2 Contributions from human errors, component independent failures, and component 
common cause failures

The common cause failure contribution to CDF is driven by the CCF data used in the NVNPP- 
5 PSA, which was obtained from the PSAs performed by Atomenergoproject (Moscow) for
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Russian VVERs. To assess the effect that this data has on the final results, a sensitivity 
analysis was performed substituting typical U.S. CCF data for the emergency feedwater pumps 
(EFWPs), since these pumps are the dominant CCF contributor. The results of this sensitivity 
analysis are also displayed in Figure 2. As seen from this figure, overall internal event CDF 
would decrease by approximately one-third if the U.S. CCF were applied to the emergency 
feedwater pumps.

HUMAN RELIABILITY DATA
The task of human reliability analysis (HRA) was probably one of the most difficult in this 
study. This is due to the fact that the procedures and training manuals do not provide, by 
themselves, enough information for qualitative and quantitative evaluation of the possible 
intervention by the operators. The major problems with the procedures are that: (a) they do 
not take into account the use of systems used during normal operation; (b) they do not take 
into consideration the existence of some interlocks; (c) they do not address failure of systems 
designed to perform specific safety functions; and (d) they are not always supported by specific 
thermal-hydraulic (TH) analysis.

Some of the problems found in the procedures are addressed in the training manuals and in the 
staff training programs. However, beside the fact that training occurs about twice a year, some. 
of this material is not available where it is needed, i.e., in the control room.

Due to these problems, and also due to the fact that, contrary to the practices used in some 
Western NPPs, the NVNPP-5 operators are expected to use their general knowledge instead of 
following specific procedures, the HRA task had to rely heavily on the operators’ experience 
and knowledge.

The method selected for the HRA was the Decision Tree (DT) method [7]. This assessment 
relies on expert opinion (HRA expert and plant operators), together with the judicious use of 
data generated in a series of simulator experiments at the PAKS NPP [8].

Several interviews were carried out in accordance with the DT methodology with the aim of 
defining performance shaping factors (PSFs), their ranking, and development of the 
distribution of human error probabilities (HEP).

Final influence factors (IF) and their relative importance are as follows:
Time Available 8.0
Scenario Effect 7.5
Complexity of Decision Making 5.7
Man-Machine Interface (MMI) 3.6
Quality of Procedure 1.5
Influence of Day/Night Time 3.0

The anchor value (the lowest HEP in the DT distribution) for day time was calculated as 
1.8E-4.

The analysis of dependencies between human interactions (HI) was performed on the minimal 
cutset (MCS) level, for cutsets containing more than one human error (HE). It has been also 
clarified that the dependency analysis should also consider successful His included in accident 
sequences, because the analysis of HEs that only appear in MCSs does not provide enough 
information for dependency analysis. Details of the HRA task are provided in the SWISRUS
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Final Report [2] and supporting appendices. A sample of HEPs is provided in Table 6.

Table 6 Sample of IFs and HEPs defined by the DT for His considered in the PSA model

Type of IE 
Group or IE

HI Description
Influence Factors

HEP
ValuesAvailable

Time
Scenario

Effect

Cognitive 
Complexity 
for Decision 

Making

Man-
Machine
Interface

Quality of 
Procedures

Transients Blocking of FAIVs from 
closure (For IE “Reactor 
scram”)

short easy simple adequate poor 6.6E-3

Leaks from
primary
circuit

Blocking of FAIVs from 
closure (For IE “Medium 
LOCA”)

short severe very
difficult

adequate poor 2.8E-1

Small
LOCA

Operator transfers at 
least one HPECCP for 
operation from B-8 tank

middle medium difficult adequate good 3.5E-2

Medium
LOCA

Operator transfers at 
least one HPECCP for 
operation from B-8 tank

middle severe difficult adequate good 6.2E-2

INSIGHTS FROM PSA DATA DEVELOPMENT
The data analysis task performed within the framework of the SWISRUS project provided a
number of insights dealing with different aspects of data processing, adequacy of the data for
application to the PSA model, and influence of data on PSA results. These insights are
summarized below.

Initiating Event Frequencies

1. The reporting quality of raw information about incidents in Russian NPPs units needs to be 
improved. The form of data presentation should meet PSA requirements in terms of 
identification of root causes of the events and the consequences.

2. For generic initiating event frequency estimation, special attention should be given to the 
applicability of available incident data to the plant under consideration, taking into account 
the specific features of the unit under study.

3. Specific initiating event data should be considered in relation to operating modes modeled 
in PSA, taking into account applicability of incident data to particular operating modes.

4. IE frequencies for rare events (for instance, large LOCA) should be defined by a special 
analysis. In order to make PSA studies comparable, special efforts should be undertaken to 
establish event frequencies to be used in all contemporary PSAs.

5. Qualified plant staff (experienced shift supervisors) should participate in the work on 
incident data analysis.

6 . Generally, it would be beneficial to develop the VVER generic IE data base presenting the 
information in a form meeting Bayesian methodology requirements.
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Component Data

1. The quality of records of raw component failure data in Russian plants is insufficient and 
does not meet PSA requirements. The system of collecting the information on component 
failures in plants needs to be improved (both software and hardware).

2. Sometimes, data on number of demands and operating hours are more difficult to obtain 
than number of failures. Especially, for non-safety equipment modeled in PSA, special 
operating modes/tests should be accounted for, for development of adequate failure rates 
(for instance, for main steam isolation valve data, associated actuation at testing of other 
equipment should be taken into account; also, operation of the equipment at cooldown and 
start-up of the unit should be accounted for, for instance, for steam dumping units).

3. Special attention in the failure data analysis task should be . given to treatment, 
classification and accounting of component degradation data.

4. The issue of reasonable component data aggregation and segregation should be specifically 
addressed (for instance, to combine data for steam dumping units to condenser and 
atmosphere). The criteria for data aggregation and segregation should be clearly defined 
for component data development.

5. For specific data development, the procedure of in-plant data recording system should be 
described in detail prior to data collection, in order to control the information flow, and 
choose appropriately, the specific data sources and avoid double-counting.

6. Component boundaries should be defined in connection with the quality of available 
information and modeling principles prior to data collection.

7. Failure data for the initial period of operation should be excluded from consideration (and 
relevant operating history).

8. For estimation of unavailability due to component maintenance under conditions when the 
quality of raw data is rather poor (i.e., component outage times are not always available),

. it is preferable to calculate the unavailability indirectly as discussed previously, rather than 
to perform a direct estimation (as the sum of all component outage times over all the 
component on-line time). This is because, for the direct estimation, special efforts need to 
be taken to arrive at the relevant total component outage time value. For indirect 
estimation, only the available data on component outage times may be used for calculation 
of the average outage time and all the data available for maintenance frequency calculation.

9. For generic component data, the reference for any generic data source should always be 
provided so that it would be verifiable for future use in other PSAs. For instance, the 
IAEA data base contains the references to the studies where the data were found; 
therefore, when using such a data in a PSA, a reference to the original data source should 
also be provided. This will help data analysts in tracking the data source and quality.

10. Special attention should be given to component failures dependent upon an IE, such as 
sump clogging during large LOCA. This issue requires to be specifically investigated.

11. Analysis of dependencies should be taken into account for failure data analysis.

12. Bayesian methodology should be implemented for VVER units with insufficient operating 
time. The issues to be specifically addressed are:

• avoiding double-counting for Bayesian updating method (specific data should not be 
included in the generic estimation);
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• treatment of zero statistics.

13. Generally, it would be beneficial to develop the VVER component generic data base, 
presenting the information in a form meeting Bayesian methodology requirements.

14. Qualified plant staff (experienced shift supervisors) should participate in the work on 
component failures analysis.

Common Cause Failure Data

1. CCF data influence PSA results to a large extent.

2. There are no adequate CCF data for VVER reactors (including uncertainties). This issue 
must be specifically investigated.

3. Generally, it would be beneficial to develop a generic CCF data for VVER plants (in the 
framework of generic component data base development activity).

4. Analysis of dependencies should be performed, and a specific investigation of this issue 
and modeling methodology in PSA need to be developed.

Human Error Probability Data

1. Human error probability data influence PSA results to a large extent.

2. Operator performance shaping factors for NVNPP-5 crews differ substantially from those 
of US plants, and aspects dealing with the differences should be carefully investigated. 
Methodologies chosen for HRA should account for specific features of cultural traditions 
and operator response in Russian NPPs.

LIVING PSA ASPECTS ASSOCIATED WITH PSA DATA
The model of NVNPP-5 is supposed to serve as a basis for Living PSA model for further use 
by the plant. The plant senior managers aim to have a Living PSA model of the plant unit as a 
supporting tool for PSA-based plant safety management and estimation of effectiveness of 
safety-related improvements to be implemented in NVNPP-5.

In the framework of Living PSA task, the model improvement task has been accomplished by 
March 1998, and re-evaluation of the level-1 PSA model was performed and documented. 
With regard to data analysis, the HEP data were re-evaluated, and CCF data were replaced by 
those accepted in US. Currently, component and IE data were not updated, as most significant 
contributors identified in phase I of SWISRUS Project were CCF and HRA. However, during 
the course of model improvement task, a number of important issues in terms of information 
and data collection for Living PSA, including component data, were identified and 
recommendations for the plant were prepared.

In order to keep the results of PSA up-to-date and allow the periodic re-estimation of the plant 
safety level and contributors identification, that is to reflect real state of the plant, the following 
aspects were identified to be addressed.

Comnonent Data

• The system of raw information collection on components failures should meet Living PSA- 
requirements, that is besides descriptive information it is necessary that competent plant 
specialists will evaluate damages/failure^ cjf PSA components from the point of view of
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performance of their safety functions. In order to achieve this requirement, the following 
should be included in failure event data base:

a) a field identifying that a particular component is a PSA-component should be 
incorporated in the data base record form;

b) an information field stating the safety function to be performed (mission time during 
accidents) should be incorporated in data base record form;

c) a field presenting expert estimation on the fact „would this failure/damage event 
prevent the component from performing its function during accidents" with 
justification of the opinion should be incorporated in data base record form.

• At the same time, the information on operating hours of the PSA-components should be 
carefully stored in the plant.

• Living PSA documentation should present the component data for reliability parameter 
definition in the form which would allow to re-estimate parameters with new information 
obtained within a certain time period.

Initiating Event Data

• The system of raw information collection on incidents occurring in the plant should meet 
Living PSA-requirements, that is besides descriptive information it is necessary that 
competent plant specialists will estimate every incident event resulted in plant shutdown 
from the point of view of its relevancy to IE modeled (or identify it as subject for further 
investigation as IE). In order to achieve this need, the following fields should be included in 
the incident data base:

a) a field identifying the fact that a particular incident is treated as IE for PSA should 
be incorporated in data base record form;

b) a field providing the justification for expert opinion should be incorporated in data 
base record form. .

• Living PSA documentation should provide the IE data for IE frequency estimation in the 
form which would allow to perform the re-estimation with new information on incidents 
obtained within a certain time period.

Information About Changes in the Plant

• It is important that the system of storage of the information on any design/organizational/ 
procedural changes should be organized and maintained constantly at the plant.

• Documentation supporting Living PSA should provide a possibility to identify which 
aspects of the model are influenced by changes implemented in the plant (changes in design, 
procedures, interlocks, training practices, organizational aspects, etc.). Thus, changes in 
interlock system for equipment actuation could result into changes in IE categorization, and 
procedural and training practices changes could result into change of contribution by human 
factor.

Currently, only the item associated with component data is partially covered at the plant, that is
safety system component damages/failures are estimated at the plant from the point of view of
safety function performance, but further efforts are required to organize the system of
information collection which would meet the Living PSA requirements.
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It is intended by PSA developers to recommend to the plant to introduce PSA-related changes 
in in-plant data/information collection system.

Human Reliability Analysis

• As it was learned from PSA, human interactions play a considerable role and often drive the 
contributions of MCSs to CDF. It was identified in the PSA that NVNPP-5 operators not 
always rely on the accident procedures existing now at the plant, and often use their 
knowledge and experience.

• During the interview process carried-out in the framework of HRA task in the first stage of 
SWISRUS Project, the beyond-design accidents scenarios and His were discussed with 
plant operators. The second series of interviews conducted at the second stage of 
SWISRUS Project in the framework of Model Improvement Task and subsequent 
discussions showed that operators took into account the information on importance of a 
number of operator actions discussed during the first series of interviews. Absence of 
relevant procedures makes difficult to credit some of the operator actions and to estimate 
corresponding HEPs for inclusion in the model. As a result, the PSA results may be biased.

•  In order that the Living PSA model reflect real state of human factors in NVNPP-5, thus 
being helpful in increasing the safety level of the plant, and in order to ensure correct 
treatment of HEPs in the model, it is necessary:

a) To establish a procedure (seminars) on extensively informing the NVNPP operators 
about PSA findings.

b) To include in the procedures the human interactions identified from PSA as most 
important (after careful analysis and confirmation) and describe them.

c) To organize training on the new procedures introduced as a result of PSA in 
accordance with thermo - hydraulic s calculations results and accident scenarios from 
PSA (accidents with superposition of failures).

d) To start development of symptom-based procedures based on PSA results for most 
significant accident sequences.

Currently, there is no procedure at the plant providing for making operators familiar with PSA 
results and findings, although the interviews carried-out showed increased interest of the 
operators with respect to PSÀ.

Proposals on development symptom-based procedures for most significant ASs identified in 
PSA were supplied to the plant and supported by senior plant managers.

Availability of Information from Other Plants

• In order to account for experience of others, the analogous information from other plants 
and world’s experience should be available. Especially, operating history of all VVERs in 
regard to incidents happening in NPPs is important for rare initiating event frequency 
estimation.

CONCLUSIONS
A detailed level-1 PSA model for internally initiated events was developed for NVNPP-5, an 
early generation VVER-1000 reactor. This study was performed by the staff of the SEC NRS
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GAN of Russia and members of the NVNPP-5 plant staff, within the framework of the 
SWISRUS project.

The data analysis, which is one of the tasks of the PSA study performed, addressed all aspects 
of PSA data development at the state-of-the-art level. The insights obtained from the PSA data 
development could be useful for further PSA studies for VVER power plants and Living PSA 
development.
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Abstract
The purpose of presentation is to describe the approach of data handling within LPSA 
activités performed for NPP Dukovany during 1996 and 1997 years. First, some general 
ideas devoted to the development and changes of numerical inputs of PSA model during 
neverending time period of LPSA project are presented. In the second part of the paper, 
the specific activities connected with modifications of NPP Dukovany PSA-1 data inputs 
are described more in detail.

1. Introduction

The method of probabilistic safety assessment is used to evaluate level of risk of 
nuclear power plants operation. PSA guidelenes provide a systematic procedure for 
identification of the most important accident sequences and evaluation of their 
probabilistic characteristics, and help to find week points of nuclear power plants 
performance (design, procedures, maintenance, safety culture in general etc.) /I/. An 
immense amount of work having been done within any PSA-1 project asks for logical 
continuation of the effort using PSA tools in subsequent projects connected with 
detailed study of plant operation, analysis of changes in plant life and evaluation of 
alternate modifications proposed for enhancement of plant safety, i.e. all the effort, 
which is commonly named Living PSA /2/.

The development of data inputs should be an integral part of Living PSA project. In 
NPP Dukovany Living PSA, significant effort has been focused on improvement of 
credibility of numerical values of parameters of primary events reliability models and 
on decreasing of level of uncertainty of various categories of numerical inputs 
(initiating events frequencies, human error probabilities, unavailabilities due to 
maintenance etc.) /3/, /4/, /5/.

2. General discussion of various kinds of numerical inputs of LPSA
model

The following variables form the set of numerical inputs of every PSA and LPSA 
model:

• initiating events frequencies
• component failure rates and probabilities of failures on demand
• human error probabilities
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• probabilities of residual multiple common cause failures
• unavailabilities of components or system subtraines due to maintenance
• numerical characteristics of operation timing (time periods between tests, time 

periods supposed for running components etc.)
• numerical characteristics of uncertainty (error factors etc.).

In the following sections, all kinds of numerical inputs are discussed from point of view 
of necessity of changes during the long term Living PSA project.

2.1 Initiating event frequencies
The following categories of initiating events are typical for PSA studies of PWR 
reactors:

• loss of primary circuit coolant (LOCA)
• loss of coolant outside the hermetical zone
• steam generator tube (collector) rupture
• secondary circuit piping break
• loss of safety important support system (including loss of electric power supply)
• general transient (reactor shutdown, all systems available).

In general, first four categories of initiating events are normally covered by generic 
data or Bayesian approach is used with substantial deal of information coming from 
generic data sources /6/. The importance of regular changes of frequency values is 
limited in this case. A sufficient approach appears to be to take into account the 
increasing number of reactors years without any occurrence of the given event from 
time to time. On the other hand, it is necessary to be very carefull about some plant 
specific or even generic indications leading to the conclusion that some kind of event 
was about to happen and to address that, even „partial“ occurrence of event, in 
enumeration of updated frequency value. Bayesian approach looks to be a very good 
and flexible framework for this case.

The numerical values for last two categories are usually based on plant specific data. In 
this case, it is suitable to define a regular time period for updating of initiating events 
frequencies. Due to big stress generally put upon increasing of safety of nuclear plants 
operation, the occurrences of initiating events of this type are not so much frequent as 
in the past and continual updating of initiating event frequencies can lead to significant 
decreasing of estimated risk of plant operation. On the other hand, if there is some new 
plant specific problem with potential for occurrence of some initiating event, it is 
necessary to address it in LPSA model to identify its significance related to increasing 
of the overall level of risk of plant operation.

The method of direct estimation /7/ used usually in these cases provided that there are 
enough data (initiating events occurrences) is very simple and can be directly used for 
updating of initiating event frequencies. If system fault tree is used for derivation of 
initiating event frequency, it is necessary to update regularly the values of parameters 
of primary events, this represents somewhat more work, but is well possible.

Several kinds of initiating events need usually a bit specific approach. The first one is 
,jm a ll small LOCA11 where a suitable definition of initiating event (related to the 
equivalent diameter of the break) is usually a bit „fuzzy“ and can be changed in frame



of LPSA project on the base of plant specific experience. Another one is „total 
blackout", where the estimation of initiating event frequency can not be usually 
supported by plant specific or ,region specific" data (event occurrences) due to high 
redundancy of external sources of electric power supply, but the overall character of 
the event is quite specific and generic data are not well acceptable.

2.2 Component failure rates and probabilities of failures on demand
As for component failure rates, Living PSA project is usually supported by some sort 
of collecting, analyzing and reporting of plant specific experience so that it is possible 
to update continually the numerical inputs of PSA model. The whole process of data 
collection and analysis is gradually changed - from by hand collection of data from 
several not cooperating informational sources up to automatic data transfer from 
unified large database of plant information.

The determination of importance measures can be useful tool here for finding those 
components, which should be followed and analyzed. A very typical experience taken 
from PSA-1 project is that only a relatively small number of components usually 
belong to the group of non-negligible contributors to plant risk and that the differences 
between contribution of „significant“ and „not significant" components are rather of 
several orders of magnitude than several percents leaving a great deal of components 
without the necessity for regular updating of their data. This conclusion may be valid 
at least for the next future - as long as several highest contributors to plant risk are not 
removed or reduced as a consequence of measures adopted by plant - higher number 
of smaller contributors can be expected to replace them after that and the set of 
components with regularly evaluated failure rates and probabilities on demand will 
have to be changed and probably extended.

Due to continual improvement of reliability of the most important components, lower 
failure rates can be expected in future resulting from the measures adopted for 
enhancing of plant safety. On the other hand, many components could become subject 
of aging, this would be followed by increasing of their failure rates. However, aging as 
a phenomenon should not influence the course of component failure rates evaluation in 
frame of Living PSA very much. At first, most of PSA data projects work with an 
assumption of exponential distribution of time between failures representing approach 
of no history and constant failure rate during evaluation of component reliability 
model. In that case, aging should be addressed in the model by quite different means 
than only by incorporation of some new statistical sample of data from plant history. 
Secondly, aging as a phenomenon should significantly influence mainly such 
equipment, which can not be replaced by a new one during plant history, the failures of 
this sort of equipment are often related rather to initiating event freqencies than to 
component failure rates.

2.3 Human error probabilities
The basic distinction between human error probabilities and component failure rates 
from point of view of approach adopted in Living PSA project is that there is no 
unified or even standardized methodology for human reliability analysis.
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Component failure rates or probabilities of failures on demand can be evaluated in a 
relatively simple and well established way. Even when using the more sophisticated 
approaches with relatively complex mathematical background as Bayesian approach, 
the final enumerating formulae for data analysis are pretty simple and easy to be 
computerized. For those reasons, main effort in the component data field within LPSA 
project is focused on elaborating of new information from plant history.

In case of human error probabilities, the methodology is an open subject. Because of 
high complexity and variability of the topic, it is expected to be quite open subject 
anytime in future. New methodological developments (/8/ for example) in the field of 
HRA should be regularly addressed in frame of LPSA.

Similarly to component failure rates, there are two basic sources of information that 
can be used for derivation of numerical values - generic and „specific“. The total 
amount of new specific information based on plant operation, which can be 
incorporated in human reliability data analysis in LPSA project, is low, at least for 
some important categories of human failures („type C actions - see /9/ for more 
detailed information), because many accident scenarios connected with specific 
requests on human performance simply do not happen in normal plant life (and people 
try to do their best to avoid them). Simulator exercises can be used to get a great deal 
of more or less specific information about human reliability. The preparation and 
organization of data collection during full scope simulator exercises can become part 
of Living PSA project.

For human reliability has been found to belong to the most critical contributors to the 
overall level of plant risk, a big deal of effort is being devoted to this topic. Many kinds 
of measures are applied with the goal to improve external conditions of plant people 
work, this leads to increasing of human reliability during plant operation. A gradual 
decreasing of values of human error probabilities can be expected within a long term 
LPSA project. On the other hand, this trend can not be expected to be very fast and is 
significantly limited, because it can be based on improvement of external conditions of 
human work only. There are internal characteristics of human brain work producing 
errors that can not be touched by any „external“ measure.

2.4 Probabilities of common cause failures
First of all, it is necessary to define exactly (to separate) two kinds of events - 
dependent failures and residual common cause failures /10/. The conclusions related to 
LPSA project are partly different for either category.

The approach used in PSA study for residual common cause failures is usually quite 
formal. Common cause failure probability is normally a not very complex mathematical 
function of probabilities of independent failure rates. Several basic models (functional 
relations between independent failures and residual common cause failures) are used in 
current PSA studies. The exactness of the individual approaches differs - from the 
quite approximative beta factor models to the more sophisticated alpha factor or 
multiply greek letters models. The change of the basic residual common cause failure 
model represents one way, how the residual common cause failures can be modelled 
more precisely and explicitely within the LPSA project.
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For the probability of common cause failure is a mathematical function of component 
independent failure rates, all changes made in independent failure rates during LPSA 
will influence the residual common cause failure probabilities. As a consequence, all 
conclusions made in section 2.2 are, at least partly, valid also for residual common 
cause failures.

The mathematical function modelling the relation between independent failures and 
residual common cause failures can include specific parameters expressing potencial 
for common occurrence of failures. For the residual common cause failures belong to 
the main conctibutors to plant risk and some measures taken to reduce this 
contribution can be expected, the numerical values of those parameters will change 
during LPSA project, however, the degree of such changes is very specific for the 
given plant and the analyzed safety system, that's why it can be hardly estimated in 
some more general manner.

Dependent failures are normally adressed by the internal logic of PSA model. As a 
consequence, new developments in this field during LPSA project will rather influence 
the logic of fault tree models than the numerical values of probabilistic characteristics 
of plant performance. However, an interesting problem without no existing particular 
guideline how to address it, which should be at least generally solved in future, is the 
question of relation between incorporation of new explicit dependency into the PSA 
model and decreasing of residual common cause failures potential. In simple words, it 
is the question „What extent should be the specific residual common cause failure 
probability limited to; when one o f potential and important causes o f (residual) 
common cause failures has been taken out this category and proclamed to be 
dependent failure?“

2.5 Unavailabilities due to maintenance
This category of PSA numerical inputs is based on very specific information taken 
directly from plant life. The values of unavailabilities should be based on detailed 
analysis of plant databases covering outages of the individual components or trains. If 
this kind of work has not been performed during „normal“ PSA-1 project either due to 
limited resources or just for the database information about outages was not at 
disposal or was in wrong shape at that time, a complete revision of unavailabilities due 
to maintenance should be performed within LPSA project. This can lead to very 
significant changes of numerical values, especially in case when the previous set of 
values has been based on an approximative combination of component failure rates and 
mean times to repair. During the detailed revision of time periods of component 
outages, very long outages can be found in operation of some systems, where the 
„normal“ time of repair duration could have been not very long, but the repair was 
postponed due to big workload, because it was not any violation of TechSpec!

After the detailed revision of unavailabilities due to maintenance is made on the base of 
analysis of outage periods, the newly derived values can be considered to be relatively 
stable (in comparison with the other numerical characteristics changed during LPSA). 
The cause of stability is that a significant part of these unavailabilities relate to planned 
maintenance, which is not random in substance and its variability is very limited. Only 
some basic changes in plant strategy of (planned) component maintenance can require
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an additional immediate revision of unavailabilities due to maintenance made in the 
LPSA project.

2.6 Time characteristics
Similarly to the previous category, the information used for quantification is very plant 
specific. During LPSA, it is necessary to follow all changes in the strategy of regular 
tests to have the most up-to-date periods between tests in the reliability models of 
standby components. This is the main requested activity connected with this category 
of numerical inputs, because the mean times to repair, which also belong here, are 
generally not recommended for derivation of unavailabilities due to maintenance (see 
section 2.5) and the time periods, the components are required to run, are not based on 
plant experience, but on the internal logic of PSA model following the results of 
thermohydraulic analyses.

2.7 Numerical characteristics of uncertainty
The numerical values of error factors / l l /  used for modelling uncertainty of the 
individual numerical inputs of PSA model are not requested to be systematically and 
regularly changed. The values used for error factors are usually very subjective and 
approximative so that some new plant specific information incorporated in failure rates 
and probabilities on demand may not lead to the overall revision of error factors. In 
addition, the error factor value of the main result of quantitative analysis (annual 
frequency of core damage) is quite little sensitive on limited changes of error factor 
values related to PSA model primary events.

The only case, the error factor values should be revised in frame of LPSA project, 
occurs when the whole category of PSA model data inputs is provided with new 
numerical values. This can happen, for example, when some new method of 
quantification of human error probabilities is used or a new approach to residual 
common cause failures is applied. In that case, the error factor values should be 
adjusted to take into account quite new approach to quantification of the given 
category of primary events.

In addition to the changes of numerical values of error factors, some changes in the 
overall approach to uncertainty analysis can be planned for the next years of LPSA 
projects to cope with too mechanical approach used in PSAs in this field (lognormal 
distribution everywhere). These basic changes can influence the numerical values of 
uncertainty parameters much more than „normal“ changes described in the previous 
section.

3. The activities in data field in NPP Dukovany LPSA project

In this chapter, all individual categories of PSA data inputs generally examined in 
previous sections will be studied regarding the activities performed in frame of last two 
years of Dukovany LPSA project and the activities planned for the very next future. 
This way, the approach to PSA data inputs used in Dukovany LPSA will be 
documented.



3.1 Initiating event frequencies
The values of initiating event frequencies for all categories of initiating events defined 
in section 2.1 were revised. The original data inputs used in PSA-1 project finalized in 
August 1995 were based on analysis of plant history during time period 1988-1992. 
During the revision, the information covering time period 1993-1994 was added.

In case of LOCA accidents, no occurrence of any LOCA event was indicated either by 
plant record or in information sources describing operation of VVER reactors of 
similar type so that several dozens of reactor-years without any occurrence of event 
could be incorporated into the statistics. The situation was similar for the remaining 
three categories of initiating events covered by generic data. The only exception was 
the initiating event ,ySteam generator collector rupture“ where the information about 
some strong pre-accident indications revealed during steam generator inspections was 
analyzed and the corresponding initiating event frequency was significantly increased.

Raw data for the categories of initiating events based on plant specific information was 
enriched with relevant information taken from plant records, which had been made 
during 1993-1994 time period. It has led to partial decreasing of corresponding 
initiating events frequencies.

3.2 Component failure rates
The situation was similar to the initiating events case. The records about component 
failures during operation as well as during regular tests covering the period 1993-1994 
were taken into account and all component failure rates and probabilities of failures on 
demand based on plant specific information were updated. In addition, some specific 
measures adopted at plant with the aim to increase reliability of safety important 
components were addressed in data analysis (new type of circuit breakers for 0.4kV 
components). In general, the new failure rates have been slightly more optimistic than 
the older ones (for example, failure rate of the event periodically tested motor 
operated valve will not open“ decreased from 4.2E-06/hour to 2.4E-06/hour). The 
distinction was bigger in special cases - for circuit breakers mentioned above, the 
difference was almost one order of magnitude.

3.3 Human error probabilities
In the field of human error probabilities, there was little need to update PSA model 
numerical inputs (human error probabilities) for almost the whole period of LPSA 
project. The methodology used for human error analysis and quantification in frame of 
PSA-1 project was based on very up-to-date approaches (combination of THERP, 
ASEP /12/, HCR and „decision trees method" /13/) so that it was not quite necessary 
to improve it in a short time.

One specific task, which formed a substantial part of the whole LPSA effort in 1997, 
was devoted to a big extent to human reliability analysis. It was a detailed analysis of 
influence of new symptom based emergency procedures developed by Westinghouse 
on the overall level of risk of NPP Dukovany plant operation. However, the 
methodology for human reliability analysis in frame of this task was not changed in 
comparison with PSA-1. In general, the influence of new procedures was found to be
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positive, remarkable, but limited (the values of individual human error probabilities 
went down by 20% on average).

Some new ideas are planned to be incorporated in human reliability analysis that is 
expected to be performed during next, several years of LPSA project. At first, new 
developments in methodology are going to be used to analyze some categories of 
human actions where a higher level of detail and using of plant specific information 
could lead to increasing of the overall credit of results (new methodology ATHEANA 
/8/, new methodology of analysis of recovery actions etc.). Secondly, application of 
results of DOE project on simulator data collection is planned to import more plant 
specific information in the resulting values of human error probabilities.

3.4 Probabilities of common cause failures
The values of probabilities of residual common cause failures had to be completely 
revised, because of functional relation of these values to those derived for failure rates 
of independent failures of individual components. In general, a partial decreasing of 
failure rates in case of independent failures has led to straighforward decreasing of 
values of residual common cause failures, this is a direct consequence of simple beta 
factor method used for residual common cause failures quantification.

In addition, plant database SIS collecting information about safety important events 
was searched through with the goal to find some specific events indicating potential for 
dependent failures that could be included into the PSA model by extending its logical 
structure. However, no new events with common cause potential were identified (in 
general, this was particularly true for events without significant human influence only, 
because safety important events recorded in the database have had often a significant 
common cause potential connected with human behaviour, but this sort of dependency 
is analyzed in the field of human reliability analysis and organizational factors).

For the primary events connected with residual common cause failures are of high 
importance and only simple approximative beta factor model was used for 
quantification in this case, a major change in the approach is planned to take place in 
this or next year. The beta factor method will be replaced by some more sophisticated 
one and all probabilities of common cause failures will be re-evaluated.

3.5 Unavailabilities due to maintenance
Unavailabilities due to maintenace used in PSA-1 were based on some limited (not 
systematic) analysis of plant records and estimation of mean time of repair of the given 
components. During the analysis of PSA model and results performed by plant people, 
some values of unavailabilities due to maintenance were found to be too conservative. 
This led to the request to analyse this problem in detail and to develop a quite new set 
of values of this sort of unavailabilities.

The evaluation of new numerical values of most of unavailabilities due to maintenance 
was based on detailed analysis of TechSpec database. For the subtrains of almost all 
safety important systems, all cases of subtrains unavailability including planned 
maintenance are collected in this database, because they immediately challenge 
TechSpecs. The only exception at Dukovany is service water system, where 
unavailability of as many as two subtrains is in contradiction with TechSpec, but a1 2 9
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specific database of written forms containing information similar to TechSpec 
database exists in this case.

The analysis was pretty complicated and comprehensive. Almost 3000 records were 
analyzed and for every one, the basic question was answered: ,JDid the TechSpec 
problem actually mean unavailability o f the equipmentT Due to careful selection of 
,,real“ unavailabilities, the resulting numerical values were often significantly (several 
times) more optimistic than the previously used. However, in case of unavailabilities 
originally based on failure rates and mean times to repair, the conclusion was just 
opposite - the newer unavailabilities were much more conservative (see section 2.5 for 
explanation).

3.6 Time characteristics
In accordance with general approach mentioned in section 2.6, all changes in strategy 
of regular tests used at plant were followed. A new instruction was developed at plant 
adjusting periods between tests of individual subtrains of several specific systems of 
primary and secondary circuit. This change was immediately addressed in the PSA 
model. In the very next future, another change of this type will be addressed - twice 
longer period between the tests of load sequencing system.

3.7 Uncertainty parameters
Also here, the general recommendations made in section 2.7 were followed. In case of 
initiating event frequencies, component failure rates, human error probabilities and 
common cause failures, error factors have not been changed. Due to quite new 
approach used for the whole category of unavailabilities due to maintenance, 
uncertainty parameters had to be changed in this case - they were significantly reduced 
because of comprehensive set of new plant specific data used for analysis.

4. Summary and conclusions
The business of data analysis and development of numerical inputs of PSA model 
should not be finished together with publication of main report of PSA study. The 
effort connected with additional improvement of PSA model and evaluation of plant 
modifications includes significant part devoted to updating of numerical values of 
parameters of primary events.

Seven categories of numerical inputs into the PSA model have been defined in the first 
part of the contribution. The extent and reasons of the need for adjustment of 
numerical values vary with the individual categories. Component failure rates can be 
understood as an example of changes of values based on continual elaborating of new 
information produced by plant life using stabilized, proved and relatively simple 
methodology. On the other hand, significant changes of human error probabilities can 
be initiated by the fact that a new methodology is at disposal to address some specific 
kind of human actions.

Data analysis and regular revisions of numerical values of various kinds of PSA model 
data inputs have been an integral part of LPSA project for NPP Dukovany. As an 
example, a comprehensive revision of unavailabilities due to maintenance was 
presented in the contribution. The plans for data analysis in future related to the
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individual categories of PSA model inputs were described in the second part of the 
paper.
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I. Introduction
For several years TÜV-Nord has been involved in safety evaluation of NPP operation in 
support of the Regulatory Body.
One part of this work has been focused on plant specific reliability data collection for 
trend analyses, aging, indication of systematic failure modes and for PSA data. Failure 
event investigation of root causes, failure causes classification and statistical treatment 
are main activities of this task.
The data collection covers
• Initiating event frequencies,
• Component failure rates,
• Systematic failure frequencies and derived common cause failures rates
• Unavailability of system trains.
In this paper the underlying concept of reliability data assessment of safety related 
systems and components are discussed. In this context reliability data collection and 
assessment based on the current operational plant experiences as well as a presenta
tion and interpretation of quantitative results of reliability data assessment are treated. 
First a short introduction is given of the overall tasks of safety evaluation of NPP op
eration from the perspective of an inspection organization and on how the concept of 
reliability data assessment is integrated.

2. Concept of Safety Evaluation of NPP Operation from the Perspective of an 
Inspection Organization

TÜV-Nord is an inspection organization, which is in charge of four Authorities from dif
ferent German Countries for NPP safety assessment and plant site inspection.
This covers 6 commercially operated NPP (4 PWR and 2 BWR) and the NPP - complex 
of Greifswald (8 .VVER 1230 and 213) in deconstruction mode.
The main topics of this work involves:
• Investigation of safety related modifications of any plant system, component or pro

cedure. This process is ruled by a specific chapter of the plant's Technical Specifi
cation (Betriebshandbuch BHB) and depends on the safety level of plant systems 
and components which are classified and listed in T.S.

• Participation in plant site safety related tests and inspections and the evaluation of 
their results. Frequency and form of the inspector participations are regulated in the 
plant's T. S. (Prüfhandbuch PHB).

• Investigation of safety related plant events, such as transients, safety system and 
component failures and other abnormal events. In Tec. Spec, on what type of event 
and to what extend the Authority has to be informed, is regulated.
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• Investigation of the main isâues of plant site radiation protection, such as safe 
keeping of radioactive inventories in plant systems, emissions of radioactive gases 
and liquids, the radiation protection of plant staff. This is done by appropriate tests at 
plant site and by annual reviews.

• Review of Periodic Safety Assessment of NPP, including PSA as well as investiga
tion of the current concept of plant tests and inspections, e.g. comparing to the state- 
of-the-art. This work is done in intervals of 10 respectively 5 years and on specific 
demand by the Authority.

In the context of this TÜV-work we are in charge of yearly investigations of the current 
state of plant safety operation of all NPP's as mentioned above. This investigation 
bases on the feedback of plant experiences from test results (including the efficiency of 
surveillance), the performance and reliability of safety systems and components and 
the issues of radiation protection.
The evaluation results are documented in the ,.Yearly TÜV-Reporf for each plant.
A main part of these reports deals with evaluating the actual system and component 
reliabilities as derived from all observed incident events. These results are the main 
source of our plant specific reliability data base and will be treated in more details in 
the following chapters.

3. Concept of Reliability Data Assessment of Safety Related Systems and Com
ponents in Operation

The investigation of the actual reliability of safety related systems and components as 
derived from the feedback of plant operation is focused on the following items:
• Plant transients with demands of safety systems; event frequencies in respect of 

classified initiating events.
• Safety related component failure events; failure rates in respect of the identified 

failure modes of components.
• Systematic failure events; investigation of root causes and event frequencies.
• System train and component unavailabilities; based on planned and forced mainte

nance (prevented resp. corrected maintenance).
Our concept of event investigation, classification and reliability assessment is indicated 
in Fig. 1 and is performed in accordance to the German PSA-Guideline IM.

3.1 Initiating Events

Plant transients with demand of any safety system are assessed and described in 
transient reports by the utility to be notified for the Authority. The reports are reviewed 
by TÜV.
The main subjects of event investigation are:
• Evaluation whether all event related system functions were performed as specified,
• Identification of root cause of event, for deriving adequate preventive measures 

against reoccurrence.
The failure causes of events are classified according to the code of component failure 
causes. In this context human factors - if any - are considered as well, e.g. operator 
interventions in a positive as well as negative direction.
Classification and assessment of the frequency of initiating events are based on the 
definition of IE of the German PSA-Guideline IM\
„Plant incidents which require systems safety functions, are named initiating events".
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Estimated event frequencies and their failure causes are evaluated according to any 
trend and are compared to reference values, e.g. data as used in the plant specific 
PSA and generic data.
In this context the deterministic criteria of German Safety Criteria 1.1 121:
Jncidents and accidents should be prevented by sufficiently reliable plant systems", 

will be reflected as well.

3.2 Reliability Data of Safety Relevant Components

The scope of safety related components to be considered in the reliability assurance 
process is based on the classified safety related systems and components as specified 
in Tec. Spec, as well as on the set of PSA-components (s. Fig. 2, Classes K1 -K5). 
Both sets do not concur, however the scope of safety related components will be 
treated in the data assessment. To this respect the resulting data evaluation will be 
distinguished between the different types of components, in case of PSA related com
ponents we use the PSA data as reference values.
The component data assessment covers types of mechanical and electrical compo
nents and control devices.
The principles of reliability data assessment, e.g. of component boundary definition and 
failure classification, are in accordance to the German PSA-Guideline /1 /.
Each failure event is classified and coded in respect to the failure attributes:
• Type of failure detection,
• Failure mode, ^
• Failure cause,
• Type of failure restoration,
• Type of failure dependency,
• Source of failure report
and stored in our Reliability Data Base.
Subcomponents which are affected by the component failure cause are identified as 
well.
In order to classify and code failure causes („Cause complexes") a well balanced 
classification scheme of failure cause attributes should be found. The classes of at
tributes should be sufficiently detailed for identifying trends of failure causes, but not 
too specific, so that each class will be filled with sufficient number of events for statisti
cal purposes. This classification scheme has been optimized for several years from our 
experience of reliability data evaluation.
In this context investigation of root cause of failure events is a main issue and a source 
for identifying dependent resp. latent failures and common cause failures (s. section 
below).

3.3 Systematic Failure Events

In principle each failure event has to be investigated in respect of any possible de
pendency, such as whether the event is randomly or systematically caused. This inves
tigation is not trivial, because in many cases root causes are hidden.
To this subject we have many expert discussions which indicates a high range of inter
pretation about a possible root cause, which even relates to the personnel’s experi
ences. An important question in this context is:

„How far have we to go down to the roots of a failure course1'.
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We use the following definition of a systematic failure:

„A failure event is called systematic failure if it is caused by a failure in the context to 
which the component is designed, fabricated, installed or maintained".

As an example, it is observed that the maintenance procedure is wrong and can cause 
a component failure; it indicates a dependency of multiple components which can be 
affected.

3.4 System Train and Component Unavailabilities

Planned and forced maintenance caused unavailabilities of safety-related components 
and systems during NPP operation must be limited and are recorded by the utility as 
required in the Tec. Spec.
The allowed outage times AOT varies for different components and systems which re
lates to their safety importance and redundancy. Unavailabilities due to forced mainte
nance are restricted of each event, in case of planned maintenance the sum of time 
intervals is limited, e.g. one week of a year for a redundant system train (in this case all 
other redundant trains must be available).
AOT are based on deterministic principles and probabilistic evaluations.
The records of systems and components down times are the source for quantification of 
PSA input data and evaluation of their total impact on plant safety.
The risk impact of total safety related maintenances during plant operation is in the 
range of 5 -10% of the total PSA Level-1 results of plants under consideration.
In respect of the integral impact of system and component unavailabilities on plant risk, 
this safety indicator must be controlled as well.

4. Results of Reliability Data Assessment

4.1 Initiating Events

Since the beginning of plant operation of two BWR and two PWR we have collected 
and assessed their initiating events. This data set covers in total 55 reactor years.
The distributions of the numbers of IE over live time of each plant are given in Tab. 1 
and Fig. 3. Over years a slightly decrease of the event frequencies can be seen (s. Fig.
4.: Distribution of the sum of all events).
Reason for the high values for BWR-1 in 1985 - 87 is a systematic failure cause of the 
turbine control system effected by polluted control oil.
An other significant failure cause of IE results from operator failures during tests, e.g. of 
reactor protection .system, for a specific plant up to 30% of the total number of IE.
This experience initiated a modification of those test procedures to reduce this negative 
impact.
The distributions of the specific initing events are shown in Tab. 2 and Fig. 5.
With the exception of the above mentioned systematic failure generally no significant 
deviation of distributions between the four plants can be stated.

4.2 Reliability Data of Safety Relevant Components

Our component data collection - as mentioned in chapt. 3.2 - covers a wide spectrum 
of different safety related components and of different plants. From this data assess
ment we find a surprising result, that the estimated failure rates of all groups of pumps
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and valves are on the same level. The number of failures (loss of component function) 
of a ,,4-component group11 is one in 10 years.
The summary results of failure rates of motor driven pumps and valves from four NPP's 
are given in Tab. 3 and Fig. 6.
The distribution of the failure causes of these failure populations (s. Fig. 7) indicates a 
high percentage of failures initiated from the component's electrical and control supply. 
That mean that the specific failure attributes of the main component (pump or valve) 
are less important in respect of its component failure rate.
For getting more insight into this phenomenon we selected our data base in respect to 
the distribution of failure causes of all stored component failures from the four NPP's. 
The results are given in Tab. 4 and Fig. 8 and indicate the same relation of the domi
nant impact of failure causes from the electric and control supply.
As a consequence of these results, we can state, on the one hand, high consistent and 
constant failure rates of those components which are derived from this plant specific 
experiences and, on the other hand, that already small data deviations from these val
ues as observed may give an indication of a possible abnormal failure cause.

However selecting the distribution of failure causes of safety related plant incidents 
(LERs) we will find a different pattern of failure causes (s. Tab.5 and Fig. 9, 10).
The meaning of these differences is discussed in the following section in the context of 
systematic failure events.

4.3 Systematic Failure Events

The assessment of systematic failures from plant failure events is a main task of safety 
evaluation of operational plant experiences and should cover all events independent of 
whether a component has fail or not.
For statistical purposes we group the identified systematic failure events in respect to 
the following classes failure events:
1. Dependent failure without loss of component function,
2. Dependent failure with loss of one component function,
3. Dependent failure with loss of multiple component functions.

and to the attributes of systematic failure causes in the context of deficiencies of:
• Quality assurance,
• Fabrication,
• Specification,
• Installation,
• Maintenance,
• Unspecified environment conditions,
• Unspecified use of component.

The specific treatment of our approach of systematic failure evaluation is described in 
/3/.
The evaluation results of the systematic failure events from 5 NPP's, as coded accord
ing to the above mentioned classification, is given in Tab. 6 and Fig. 11, 12.
The distribution of attributes indicates a high impact of failure causes of fabrication 
and specification deficiencies". These types of failure causes we call „conceptior)al fail
ures11 because they are rooted in the history before the operation of systems or compo
nents started.
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Taking into account the different pattern of the distributions of failure causes of
• single component failures,
• safety related plant incidents,
• systematic failures 
we can conclude:
„The more complex a type of failure, the higher the percentage of conceptional failure 
causes is".
This subject and its meaning should be further discussed and verified against plant 
specific experiences.

4.4 System Train and Component Unavailabilities

As a result from the operational experiences of NPP's under consideration the un
availabilities of system trains and components are dominated by planned maintenance 
rather than corrected maintenance, because of relative low system failure frequencies. 
The results of Diesel generators and ECCS are presented in Fig. 13 and 14.

5. Conclusions

From the viewpoint of an inspection organization a Reliability Assurance Programme of 
safety related NPP systems and components as presented has two main objectives: ■

• Assessment of plant specific reliability data for plant safety indicators in support of 
current investigation of NPP safety operation.

• Assessment of plant specific reliability data for realistic probabilistic input data and 
verification of probabilistic plant models of PSA.

From our experiences we can state, that plant specific reliability data of frequencies of 
initiating events, component failure rates and maintenance caused system and compo
nent unavailabilities can be derived with high confidence and applied for realistic PSA 
data .and quantitative safety indicators.
This high confidence of probabilistic data helps in supporting the ongoing process of 
plant systems and maintenance optimization.
Hence common cause failure data (as well as human failures) are much more complex 
to be assessed from plant experiences. A main key to get into this subject is a detailed 
evaluation the failures's root causes, as we have discussed by the given examples.
The identified different pattern of failure cause-complexes should be further discussed 
and verified against plant specific experiences.
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! Concept of Reliability Data Assessment 
! _ from Plant Experiences

Fig.1 : Concept of reliability data assessment from plant experiences



K1 : Systems and Components of safety system including support systems 
K2 : Components of radioactivity inventory.
K3 : Components with high energy
K4 : Systems and components with degraded safety level
K5 : all other plant systems and components.

Fig. 2: Classification of NPP components



Tab. 1: Frequency of Initiating Event

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 F
BWR 1 5 4 1 2 9 7 4 2 0 3 3 3 0 0 1 0 44
BWR 2 - - - 3 4 0 2 1 1 1 2 0 0 0 0 1 15
PWR 1 - 4 3 0 2 0 0 2 0 1 1 13
PWR 2 1 0 2 3 2 1 0 3 1 0 1 3 1 1 1 2 22

Year

I

Fig. 3: Distribution of plant specific I

Fig.4: Summarized IE
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Tab. 2: Frequencies of IE

BWR 1 BWR 2 PWR 1 PWR 2

Turbine trip / scram without loss of main heat sink T1 16 5 6 8 35
Loss of main heat sink T2 16 4 1 1 22
Loss of feedwater T3 1 1 2 3 7
Loss of oflsite power / power station internal load T4 2 2
Loss of offeite power T5 2 2
reactor / steam generator owrfeeding T6 1 2 3
inadvertant demand of safety system A 5 2 1 2 10
primary circuit leaks (no demand of ECCS) L 3 5 8
external events (extrem environmental cond.) E 2 1 1 4
internal fire events B 1 1

44/16y.. 15/13y. 13/10y. 22/16y.

Initiating E v en ts

- B W R  1 — i t— B W R  2 — X — P W R  1 — 0 —  P W R  2

Fig. 5: Distribution of specific IE
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Tab. 3: Reliability data of valves and pumps

Plant Observation time 
[h]

IMo. o f failures Failure rate K95

BWR 1 Valves 1.44E+06 32 2,3E-5 1,4
Pumps 4.04E+05 9 2.4E-5 1,8

BWR 2 Valves 5.94E+05 14 2.5E-5 1,6
Pumps 4.67E+05 11 2.5E-5 1,7

PWR 1 Valves 9.02E+05 12 1.4E-5 1,7
Pumps 3.76E+05 5 1.6E-5 2,3

PWR2 Valves 1.20E+06 31 2.6E-5 1,4
Pumps 4.33E+05 9 2.3E-5 1,8

1,0E-4

1,0E-6

0  BWR 1 

SBWR2
□ R/VR1 !
□  FWR 2 j

Valves Pumps

Fig.6: Failure rates of valves and pumps

Fabrication
Maintenance
Unspecified environment eond.

(H)
(B)
(U)

Material (W)
Electric and control s (V)
others (X)

Fig. 7: Distribution of failure causes
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Tab. 4: Failure causes o f all events to be collected

Failure cause attributes BWR 1 BWR 2 PWR 1 PWR 2 PWR 3
Fabrication H 2,1% 3,6% 4,5% 5,7% 7,8%
Maintenance B 5,0% 5,1% 2,7% 3,8% 4,2%
Unspecified environment cond. U 3,6% 3,8% 2,2% 4,4% 7,0%
Material W 22,6% 24,1% 19,3% 25,6% 20,3%
Electric and control supply V 64,4% 57,7% 57,8% 44,4% 45,6%
others X 2,2% 5,8% 13,4% 16,0% 15,1%

70,0% - 

60,0% - 

50,0% 

40,0% - 

30,0% - 

20,0% - 

10,0% - 

0,0% -

Fig. 8: D istribution o f failure cause attributes

Failure cause attributes

SBWR 1 
H  BWR 2

□  FWR 1 

E F W R 2 

H FW R 3
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Tab. 5: Failure causes of licensing events
Failure cause attributes all plants

Fabrication H 12,5%
Maintenance B 15,7%
Unspecified environment cond. U 5,2%
Material W 27,2%
Electric and control supply V 26,6%
others X 12,7%

B  BWR 1 rn BWR 2 □  FWR 1 El FWR 2 S  FWR 3

Fig. 9: Distribution o f failure causes

Fig. 10: Distribution of failure causes of all plants



Tab. 6: Attributes of systematic failures (1993-1996)

B1 B3 E1 E2 E3 H1 H2 H3 11 12 13 M1 M2 U1 U2 U3
BWR 1 3 3 2 2 10
BWR 2 2 3 2 1 1 1 1 2 13
PWR 1 1 2 2 6 1 1 13
PWR 2 1 2 1 3 1 8
PWR 3 5 1 2 4 1 2 1 1 17

1 2 13 7 4 15 3 2 1 1 1 1 2 6 1 1

B Unspecified use of component
E Specification
H Fabrication
I Maintenance

M Installation 
Q Quality assurance 
U Unspecified environment conditions

1 Dependent failure without loss of component function
2 Dependent failure with loss of one component function
3 Dependent failure with loss of multiple component functions

0  BWR 1 H BWR 2 □  FWR 1 0  PWR 2 H PWR 3

Fig. 11: Distribution of attributes of systematic failures

Fig. 12: Distribution of attributes o f systematic failures of all plants



Fig. 13: D istribution of unavailabilities of diesel generators and high pressure

injection systems of a PWR

Fig. 14: D istribution of unavailabilities o f emergency heat removal systems

of a PWR
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Abstract

With respect to the safety systems during nuclear plant operation, the Safety 
Regulation(Technical Specification) provides allowed outage times' (AOTs) for failure of one 
train or one component of standby systems and the surveillance test intervals (STIs) which are 
applied to the remaining systems during such AOTs. The effectiveness of the AOTs and STIs 
provided as the limiting conditions for operation(LCO) on plant safety and reliability has been 
evaluated with probabilistic method.

The plant safety systems are designed to prevent and mitigate plant transients and accidents. To 
confirm this, plant behavior analysis is performed about the transients and accidents postulated 
as the design based events(DBE), and analyzed result is confirmed not to exceed the safety 
design criteria. Therefore we considered the LCO has firm connection with the criteria and it 
should be referred when the effectiveness of LCO is evaluated.

The effectiveness of the AOTs and STIs is investigated using the system’s unavailability and 
total probability violating the criteria for plant safety design. In addition, a certain value of the 
probability for the safety operation criteria was postulated to assess the effect of the AOTs and 
STIs,

Evaluation of Allowed Outage Times
From a Risk and Reliability Viewpoint
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Introduction

We launched this study in fiscal year of 1995 and developed the methodology of evaluating the 
AOT and STI (hereafter referred as LCO; limiting condition of operation) and conducted some 
case studies. In next two years(1996 and 1997) 8 systems of PWR and 9 systems of BWR were 
evaluated concerning AOTs and STIs to cover the each safety regulation of the standard plant 
for PWR and BWR. Plant 
as shown in Table 1.

This study is performed under the sponsorship of the Ministry of International Trade and 
Industry of Japan.

Table 1 Evaluation results of the safety regulations

1995 1996 1997

PWR plant 
Systems

Containment spray c 
Annuals cleanup

(methodological 
case study)

High pressure injection 
Low pressure injection 
Auxiliary feed water

Containment spray 
Emergency diesel generator 
Emergency Batteries 
Annuals air filtering 
Safeguard component area 
cleanup 

Boric acid pump
BWR plant 
Systems

C/V spray 
Emergency diesel 
generator

(methodological 
case study)

High pressure core spray 
Low pressure core spray 
Reactor isolation 

cooling

Automatic depressurization 
Emergency diesel generator 
Emergency Batteries 
Low pressure injection 
C/V spray
Flammable gas control 
Standby gas treatment

Methodology and procedure to evaluate AOTs and STIs
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(1) Basic concept

The plant safety systems are designed to prevent and mitigate plant transient and accidents. 
Accordingly the analyzed result of plant behaviors in the transient and accidents postulated as 
the design based events(DBE) is confirmed not to exceed the safety design criteria. In the plant 
safety design review guideline for nuclear plant there are provided the criteria to judge whether 
the plant facilities are designed enough safety.

On the other hand LCO is basically derived from SAR and should conform with the plant safety 
design. So we have adopted the above mentioned said criteria to assess the total effectiveness of 
the AOTs and STIs provided as LCO when out-of-service of the one train or one component of 
the standby systems takes place.

Therefore we have come to take up the basic ideas that the effectiveness of the AOTs and STIs 
on plant safety and reliability could be assessed on the basis of the system’s unavailability itself 
and the total probability violating the criteria .

(2) Initiating events for probabilistic study and criteria for evaluating end state of the 
developed event tree.

As the initiating events to be considered are selected from plant transients and accidents 
provided in the safety review guideline as follows.

PWR plant
Large LOCA 
Small LOCA
Loss of off-site power(transient)
Loss of FW (transient)

BWR plant
Large LOCA 
Small LOCA
Reactor isolation(transient)
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According to the guideline the acceptance criteria for safety design to prevent or mitigate the 
accidents are as follows and these criteria are used as references to evaluate the end state of 
sequences of event tree started from the initiating events.

(a) No severe damage on the core, and sufficient cooling capability.
(b) The pressure in main coolant boundary does not exceed 1.2 times of its maximum 

operating pressure.
(c) The pressure in the reactor containment boundary does not exceed its maximum operating 

pressure.
(d) No notable risk of radiation exposure due to the accident is incurred on neighboring public.

(3) The end states of the event tree sequences are classified on the basis of the Safety 
Analysis Report referring the above criteria as follows:

Severeness Large (L) ; the criteria is violated and additional mitigation operation is required 
Severeness Medium (M); the criteria is violated, but there is enough time to mitigate or 

enough mitigation effect due to recovery 
operation.

Severeness Small (S) ; the criteria is not always violated.

(4) Unavailability calculation of safety systems when one train or component is removed
from in-service

About the safety systems for which AOTs and STIs are provided in the safety 
regulation the following unavailabilities are calculated withFTA code FRANTIC-N*

(a) Qi ; Unavailability of the safety system i with no outage of any train or component
Annual overhaul and monthly surveillance tests is taken into account in the
calculation.

(b) QiJ ; Unavailability of the safety system i with outage of one train or one component

The length of AOT and value of STI are additionally taken into account.

*Formal Reliability Analysis 
about Normal Testing, Inspection 
and Checking (revised by NUPEC)



(5) Calculation of frequency violating the criteria
The following frequencies are calculated using the each safety system’s 
unavailability(Qi, Qij ) and the relevant event tree developed for each initial event.
(a) Pdb ; Frequency in case of normal standby condition with no outage
(b) P DBij; Frequency in case of one train or one component outage of a system i.

Fig. 1 shows the example of event tree developed for large LOCA of PWR. The heading events 
relevant to LOCA are chosen from Safety Analysis Report and the severeness of the end state 
are judged from SAR and the plant basic design.

Pdbj for large LOCA as the initiating event with one outage of two EDG s is calculated by 
summing up the each end state’s frequency with weighting it according to its class of 
severeness.

Here we use the weighting factors W as follows.
Wl=1
W m = 1  ; W m  is less than 1 , but conservatively set to 1

Ws=0 ; For a example, impact of one train outage on safeguard component area 
cleanup system belong to “S” class. In this study Ws is set to zero because it could 
be thought relatively very small.

Generally the P d b j is obtained by the next equation.

PdBi* = —- initial event ( ^  P L "t" P m) >
where,
P l , P m : the frequency of sequence with the weighting factors.



Fig. 1 The event tree developed for large LOCA of PWR

Q i ; Unavailability of the safety system i with no outage 
of one train or one component

Q i j ; Unavailability of the safety system i with outage of 
one train or one component

Large ACC EBT EDG CCWS LPIS CSS ANN SCA
LOCA

ACC: Accumulator EBT: Emergency Battery EDG: Emergency diesel generator

CCWS : Component cooling water system
LPCI: Low pressure injection system CSS: Containment spray system
ANN: Annulus cleanup system SCA: Safeguard component area cleanup system



(6) Increase of risk violating the criteria

Risk increase due to outage is calculated as follows using Qi, QiJ ,Pdbi , Pdb/

N
Risk increase A P=  2  (PDBij - Pdb) AOT, (1)

K=1

and when relevant system are composed of duplicated or triplicated trains or components,

N

Risk increase A P = £  Fin (Q, J - Q, ) AOT, (2)
K=1

where, Fin : occurrence probability of initial event and systems only relating to the class “S” 
are excluded.

N: the number of initiating event

To assess Risk increase A P , some postulated criteria is needed to be compared with. So we 
have derived the criteria, 510'7/Y from IAEA’s safety goal of CDF, 10_S/Y and this value is 
coincident with the value provided in NUREG 5742.

Evaluation of AOTs and STIs

(1) To evaluate the effectiveness of LCOs , sensitivity studies are performed for the nine cases 
for each LCO( AOT and STI) as shown in Fig. 2 including present AOTs and STIs 
provided in the safety regulation.

Table 2 Case study for LCO effectiveness

1/2 STI STI 3STI
1/2 AOT

AOT present case
3AOT
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(2) Result of evaluation

(a) Unavailability and Risk increase P about LPIS (PWR)
Unavailability instantaneously increases due to one pump removed form service, but as shown 

in Fig. 2 due to ST performed immediately on the remained train it decreases to low enough for 
safety. Unavailability increase during AOT is accounted for the effect of ‘k t  (k is failure rate 
constant,) of such components as valves which are not subjected to STI.

In this case the alteration of STI is not effective .

As for the Risk increase A P Fig. 3 shows that A P increases do not exceed the postulated 
criteria 5E-10. Its dependency on AOTs is accounted for by the equation (2) which represent the 
relation unavailability and A P.

(b) Unavailability and Risk increase A P about RCIC (BWR)

Fig. 4 shows the Low Pressure Core Injection (LPCI) System’s unavailability when one pump 
removed from service. The trend of the system’s unavailability is similar to that of PWR LPIS. 
But sensitivities of unavailability on AOT is smaller than that of PWR LPIS because the 
portions not subjected to TSI is smaller than PWR LPIS.

As for the Risk increase A P Fig. 5 shows that A P increases do not exceed the postulated 
criteria 5E-10. P do increase proportionally to AOT, which is accounted for by that the 
unavailabilities of remaining systems including the affected system unavailability are kept 
almost constant owing to STIs.

(c) Over view of evaluated results

Fig. 6 and 7 show each main calculation results regarding unavailability and Risk increase A P 
with STIs fixed to present values. As shown in Fig. 8and 9, many cases seem so as that the 
effectiveness of STIs is small with some exceptions. This situation is accounted for by the 
adverse effect of cycling the Surveillance Test.

With regard to the effectiveness of AOTs, the sensitivities to the values of AOT vary depending 
upon the system’s characteristics and the range where surveillance-test is conducted within the 
system.



Unavailability is generally useful with some exceptions in BWR, and only unavailability but not 
risk increase A P is useful for the LCO for such safety systems as are expected indirect or 
marginal safety functions and which severeness due to their failure are deemed “S” in our study. 
The BWR safety systems are ,not as composed of duplicated components as PWR , with some 
exceptions mainly composed of single train or component of one kind system, in which one 
system’s failure is covered by the other kind systems.

Risk increase A P is meaningful indicator to evaluate LCO for safety systems such as are 
expected perform direct or vital safety functions.

Summary

The methodology to evaluate the effectiveness of AOTs and STIs on the plant safety operation 
has developed.

This study’s findings with respect to each specific safety system could be referred when the 
safety regulation (Tech Spec) are reviewed.

References
(1)NUREG/CR-5472 Feasibility Assessment of a Risk-Base Approach to Technical 

Specifications
(2) IAEA Report NO.75- INSAG-3 Basic Safety Principles for Nuclear Power Plants
(3)The Safety Assessment Guideline of Nuclear Power Plant Facilities ( of Japan)
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Session 4

RELIABILITY DATA ASSESSMENT- 
Part 2 - CCF

*  Mr. Bojan TOMIC, ENCONET Consulting, 
Austria, Identification o f the CCI and 
their Precursors documented in the 
IAEA/NEA Data Incident Reporting 
System (co-authors: M. Kuiïg, R. Nyman)

<•> Dr. Gerhard KLEIN, TÜV EST, Germany, 
Application o f the SRA Model for the 
Treatment o f Common Cause Failures: 
Exemplary Estimation o f Parameters 
from Operational Experience (co-author.: 
U. Steininger)
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ID E N T IF IC A T IO N  O F  CCI A N D  T H E I R  
P R E C U R S O R S  D O C U M E N T E D  IN T H E

N E A  1RS DATA B A S E

R a l p h  Ny m a n , S K I  

B o j a n  T o m ic ,  E N C O N E T

O ECD N E A  P W G S  W O R K S H O P  ON DATA
A p r  2 2 ,  1 9 9 8

II
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B A C K G R O U N D

♦  RANDOM E V E N T S  A N D  INDIVIDUAL F A I L U R E S  OF  

LIMITED I N T E R E S T

♦ RISK C O N T R I B U T I O N  OF T H O S E  R ELATIVELY S M A L L  

AND G E N E R A L L Y  W E L L  A NA L Y Z E D

♦  D E P E N D E N C I E S  OF V AR IO U S S O R T S  GIVE RAISE TO 

RISK
^  D E P E N D A N T  F A I L U R E S  

=> C OM MO N S Y S T E M

S H A R E D  C O M P O N E N T S  

<=> COMMON C A U S E  I N I T I A T O R S
e n
C o n s u l t in g  G e s .m .b .H .
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PUANT RISK

♦ “ T R A D I T I O N A L ” I N I T I A T O R S
*  T R A N S I E N T S  ( F R E Q U E N C Y  1 E - 3  ~  l O )

*  L O C A  ( F R E Q U E N C Y  1 - E 7 - 1  E - l )

*  S Y S T E M  I N I T I A T O R S  ( F R E Q U E N C Y  1 E - 4  T O  I E - 1 )

*  S P E C I A L  E V E N T S  : F I R E ,  F L O O D S ,  S E I S M I C  ( F R E Q .  1 E - 6  T O  1 )

♦  P L A N T  P R O T E C T IO N
*  S A F E T Y  S Y S T E M S  (1  E - 4  T O  I E - 2 )

*  O P E R A T O R  A C T I O N S  ( I E - 3  T O  ï  E - Ï )

*  R E C O V E R I E S  ( I E - 2  T 0  5 E - 1 )

♦  THE CORE DAMAGE F R E Q U E N C Y  I N F L U E N C E D  BY BOT H

e n
C o n s u l t in g  G e s .m .b .H .



COMMON C A U S E  IN IT IA T O R S

♦  DEFINITION:

E V E N T S  W H IC H  CA U S E  SIM U L. T A N E O U S  (O R  
C O N S E Q U E N T IA L ,)  O C C U R R E N C E  O F  A N  IN IT IA T IN G  
E V E N T  A N D  A F F E C T  S A F E T Y  S Y S T E M (S )  W H IC H  A R E  
D E S IG N E D  TO  C O P E  W IT H  IN IT IA  T O R S

♦  TYPICAL E X A M P L E S
*  E L E C T R I C A L  D I S T U R B A N C E S

*  S U P P O R T  S Y S T E M S

*  I N S T R U M E N T A T I O N  A N D  C O N T R O L  S Y S T E M

*  A R E A  E V E N T S

e n C O E ^ E T T
C o n s u l t l n g  G e s . m . b . H .



COMMON C A U S E  I N IT IA T O R S  ( C O N T ’ D )

* CCI WILL GIVE RAISE TO
+ I N C R E A S E D  F R E Q U E N C Y  O F  I N IT IA T I N G  E V E N T S  

+ U N A V A I L A B I L I T Y  O F  S A F E T Y  S Y S T E M S / O P E R A T O R  R E S P O N S E

♦ HIGH I N T E R E S T  FOR E V E N T S  WHICH W O U L D  LEAD TO AN  
U N R E V E A L E D  S A F E T Y  I S S U E /D E F I C I E N C Y

* CCI MAY HAVE S I G N IF IC A N T  E F F E C T  ON O V E R A L L  RISK

♦ CCI HAVE S I G N I F I C A N T  E F F E C T  BY B R E A C H IN G  S A F E T Y  
B A R R I E R S  (D E T E R M I N I S T I C  C O N S I D E R A T I O N )

B— m
C o n s u l t i n g  G e s . m . b . H .



COMMON C A U S E  IN IT IA T O R S  ( C O N T ’ D )

♦  THE C C l s  ARE O F T E N  O V E R LO O K E D  IN E V E N T  A N A L Y SIS
=> F O C U S  O F  I N D I V I D U A L  O C C U R R E N C E S ,  N O T  F U L L  E V E N T S  

«=> R C A  F O C U S  ON S E G M E N T S  W H E R E  R E M E D I A L  A C T O N  C O U L D  B E  
I M P L E M E N T E D

C O M P O N E N T  F A I L U R E S  S T I L L  D O M I N A N T

♦  THE C C ls  NOT READILY A D D R E S S E D  IN P S A s
^  F O C U S  O F  S P E C I F I C  I N I T I A T O R S  ( E P R I  L I S T )

^  D I F F I C U L T I E S  TO H A N D L E  IE A N D  S Y S T E M  F A I L U R E  
S I M U L T A N E O U S L Y

♦ A R E  C C I O B S E R V E D  IN  O R .E X P E R IE N C E  O R  S U C H  E V E N T

En CONET
C o n s u l t i n g  G e s . m . b . H .
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S K I ’S P R O J E C T  ON CCI 
O B J E C T I V E S

♦  REVIEW  THE O P E R A T IO N A L  E X P E R I E N C E  TO D E T E R M I N E  
IF CCIS C O U L D  BE EASILY ID E N T I F I E D

■=> REAL. CCI E V E N T S

P R E C U R S O R S  A N D  P O T E N T I A L  CCIS

♦  IDENTIFY C A T E G O R I E S  OF S P E C I F I C  CCIS

♦  COMPARE CCIS WITH EPRI LIST OF I E s

♦  D E T E R M IN E  IF T H E  CCIS ARE W O R T H  F U R T H E R  
INV E ST IG A T IO N  A N D  E S T A B L I S H  THE S C O P E

♦  U S E  THE 1RS FOR CCI IDENTIFICATION

e t N  b o u t  -b-  ■-» ■
C o n s u l t i n g  G e s . m . b . H .



S K I ’S P R O J E C T  O N CCI 
W O R K  M E T H O D S

♦  D E F I N E  THE TYPE OF E V E N T S  W HICH TO LOOK FOR
P A R T I A L  F A I L U R E S  

O  I N S T R U M E N T A T I O N  R E L A T E D  D E P E N D E N C I E S  

O  E R R O R S  O F  C O M M I S S I O N  

«=> A R E A  E V E N T S  

=> O T H E R  E V E N T S

♦  REVIEW  T H E  1RS DATA B A S E
^  C O D E  S E A R C H
Uî

«=> K E Y W O R D  S E A R C H

♦  D O C U M E N T  T H E  F I N D I N G S
«=î> E V E N T S  I D E N T I F I E D  

<=t> G R O U P I N G  O F  E V E N T S

<=> D I R E C T I O N  O F  A NY  F U T U R E  W O R K  IN T H E  A R E A

e n  Q Q M C T
C o n s u l t in g  G e s .m .b .H .



S K I ’S P R O J E C T  ON CCI 
1RS DATA B A S E  S E A R C H

♦  C O D E  B A S E D  S E A R C H E S

* A L L  E V E N T S  W I T H  F U L L  OR P A R T I A L  S C R A M  ( C O D E  6 . 1 ,  6 . 1  1 . 6 . 1 2 )

* N A R R O W I N G  T H E  S E A R C H  W I T H  F A I L U R E S

^  C O D E  1 . 2  D E G R A D A T I O N  O F  S Y S T E M S  I M P O R T A N T  TO S A F E T Y  

«=> C O D E  3 . B  E S S E N T I A L  R E A C T O R  A U X IL IA R Y  S Y S T E M S  

«=> C O D E  3 . C  E S S E N T I A L  S E R V I C E  S Y S T E M S  

=> C O D E  3 . E  E L E C T R I C A L  S Y S T E M S  

^  C O D E  3 .  H H V A C  S Y S T E M S

^  C O D E  3 .1  I N S T R U M E N T A T I O N  A N D  C O N T R O L  

=> C O D E  3  K S E R V I C E  A U X IL IAR Y  S Y S T E M S

♦  K E Y  W O R D  S E A R C H

■=> C O M M O N  M O D E; COM MON C A U S E

■=> M U L T I P L E  S A F E T Y  S Y S T E M S ,  M U L T I P L E  T R A I N S ,  A C  S Y S T E M ,  A U X  
F E E D W A T E R

S E R V I C E  W A T E R ,  P O W E R  S U P P L Y ,  I N S T R U M E N T  A IR ,  P I P E  F A I L U R E  

^  S T R A I N E R ,  C L O G G E D ,  I N S T R U M E N T  D R I F T  I N S T R U M E N T  F A I L U R E

p N ^ n M C T
C o n s u l t in g  G e s .m .b .H .



S K I ’S P R O J E C T  O N CCI 
1RS DATA B A S E  S E A R C H  ( C O N T ’D)

♦  1RS DATA B A S E  2 0 0 0 +  E V E N T S  W O R L D W I D E

♦ INITIAL S E A R C H  R E S U L T E D  IN S E V E R A L  H U N D R E D  E V E N T S

♦ E V E N T  T I T L E S  W E R E  R E V IE W E D  TO R E D U C E  T HE  
S E L E C T IO N

♦ R E S U L T I N G  S E L E C T I O N  OF 1 5 0 +  E V E N T S

♦  D E TA ILE D  R E V IE W E D  OF THE E V E N T  D E S C R I P T I O N

♦ R E S U L T :  6 0  E V E N T S  S E L E C T E D  A S  OF I N T E R E S T  FOR CCI 
A N D  P R E C U R S O R S

— » p N n n M C T
SJ --------------------------------

C o n s u l t i n g  G e s . m . b . H .



PDM
37%

CCI
38%

■  CCI
■  P-CCI 
H PDM
■  CCF
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006200 SPUTUOUS SAFETY INJECTION DUE TO HIGH DIFFERENTIAL PRESSURE DETWEEN 
STEAM LOOPS.

P-CCI Valve stack M/I Protection / Control Wrong measurement

009702 FAILURE OF HIGH PRESSURE SAFETY INJECTION SYSTEM P-CCI Power supply fail E/E Support Power supply

012500 PARTIAL FAILURE OF THE THREE PI U SE SUPPLY SYSTEM. CCI TE* Converter disconnected E/E Support Power supply

014800 FIRE RESULTING FROM TRANSFORMER FAILURE. CCI Transformer failure E/E Environment/Area Fire

016500 REACTOR SCRAM AND LOSS OF REDUNDANT SAFETY SIGNALS. P-CCI Transmitter valve open M/I Protection /  Control Wrong measurement

0176G4 INADVERTENT ACTUATION OF FIRE SUPPRESSION SYSTEM. P-CCI TA Fire spray actuated I/I Environment/ Area W ater spray

021600 LOSS OF REGULATION INCIDENT. PDM Computer HW 1/1 Support Computer

0218G2

0218G4

STEAM EROSION IN TURBINE EXHAUST LINES PDM Pipe break M/M Environment/Area Steam jet

EROSION AND RUPTURE OF HEATER. DRAIN PIPING, PARTLY DUE TO MISUSE OF PUMP 
DISCHARGE ?!VE

PDM Pipe break M/M Environment/Area Steam environment

0218G5 FEEDWATER. LINE RUPTURE DUE TO EROSION tN AREA NOT REGULARLY INSPECTED PDM Pipe break M/M Environment/Area Steam environment

022100 BLACKOUT AFFECTING THE DOEL POWER STATION CCI Spurious signal I/I Transient Grid disturbances

022900 LEAKAGE IK THE CHEMICAL AND VOLUME CONTROL SYSTEM PDM Defective gasket M/M Environment/Area Steam environment

0241G1 FROZEN INSTRUMENTATION LINES CAUSE INADVERTENT ACTUATION OF 
ENGINEERED SAFETY FEATURES.

PDM Frozen instrument line M/I Environment/Area Cold weather

025800 LOSS OF AUXILIARY POWER AFFECTS TWO UNITS. PDM ME* Fuses pulled out E/E Environment/Area Power supply

027002 DRAIN OF PRIMARY WATER DUE TO MISALIGNMENT OF A RHR VALVE P-CCI ME* Power supply connected E/E Direct H/L pressure boundary

029600 REACTOR SCRAM DUE TO EXCESSIVE VALVE LEAKAGE PDM V a lv e  le a k a g e M/M Transient Water hammer

030302 TROUBLE WITH ELECTRICAL SUPPLY SYSTEM CAUSED DY LIGHTNING CCI Melted fuse E/I External Lightning stroke

031900 IMPACT OF A LIGHTNING STROKE INTO PLANTS 220 KV LINE PDM Eleclronic device failed I/I E x te rn a l Lightning stroke

032700 MAIN FEEDWATER LINE BREAK DUE TO WATER HAMMER^ PDM Spurious signal I/I Transient Water hammer

037500 UNCONTROLLED LEAKAGE OF REACTOR COOLANT OUTSIDE PRIMARY 
CONTAINMENT

P-CCI Valve closure M/M Environment/Area Steam environment

042503 VOLTAGE DROP FOLLOWED BY LOSS OF TRAIN A 4« VOLT BUS LEADING TO LOSS OF 
BOTH OFF-SITE POWER AND TRAIN A DIESEL GENERATOR

CCI HE+ Electronic card failure 1/1 Support Power supply

0437G5 TESTING RESULTS IN STATION BLACKOUT CCI TE* Electric switch open E/E Support Power supply
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044300 WATER HAMMER IN FEEDWa TER PIPING AND SUBSEQUENT SCRAM DUE TO 

FEEOWATER SYSTEM PROBLEMS
P-CCI OE+ Check valve failure M/M Transient Water hammer

049500 HIGH PRESSURE COOLANT INJECTION SYSTEM LOCKOUT. PDM TE+ Valve failure M/M Protection /  Control Signal / interlock not cleared

052300 EXPLOSION AND FIRE IN AUXILIARY TRANSFORMER RESULTS IN LOSS OF STARTUP 
TRANSFORMER

CCI Transformer failure E/E Environment/Area Fire

053900 SWITCHYARD COMPUTES. DESIGN DEFICIENCY CAUSES LOSSOF NORMAL OFF-S1TE 
POWER.

PDM ME+ Breaker failure E/E Maintenance Computer not reset after maint.

057000 INOPERABLE SAFETY INJECTION PUMPS CCF PB+ Piping blockage M/M Environment/ Area Boric acid solidification

058803 LOSS OF ALL IN-PLANT AC POWER, REACTOR TRIP AND WATER HAMMER AT SAN 
ONOFRE-I

CCI - Transformer failure E/E Transient Water hammer, electric

059400 SYSTEM INTERACTION EVENT RESULTING IN REACTOR SYSTEM SAFETY RELIEF 
VALVE OPENING FOLLOWING A FT RE PROTECTION DELUGE SYSTEM MALFUNCTION.

CCI OP+ Valve failure M/I Environment/Area Water spray

061000 FLOODING RESULTS FROM EXPANSION JOINT FAILURE AND INSTALLATION ERROR PDM - Expansion joint failure M/M Environment/Area Flooding

061600 SAFETY INJECTION AND REACTOR TRIP DUE TO LOSS OF STATION INSTRUMENT AIR 
PRESSURE.

CCI - Faulty solder/fitting M/I Transient Pressure transient/leakage

061800 BLACKOUT SIGNAL AND INTERACTION EVENT BETWEEN UNITS CCI TE* Breaker opened E/E Support Power supply

063300 REACTOR TRIP RESULTS FROM ERRONEOUS CONTROL BOARD INFORMATION DUE TO 
INVERTER FAILURE.

CCI
-

- Inverter failure E/E Support Power supply

064100 INADVERTENT OPENING OF A RELIEF VALVE DUE TO A SPURIOUS CONTACT 
BETWEEN WIRES INSIDE AN ELECTRIC PENETRATION

PDM - Wire short circuit EÆ Environment/Area Degraded insulation

064700 INADVERTENT ENGINEERED SAFETY FEATURES ACTUATION AND SUBSEQUENT 
REACTOR TRIP

CCI - Ventilation fan failure M/E Support Cabinet ventilation

064800 LOSS OF INSTRUMENT AIR CAUSES REACTOR SCRAM WITH HIGH T RESSURE 
COOLANT INJECTION SUBSEQUENTLY FAILING.

CCI MA Instrument air dryer M/1 Support IA low pressure

067800 WATER DRIPPING IN CONTROL ROOM. P-CC! - Valve open M/M Environment/Area Flooding

069300 UNLABELED SWITCH RESULTS IN INADVERTENT ACTUATION OF DELUGE SPRAY 
SYSTEM AND SUBSEQUENT SCRAM

P-CCI ME* Wrong switch I/I Environment/Area Flooding

086100 FALSE TRIGGERING OF REACTOR PROTECTION SIGNALS DUE TO A FAILED CLOCK 
GENERATOR

P-CCI - Clock gen. short circuit 1/1 Support Clock generator malfunction

091400 FLOW BLOCKAGE OF COOLING WATER TO SAFETY SYSTEM COMPONENTS CCI - Pipe flow blockage M/M Environment/Area Bio-fouling

095800 PARTIAL BLOCKAGE OF THE WATER INTAKE OF ONE UNIT. AND LOSS OF OFF-SITE 
POWER TO THE TWIN DURING COLD WEATHER

PDM - Water intake blockage M/M Environment/Area Cold weather

102502 FIRE IN ONE TURBINE GENERATOR GROUP AND SUBSEQUENT FAILURE OF SAFETY 
SYSTEMS

CCI - Turbine/generator failure M/M Environment/Area Fire

103500 REACTOR TRIP DUE TO UNDERVOLTAGE ON CONTROL ROOM INSTRUMENTATION 
DISTRIBUTION PANEL AT D C  COOK UNIT J

CCI - Rectifier failure E/E Support Power supply

136300 REACTOR SCRAM DUB TO LOW PRESSURE SIGNAL OF THE INSTRUMENT AIR PDM OE+ Valve failure M/M Support IA low pressure

146400 INTERRUPTION OF « V  DC CLASS 1 POWER RESULTS IN A LOSS OF UNIT LOW 
PRESSURE SERVICE WATER (LPSW) AND A PARTIAL LOSS OF CLASS IV POWER

CCI - Converter failure E/E Support Power supply

601200 INSTRUMENT AIR FAILURE AT TAPS P-CCI - Instrument air line leak M/I Support IA low pressure

609500 DISRUPTION OF NORMAL OPERATTNG CONDITIONS AND EMERGENCY SHUT-DOWN 
OF THE FIRST UNIT OF THE W E R  REACTOR OR THE ARMENIAN NPP DUE TO FIRE

CCI - Short circuit E/E Environment/Area Fire

612400 INADVERTENT ACTUATION OF SAFETY SYSTEMS RESULTING IN SCRAM PDM TE* El. Bus disconnection E/E Protection /  Control Signal
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616400 UNPLANNED SHUTDOWN OF 1GNALWSKAYA 2 ON SPURIOUS SIGNALS DUE TO CABLE 
FIRES

CCI
,

- Cable overheating E/E Environment/Are* Fire

617400 ACTUATION OP THE FIRE FIGHTING SYSTEM AND ONE CHANNEL OF THE SAFETY 
SYSTEM DUE TO SPURIOUS SIGNALS

CCI - Spurious signal IA Environment/ Area Flooding

62S6G0 DISCONNECTION OF ALL DUKOVANY UNITS FROM GRID. PDM OE Switchyard short circuit E/E Common mode

6274G0 UNPLANNED SHUTDOWNS OF WER-iOOO FLAW S DUE TO DESIGN DEFICIENCIES IN 
SERVICE WATER SYSTEMS FOR ESSENTIAL EQUIPMENT

PDM Tank overfilling M/M Environment/Area Flooding

627700 ACTIVATION OF THE EMERGENCY REACTOR PROTECTION SYSTEM DUE TO SPURIOUS 
SIGNAL DURING DEENERGIZATION OF THE SKAt-A CENTRALIZED MONITORING

PDM OH* Monitoring unit de- I/E Support Computer system

633100 BATTERY MALFUNCTION DETECTED DURING TESTING P-CC1 OH Battery low voltage E/E Support Power supply

634400 DEFICIENCIES IN THE ORGANIZATION OF STAND-BY DIESEL AND SAFETY SYSTEM 
BATTERY OPERATION

PDM - Battery low voltage E/E Support Power supply

635000 DE-ENERGIZATION OF DC SWITCHBOARD DUE TO DAMAGE TO A REVERSIBLE 
MOTOR GENERATOR AND BATTERY TRJPPrNG

CCI - Motor-generator failure Em Support Power supply

636000 REACTOR SCRAM ON HÏ-HI STEAM DRUM LEVEL DUE TO DEENERGIZATION OF THE 
0.4 ÏCV BUS

PDM - Transformer failure E/E Support Power supply

ABBREVIATIONS USED 

Htim tn «cttons

TA testing activities
MA maintenance activities

C O TE testing error
v ME maintenance error

OE operational error
* human error /  no hardware failures involved
+ human error /  additional hardware failures involved

Failures/faults

M
E
I

Mechanical component /system 
Electrical component I system 
Instrumentation & control component /  system



S K I ’S P R O J E C T  O N  CCI 
C C I /P R E C U R S O R S  ID E N T I F I E D

♦  FIVE C A T E G O R I E S  ID E N T I F I E D
«=*> I N S T R U M E N T A T I O N  A N D  C O N T R O L  

«=> E L E C T R I C A L  E V E N T S  

«=> M E C H A N I C A L  E V E N T S  

^  H U M A N  I N T E R A C T I O N  

O T H E R  E V E N T S

♦  A L M O ST  U N IF O R M  D I S T R I B U T I O N  A M ON G C A T E G O R I E S

♦  THE C A T E G O R IZ A T IO N  NOT U N IQ U E :  D I F F I C U L T I E S  
WITH G R O U P I N G
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HI Mechanical failure 

H I&C failure 

0  Electrical failure 

ID Human error

System involved malfunction type

Systems and types o f malfunctions involved in direct cause o f  events.
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lightning
3%

weather
3 %

water hammer J 
8 %

steam
8 %

power supply 
26%

measurement
7%

computer 
7 %

air
5%

■  power supply
■  measurement 
S  computer
IB air
■  flooding
■  fire
■  steam
111 water hammer
■  weather 
□  lightning
■  other
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. p g i g p DRAIN OF PRIMARY WATER DUE TO MISALIGNMENT OF A RHR VALVE

'Descriptions''?: Valve switch left on the „open„ position during a maintenance, power 
restored mistakenly during a test for overall containment leakage
Human errors/ energising a misaligned valve

SSÊÊÊS;i;^uipment*& 
y involveo^^b

RHR valve control logic and valve power supply

ii Oc CMieric ei| ï.Occm énctdésm
' Sys tem'1 in vol ved: an cl th eirdegra da ti on*:,S

[r'RpH avin i ir$mu
MWBBM OCI RHR - A valve switch in the CR left on the 

„open„ position during a maintenance
ABN HEl

ËÊÊÊÊM OC2 RHR - Maintenance operator mistakenly 
energises a misaligned valve

ABN HE2

OC3 RCS - Drain of the primary coolant 
through an open valve results in a low 
reactor coolant level

CR OC1aOC2

OC4 RPS - scram on „low level,, signa] CR 0C3

' f i w  ■■ -
OC5 RHR - isolated automatically CR OC3

Accident sequence;;. 
Initiated ■ , ;

Æ'v

Intermediate System LOCA

:E P R I/IE "--:;v ^ :: No

: M îti^ tiW éyst& !^
RHR

w k ê è

Direct dependency between IE and system degradation;
Human errors HEl and HE2 (independent) =5 loss of coolant => 
RHR degradation (isolation)
Potential CCI

v i i i i i i
'■Significance, to ̂ -SjÊ'Û} Medium -  Alternative mitigation measures not affected

Note: Abbreviations used
OCi Occurrence No.i; ABN Abnormal behaviour; CR Consequential behaviour;
HEi Human error No. i
Fi Failure No. i



S K I ’S P R O J E C T  ON CCI 
C C I /P R E C U R S O R S  I D E N T I F I E D  ( C O N T ’ D )

♦ SOM E I N T E R E S T I N G  E X A M P L E S

❖  I N H I B I T  S A F E T Y  I N J E C T I O N  A F T E R  O P E N I N G  P R E S R Z  V A L V E

❖  T E S T I N G  R E S U L T I N G  I N  S T A T I O N  B L A C K O U T

❖  U N L A B E L E D  S W I T C H  R E S U L T I N G  I N  F L O O D

❖  I M P A C T  O F  L I G H T I N G  S T R O K E  O N  2 2 0  K v  L I N E

❖  R E A C T O R  S C R A M  A N D  L O S S  O F  R E D U N D A N T  S A F E T Y  S I G N A L S

❖  F L O W  B L O C K A G E  T O  C O O L I N G  W A T E R  T O  S A F E T Y  C O M P O N E N T S

❖  L O S S  O F  M A I N  A N D  A U X I L I A R Y  F W  S Y S T E M S

❖  I N T E R R U P T I O N  O F  4 8  V  D C  C L A S S  1 P O W E R  S U P P L Y  

R E S U L T I N G  I N  I N T E R R U P T I O N  O F  L O W  P R E S S U R E  S Y S T E M

e n
C o n s u l t i n g  G e s . m . b . H .



S K I ’S P R O J E C T  ON CCI 
IM P O R T A N T  F I N D I N G S

♦ AREA E V E N T S
^  F I R E S  ( T H O S E  A R E  K N O W N ,  A N D  O F T E N  M O D E L E D  IN P S A )

«=> F L O O D S ,  E S P E C I A L L Y  L OC AL ,  I .E.  D U E  TO F I R E  P R O T E C T I O N  ( T H O S E  A R E  
U S U A L L Y  N O T  M O D E L E D  IN P S A )

♦ ELECTRICAL D I S T U R B A N C E S
«=> L O S S  O F  I N V E R T E R S

<=> L O S S  O F  B A T T E R I E S  A N D  R E C T I F I E R S

P A R T I A L  L O S S  OF B U S S E S  ( E S P E C I A L L Y  S A F E T Y  B U S E S )
c o

^ ^  L O O P  A F F E C T I N G  D I S T R I B U T I O N

♦ HUMAN I N T E R R U P T I O N S
<=> E R R O R S  O F  C O M M I S S I O N ,  T R I G G E R I N G  S Y S T E M  I N T E R A C T I O N

♦ I N S T R U M E N T A T I O N  A N D  C O N T R O L
«=» U N U S U A L  OR U N P R E D I C T E D  R E S P O N S E S

O  L O S S E S  O F  P O W E R  TO I&C

F N c r i i M C T

C o n s u l t i n g  G e s . m . b . H .
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S K I ’S P R O J E C T  ON CCI 
C O M P A R IS O N  W I T H  E P R I  IE  L I S T

♦  EPRI IE LIST  F O C U S E D  ON T R A N S I E N T S ,  F U L L  S Y S T E M  
F A I L U R E S

♦ MOST OF E V E N T S  ARE PARTIAL F A I L U R E S

♦ T H O S E  C O U L D  B E  MORE CRITICAL FOR P L A N T  R E S P O N S E

♦  EPRI LIST  D I S R E G A R D  I&C, P O W E R  S U P P L Y ,  IA

♦ EPRI LIST F O C U S  ON “ R I S K - L E S S  S I G N I F I C A N T ” E V E N T S

♦  MOST OF M O D E R N  P S A s  ONLY PARTIALLY RELY ON EPRI

e r  N  s a  e t  i t

C o n s u l t i n g  G e s . m . b . H .
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006200 SPURIOUS SAFETY INJECTION DUE TO HIGH DIFFERENTIAL PRESSURE BETWEEN STEAM LOOPS. Transient - Inadvertent safety injection PWR (9)

009702 FAILURE OF HIGH PRESSURE SAFETY INJECTION SYSTEM P-CCI Transient - Loss o f  AC power to necessary systems PWR (37)

012500

014800

PARTIAL FAILURE OF TI IE THREE PHASE SUPPLY SYSTEM. CC! Transient - Loss o f power to necessary systems

FIRE RESULTING FROM TRANSFORMER FAILURE. CCI Transient - Loss ofload due to transformer damage

PWR (37)

016500 REACTOR SCRAM AND LOSS OF REDUNDANT SAFETY SIGNALS. P-CCI Transient -  inadvertent reactor trip BWR (35)

0176G4 INADVERTENT ACTUATION OF FIRE SUPPRESSION SYSTEM. P-CCI Transient -  manual reactor trip

021600 LOSS OF REGULATION INCIDENT. PDM Transient -  Increase o f reactor power PWR (12)

0218G2 STEAM EROSION IN TURBINE EXHAUST LINES PDM Transient -  Manual reactor trip PWR (40)

0218G4 EROSION AND RUPTURE OF HEATER DRAIN PIPING, PARTLY DUE TO MISUSE OF PUMP DISCHARGE PIPE PDM Transient -  Turbine trip PWR (33)

0218G5 FEEDWATER LINE RUPTURE DUE TO EROSION IN AREA NOT REGULARLY INSPECTED PDM Transient -  Manual reactor trip PWR (40)

022100 BLACKOUT AFFECTING THE DOEL POWER STATION CCI Transient -  Loss o f off-site power PWR (35)

022900 LEAKAGE IN THE CHEMICAL AND VOLUME CONTROL SYSTEM PDM Transient -  Manual reactor trip PWR (40)

0241G1 FROZEN INSTRUMENTATION LINES CAUSE INADVERTENT ACTUATION OF ENGINEERED SAFETY FEATURES. PDM Transient -  BSFAS spurious actuation

025800

027002

LOSS OF A IIX1UA  R Y POWER A FFECTS TWO UNITS. PDM Transient -  Loss o f ofT-site power

DRAIN OF PRIMARY WATER DUE TO MISALIGNMENT OF A R)1R VALVE P-CCI Transient -  Interface LOCA

PWR (35)

029600 REACTOR SCRAM DUE TO EXCESSIVE VALVE LEAKAGE PDM Transient -  Manual reactor trip PWR (40)

030302 TROUBLE WITH ELECTRICAL SUPPLY SYSTEM CAUSED BY LIGHTNING CCI Transient -  Increase in feedwater flow PWR (20)

031900 IMPACT OF A LIGHTNING STROKE INTO PLANTS 220 KV LINE PDM Transient -  Generator trip PWR (34)

032700 MAIN FEEDWATER LINE BREAK DUE TO WATER HAMMER. PDM Transient -  Loss o f feedwater PWR (15)
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S K I ’S P R O J E C T  ON CCI 
C O N C L U S I O N S

♦ THE CCI AND ITS P R E C U R S O R S  DOES OCCUR

♦ CCls  ARE USUALLY VERY COMPLEX; PARTIAL DEGRADATIONS  
ARE TYPICAL

♦ REVIEW OF 1RS IS CUMBERSOME AND TIME CONSUMING; 1RS 
ABSTRACT S U FFIC IE N T  FOR CLASSIFICATION, NOT ANALYSIS,

♦ DIRECT INTERRELATION THROUGH COMMON SYSTEMS;  
IMPORTANT C ONTRIBUTORS ARE

■=> E L E C T R I C  P O W E R  S U P P L Y

<=> I&C S Y S T E M S

vo ^  E N V I R O N M E N T A L  A N D  A R E A  E V E N T S
o

<=> F I R E . F L O O D

^  W A T E R  S P R A Y  A N D  S T E A M

♦ ONLY SOME OF THOSE MODELED IN PSA  ; EVEN THOSE NOT 
SYSTEMATICALLY

e n  CO iNI*- TT
C o n s u l t i n g  G e s . m . b . H .



o rv i 'S  P R O J E C T  ON CCI 
C O N C L U S I O N S  ( C O N T ’D )

TH E 1RS R E V I E W  I D E N T I F I E D  O T H E R  POTENTIAL.  D E P E N D E N C Y  
M E C H A N I SM  W H IC H  A R E  D I F F I C U L T  TO M O D E L

«=> T R A N S I E N T S

*=> E X T E R N A L  E V E N T S

■=> H U M A N  F A C T O R S

THE R E V I E W  LIMITED IN S C O P E  A N D  E X T E N D ;  S Y S T E M A T I C  
A N A L Y S I S  I N C L U D I N G  A D D I T I O N A L  I N F O R M A T I O N  N E C E S S A R Y

O V E R A L L  C O N C L U S I O N :  

C C l s  ARE IM P O R T A N T RISK C O N T R I B U T O R S .  DUE TO  
MODELING D I F F I C U L T I E S  A N D  LACK O F  G U ID A N C E ,  T H O S E  

ARE L E S S  E X T E N S IV E L Y  M O D E LE D  T H A N  W A R R A N T E D



Application of the SRA Model for the Treatment of 
Common Cause Failures: Exemplary Estimation of Parameters from 
Operational Experience

Gerhard Klein, Udo Steininger
TÜV Energie- und Systemtechnik GmbH,
Westendstr. 199, D-80686 München, FR Germany

Summary

In this paper we present the estimation of the SRA model parameters for two safety 
relevant kinds of components (motor operated valves and gate valves). As the required 
data source we use the results of a recently finished CCF benchmark exercise. An 
important item of this benchmark was to find out the CCF relevant events for the two 
selected components. As a consequence, the event frequencies per demand for CCF 
and from this the wanted SRA parameters can be calculated.

It is shown that major differences to the original engineering judgement can occur 
probably due to insufficient plant specific data. With respect to the importance of CCF it 
is necessary to check the SRA model parameters for other components also and to 
improve the available plant specific data bases.

1 Introduction
An important aim of Living Probabilistic Safety Analysis (LPSA) is to generate and 
update a consistent plant specific parameter set and to balance it with generic data. 
This applies especially to Common Cause Failure (CCF) data base. CCF limit the 
reliability performance of redundant systems and contribute significantly to the total 
risk, as it is calculated in PSA. The treatment of CCF is based on special models. One 
of them is the Stochastic Reliability Analysis (SRA) model /L 1/, which has been used 
for several PSA’s in Germany.

The model contains five parameters: Four of them describe the non shock behaviour 
and are usually set constant by use of engineering judgement. The lethal shock rate is 
fitted to the generic data and plant specific behaviour only. This drawback of the model 
is well-known but nevertheless widely accepted because of the lack of a generally 
acknowledged CCF data base.

To avoid these shortcomings, we use as the required data source the results of a 
recently finished CCF benchmark exercise /L 2/. An important item of this benchmark 
was to find out the CCF relevant events for the two selected components. As a 
consequence, the event frequencies per demand for CCF and from this the wanted 
SRA parameters can be calculated.

The paper is organised as follows: First, we describe shortly the essential parts of the 
SRA model, as far as it is necessary for our purposes (chap. 2). Then we give a short 
summary of the benchmark test (source data, chap. 3) and of the specific data we used
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(target data, chap. 4). Next we present the results of our calculations (chap. 5). We 
close with the discussion of the results.

2 The Stochastic-Reliability-Analysis-Model (SRA model)
In its usual application the probability-density of the SRA model can be written in the
form

(1) f(x) = a05(x-p0) + aiô(x-pi) + a2ô(x-p2).

Thus the density depends on five parameters with the following meaning:

a0 : Probability for the component group to stay in a "lethal environment" at a given
time (failure probability p0 = 1, "CCF-environment").

ai : Probability for the component group to stay at a given time in an environment
which leads with enhanced probability pi to independent failure of components 
("enhanced failure environment").

a2 : Probability for the component group to stay at a given time in an environment
which leads with base probability p2 to normal failure behaviour 
("base environment").

Pi, p2: Failure probability in the "enhanced failure environment" (pO and the 
"base environment" (p2) respectively.

So the mean value for the failure probability of one component is

and the probability of a failure of exactly k arbitrary components of m is given by

with 8km = 1 for k = m, 0 else.

In the case of four components in a redundancy group the five parameters of the model 
can be computed by solution of the following non-linear equation-system of fourth 
order:

(3) Pk/m = ( a0 6km + ai p / (1 - p1)m'k + a2 p2k (1 - p2)m'k )

1 9 3



(4.1 ) 3q + Si + &2 = 1 Normalisation for f(x)

(4.2) p = a0 + ai pi + a2 p2 Mean value of the failure 
probability for one component = Pm

(4.3) P2/4 = 6 (ai pi2 (1 - pi)2 + 82 p22 (1 ■ P2)2 ) Failure probability of 2 of 4 
components

(4.4) P3/4 = 4 (a! pi3 (1 - pi) + a2p23(1 -p2)) Failure probability of 3 of 4 components

On the other hand

(5.1) P2/4 = Pccf,2m + 6 p2 (1  - p )2

(5.2) P3/4 = Pccf,3/4 + 4 p3 (1  - p)

(5.3) P4/4 = Pc c f ,4/4 + p4

where the corresponding data PccF,k/m are valid for the failure of exactly k of m
components.

With these informations about the PccF,k/m and p the Pk/m can be calculated and with the 
help of equations (4.1) to (4.5) the parameters of the model can be determined. But the 
problem with this procedure is the lack of PccF,k/m for every kind of CCF relevant 
components.

Therefore in the past, the following estimations were used for the application of the 
SRA model in PSA’s:

(6) p-\/p2 = 10 ai = 0,05 a2 = 0,95

and consequently

These estimations are based on a world-wide engineering experience, neglecting plant 
and component specific features. The parameters are called "generic" parameters by 
some authors. Essentially, four of the five parameters of the SRA model are fixed by 
eq. (6). a0 describes the lethal shockrate and must be fitted to the available data. a0 is 
typically of the order of 10'6 and some 10'5.

Beside there were and are attempts to verify the special choice of the SRA-parameters 
in eq. (6). Usually the raw data for the caateulation of the PccF.k/m are gained from the

(4.5) P4/4 = ao + ai pt4 + a2 p24 Failure probability of 4 of 4 components

P ~ a0 _ . P -  a0 _ _P



general experience. For this, the data must be subjected to engineering judgement with 
respect to "CCF potential11. Furthermore it must be examined, whether the respective 
event can be transferred from source plant to target plant. Therefore this second step 
also depends on the experience and the judgement of the data analyst. In this sense, 
the results are not free of subjective influences.

In this study we used the results of a recently performed GCF-benchmark in Germany 
to guarantee an judgement of the CCF-potential of events, which is as objective as 
possible.

3 CCF-Benchmark

A benchmark test on common cause failures (CCF) was organised and performed by 
the "Geseilschaft für Anlagen- und Reaktorsicherheit" (GRS) on behalf of the 
"Bundesamt für Strahlenschutz" (BfS). The results are documented in /L 2/.

Interested institutions in Germany have got the opportunity of demonstrating and 
justifying their interpretations of events, their methods and models for analysing CCF. 
The participants of this benchmark test belonged to expert and consultant 
organisations and to industrial institutions.

The benchmark test was carried out in two steps. In the first step the participants were 
to assess in a qualitative way some 200 event-reports on isolation valves. In a second 
step the reliability parameters were to be recalculated on the basis of a common 
reference of well defined events, chosen from all given events, in order to analyse the 
influence of the calculation models on the reliability parameters.

The task for the test was to analyse two typical groups of isolation valves (MOV's, gate 
valves) in German nuclear power plants. The failure probabilities per demand P c c f ,2/4, 

P c c f ,3/4 and P c c f ,4/4 for the failure mode fails to open had to be calculated.

The SRA model does not distinguish CFF-probabilities and independent failure 
probabilities. It yields the failure probability of every combination P j /k according to eq.
(4.3) to (4.5). For the purpose of comparison of results of the SRA model application 
with the results of the benchmark, independent failure probabilities according to eq.
(5.1) to (5.3) were added to the CCF-probabilities from the benchmark.

The following figures 1 and 2 show the results of the benchmark for the different 
participants together with recommendations from PSA Procedure Guide /L4/ and the 
''generic" SRA model application. The corresponding numerical values are given in 
tables 1 and 2. The values for the "generic" SRA model application are calculated with 
the help of eq. (4.3) to (4.5) and (6) together with ao = 2,13 * 10'6 (MOV) and 1,84 * 10 6 
(gate valves) and p from chap. 4.
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Figure 2

2 Of 4 3 Of 4 4 Of 4
failure mode

Results of the CCF benchmark and failure probabilities from PSA Procedure Guide /L 4/ 
and from "generic" SRA model for MOV's 
T c c f  = 336 h; p = 4,37 * 10'3 / demand

2 of 4 3 of 4 
failure mode

4 Of 4

m TUV ET 
^  TUV Nord 
B  ABB 
i l  EWI 
■  GRS
IS  Proc. Guide/L 4/ 
m SRA "generic"

Results of the CCF benchmark and failure probabilities from PSA Procedure Guide /L 4/ 
and from "generic" SRA model for gate valves 
T c c f  = 336 h; p = 6,72 * 10'3 / demand
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Institution
2/4

Failure probabilities 
3/4 4/4

TÜV ET 1 ,2 * 1 0 ‘4 1,5 * 10'6 < 1 * 1 0 '7

TUV Nord 2,4 * 10"4 5,8* 10‘5 1,3* 1C)'5

EWI 1 ,2 * 10"4 3,2 * 10'6 6,4* 10 '7

GRS 1 ,2 * 1 0 '4 3,2 * 10'6 6,4 * 1Cr7
Proc. Guide /L 4/ 1,7* 1 0 '4 4,5*1 O'5 1,7 * 10'5

"Generic" SRA model 3,1 * 10‘4 5,4* 10"6 2 ,2  * 1 0 '6

Table 1 Failure probabilities for MOV's ( T c c f  = 336 h; p = 4,37 * 10'3 / demand)

Institution
2/4

Failure probabilities 
3/4 4/4

TUV ET 3,2*1 O'4 6,4 * 10'5 ' 4,3*1 O'6

TUV Nord 3,8* 1er4 7,0 * 10'6 2 ,6  * 1 0 '5

ABB 3,0* 10'4 3,7* 10‘5 Not calculated
EWI 3,3* 10'4 5,7*1 O'5 2,7* 10 '5

GRS 3,3 * 10'4 5,1 * 10'5 2,3 * 10'5

Proc. Guide /L 4/ 2 ,8 * 10 '4 9,1 * 10'5 5,0* 10'5

"Generic" SRA model 7,1 * 10'4 1,9 * 10'5 2,1 * 1 0 -6

Table 2 Failure probabilities tor gate valves ( T Gc f  = 336 h; p = 6,72 * 10'3 / demand)

Some results of the "generic" SRA model application differ distinctly from those of the 
other models, see P2/4 in case of MOV's and gate valves and P4/4 in case of gate valves.

The results from the benchmark test show that all participants had a common 
understanding in the identification of CCF phenomena. The benchmark exercise shows 
a great influence of the selected calculation model if only a few events have been 
observed for a failure combination (see MOV's). With increasing number of observed 
events the influence of the selected calculation model decreases.

In the present case the required objective evaluation of observed events with respect to 
their CCF potential was attained by the common evaluation of the events by different 
experts. The exemplary calculations of failure probabilities give not only the input for 
equations (5.1) to (5.3), they also enable us to vary these values and to obtain SRA 
parameters which are largely independent of the calculation method and of the 
assumptions of the participants.

4 Probability o f failure p : Plant-specific values 197



As target plant for our parameter estimation the German NPP Grafenrheinfeid (KKG) 
was chosen. The PSA for this NPP was finished recently /L 3/. In Grafenrheinfeid 
valves are under operation, which are technically comparable to those in the 
benchmark. The independent failure probabilities p of these valves are listed in table 
3:

Data source
GRS EG&G ’90, 

Eireda ’91
T-Book

MO"3/demand]
Component:
• Motor operated valve 4,37 0,51 0,98
• Gate valve 6,72 0,55 1,51
Table 3 Failure probabilities p /L 3/

TheJ'GRS-values" were used for the PSA. As can be seen from table 3L the values 
for p differ by up to one order of magnitude. The selected value for p has major 
consequences, as will be demonstrated in chap. 5.

5 Estimation of the parameters of the SRA model
With the values for PccF,k/m (1 < k < 4 = m) of the different participants in the benchmark 
exercise (chap. 3) and p from chap. 4 (PSA-KKG) we have the required data to 
calculate the parameters ao, ai, a2, pi und p2 of the SRA model by solution of the non
linear equatio.n-system from chap. 2.

It should be remarked that the participants of the benchmark calculated the CCF- 
probabilities with different models. So the estimation of the parameters depends 
implicitly on the chosen model. The procedure has however the advantage that the 
different results of the benchmark can be used for a sensitivity-analysis and a range of 
variation for each parameter can be given.

The results of these calculations have been fitted to Gamma- and Normal-Distribution 
(least-squares-fit). The results are given in table 4.
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SRA-Parameter MOV Distribution Gate valve Distribution
ao "generic" 2,13 ’<■ 10*6 1,84* 10*
ao mean value 22 * 1<f 1,06 * 10'5
a o ,  5% 3 * 10'7 Gamma 0,87* 10’5 Normal
3 o ,  95% 56 * 10'7 1,26 * 10 5

ai "generic" 0.05
mean value 12,4 ■> 105 2,3* 10"*

3 l ,  5% 0,17 * 10 5 Gamma 0,9 * 10‘4 Normal
3 l ,  95% 43 * 10'5 3,7*1 O'4

a2 "genenc" O.Ô5
mean value m m i o m m

3 2 . 5% 0,99967 Normal 0,99974 Normal
3 2 .9 5 % 1 0,99988
Pi (from PSA KKG} 3,01 * 103 4,$ * 10*
0\ mean value 0,396 0,559
Pi. 5% 0,279 Normal 0,385 Normal
Pi. 95% 0,513 0,734
pz (from PSA KKG) 3,01 t  10* 4J& * 10*
pz mean value 4,32 * 10'3 6,60 - 10*
Pz, 5% 4,19 * 10'3 Normal 6,55 * 10'3 Normal
P 2 , 95% 4,45* 10'3 6,65* 10'3

Pi/Pa "genenc" ■' ' m  '\
pi/02  mean value 92 a4
P1/P2,5% 57 Normal 59 Normal
P1/P2. 95% 128 110
Table 4 Calculation of SRA-parameters from the results of the participants in t ie benchmark

versus "generic" SRA parameters used in PSA KKG /L 3/

6 Discussion of the results
In table 5 the mean values of table 4 are summarised and compared with the "generic" 
SRA-parameters. Because the mean values are calculated from the specific data of the 
presented case, they are called "specific" values in the following contrary to the 
"generic" values.

SRA-parameter MOV Gate valve "Generic"
3o 2,2 * 10'6 1,06 * 10'5 1,8 * 10‘6 (MOV) bzw. 2,1 * 10 6 (gate valve)
ai 1,2* 10'4 2,3 * 10‘4 0,05
32 0,99991 0,99981 = 0,95

P1/P2 92 84 10
Table 5 Comparison of computed mean v£j u^sGmd "generic" SRA-parameters



Following facts can be read from table 5:

1 ) The probability a0 for the "lethal environment" is for MOV’s in the range of some 10'6 
and 10'5 for gate valves. These values agree with the usually adopted order of 
magnitude (e. g. /L 5/). For gate valves however they don’t agree with the "generic" 
values.

2) The probability a2 for the occurrence of a "base environment" with "normal" failure 
rate is about equal to 1 for both components. This has significant effects on the 
possible values of ai is about 0,01% for valves and 0,02% for gate valves, 
whereas the "generic" value for ai is 5 %. So the entire failure-behaviour of the 
examined components is determined by "lethal" and "base environment". The 
"enhanced failure environment" doesn’t play any role. If this result can be confirmed 
with other components, a2 looses the character of a free parameter of the model.

3) For gate valves and MOV’s the relation p-i/p2 is about a factor of 10 larger then the 
"generic" value of 10. Table 4 shows that neither the "generic" p r nor p2- or pi/p2- 
values lie in the 90%-range of confidence around the specific mean values. We 
suppose that it is not meaningful to specify a "generic" value for pi/p2.

Table 6 shows in detail the ratio of the specific to the "generic" SRA-parameters for the
components under consideration:

SRA-parameter MOV Gate valve
ao, specific / ao. aeneric 1,2 5,1
3 l,  specific/ 3 l,  generic 2,5* 10'3 4,6 * 10'3
2̂. specific /  a2 aeneric 1,05 1,05

Pi. specific / Pi. aeneric 13 12
P2. specific / P2. aeneric 1,4 1,4

(P1/P2). specific / (P1/P2). aeneric 9,2 8,4
Table 6 Ratio of the specific to the "generic" SRA-parameters

The specific SRA-parameters are always larger than the corresponding "generic" 
values except of ai. a0 is for gate valves remarkably larger than the "generic" value.

Also interesting is the situation for the parameters ai and pi, those quantities, which 
describe the "enhanced failure environment". Whereas the specific value for ai is 
significantly smaller than the corresponding "generic” parameter (about 1/400 for 
MOV’s and 1/200 for gate valves), p^ specific is about 10 times larger than pi, generic-'

So the question rises, how these deviations affect the final results. The figures 3 and 4 
show figures 1 and 2, extended by the results of the specific SRA model, which is 
characterised by the parameters from table 5. The numerical values are given in table
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Figure 3 Comparison of the results of the CCF-benchmark for MOV with the 
generic and the specific SRA model;
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Figure 4 Comparison of the results of the CCF-benchmark for gate valves with the 
generic and the specific SRA model;
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Failure probability 
(all possible combinations)

SRA MOV Gate valve
model 2/4 3/4 4/4 2/4 3/4 4/4

generic 3,1 * 10’4 5,4 * 10'6 2,2 * 10‘6 7,1 * 10'4 1,9 * 10'5 2,1 * 10-6

specific 1,5 * 10'4 1,9 * 10‘5 5,3 * 10'6 3,4 * 10'4 7,1 * 10‘5 3,2 * 10'5

Ratio 0,5 3,5 2,4 0,4 3,7 15
Table 7: Comparison 0 the results of the generic and t he specific SRA model;

Ratio = Specific / Generic

As can be seen in fig. 3 (MOV) the results of the specific SRA model correspond well 
with the results of the benchmark participants and more or less with those of the 
"generic" SRA model. Obviously the choice of the parameters has no significant impact 
on the results. This is due to the fact that the opposite influences of the parameters ai 
und pi ("enhanced failure environment") mentioned above partly compensate each 
others, partly are compensated by the "base environment". The 4 of 4 failure is 
determined by a0. Comparing the a0-values from table 4 one finds that for MOV the 
"generic" a0-value is nearly identical with the specific mean value for a0. 
Correspondingly for P4/4 the "generic" and the specific SRA-results agree well.

This is not the case with gate valves (fig. 4): The specific SRA model fits sufficiently to 
the results of the benchmark participants for all failure combinations. The "generic" 
model shows deviations, especially for the failure combination 4 of 4. Here the 
dependency of the selected SRA parameters is obviously important: Indeed in the case 
4 of 4 the "generic" and specific values for ai correspond better than for the MOV’s. But 
for gate valves pi,specific/pi, generic is comparably with MOV’s, so higher failure 
combinations are weighted with larger probabilities. Moreover, specific a0 is 
significantly larger for gate valves.

Generally for gate valves as for MOV's, Pm is overestimated by the "generic" SRA 
model application, whereas P3/4 and P4/4 are underestimated. This feature together with 
the remarks made above leads to the following statements with regard to the 
application of "generic" SRA-parameter:

1)For gate valves the "lethal environment" is underestimated. This leads to a 
significant underestimation of the total component failure probability (fig. 4);

2) The relative frequency of the "enhanced failure environment" is overestimated. This 
leads to a larger failure probability. But on the other hand, always powers of the pi (i 
= 1 , 2 ) enter into the equations for the calculation of the failure probabilities. 
Especially pi,generic is underestimated with regard to pi, specific- The effect of the 
"enhanced failure environment", described by products from ai and powers of pi, 
depends on the values of the other parameters.

3) Because of a2 = 1 the SRA model redupes Jo independent failures and lethal shock.



The data for p stem from data banks and are not really plant-specific quantities. We 
have seen in chap. 4 that p can vary about one order of magnitude. The results for the 
SRA-parameters will depend on the concrete value for p. Varying p we found the 
following results:

1) The parameters a0> a-i und a2 are not very sensitive to modifications of p and vary 
only about 10 to 30 %.

2) The failure probabilities in the corresponding environments show different behaviour: 
Whereas pi stays nearly unchanged and decreases slightly with increasing p, p2 
increases with p. So with increasing failure probability p the SRA-value p2 
converges against p. The smaller p is - i.e. the more reliable the component is - the 
smaller will be p2, the failure probability under "normal" conditions.

In detail following numerical values can be found (s. also fig. 5 and 6):

P [1 o 3] Pi p2[10'3] p /p2 P/Pi P1/P2

0,51 (s. Gl. (6) ) 0,41 0,45 1,12 0,001 840

0,98 (s. Gl. (7) ) 0,41 0,93 1,06 0,002 440

4,37 (s. Gl. (5) ) 0,40 4,32 1,01 0,011 92
Table 8: Dependencies between p, p, and p2 for MOV

P[10’3] Pi p2[103] p /p2 P/Pi P1/P2

0,55 (s. Gl. (6) ) 0,61 0,44 1,25 0,0009 1260

1,51 (s. Gl. (7) ) 0,61 1,4 1,08 0,002 435

6,72 (s. Gl. (5) ) 0,56 6,6 1,02 0,012 84
Table 9: Dependencies between p, pt and p2 for gate valves
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Fig. 5 Dependencies of pi/p2, Pi and p2 on p for MOV (left) and gate valves (right)
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Fig. 6: Dependence of p/p2 on p for MOV (left) and gate valves (right)

P [101

For gate valves and MOV an overall "generic" value —  =1,45 is not correct and the
P2

Pi Piratio —  is not consistent with —  =10, as can be inferred from tables 8 and 9 and from
P2 P2

figures 5 and 6.

This behaviour can be understood with the help of eq. (2):

(2) p = J x f(x) dx = ao + a! p! + a2p2 = a0 + ai pi + p2 (a2=1).
0

Because a0, ai and pi are virtually constant, p2 will increase with increasing p and p2 
will converge against p. If on the other hand p decreases, essentially the value of p2

_P_
P2 P2

decreasing p.

p
will decrease. From this it follows that the ratios —  and —  will increase with

Because of this sensitive dependencies it is necessary to determine p as exactly as 
possible. Generally spoken, preferably plant-specific data should be used, if the SRA 
model shall be applied to a concrete plant. The SRA model has to be adjusted to the 
concrete circumstances under consideration. Based on the present analysis a global 
choice of "generic" values (and mere adjustment of a0) cannot be recommended.

We did not find environments with total or enhanced failure to the extent predicted by 
the "generic" SRA model. If a, is much smaller than 1, eq. (2) simplifies

(2’) p = ao + ai pi + a2 p2 = ao + p2 (a2 = 1, ai «  1).
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This would mean that the SRA model with 5 parameters eventually can be reduced to a
two-parameter model, which could be interpreted as (3-factor-model.

Further investigations are therefore necessary:

• We recommend investigating further components of ECCS and other safety systems 
to find out, whether the statements made above can be generalised. Because of 
their importance, this is especially interesting for pumps.

• Another interesting application are diesel generators. Possibly failures are due to 
outliers, i. e. "enhanced failure environments".

• It should be checked, whether there are really typical SRA-parameters which can 
serve as "generic" parameters also for components of electrical and control systems.

Moreover investigations with respect to the theoretical treatment of the SRA model
seem to be necessary.
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A.V. Antonov, I.O. Kozin, A.V. Dagaev and I.S. Volnikov
Automated Control Systems Department, Institute of Nuclear Power Engineering, Studgorodok, 1, Obninsk,

Kaluga Region, Russia, 249020

1. INTRODUCTION

At present there are many Nuclear Power Installations in Russia that have already been 
working for more than 20 years. Such units are at present in focus of owners, regulatory 
bodies, scientists and the society as the whole. These elderly Nuclear Power Plants (NPP) 
periodically (every two years) are carefully and comprehensively investigated. This 
investigation includes deep analysis of physical and technical processes and metals of an 
installation, testing cables and other electrical equipment, proper preventive maintenance, 
reliability and risk analysis of safety-related systems. The importance of specific failure 
data together with adequate and faithful mathematical models is obvious, the data are the 
basis of the analyses and can be useful for preventive maintenance and other purposes. This 
paper briefly describes the situation around reliability data collection for Russian NPPs, but 
the main subject of the 
paper is to describe a 
procedure of reliability 
analysis that was applied to 
the Control and Protection 
System (CPS) at one of the 
old stations, and to 
demonstrate the procedure 
by real estimations made on 
operational specific failure 
data at the NPP. The NPP of 
our interest is Bilibino NPP 
(its location is shown in Fig.
1) consisting of four units 
with channel-type and 
graphite moderated reactors, EGP-6 (3TCI-6), that was put into operation in 1973. In fact, 
this year is 25-year jubilee for it. This specific type of reactors is used only at this NPP and 
nowhere else in Russia. Most widespread and serial reactors are WWER (Water-Water 
Energetic Reactor) and RBMK (serial channel-type and graphite moderated reactor).

The reliability analysis made implies estimating such characteristics of components as the 
probability of occurrence of failure, probability density functions, and such characteristics 
of systems as, the probability of failure on demand, availability, mean and gamma- 
percentage residual lifetime. The analysis includes also constructing reliability diagrams, 
confidential intervals, choosing laws of distributions and some other issues. Some practical 
techniques helping to apply theoretical models are shown. All calculated results including 
source failure data are shown for some of the CPS’s components and subsystems. Brief 
summaries of the study are given.

Figure 1.



2. CURRENT STATUS OF RELIABILITY DATA COLLECTION FOR THE 
RUSSIAN NPPs

At present in Russia there are two centralized databases collecting comprehensive quality 
information on NPPs situated both on the territory of Russia and in some Eastern European 
countries. One of them, the International Information System of Components Quality of 
NPPs (ISKO AES), is situated at Interatomenergo, Moscow, the other one is at the Institute 
of Nuclear Power Operation in Moscow as well, which is known as ASSOIN (ACCOHH).

The ISKO AES was established in 1986. Many organizations and institutions from different 
countries were contributing to the database development as its the users and suppliers of 
information, among whose were Bulgaria, Hungary, Germany (Eastern), Republic of Cuba, 
Poland, Romania, Chehoslovakia, Yugoslavia and the USSR (all of them were socialist 
countries). The contributors were

• NPPs with operating and being built WWER-440 and WWER-1000 units
• Plants-producers of NPP’s equipment
• Institution-designer of NPP’s equipment
• Institution-planner of WWER units
• Other research institutes and institutions concerned

By the end of 1988 there were 30 WWER-440 and 14 WWER-1000 units in operation, and
10 WWER-440 and 25 WWER-1000 units being under creation.

The ISKO AES contains not only failure data, but it keeps comprehensive data such as 
technicoeconomic data, daily station loads, engineering reports (background information on 
the observed equipment), failure reports, and physical and mechanical status of the metals 
of failed components. These data are received quarterly from the suppliers. 
Interatomenergo, in its instance, hires experts in reliability analysis in order to treat the 
data, then, issues quarterly and annually reports, which summarize tendencies and 
generalize experience. Around the database reliability staff from .different NPPs is united, it 
is a discussing center hosting numerous number of meetings on different reliability, safety 
and operational problems. At present the database keeps more than 20 000 records.

One interesting point was that nearly every action in the former USSR nuclear power 
engineering was compulsory, and quite often it failed, but the ISKO AES was a voluntarily 
union funded by the participants and it worked effectively despite some language problems 
and underdeveloped communications.

The situation has become different due to political changes and the decay of the USSR and 
the existence of the database turned out to be dependent on these events. The database at 
present is not financed. Data are still coming into the department from the NPPs, but they 
are not being entered and are stored as an archival data. It is likely that soon the process 
will stop at all, and the data can be eventually lost and we will have to create the database 
nearly from the zero. The situation with the database is just a small repetition and reflection 
of the situation in the country on the whole. The brightest demonstration of the current 
situation is that of the main Christian temple in Russia -  the Temple of Christ Savior in the 
center of Moscow. In the 30th it was blown up, and in that place the biggest sport palace 
was built. In the beginning of the 90th the sport palace was blown up in order to build the
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Temple once again. At present, frequently phenomena in Russian economy are small 
counterparts of the history with the Temple.

As it was mentioned above, there is one more centralized reliability database in Moscow, 
ASSOIN. The collection was commenced in 1977, the database was financed by the 
Ministry, i.e. there was a centralized funding. The database staff had enough money to 
periodically visit the NPPs all over the territory of the former USSR and collect the data 
themselves at sites from different reports. Such mode of collecting had existed prior to 
1990. At present the data are delivered to the ASSOIN by NPPs personnel, but only from 
the Russian NPPs. Ukraine and Lithuania stopped passing the data from 1991 - after the 
decay of the USSR. Also due to the lack of money nowadays not all reported failures and 
events are sent to the database, but only more significant ones defined as the events of the 
station level care. That is, many useful failure information is not entered the database.

At the moment the ASSOIN stores about 40 000 records for all types of reactors including 
WWER, channel-types and graphite moderated (RBMK), last breeder and some others not 
widely spread.

Access to the data for the wide user’s public is made difficult due to underdeveloped 
communication abilities, and most often visiting a site concerns the data collection rather 
than direct addressing the centralized databases. At this conjuncture the NPPs have to 
create their local databases and, unfortunately, the structures, software and treatment tool of 
those are heterogeneous and not corresponding to each other, which hampers the usage of 
the data. Such situation around the data is not sensible and understood by many specialists 
and can be changed in a short term. At present the ASSOIN activity is being enhanced 
owing to two International projects meant for improving it and renovating all sides of its 
abilities.

3. CPS OF EGP-6 REACTORS AND SOURCES OF OPERATIONAL DATA

The Control and Protection System of any reactor is a system that is actuated at any 
situation when there is a need to shut down the reactor either in case of a planned shutdown 
or an, accident. This system is a key one at any scenario of an accident, therefore the 
reliability of this system is of crucial importance when the Russian regulatory body is 
making a decision regarding a possibility of further exploiting a NPP. In 1997 the last 
reliability analysis of CPS at the Bilibino NPP was made. Taking into account that the 
station is rather old one, such analysis is carried out every two years. The last one was the 
third in this chain.

To demonstrate methods and approaches used, the CPS of EGP-6 reactor is briefly 
described below.

The Control and Protection System performs the following functions:

1. Uninterrupted monitoring and recording neutron power
2. Manually controlled disabling o f reactor from undercritical position up to a given level 

o f power
3. Reactivity compensation with the help o f the rods o f CPS (scram rods)
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4. Automatic changing and supporting a predefined power level in the range of 1%-100% 
o f nominal powe r

5. Automatic emergency power decreasing up to a safe level in accordance with 
emergency signal

6. Automatic and manual shut-down in the case o f emergencies in a reactor and other 
safety related components

7. Emergency and preventive alarm

The listed tasks of the CPS are provided by the following conditionally bounded systems:

1. Emergency reactor protection system
2. Automatic control system
3. System o f power monitoring and measuring
4. Alarm System
5. System o f manual control
6. CPS'spower supply system
7. Supplementary reactor monitoring system

The Emergency Reactor Protection System consists of protective subsystems in its 
instance. They are

1. Subsystem of forming an alarm and electrical signal in case of exceeding the .normal 
level of neutron power by 20%

2. Subsystem of forming an alarm and electrical signal in case of decreasing the period of 
growing neutron power less than 20 seconds

3. Subsystem of forming an alarm and electrical signal in case of disappearing supply 
voltage of CPS

4. Subsystem of forming a warning and electrical signal in case of declining the pressure 
and water level in the drum-separator

5. Subsystem of forming a warning and electrical signal in case of declining the pressure 
and water consumption in the CPS’s channels

6. Subsystem of forming an electrical signal in case of switching on the Protection System 
from unit's and station’s control room

As an example, the reliability block-diagrams of the channel of forming an alarm signal in 
case of exceeding the normal level of neutron power by 20% and the channel of forming an 
alarm signal in case of decreasing the period of growing neutron power by less than 20 
seconds are shown in Fig.2 and Fig.3.

Operational failure data of CPS’s components of Bilibino NPP were collected immediately 
at the station elicited from engineering and failure reports on paper medium. From these 
sources distributions of occurrences of failures per component per year were composed.
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Counter Supply Unit Neutron Compensating Direct Current Amplifier of the
Counter Emergency Protection System

Direct Current Amplifier of the 
Automatic Regulator

Actuating part 
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Figure 2. Subsystem of forming an alarm and electrical signal in case of exceeding the normal level of neutron power by 20%
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Figure 3. Subsystem of forming an alarm and electrical signal in case of decreasing the period of growing 
neutron power less than 20 seconds



Table 1. Distribution of occurrences of failures per component per year

4. METHODS OF CALCULATING RELIABILITY INDICATORS

Methods of calculating reliability indicators used ill this study are not of complicated nature 
and rather well known, but according to the author’s experience they have shown 
themselves as very fruitful and adequate tools to investigate the system of interest and 
make decisions concerning prolongation of the NPP operational life. There are also some 
particularities that are encountered when solving numerically the tasks, they are shown 
below.

Since operational failure data are elicited as distributions of occurrences of failures per 
component per year, we can assess the rate of occurrences of failures (rocof) per 
component per year as follows



where At is a time interval in our case equal to one year, hours, n(At) is the number of 
failure events in At, N is the total number of components in the population at the four units 
ofBilibino NPP.

The next step is to calculate a probability density function (PDF) of time between failures, 
f(t). The rocof and the PDF for ordinary fluxes with limited aftereffect are related through 
the Volterra integral equation of the second order fl]

I
f(t)=C0 (t)- Jûï (T) f ( t -T)dT  (2)

o
The equation (2) can be solved numerically, and the solution can be obtained with the help 
of the following iterative procedure

/  o, ) = co(ti ) -  ©(/, ) f ( t i -  tj )(t}- -  tj_y ), i = 1, n (3)

and f ( t0)=û) (to)=0, t0= 0  

It is obvious iico (t)= 0) o=const, from the equation (1) we can get

(Oo =  T ^ T T T  = c o n s t  = > / ( * )  =  a o e x P (~ < V )

Exponential PDF should be considered as the marginal one, as the roughest approximation 
of PDF [2j. Our objective is to obtain a less rough analytical function of probability 
density.

In most cases the immediate usage of the iterative procedure (3) leads to obtaining some
intervals with negative values of the PDF, f(t)<0. It must not take place in practice, but
only in theory. It happens due to zero values of failure rates, co ( in some intervals. 
Following the objective and taking into account the particularity with zero values we 
should find a procedure of averaging and grouping the values of failure rates with a 
feedback when applying the formula (3). The offered procedure is of heuristic nature and 
conditional on the following requirements:

• Keeping the integrity of failure rate, i.e. - t ;_,) must be the same at any 
transformations

• Minimally needed changing the failure rate from the original one, but without negative 
points of density

• Marginal case of the heuristic procedure is the complete averaging the failure rate up to 
ct) (t)-const.

To meet the requirements the method of pair smooth averaging is offered whenever 
necessary to average two neighboring failure rates and make the empirical rocof without 
zero points and the density function close to one of the known analytical functions



The usage of this method does not lead usually to the complete averaging the failure rate, 
hencea> (t) does not equal to a constant.

Knowing probability density function of time between failures, it is possible to define all 
qualitative reliability characteristics of components. So, reliability itself is defined as

t
P(t) = 1 - \ f ( t ) d r

0

For some components the number of failures found during the period of operating is zero.
In this case it is only possible to evaluate pessimistic assessments of reliability indicators. A 
pessimistic assessment of reliability itself is a lower confidential value, a pessimistic one of 
failure rate is an upper confidential value.

The mentioned above procedures are used for components that are not viewed as systems. 
For a reliability analysis of systems we have to break down the systems as consisting of 
serial and parallel groups of components, which is analogous to fault tree representation. 
Then, knowing a logical reliability function and the reliability of each of the components 
constituting the system we can calculate the system reliability.

As to the CPS at the Bilibino NPP, such reliability indicators as a demand rate, availability 
and the probability of failure on demand are calculated. They are linked in the following 
function

P d e m ( t )  =  (l-Ka)(l-exp(p. (t)),

where K a is availability of a channel or subsystem, |u,o is a demand rate.

Demand rate, Uo, must be understood as the mean demand rate at all similar systems or 
subsystems.

Apart from the above information, the assessments of residual lifetimes for components, 
subsystems and systems were made. To commence a residual lifetime analysis we need 
reliabilities of components and systems of interest.

The residual lifetime of an object (after the object has already operated for some time r  )is 
understood as a time starting from % until the object comes into an ultimate state under 
defined modes and conditions of operating.

Let£ be a time operated by an object from the beginning of operating up to an ultimate 
state, i.e. £ is a lifetime, then the residual lifetime E, T fier time r  equals £ T ^ r ,  where £> t. 
Since^ T is a random value, we should use its qualitative characteristics.

Let us consider two different rçsidual lifetime indicators:

• Mean residual lifetime T(t ) defined as the mean of residual lifetime after time T ;
• Gamma-percentage residual lifetime, Tr (v) , defined as an operational time starting from 

some moment r  within which a successfully operated item will have the value of a
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conditional reliability equal to y. A conditional reliability taken on within the time 
interval [0, x] in case the item has not reached its ultimate state, is defined by the 
formula

Defining the indicator of mean residual lifetime and gamma-percentage residual lifetime 
will be performed under the condition that the probability distribution function of a lifetime 
is related to a class of distributions with an increasing failure rate function.

Let Pr (t) be a conditional reliability of an object in the interval [x, x+tj, then the mean 
residual lifetime 7'(f )is

Gamma-percentage residual lifetime Tr (u) is defined as the solution of the equation Pt (t)= y  
when y  is given.

5. RESULTS OF CALCULATION

Consider briefly the results of the study obtained according to the above methods gbased on 
the source operational data (Table 1), logical reliability diagrams like in Fig. 2 and Fig. 3, 
and the above formulas and procedures.

A graphical representation of rocof for the one of the components analyzed (neutron 
compensating counter) is shown in Fig. 4. The three bar functions are depicted in the 
figure. The source function was obtained on the data from Table 1 and the formula (1). The 
main disadvantage of this function is that it has zero values of the occurrences of failures 
for some years of operation. Such functions are not to be used in the formula (2), how it 
was mentioned above. Therefore the method of pair smoothing averaging was employed to 
smooth the disadvantage and adjust the function to a “good” analytical function. As a result 
of this step, we can see the intermediate function in Fig. 4. The ultimate case of averaging 
with a constant rocof is also depicted in the figure.

The graphical results of the transformation according to the numerical procedure (3) and 
corresponding to the functions in Fig. 4 are represented in Fig. 5.

On the basis of the PDFs of the components other reliability characteristics can be obtained. 
One of them, reliability, for the chosen components is listed in Table 2. Other 
characteristics are listed in the Tables 3-6.
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Table 2. Reliabilities of CPS’s components with lower and upper bounds

Component Lower bound Reliability point value Upper bound

CPU 0.918 0.942 0.960
NCC 0.964 0.976 0.980
Dr 0.988 0.992 0.994

DCA EPS 0.882 0.922 0.951
DCA AR 0.817 0.863 0.901
DCA PU 0.749 0.0.835 0.877

Table 3. Point values of component residual lifetimes

Component Mean residual lifetime (years)
CPU 10.7
NCC 3.3

Dr 1.5 •
DCA EPS 7.0
DCA AR 4.5
DCA PU 5.2

Table 4. Residual gamma-percentage lifetime of CPS’s subsystems

No. Subsystem Gamma Mean residual 
lifetime

1
Subsystem of forming an alarm and electrical signal in 
case of exceeding the normal level of neutron power 

by 20%
0.9 3.0

2
Subsystem of forming an alarm and electrical signal in 

case of decreasing the period of growing neutron 
power less than 20 seconds

0.95 6.1

3 ' Subsystem of forming an alarm and electrical signal in 
case of disappearing supply voltage of CPS 0.9 2.4

4
Subsystem of forming a warning signal in case of 

declining the pressure and water level in the drum- 
separator

0.99 unlimited

5
Subsystem of forming a warning signal in case of 

declining the pressure and water consumption in the 
CPS’s channels

0.99 unlimited

6
7. Subsystem of forming an electrical signal in case 

of switching on the Protection System from unit's 
and station’s control room

0.9 2.82



Table 5. Probability of failure on demand of CPS’s subsystems

No Subsystem Lower Point
value Upper

1
Subsystem of forming an alarm and electrical 
signal in case of exceeding the normal level 

of neutron power by 20%
1.97*10'i3 8.65* 10'12 4.05*10 9

2
Subsystem of forming an alarm and electrical 

signal in case of decreasing the period of 
growing neutron power less than 20 seconds

1.92*103 4.06* 10'3 1.18*10 2

3
Subsystem of forming an alarm and electrical 
signal in case of disappearing supply voltage 

of CPS
3.49* 10-8

4
Subsystem of forming a warning signal in 

case of declining the pressure and water level 
in the drum-separator

1.80*1 O'9 8.52* 10-8 1.47*10'6

5
Subsystem of forming a warning signal in 
case of declining the pressure and water 

consumption in the CPS’s channels
8.38*10‘10

6

8. Subsystem of forming an electrical signal 
in case of switching on the Protection 
System from unit's and station’s control 
room

6.23* 10‘9 3.18*10"6 2.26* 10'3

Table 6. Unavailability of CPS’s subsystems

No Subsystem Lower Point
value Upper

1
Subsystem of forming an alarm and electrical 
signal in case of exceeding the normal level 

of neutron power by 20%
1.82*10"12 8.00* 10'11 3.75* 10'8

2
Subsystem of forming an alarm and electrical 

signal in case of decreasing the period of 
growing neutron power less than 20 seconds

1.78*10'2 3.75* 10'2 1.09*10"*

3
Subsystem of forming an alarm and electrical 
signal in case of disappearing supply voltage 

of CPS
3.23* 10"7

4
Subsystem of forming a warning signal in 

case of declining the pressure and water level 
in the drum-separator

1.67*1 O'8 7.88*10 7 1.36*10‘5

5
Subsystem of forming a warning signal in 
case of declining the pressure and water 

consumption in the CPS’s channels
7.75* 10-9

6

9. Subsystem of forming an electrical signal 
in case of switching on the Protection 
System from unit's and station’s control 
room

5,76* 10'8 2.94* 10'5 2.09* lO'2
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6. CONCLUSIONS

The analysis of the current status with respect to data collection in Russia shows that there 
is vast collection of failure data in the two centralized databases ISKO AES and ASSOIN 
situated in Moscow. At present one of them (ASSOIN) is being developed owing to 
International financing. The development is designed for the use of modern software, 
hardware, treatment tools, user interface, which should lead to a wider access to the data 
and easier possibility of extracting data and intensive use of them for analyses.

As a result of undeveloped abilities of the databases research teams have to visit NPPs in 
order to gather necessary for analyses data immediately at the sites. A similar scenario look 
place while the current study was being performed for the reliability analysis of the Control 
and Protection System at the Bilibino NPP.

All the methods used for the reliability analysis the CPS of Bilibino NPP were presented in 
the paper. The results of the study, based on the shown methods and applied to the 
subsystems of the CPS, represent a piece of input information for decision making 
regarding the possibility of further the NPP operation. Some indexes for decision making 
are given in the State Russian Standard TOCT 26843-86). So, the Standard states that the 
probability of a failure on demand of the CPS of nuclear power reactors with nominal 
power in the range of 200 -  2400 MWt must not exceed 10"5.

The assessments of the residual lifetimes of the CPS components show that they have a 
reserve from 3 up to 7-10 years. For the subsystems this reserve equals to about two years 
and higher (for confident probability of 0.9). In reality these assessments are conservative 
since the recovery of operational ability during a preventive maintenance has not been 
taken into account using the above methods.
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1 Introduction

The Swedish-Finnish handbook for initiating event frequencies, the I-Book [1], does not 
contain any fire frequencies. This matter of fact is not defensible considering the 
substantial risk contribution caused by fires. In the PSAs performed hitherto the initiating 
fire frequencies have been determined from case to case. Because data are usually very 
scarce in these areas it is very important to develop unique definitions, to systematically 
utilize both international and national experiences and to establish an appropriate 
statistical estimation method. It is also important to present the accumulated experience 
such that it can be used for different purposes, not only within PSA but also in the 
practical fire preventive work. During phase 1 of the project External Events -  a joint 
project on account of the SKI and the Swedish utilities - a survey was made of existing 
methods for probabilistic fire analysis in general [2],

IE outside 

the plant

Figure 1 Main Initiating Event (IE) categories based on the event localization

During phase 2 of the project it was decided to start the work on a complementary 
handbook, called the X-Book [3], in order to encompass the frequencies of system 
external events, i.e. initiating events that are caused by events occurring outside the 
system boundaries. In Version 1 of the X-Book the attention is mainly focussed on the 
estimation of initiating fire frequencies, per plant and per building. This estimation is 
basically founded on reports that the power companies in Sweden and Finland (TVO) 
have collected for this specific purpose.

This report describes the data collection scheme, the statistical model and method that 
have been used in the collection and estimation process. The total population of fires 
(initiating fires) that have occurred at Swedish and Finnish NPPs is so comprehensive 
that the estimation of plant specific fire frequencies could be made by using the same 
Bayesian method [4, 5] that has been used for the determination of component failure 
frequencies in the Swedish T-Book [6], When the plant specific frequencies would be 
partitioned into fire frequencies per compartment or building the statistical material was 
substantially more meagre. To solve this problem a new methodological development

Containment
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the plant

Outer wall of the plant



was necessary. The results achieved may, possibly after some modification, be applicable 
also to other types of system external events.

2 Some definitions

Fires of different character and size occur. When the data about fires that have occurred at 
Swedish and Finnish NPPs would be collected it was deemed important to include even 
’’harmless” incidents, fire embryos, into the fire concept. Thereby we expected to get 
knowledge about the initiating phases as well as the further development of the fires. 
Hopefully this knowledge may be useful in both analysis and for the enhancement of fire 
safety. Let us start with the description of some central concepts concerning fires.

Figure 2 shows schematically various phases in the development of a fire. With regard to 
the development in time we distinguish between ignition and fire. If ignition occurs that is 
neither detected nor extinguished we have a pilot fire. Usually, an ignition might be 
detected and extinguished only if personnel of some kind is on the spot already at the 
moment of ignition.

Thus a pilot fire is the occurrence of an ignition that is neither detected nor extinguished. If 
the pilot fire does not self extinguish in lack of fuel or oxygen, we speak of an initiating 
fire which has the potential to develop into a complete fire. The most severe type of 
complete fire is overflashing.

The horizontal line in Fig. 2 corresponds to what above is called “initiating fire”. The line 
also indicates the phase of a fire that in PSA is called “Initiating Event: Fire”. Our objective 
is to estimate the frequency of initiating fires. As mentioned above, all recorded fire 
incidents have been included in the fire data collection, also events where ignition has been 
detected and extinguished but also events where no ignition has occurred (overheating, 
smoke development etc.). Other subprojects in the work on External Events have treated 
the problem to describe fire detection, propagation and extinction [7, 8],

Appendix 1 shows the form that was used in the collection of data about fires and fire 
incidents. The form was developed in co-operation with expertise at the utilities. In the form 
fire events are grouped with respect to time of occurrence, localization, cause, incendiary, 
detection, extinction, consequences etc.

By incendiary we mean equipment, object or phenomenon which gives rise to fire. The 
meaning of cause of ignition is most easily seen from the cause alternatives that are listed 
at that point in Appendix 1. Fire duration, that in many cases must be estimated, means at 
least the time from detection to completed extinction.

The statistical material collected by the use of the form in Appendix 1 is presented in 
summary in Table 1. The collection period encompasses about 210 reactor-years. During 
that period there are in total 38 initiating fires at power operation and 35 fires occurred at 
outages. When these figures are related to the corresponding operational and outage time it 
is readily seen that the fire frequency at outages is much higher than during power 
operation.



Source o f ignition 
in contact w ith  fuel

Figure 2. Development offire from ignition to a complete fire.



Table 1. Summary o f collected fire statistics

Plant Data Collection 
Period 

from to

Operation 

hours years

Outages 

hours years

Counts of fires 
power shut outage stari 

down - up *)

Barsebâck 1 15.5.75 31.12.95 148 517 16.94 32 203 4.09 3 0 2 0 2

Barsebâck 2 21.3.77 31.12.95 137 777 15.72 26 733 3.05 4 1 1 1 3

Forsmark 1 1.12.80 31.12.95 119 699 13.65 12 511 1.43 6 0 4 0 2

Forsmark 2 1.7.81 31.12.95 114 499 13.06. 12 608 1.44 4 0 3 0 2

Forsmark 3 1.8.85 31.12.95 85 377 9.74 5 933 0.68 2 0 0 0 0

Oskarshamn 1 1.1.82 26.8.92 62 375 7.12 30 925 3.53 2 0 ‘ 4 1 2

Oskarshamn 2 1.1.82 31.12.95 100 241 11.44 22 479 2.56 2 0 3 0 0

Oskarshamn 3 26.7.85 31.12.95 84 218 9.61 7 162 0.82 4 0 0 0 0

Ringhals 1 1.1.76 31.12.95 139 249 15.89 36 071 4.11 2 0 2 0 1

Ringhals 2 1.5.75 31.12.95 134 462 15.34 46 618 5.32 2 0 5 1 2

Ringhals 3 9.9.81 31.12.95 104 986 11.98 20 424 2.33 2 0 0 0 0

Ringhals 4 21.11.83 31.12.95 98 426 11.23 7 724 0.88 1 0 0 0 0

TVO 1 1.1.81 31.12.95 121 116 13.82 9 654 1.10 0 0 10 0 -

TVO 2 1.1.81 31.12.95 119 635 13.65 11 135 1.27 4 0 1 0 -

In total 179.2 32.6 38 1 35 3 14

*) Fires that could have occurred also during operation

3 Statistical model

Our task is to estimate the frequency of initiating fire per plant and per compartment. Let us 
denote the fire frequency per plant by X. In safety analyses one needs the corresponding 
frequencies, X\, at a lower level -  building, room, fire zone etc. -  to be able to evaluate the 
affect of fire on components, systems and functions. We write

À,; = X ■ fj

where the quantity fj denotes a fraction of the total frequency X. These fraction numbers 
may also be interpreted as conditional probabilities, for example the probability that the fire 
affects the turbine building conditioned by a fire in the plant.
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We have, per definition, that 53; f; = 1, Ei h  = X or f; = X, / S  Xj. This simple model with a 
fire frequency X per plant and the relative frequencies f  is, from the information point of 
view, very efficient for the problem of interest. In order to estimate the frequency X-< we 
have, first, to estimate the total plant specific fire frequency X and then the frequency 
fraction f  for the compartment in question.

We think the following assumptions are reasonable. The relative frequencies f = (fi,...,fk) 
and the absolute frequency X are independent. This means that knowledge about X does not 
affect the knowledge about f and vice versa. Further, the relative frequencies f are assumed 
to be much more stable from plant to plant compared to the absolute frequency À.. Thus, 
when a specific plant is being analysed, we may have a relatively good (possibly generic) 
knowledge about the relative frequencies f , while our knowledge about the plant’s 
frequency X is substantially more vague. On the other hand, from the plant’s own 
operational experience we get faster information about X than about f. This reasoning is in 
parallel with a theory of system reliability that recently has been presented [9],

If generic data about f are not available or if we, for other reasons, are not able to use such 
information, we are forced to create a picture of the relative frequencies by engineering 
judgement. One such judgemental procedure is offered by e,g, Berry's method [10], which 
seems to be well structured and which has been used in some Swedish and Finnish fire 
analyses just to fractionalize fire frequencies to fire zones and rooms.

3.1 Frequency of initiating fire per plant

Here our attention is focussed on the problem to estimate X, i.e. the frequency of initiating 
fires per plant. Let us denote the prior distribution with p(/l|H), where H stands for the 
information that is available before any specific observations have been made. Analogously, 
p(A,|x,H) denotes the posterior distribution obtained when the plant’s own data x have been 
considered.

In the choice of the prior distribution p(X|H) it is an advantage if the knowledge H 
incorporates experiences from similar plants. Because our own national (Nordic) data were 
not expected to become so extensive, the starting idea was to use international data Xi, e.g. 
fire data from NPPs in USA as they are presented in [11], There are, however, several 
reasons for not using such international data Xi, :

We do not know to what extent Xj is relevant to Nordic conditions.
The information X i, as it is presented in [11], is not plant specific (not either 
partitioned between BWR and PWR).
Our own data XN have shown to be of sufficient extent to provide a basis for a 
prior distribution p (X.|Xn).

An alternative course of action would be to use international statistics only to a restricted 
extent, e.g. by using so called ’’constrained non-informative priors” [12], Such a prior is not 
completely non-informative, but contains a certain amount of information. We could, for 
example, assume that we know the mean value E(À,|Xi) = Ào, based on the international
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experience X1? but otherwise are ignorant about the distribution behind this mean value. 
Such a constrained non-informative distribution can be derived, and in case of the Poisson 
intensity X we have, according to [12]:

p(X|X,)= X~*-e

In principle, we should be able to use this distribution as prior, and to put in the fire data x 
for each one of the plants considered in order to come up with a plant specific posterior 
distribution. Then, however, we should not make use of the total information gathered from 
the Nordic plants. This information tells us that there is a certain relationship among the 
Nordic fire experiences even if the fire frequency varies to some extent from plant to plant. 
To be able to make benefit of these similarities as well as the differences we decided to use 
the same estimation method as for the T-Book [4, 5], Using this method we can estimate 
both generic (within a Nordic scope) and plant specific frequencies of initiating fires.

In the T-Book application the uncertainty about the frequency X is basically described by 
Gamma distributions with shape parameter a  and scale parameter p. We are also uncertain 
about which Gamma distribution is best suited to describe the “true” distribution for X. 
Therefore, also the secondary parameters a  and P are estimated in a Bayesian way, where 
we start with a non-informative prior p(a,P) and determine a posterior distribution p(a,p|X) 
by the use of available observations X. The latter distribution is then transformed to a 
posterior distribution of X, p(A,|X).

Owing to the rather comprehensive fire experiences at Swedish and Finnish NPPs (see 
Table 1) it was deemed reasonable to directly use the T-Book methodology as it is 
implemented in the computer program T-CODE [13], Thus, we first calculate a generic 
(Nordic) distribution of fire initiation frequency per plant, p(à.|Xn), and then, with this 
distribution as prior, estimate the plant specific fire initiation frequencies p(À|XN,x) (see 
Table 2).

3.2 Frequency of initiating fire per compartment

As a basis for the estimation of fire frequencies per compartment, Xt; i= l,...,k , we have on 
one hand the collected Nordic material XN , on the other hand plant specific fire 
experiences, x, consisting of the total number of fires (n) at the plant during a given time 
period (T) and how these fires are distributed among the various compartments (buildings),
o = (m ,... ,nk). Applying the method described above we are able to estimate the 
distribution of fire frequency at the plant considered. However, let us start the discussion 
with the prior distribution p(X|XN), which following the T-Book methodology is written as a 
mixture of Gamma distributions

Let us further assume that the prior information about the relative frequencies f may be 
described by a Dirichlet distribution
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with given parameters 9j > 0; i=l,...,k. For k=2, this distribution is more known under the 
name of Beta distribution. The Dirichlet distribution is flexible and one further advantage is 
its conjugate property, which means that the posterior distribution p(f]n) - resulting from a 
multinomial likelihood - is also of Dirichlet type.

As previously mentioned we assume that X and the relative frequencies f = (fi ,...,ft) are 
independent. Then we can write the joint prior distribution of (X,f ) as a product

p(^,f|XN) = p(X[XN) - p(f

When this distribution is supplemented with the plant specific experience x we get a 
posterior distribution

P (M X n,x) = p(^|XN,x) • p(f|XN,n ) , 

which shows that X and f are still independent in a posterior sense.

By transformation of variables (A.,f) => (Xi, i=l,...,k) it is mathematically possible to derive 
the joint distribution of (^i, i=l,...,k). As can be seen from [9], these frequencies per 
compartment are mutually dependent, positively or negatively depending on how much we 
know about X versus f. Compared to the theory in [9] the situation is more complicated 
here due to the fact that p(X(XN) is not a pure Gamma distribution.

Thus, it is mathematically possible to derive the joint distribution of frequencies per 
compartment, p(X,1,...,Àic). In practice, however, this joint distribution would be difficult to 
handle. Here we want to analyse the fire frequency of one compartment (i) at a time, which 
means that we look for the marginal distribution of X\, So let us focus the attention to Xh 
while X. - X\ stands for the fire frequency of all the other compartments together. Because 
Xt = X ■ f j, and X and fj are independent, we write

The integral above is computed numerically, starting from the likewise numerically 
calculated distribution p(À,|XN,x).

Above we pointed out the assumption that the relative frequencies f = (fi ,...,fk) are more 
stable from plant to plant than the absolute frequencies X. The variation of the latter 
frequencies depicts the various environments represented by the plants. With support of this 
assumption we choose a common set of Dirichlet parameters in the integrand above, one set 
for BWR and another for PWR. These sets were formed by increasing the non-informative 
values 0; = ’/2 with the frequencies nj -  summed up over all BWRs and PWRs respectively. 
In other words, a common prior distribution of f was determined empirically, and then -  
differently from the treatment of X - no plant specific update was made.
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4 Results and Conclusions

The statistical model described above was systematically applied in the estimation of 
frequencies of initiating fires per plant, and per compartment within each plant. These 
frequencies were estimated separately for periods of power operation and refuelling and 
maintenance outages. The results obtained are presented in the so called X-Book [3], For 
the purpose of illustration we are here content with the presentation of the fire frequencies 
per plant (Table 2) and for one of these plants, the fire frequencies per compartment (Table 
3). The frequencies are given in terms of mean value and some percentiles. The last line of 
the tables, called “Generic”, reproduces a fire frequency, which is based, on the total 
(Nordic) fire experiences collected in this study.

Tabel 2 Frequency o f fire per plant, X (1/year), during power operation and outages [3]

PLANT 5%

Power operation 

50% 95% Mean 5%

Outages 

50% 95% Mean

Barsebâck 1 0.12 0.20 0.30 0.20 0.16 0.55 1.29 0.61

Barsebâck 2 0.14 0.22 0.34 0.23 0.08 0.43 1.23 0.51

Forsmark 1 0.17 0.26 0.43 0.27 0.90 2.15 4.38 2.33

Forsmark 2 0.14 0.23 0.36 0.24 0.62 1.67 3.62 1.83

Forsmark 3 0.12 0.21 0.33 0.21 0.01 0.41 2.00 0.63

Oskarshamn 1 0.13 0.22 0.35 0.23 0.46 1.09 2.13 1.16

Oskarshamn 2 0.12 0.20 0.31 0.21 0.41 1.10 2.33 1.20

Oskarshamn 3 0.15 0.24 0.40 0.25 0.01 0.36 1.81 0.57

Ringhals 1 0.10 0.19 0.29 0.19 0.16 0.55 1.29 0.61

Ringhals 2 0.10 0.19 0.29 0.19 0.43 0.93 1.72 0.98

Ringhals 3 0.11 0.20 0.31 0.20 0.00 0.16 0.90 0,27

Ringhals 4 0.09 0.19 0.29 0.19 0.01 0.35 1.74 0.54

TVO 1 0.05 0.16 0.25 0.15 3.78 6.91 11.64 7.20

TVO 2 0.14 0.23 0.35 0.23 0.16 0.82 2.33 0.98

Generic 0.11 0.21 0.35 0.22 0.02 0.87 4.79 1.47
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The estimation method that has been described above is a combination of the method used 
for the T-Book [4, 5] and the theory of Bayesian prediction of system reliability that has 
recently been presented [9], The strength of the former is its ability to pool the whole 
statistical material despite the fact that variation of fire frequency from plant to plant is 
allowed. The advantage of the latter lies in the fact that the compartment frequencies X; , 
which are mutually dependent, are expressed in terms of the independent quantities X (the 
total fire frequency at a plant) and f (relative frequencies for compartments). These latter 
variables are comparatively easy to estimate.

The statistical method described above is applicable in situations where a total frequency (A,) 
can be divided into parts, the (compartment) frequencies (A ,j) and where the total frequency 
and the relative frequencies (f) can be assumed to be mutually independent. The method 
presupposes the existence of a prior knowledge about X och f, and the existence of 
operational data that describe both /^-related events and how these events are distributed 
among given categories. In the application described here we could as well have other 
categories, e.g. type of initiating component/combustible.

Ta be! 3 Frequency o f fire per compartment, (I/year), during power operation and
outages [3]

Power operation Outages

COMPARTMENT 5% 50% 95% Mean 5% 50% 95% Mean

Reactor Building 0.008 0.022 0.050 0.025 0.019 0.079 0.233 0.097

Containment 0.001 0.007 0.02.2 0.008 0.014 0.063 0.196 0.079

Turbine Building 0.022 0.050 0.092 0.053 0.062 0.222 0.560 0,255

Auxiliary Building 0.016 0.040 0.076 0.042 0.004 0.017 0.080 0.026

Control Room 0.000 0.002 0.013 0.003 0,001 0.003 0.033 0.009

DG Room 0.001 0.007 0.022 0.008 0.001 0.003 0.033 0.009

Electrical Switchgear 
Room

0.008 0.022 0.050 0.025 0.014 0.063 0.196 0.079

Workshop/Store 0.012 0.027 0.059 0.031 0.004 0.017 0.080 0.026

Personnel/Office 0.000 0.002 0.013 0.003 0.004 0.017 0.080 0.026

Waste Building 0.001 0.007 0.022 0.008 0.001 0.003 0.033 0.009

The plant 0.12 0.20 0.30 0.20 0.16 0.55 1.29 0.61

Generic 0.11 0.21 0.35 0.22 0.02 0.87 4.79 1.47
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Dataform for fire events (from fire embryos to initiating fires) occurred at 
Swedish/Finnish NPPs from the commercial start up to the end of 1995.

Appendix 1 (from [3])

□
□
□
□
□
□
□

Plant, Unit:

Mode of Plant Operation:
Power Operation n  
Shutting down □
Outage □
Start-up □

Compartment
Reactor Building 
Containment (BWR) 
Turbine Building 
Auxiliary Building 
Control Room 
DG Building 
Electrical Equip. Room 
Workshops /Store Rooms^ 
Personnel/ Offices D
O ther,.............................  D

Cause of Fire
Spontaneous Combustion^ 
Overheated Material □
Electrical Failure d
Welding and Cutting □
Personnel Error □
Explosion □
Other, ............................... □
Unknown □

Type of Fire
Cable □
Component,.....................U
Oil Pool □
O ther, ...............................D

Date of Fire: 

Time of Fire:

Type of Room
Cable Room 
Battery Room ^
Relay Room ^
Switchgear Room ^
Process Room E
Other,................. □

Initiating Component/Combustible 
Electrical: (D < 400V ^  > 400V )

Circuit Breaker O
Transformer D
Turbine □
Generator O
Electrical Motor □
Cubicle: control cubicleD switchgear cubicleD 
Cable □

Mechanical:
Filter 
Heater
Heat Exchanger 
Fan
Diesel Motor 
Pump 
Valve
Oil Separator 

Other:
Combustible goods 
Inflammable gas
Oil in Insulation 
Mobile Equipment 
Other Equipment / Component:
....................................  □
Man □

□
□
□
□
□
□
□
□

□
□
□
□
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Detection Means
Smoke/Heat Detector □
Control Room Observation □
Security Guards □
Fire Watch □
Plant Personnel □
Safe-Guards □
Other Personnel □

Consequence for the plant
No or Small Damage □
Affect on Component □
Affect on Safety System □
Transient □
LOCA □
Power Degradation □
Significant Damage 

Smoke □
Heat □
Water □
Corrosion □

Extinguished by
Automatic System 

(by part or complete) 
Manually started system 
Security Guards 
Plant Personnel 
Plant Fire Brigade 
Offsite Fire Department 
S elf Extingui shing

Duration of Fire:
No Ignition □
0 - 5  minutes □
> 5 minutes □

Suppression time:

Comments:
(Supplementary Information)

References:
(Alarm Report, Emergency Report, Fire Report, LER, etc.)
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1 Introduction

Funded by the Federal Ministry of Education, Science, Research and Technology (BMBF), 
Gesellschaft für Anlagen- und Reaktorsicherheit (GRS) has been performing a probabilistic 
analysis for a boiling water reactor (BWR) during low-power and shut-down (LP&SD) states. The 
reference plant is Gundremmingen NPP with a twin unit of 1344-MW electrical power each. The 
LP&SD-study is in the final phase. This paper discusses some problems that were observed within 
the study, especially concerning human reliability assessment and data issues. Some approaches 
will be presented to overcome some of the limitations in modeling human reliability in order to 
achieve a more realistic assessment of risk in shutdown states. The approaches were applied on 
selected scenarios.

2 Human Reliability Assessment in LP&SD

Actual methods for evaluating human errors are mainly designed for dealing with rule-based 
actions. These methods are considering PSFs (Performance Shaping Factors) like stress factors, 
completeness of procedures and training, and time available for performing a required task as 
parameters for assessment. Common known approaches are THERP (Swain & Guttmann, 1983), 
ASEP (Swain, 1987) and HCR (Hanaman & Spurgin, 1984a). For assessing human reliability in 
full power operation, these methods are broadly accepted.

In shutdown states, additional circumstances have to be considered by which appropriate 
assessment of human interactions with such methods becomes difficult. Important tasks and their 
circumstances are different compared to full-power operation. Usually, a lot more time is 
available for avoiding hazardous states during shutdown periods. In contrast to this, the 
application of current assessment methods for human interactions is limited to time windows of 
about one hour of mission time for success. Moreover, for some of the sequences, precise 
procedures are not prepared for supporting the decision making process of shift personnel. Thus, 
knowledge based behaviour plays a larger role. Table 1 summarizes the most important 
differences between Full-Power Operation and LP&SD and their impact on the assessment of 
human performance. These additional circumstances have effects on the modeling of the whole 
event sequence as well as on the assessment of certain human interactions.



Table 1: Important differences between Full-Power Operation and LP&SD and their Impact on
Assessment o f Human Peifortnance.

Circumstances in Full- 
Power Operation in 
design-base accidents 
(DBAs)

Circumstances in 
LP&SD

Impact on Assessment of 
Human Performance

usually time windows of 
about 1 hour at maximum 
to be assessed

usually long time-window 
for human interactions 
(» 1 h )

models of time dependence in 
HRA-methods are not applicable 
for time windows longer than 
about 1 h

time available for operator 
actions is defined by the 
event sequence

additional time constraint 
due to tight time schedule 
for outage

tight time schedule for outage may 
lead to decision problems of 
operators due to the additional 
goal to keep the schedule

usually no repair 
considered

due to longer time- 
windows, repair is 
possible to a greater 
extent

additional recovery by repair has 
to be considered; this also causes 
decision-problems for operators 
(repair or other measure)

usually assumed that all 
redundancies are operable

reduced redundancies 
due to maintenance

additional safety-related aspect 
that has impact on decisions of 
operators (operators may decide 
to re-establish redundancies 
under maintenance)

actions usually limited to 
control-room; to great 
extent homogeneous 
types of interactions

higher amount of actions 
outside control-room like 
re-configuring equipment 
and actions of different 
type

HRA-models only provide limited 
data for the assessment of typical 
LP&SD actions

usually control room 
actions without problems 
of radiation

radiation problem in 
certain events may occur 
during actions outside the 
control room

this important PSF has to be 
considered for work-performance 
and time constraints

actions well documented precise procedures are 
usually not prepared

knowledge based behaviour 
required

administrative aspects like 
responsibility and 
communication usually 
fixed and limited on 
control-room

higher amount of 
administrative 
coordination between 
various locations in the 
plant

communication between people of 
different teams in various locations 
has to be assessed; current HRA- 
models are considering this 
potential for errors only in a very 
limited way
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2.1 Human impact on the Event Sequence

In full-power operation, the event sequences in which human interactions get important, are more 
or less determined by the type of the initiating event and the automatic systems that are foreseen 
to cope with the event. Human interactions are required if automatic systems fail or if specific 
actions are necessary which are not covered by an automatic system (e.g. isolating a steam 
generator). Therefore, the human is treated as having to perform a certain system-function within 
the given sequence and usually errors of omission are modeled in the event sequences.

Compared with full-power operation, in LP&SD-states the event sequences are dependent on a 
greater extent on the strategies that the operators choose to cope with the event. Depending on 
their decision, the event sequences may develop in different directions, as the following example 
illustrates:

One of the investigated event-sequences was the failure of the modified shut-down cooling 
during the cool-down phase. Modified cool-down (modified cool-down line is at the level of 
main feedwater sparger) was introduced in the plant to avoid radiation problems during 
maintenance. Because the actions to perform if modified shut-down cooling fails are not 
prescribed, three general possibilities may be performed by the operators after loss of 
residual heat removal (RHR): (1) perform conventional cool-down (this is known by the 
operators as the former way of cooling down the plant) or (2) keep pressure low by relief 
valves and try to repair and re-install the modified cool-down or (3) perform cool-down via 
the pressure relief-valves.

To get an idea how to assess required actions during events in LP&SD, the conditions prevailing 
with respect to human intervention have been compared to the conditions assumed when 
analyzing accident management sequences initiated by events in full power operation. In both 
there is a higher amount of actions outside control-room like re-configuring equipment, radiation 
problems may occur in certain events during actions outside the control room, precise procedures 
are sometimes not prepared, and a higher amount of administrative coordination is necessary 
between various locations in the plant (cf. Table 1). However, there are also important differences 
between LP&SD and AM, e.g., time windows in LP&SD are usually larger.

In the LP&SD study these similarities were observed, hut it was also found that human 
interventions in LP&SD cannot be. treated in the same way like in AM. In the assessment of AM- 
situations, the analyst usually chooses an assessment that covers the worst case for a possible AM- 
measure (cf. SWR2, 1995). If, for instance, an AM-measure has to be performed under different 
time-windows, usually the assessment of the shortest time-window is taken for all possible time- 
windows. In the AM-situations investigated, this works fine, because beyond design-base 
situations are assessed and their contribution to overall core-damage frequency is to be combined 
with preceding failures of the designed safety-functions. In LP&SD such a "covering assessment" 
is leading to problems because often there is an direct impact of human reliability on the whole 
event sequence. Consequently, such a covering assessment leads to unrealistically low human 
reliability that impacts plant damage states directly.



An appropriate solution for a more realistic assessment is to consider, the detailed conditions under 
which human interactions have to be performed (e.g. specific timc-window for diagnosis of a 
certain situation). Also the sequence of the event is decisive for human interactions. The sequence 
depicts to some extent the history of the event and therefore, the understanding of operators about 
the plant-situation.

In order to consider such varieties in the conditions for human interactions, the conventional 
error/fault tree causes a high modeling- effort because every condition and every sequence has to 
be modeled by an additional fault-tree or event sequence diagram. State-transition diagrams and 
markovian chains were discussed to approach this problem. They are able to model the history of 
an event and the decision paths of the operators. Further advantages are:

• they get a more realistic picture of possibilities and strategies an operator may perform and 
about the chronological order of the possibilities

• repair can easily be integrated by a reflexive state-transition (e.g. after repair of the ’modified 
cool-down’, the event sequence starts again with the state ’modified cool-down)

• to some extent, parallel processing of different action-paths may be represented (e.g. repair of 
modified cool-down and conventional cool-down)

However, modeling the event by state-transition diagrams and markovian chains also causes 
problems that inhibit practical use of the advantages:

• if all conditions under which human interactions may be performed shall be represented 
correctly, a so-called combinatory explosion of the states and transitions would take place. In 
the analysis, the modeling of three different strategies after failure of the modified cool-down, 
51 distinct conditions have to be distinguished and represented as single states in the 
markovian chain. This effect is increasing, especially if various different types of technical 
failures shall be considered in addition to the human interactions. Consequently, a complete 
state-transition diagram of a whole event-sequence may have the advantage to represent the 
conditions under which an operator has to act, but is also connected with an immense number 
of states and transitions that can not easily be treated.

• In addition to the effect of combinatory explosion, such modeling also causes data problems, 
because data has to be generated for every condition, under which actions have to be 
performed (i.e. for every transition in the state-transition diagram).

Based on this experience, a solution for this problem is currently not available. In addition to the 
above mentioned methods, simulation may also be discussed in order to achieve a solution. 
Besides this methodological problem, also the data problem remains an unresolved question. Data 
are needed that are more realistic in the sense that they consider the various conditions under 
which humans have to cope with an event (Strâter, 1997a).



2.2 Human Reliability Assessment of certain Human Interactions

To assess Human Reliability within event sequences initiated in full-power conditions and AM 
scenarios, typically THERP, ASEP and HCR are used in Germany. It was found that THERP and 
HCR have substantial application limits for use in LP&SD states: THERP is not able to assess 
knowledge-based behaviour, HCR is usually limited to time windows of about one hour.

Consequently, in this LP&SD-study, it was decided to use the method ASEP for assessing Human 
Reliability. ASEP is a screening approach. The lack of detailed assessment is taken into account 
by use of pessimistic data, which are intended to cover a broad range of uncertainties. In the 
LP&SD study, it has been assumed that this pessimistic approach also covers the lower familiarity 
of the operators with some actions compared to full-power events, the various dependencies 
between the actions as well as the uncertainties related to an assessment in a new field. It was also 
found that the SHARP-procedure (Hannaman & Spurgin, 1984b) which is principally similar to 
the Man-Machine-System-Analysis of THERP (see Strater, 1994), is also appropriate for error 
analysis in LP&SD states.

However, ASEP was designed for actions in full power situations. This causes general problems 
of assessment with the method. In cases where ASEP was not applicable or was leading to 
unrealistic treatment of Human Reliability, it was decided to use further HRA-methods that are 
enabling assessment: INTENT (Gertman et al., 1992) and the CAHR-approach (Strater, 1996; 
1997a), which is in an initial state of development. In some cases, even these further HRA- 
methods caused problems that lead to proposals for methodological improvements. The following 
sections will discuss these observations.

2.2.1 Observed Difficulties in Assessment

Administrative aspects: One difficulty in assessment is the organizational impact on human 
performance: Compared to full-power operation, the role of administrative barriers like 
communication between personnel is increasing and therefore, communication is a more decisive 
aspect of human reliability during LP&SD states, especially if the way of communication is not 
prescribed in detail like in unusual maintenance tasks (in the LP&SD-study it was found that the 
activities for exchanging an internal recirculation pump shaft may be an example for that). 
INTENT (Gertman et al., 1992) was tested as one approach to consider these communication 
aspects. However, INTENT is a so-called holistic approach that does not allow a detailed 
comparison of various communication paths (Reer et a l, 1996). Typical effects on the reliability 
of communication are not considered in this approach. Examples for these effects are group- 
structure (in-group vs. out-group effects), reluctance against unknown groups or persons, or the 
coherency between trust and acquaintance (see for details e.g. Schuler, 1995). Consequently, a 
fault-tree based approach was used in this study to compare various administrative solutions for 
the maintenance task. Such an approach was also found as more useful to model the above 
mentioned effects during communication. Data were taken from the CAHR-approach (Strater, 
1996; 1997a) and alternatively from the THERP-tables. By using this modeling approach of 
different communication-paths, an optimal administrative solution for the maintenance task were 
identified.
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Types of actions: Other observed disadvantages of applying ASEP on LP&SD states are 
concerning the similar treatment of actions with different nature: placing a fuel-element in a 
certain position, re-configuring electrically unavailable equipment in the plant, or starting a pump 
from the control room is assessed by ASEP in the same way. Additionally, methods like THERP 
may provide some distinctive data for some type of tasks. However, the principal problem of 
current HRA-methods is still present: They were designed for assessment in full power operation. 
Examples for this effect are:

Activities like manipulation of a single manual operated valve in the plant that is in addition 
described at an isolated location in the procedures, are treated with the same unavailability 
than actions that are to be performed in a logic chain of actions like enabling the secondary 
cooling before enabling the primary cooling system in the control room. Another example is 
that an action well known from operational experience like positioning fuel elements in the 
spent fuel pool has to be assessed by ASEP with at least P=2E-2. In plant experience, 
irregularities are observed in far less than these 1 per 50 fuel-elements. This observation is 
also in compliance with the CAHR-method.

Here, a LP&SD specific classification of tasks has to be developed that considers the level of 
human behaviour as well as the specificity of the types of tasks.

Recoveries: ASEP was designed for actions in full power situations where usually only one 
attempt for an action is assumed due to the short time windows for the actions. Recoveries in 
ASEP and THERP are usually only considered if some new information (alarm) or some new 
personnel (crisis-tcam) are coming into play. If these recoveries fail, the methods assume that an 
action will never be successful again. Especially, if a high number of human actions is to be 
performed and these actions are to be performed in event-sequences where long time-windows are 
available, such a procedure may lead to unrealistically low human reliability: If an operator 
intends to start a cooling system but omits with some probability to switch a valve before starting 
the cooling-pump, this would be assessed as a failed action in full-power operation. However, in 
LP&SD the operator may have a "self-made" recovery after some time due to the fact people are 
still thinking about what they had done either if the result is not according to their expectation or 
if they come into relaxation (psychologically called refractory-effect). Such recovery potential is 
currently not considered by HRA-methods but was observed in operating experience (e.g. Strâter,
1995).

Modeling of diagnosis: Such recovery potential is based on the cognitive behavior of operators 
and hence, is also linked to the problems of modeling diagnosis in HRA. Current HRA methods 
are assuming a monotone decreasing failure-probability with increasing time. PSFs like quality of 
procedures and interface are only affecting whether to take upper or lower bound of the time 
reliability curves (TRCs). Such modeling assumes that the operators will come up with the right 
(= system required) idea with increasing available time to think, but it does not consider the 
processes that are going on in the operators’ minds during that time, i.e. the cognitive processes. A 
more detailed and not only time depending modeling of the diagnosis process of operators is also 
necessary because especially in LP&SD states, multiple diagnoses are required that are 
additionally dependent on each other. Similar effects may be observed in design-base accident and 
beyond-design situations, e.g. if several safety-goals are affected. Hence, a better diagnosis model 
has to be developed that considers cognitive processes of the operators. Some basic ideas for such 
an approach are discussed in the following section.
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2.2.2 HRA of cognitive processes

The problems discussed in the previous section suggest that current HRA models do not 
appropriately consider the effect of the cognitive processes within the operators’ minds - either in 
the HRA-models (as diagnosis model or communication) or in the data used (as actions or 
recoveries). In contrast to this, it was found that 16 out of 29 basis-elements for human 
interventions in the assessed event-sequences that are to be classified as containing elements of 
knowledge-based behaviour. The types of knowledge-based behaviour that were found are:

• Diagnosis and differential diagnosis: Currently used diagnosis models are based on time- 
reliability curves. It was found that this approach is too simple to represent the ongoing 
cognitive processes during the time of diagnosis. For instance, it is not distinguished between 
a diagnosis of a single fault and multiple faults. For multiple faults, an appropriate strategy 
has to be evaluated, i.e. a so-called differential diagnosis is required by operators.

• Take-over of knowledge known from different contexts: Most of the actions that have to be 
performed by the operators during the event sequences are also to be performed during 
normal cool-down, outage or start-up. However, they are usually embedded in procedures that 
are used in different contexts. If such actions shall be considered in the event-sequence, some 
assessment has to be made, how easily the operators may access the correct (= during the 
sequence required) procedures.

• Generating actions based on indirect hints: even if no procedures are available, operators get 
hints from the plant about what they have to do, e.g. announcement of incorrect valve 
positions by position indicators (e.g. for the RHR system) are hints for the operators that they 
have to bring them into the correct position.

To approach the last two items, a method is suggested that comprises:

• Which pros (aspects that are voting for a certain action) and cons (aspects that are voting 
against a certain action) do operators perceive in the situation that has to be assessed?

• On which level of abstraction do operators see the required solution?

Due to the fact that data for decision processes are still lacking, the method is currently only used 
to perform an assessment of cognitive aspects on a yes/no basis. A further development in the 
direction of probabilistic assessment is planned for the future. Promising approaches may be 
derived either from more detailed simulator studies or evaluation of plant experience (cf. Strâter,
1996).

Concerning the modeling of diagnosis, it was found that in time-reliability coherencies different 
error mechanisms take place at different times (Strâter, 1997). It was found in the study that 
usually time errors like too early or too late may be identified within an early state of diagnosis 
(around 90 minutes after fault) and these are favored by high task-complexity. In situations 
beyond 90 minutes after fault, omission-errors due to lack of feedback are more contributing to 
human errors. Such dependencies (like the change of the importance of a certain PSF in different 
phases of an event) are usually not distinguished in TRC-Models. From the observation that other 
cognitive processes are relevant for errors in diagnosis during later phases than in early phases of 
an event and from the discussion concerning recoveries in the previous section, it may be 
concluded:

• If the operator is not burdened by other tasks and feedback of plant state is still present, the 
observations may suggest to consider recoveries after some psychological refractory time of
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about 90 minutes or if the outcome is in contrast with the expectation of the operators. These 
effects may be included into an enhanced diagnosis model, e.g. by considering a further 
recovery by the operator himself. However, more detailed investigations of plant experience 
and simulator studies are required because such a recovery potential is dependent on various 
effects of cognitive processes like the current track of diagnosis, the sluggishness of decisions 
and the hysteresis of attitudes (cf. Strater, 1997b,c).

3 Applicability of Existing Component Reliability Data for LP&SD

The quality of reliability data strongly depends on their basis and the kind of application on the 
desired purpose. For investigations on non-power modes, usually data such as test intervals and 
failure rates are directly transferred from the investigations performed for full power operation 
states.

Within the analysis for Gundremmingen nuclear power plant, it was found that especially test 
intervals may vary significantly for different states.

During the investigation dealing with event sequences after a loss of residual heat removal (RHR) 
performed via a special shutdown line, several alternatives exist to avoid a hazardous state. Three 
redundant trains are available for removing residual heat during the cooldown phase. Because no 
special system for cooldown purposes is installed, these three RHR systems designed to cope with 
both accidents occurring at full power states as well as operational demands such as cool-down, 
are used.

Each of the residual heat removal trains consists of three systems at the particular site, i.e. RHR 
system with a low pressure and high pressure pump capable of cooling the suppression pool as 
well as feeding water from the suppression pool into the reactor pressure vessel at different 
pressure conditions, a closed cooling water system (CCWS) that consists of a pump and heat 
exchangers for the RHR system, and a service water system (SWS) with a pump and heat 
exchangers for the closed cooling water system. The service water system uses the river Danube 
as an ultimate heat sink.

For the full power PSA, data for actual test intervals (demands and surveillance tests) for the 
crucial components of these systems were acquired as demonstrated by the following example:

The data acquisition lead to a mean test interval of 200 h for the RHR train and its low pressure 
pump that results from the average time between two demands on suppression pool cooling. This 
mode is solved by an operational initiation due to high temperature, and all three trains are started 
simultaneously. 200 h were as well used for the CCWS system.

The SWS is usually started more often, e.g. during the surveillance test of the respective 
emergency diesel, the pump receives a start signal to cool the diesel motor.

This time between two demands for the pumps is obviously smaller than the nominal surveillance 
test frequency of 4 weeks. Besides these two different demands, the systems are. in stand-by mode. 
Since there is always a steady heat input into the pressure suppression pool, it was agreed upon to 
use the test interval of 200 h within the full power PSA for all the components that are operated 
during suppression pool cooling.



The problem concerning test intervals itself was partly solved during the GRS analysis. Using the 
full power data, it became obvious that this would lead to wrong results. Therefore, plant 
personnel performed an investigation with the aim to identify the demands of the RHR system for 
the time period in between the plant being shut off and starting the residual heat removal via the 
modified shutdown line.

During the shutdown cooling mode via the condenser, the suppression pool is heated up more 
intensively than during other phases. This is due to leak water e.g. coming from the bypass lines 
of the main feedwater isolation valves after their closure. A statistic was performed that showed a 
mean time between demands on the RHR system for suppression pool cooling of approximately 
10 hours. In order to ensure that this is not conservative, the cooldown procedure was supple
mented, i.e. a check point was added before starting the RHR system in shutdown cooling to 
prove whether the RHR systems had been started within the last 10 hours; if not, all three systems 
have to be started in suppression pool cooling mode for at least a couple of minutes. So, a realistic 
test interval of 10 hours was used.

Failure rates for the components were plant specifically gathered by GRS for a time period of 
totally 8 reactor years. The resulting data were combined with generic data. No difference was 
made between failures which occurred at full power and outage conditions.

Up to now, no failure data bank exists that differentiates between the several modes of operation. 
Thus, available data are used for all kinds of needs disregarding whether there might be other 
reasons for a component to fail because of differing conditions.

At Gundremmingen, the plant specific data acquisition was improved in parallel to the GRS 
research on order to take the particular operation modes into account. Since this improvement was 
implemented not long ago, results are not available yet. Anyway, it is planned to use these 
modified data while updating the analysis for Living-PSA purposes.

Especially for the investigation of possible risks during non-power operation modes, analysts have 
to be careful while using reliability data by simply transferring them from full power conditions, 
e.g. the test interval for the RHR was reduced by the factor of 20 due to the different conditions. 
Therefore, the data transfer from full-power to LP&SD operation modes has to be performed with 
care.

4 Additional Investigation on Maintenance Activities

Most of the recent published PSA for non-power operation modes considered a certain amount of 
different plant operational states as well as the importance of human factors. One major problem 
concerning realistically modeling the risk during outage conditions is the development of 
initiating event frequencies. The kind of and the probability for events differ significantly from 
full power states and may even vary seriously during miscellaneous configurations during the 
entire outage.

At Gundremmingen, a scientific work in the framework of a Ph.D. thesis is in the final phase. One 
of the most interesting aspects is the detailed view on possible events initiated by personnel while 
performing tagging or maintenance actions. Only considering stochastic events like loss of offsite
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power or leaks in pipes due to mechanical reasons might lead to non-realistic results.

As described in Zander & Mitman (1997) in more detail, all maintenance actions during an outage 
were recorded and evaluated manually and were related to the actual conditions with respect to 
minimal demands. The research was focused on so-called times of interest (TOI) that are 
characterized by actions related to a possible loss of actual heat removal or have the potential to 
initiate a loss of coolant accident. Subsequently, it was analyzed whether there is more than one 
TOI at a time, since TOI were defined system related. This lead to phases of coincidence where 
the probability to initiate an event and simultaneously make an available system inoperable is 
significantly increased.

It is important to mention that this idea is independent of the admissibility with respect to 
Technical Specifications, since the focus is mainly put on probabilistic and not on deterministic 
criteria. Some phases of coincidence were detected recently. The task giving pieces of advice for 
optimizing the outage programme, is actually under way.

This investigation will be finished soon. It is planned to implement the results into future outage 
schedules to easily avoid risky configurations by means of probabilistic aspects. Furthermore, 
analyzing time dependent configurations in order to support outage planning and performance, 
only achieves acceptance by plant staff if the level of detail is appropriate so that conclusions can 
be easily drawn and the basis for decision making is neither generic nor conservative, but plant 
specific and realistic.

5 Conclusions

Based on observations within the LP&SD study, the following conclusions may be drawn that 
have to be considered for a more realistic assessment of shutdown states:

• Methodological improvements concerning the event- and fault-tree approach are necessary to 
consider the various conditions under which human interactions have to be performed during 
LP&SD.

• Current HRA-methods that are designed to assess human actions during design-base accidents 
and accident management conditions are not appropriate for all types of actions that have to be 
performed during LP&SD. Methodological improvements are necessary, especially concerning 
the inclusion of administrative aspects, the variety of the types of actions, the recovery 
potential of operators, and the modeling of diagnosis.

• Further methodological developments are necessary to consider the cognitive processes that are 
to be performed by the operators.

• Human actions in LP&SD states are of different nature than actions under full-power 
conditions. Data for actions in LP&SD is still an unresolved question of current HRA-methods. 
Suggestions for improving this situation were developed in this study.

• Test intervals (demands and surveillance tests) for components in LP&SD may differ 
compared with full-power operations. Therefore, the application of the data for full-power 
operation to LP&SD should be performed very carefully.

• In LP&SD states, events may be initiated to a greater extent by personnel while performing 
tagging or maintenance actions.

2 4 5



Gertman, D. I., Blackman, H. S., Haney, L. N., Deidler, K. S. & Hahn, H. A. (1992) INTENT - A 
Method for Estimating Human Error Probabilities for Decision-based Errors. Reliability Engineering and 
System Safety. Vol.35. Elsevier, p. 127-136.

Hannaman, G. W. & Spurgin, A. J. (1984a) Human Cognitive Reliability Model for PRA Analysis. 
NUS-4531. NUS-Corp. San Diego.

Hannaman, G. W. & Spurgin, A. J. (1984b) Systematic Human action Reliability Procedure (SHARP). 
EPRI NP-3583. EPRI. Palo Alto. California.

Reer, B., Strater, O. & Mertens, J. (1996) Evaluation of Human Reliability Methods Addressing 
Cognitive Error Modeling and Quantification. Jiilich; 3222. ISSN 0944-2952. KFA-Jiilich. Jiilich.

Schuler, H. (1995) (Hrsg.) Lehrbuch Organisationspsychologie. Hans Huber. Bern, Gottingen, Toronto, 
Seattle.

Strater, O. (1994) The Role of Plant Experience to Consider the Human Factor in Living PSA. In:
Balfanz, H.-P., (Ed.), 4th Workshop on Living PSA Application, TÜV-Nord. Hamburg, Germany.

Strater, O. (1995) Vortrag über Besondere Vorkommnisse 1995. BMU, Germany.
Strater, O. (1996) Assessment Of Cognitive Errors And Organizational Aspects Based On Evaluation Of 

Plant Experience. In: ANS - Proceedings of the international topical Meeting on Probabilistic Safety As
sessment 1996. Park City, Utah (USA) September 29 - October 3, 1996. ISBN: 0-89448-621-7. p. 245.

Strater, O. (1997à) Beurteilung der menschlichen Zuverlàssigkeit auf der Basis von Betriebserfahrung. 
Dissertation an der Technischen Universitât München, GRS-138. GRS. Koln. (ISBN 3-923875-95-9)

Strater, O. (1997b) Investigations on the Influence of Situational Conditions on Human Reliability in 
Technical Systems. In: Seppâla, P., Luopajârvi, T., Nygard, C. & Mattila, M. (Eds.) Proceedings of the 
13th Triennial Conference of the International Ergonomic Association. June 1997. Tampere/Finland. Vol.
3. p. 76ff.

Strater, O. (1997c).Some Aspects on the Importance of Cognitive Modeling for the Construction of the 
Man-Macliine Interface. In: Borys, B., Johannsen, G. & Wittenberg, C. (Eds) Proceedings of the XVI 
European Annual Conference on Human Decision Making and Manual Control, 9.-11.12.97. University 
of Kassel, Germany. S. 255-262.

Swain, A. D. & Guttmann, H. E. (1983) Handbook of Human Reliability Analysis with emphasis on nu
clear power plant applications. Sandia National Laboratories, NUREG/CR-1278. Washington DC.

Swain, A. D. (1987) Accident Sequence Evaluation Program on Human Reliability Analysis Procedure. 
NUREG/CR-4772. NRC. Washington DC.

SWR2 (1995) Frey, W., GântSmantel, G., Heinsohn, H., Hofer, E., Holtschmidt, H., Kersting, E., Kreuser, 
A., v. Linden, J., Mayer, G., Piljugin, E„ Pointner, W„ Preischl, W., Strater, 0„ Verstegen, C„ Bongartz, 
R., Reer, B. & Ullwer, W. (1995) SWR-Sicherheitsanalyse, Phase II. AbschluBbericht, Band 1: 
Untersuchungen von Ereignissen aus dem Leistungsbetrieb. GRS. Kôln.

Zander, R.-M. & Mitman, J.T. (1997) Progress in Risk Evaluation of Outages. COPS A ’97 - 
International Conference on the Commercial & Operational Benefits of Probabilistic Safety Assessments. 
Edinburgh (Scotland), October 7-9, 1997



EXPERIENCE BASED STATISTICAL STUDY ON HUMAN 
ERRORS RELATED TO MAINTENANCE ACTIONS

Pekka Pyy, Kari Laakso1 
Lasse Reiman'

‘VTT Automation, PL 1301, 02044 VTT, FINLAND 
Pekka. Pyy @ vtt. fi, Kari .Laakso @ vtt.fi 

2STUK, PL 14, 00881 Helsinki, FINLAND 
Lasse. Reiman @ stuk. fi

ABSTRACT

In this paper, parts of a statistical study on human errors related to maintenance of a nuclear power 
plant (NPP) is presented. About 4400 maintenance history fault information records and licensee 
event reports from the years 1992-94 were analyzed. Especially, time was devoted to verify the 
results with the maintenance personnel of the NPP. This paper discusses the scope and objectives 
of the study, methods used and results obtained. Some additional statistical analyses were carried 
out to consolidate the findings. The results are presented separately for single human errors, 
common cause failures (CCFs) and single human errors leading to multiple effects due to shared 
equipment. Finally, the validity of results is discussed and conclusions are made.

INTRODUCTION

In human reliability research, main attention has been traditionally focused upon the control room 
crew performance in post accident conditions. The control room operators do have an essential 
role in disturbance management. On the other hand, also maintenance errors may have an impact 
on the severity of a disturbance by disabling safety related equipment.

The chances of operators to manage a disturbance are worsened, if latent equipment failures e.g. 
due to imperfect tests and maintenance activities remain latent until the disturbance. Especially, 
common cause failures, affecting several trains of a safety related system, may have a significant 
contribution to the reactor core damage risk (e.g. Hirschberg 1990, Reiman 1994). Also single 
human errors may affect safety by influencing several components through latent system 
interactions (Laakso et al. 1998).

Among other, these reasons have led the VTT Automation and the Finnish regulatory body STUK 
to study maintenance related human errors. The objectives of the study were to: 1) identify human 
errors related to maintenance, 2) give examples of the origin and appearance of human Induced 
common cause failure mechanisms, 3) generate statistics and numerical indicators explaining
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maintenance related errors and their influence and 4) to find out improvements (Laakso et al. 
1998).

This paper discusses the scope and objectives of the study, methods used and results obtained. 
Some additional statistical analyses were carried out to consolidate the findings. The results are 
presented separately for single human errors, common cause failures (CCFs) and single human 
errors leading to multiple effects due to shared equipment. Finally, the validity of results is 
discussed and conclusions are made.

2. BACKGROUND AND DEFINITIONS

In PSA, human errors can be divided into three categories (Hannanman & Spurgin 1984 , IAEA 
1992): (A) pre-initiator events that cause equipment/systems unavailability, (B) errors leading to 
PSA initiating events i.e. human induced initiators, (C) post-initiator human actions. Generally, 
maintenance actions are included, in the PSA models, in the class A. Maintenance has not been 
the key area of developments in human reliability analysis. More emphasis has been put to human 
actions in the control room in disturbance conditions (type C). However, some effort has been 
made e.g. to assess maintenance error probabilities (Reiman 1994). Even though some models go 
as far as to simulation of activities (Siegel et al, 1984), the efforts to develop, validate and verify 
type A HRA models with plant data have been few.

A suitable praxis oriented classification scheme for maintenance related human errors has been 
presented in THERP (Swain & Guttmann 1983). The scheme classifies, with examples, human 
errors into errors of commission and omission. An error o f commission is an incorrect 
performance of an action, or performance of some additional action. An error o f omission is a 
failure to perform a task or an action. The maintenance data of the study allowed this level of 
decomposition, but not any further. Furthermore, these human error phenotype modes are easily 
understandable for the nuclear power plant personnel with whom the work was performed. Thus, 
the omission / commission classification was utilised in this study.

Swain’s omission / commission classification has often been critizised e.g. in Hollnagel (1998), 
since it does not succeed in capturing mental dimensions of human behaviour. There are other 
ways to classify human errors, such as slips, lapses, mistakes and violations (e.g. Reason 1990). 
Examples on general factors that influence human behaviour have been discussed e.g. in Swain & 
Guttmann (1983), Embrey et al. (1984) and Hollnagel (1998). Better cognitive models for human 
behaviour have also been presented (Hollnagel & Marsden, 1996, Rasmussen 1986, Woods 1994). 
Although the modelling approaches using these principles are more refined than the Swain’s 
classification, their use was not possible due to the nature of the data.

The model of how human maintenance related errors generate latent unavailability is manifested 
in Figure 1. Equipment may be declared operable, although it actually is not capable of fulfilling 
all its functions. This latent unavailability may due to, e.g., human actions such as forgetting a 
restoration and sloppy testing. Human errors may result in single or dependent component faults. 
A dependent fault may be bom by repeated wrong actions or due to correct actions bringing e.g. an
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unfit set point or spare part to the target system. The number of single faults is high when 
compared to the dependent ones (Reiman 1994, Laakso et al. 1997).

The dependence between human actions can mean in the probabilistic sense that the frequency of 
repeated erroneous actions diminishes, when a person discovers an error and learns about it, or the 
probability of repeated erroneous actions increases, when a person learns a wrong way to perform 
actions. Dependence between errors has been studied in psychological tests e.g. Holding (1970) 
and probabilistic models have been presented for human error dependence e.g. (Swain & 
Guttmann 1983, Samanta et al. 1985, Reiman 1994). If the indications about the unwanted 
consequences of an erroneous act are immediate, it is unlikely that the error will be repeated. 
Thus, the most important group of human actions causing dependencies are those that do not give 
immediate feedback of their unwanted consequences.

The dependent human failures of concern in this study are divided into actual human induced 
common cause failures (HCCF), causing parallel unavailability of redundant subsystems, and 
human common cause non-critical failures (HCCN). The non-critical common cause failures are 
of interest as potential precursors to actual common cause failures. They also reveal mechanisms, 
which can result in HCCFs. In special cases, also single human errors may cause multiple 
consequences due to latent technical interactions between components and systems (Laakso et al. 
1998). Those faults are here called human related shared equipment faults (HSEFs).

Figure I. Model of the birth of an error in a maintenance action and its consequences (component 
degradation) passing several barriers. The unavailability decreases in each barrier due to possibilities to 
detect the fault.

3. METHODS AND M ATERIAL

The database used in the study was the fault and repair history, completed with other utility 
reporting, of one NPP located in the Nordic countries. The failure reports covered 4404 failure and
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repair records from the calendar years 1992-1994. The first part of the study was the screening of 
the fault records, their feedback information and 16 utility event reports (LERs) to find out human 
error candidates cases. The details facilitating the identification were the coding of the fault causes 
and the text description based on the findings in repair. The screening phase was carried out by 
two analysts in a sequential order resulting in about 500 candidate records that were discussed 
with the maintenance foremen of the utility. That first review resulted in 334 candidate cases, of 
which amount 6 came from other sources than from the fault history data (See Figure 2).

Thorough interviews with the utility personnel revealed that, from the 334 cases, 126 fault history 
records could be grouped into 37 cases including HSEFs ,HCCFs, HCCNs and other 
dependencies. This reduction was due to the fact that multiple fault records in the database often 
originated in repeated erroneous actions. Together 8 HCCFs, 6 HCCNs and 11 HSEFs were 
identified.

The number of single human errors in the fault history was 206. Furthermore, 11 dependence 
cases preliminary classified as HCCFs, and 2 single errors, were found to caused by other reasons, 
e.g. by ageing, rather than human errors or organisational negligence. The principle followed in 
the division of the errors into single ones, HCCFs, HCCNs, HSEFs and other dependent failures 
(ODFs) is presented in Table 1.

A component is in Table 1 understood as a functional item at a level where an identification 
number, such as system X. train Z. pump Y, and a component category such as a pump or a 
sensor, can be identified. In order to simplify the analysis, several similar errors inside a defined 
component boundary have been defined as other dependent failures (ODF) or single errors, 
although in some cases parallel unavailability of redundant parts within the component boundary 
exist.

In a few cases, after having extracted dependent errors from the database, patterns such as 
recurrent errors were recognised in the data. They were obviously due to uncorrected problems, 
error prone circumstances, etc. situational factors. This kind of mechanisms are always present in 
the data and it is extremely difficult to determine the exact dependence mechanism without 
detailed analyses. After some investigation, an assumption of the independence was made for 
these single errors.
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Number of cases
Utility root Utility fault history 
cause reports records

16 -4400
Search and screening of human errors based on the 

failure reporting and additional utility reports

126 HCCF or HCCN candidate fault records, ^  37 candidate dependency cases 14 cases

Refined root cause analysis HCCFs and
(incl. interviews with maintenance foremen) W HCCNs

23 cases 
Others, e.g. 

human shared 
equipment 

faults, ageing 
caused CCFs.

Figure 2. Flow chart of screening of the human errors related to maintenance activities.

All the single human errors were classified according to the following explanatory factors in 
Laakso et al. (1997): phenotype of the error, type o f equipment involved, time o f error origin, 
time o f error detection and type of action that revealed the error. Those features could be either 
extracted directly from the database or deduced based on the interviews. For dependent errors, a 
more extensive qualitative study was conducted. Later on, the analysis was completed by 
additional information with regard to the safety and economic significance such as number of 
repair hours required, repair urgency class, PSA modelling level of the fault. Also some additional 
studies with regard to human error classification were carried out. These results are not thoroughly 
discussed in this paper, since the study is not finished.

Especially the single human error database was large enough to allow for proper statistical 
inference. Here, non-parametric tests (e.g. Siegel, 1956) such as Chi-Square, Fisher’s exact 
probability test, Mann-Whitney’s rank sum test and z-test were mainly used. This was due to the 
nature of data, since even in the cases of continuous variables the parametric test preconditions 
were not filled. Where applicable, distribution fitting was performed. Statistical tests were also 
performed for HCCFS, HCCNs and HSEFs, but these statistics were considerably smaller. The 
analysis is partly unfinished, but some results are presented in this paper.
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Table 1. Principles fo llow ed in the classification o f  human error data.

Causing mechanism Unavailability in 
one single 
component

Unavailability 
in several 
components 
(or systems)

Parallel ** 
unavailability 
in redundant 
components

Sequential ** 
unavailability 
in redundant 
components

Similar repeated 
erroneous actions

Single errors*/ 
ODF°

Single errors* HCCF / HCCN/ 
O D F 4

O D F5

One error Single errors H SEF6 HSEF HSEF
Several (different) 
errors

Single errors* Single errors* O D F 7 Single errors*

* Wrong direction errors are single errors. Human actions are seen as completely dependent, but do not cause unavailability in 
redundant components.
** Parallel and sequential refer to time - components may become unavailable in parallel or errors may be repeated after redundant 
components have been made operable. <3 Other dependent failures (ODF), if several similar errors, but caused inside a defined 
component boundary.
(4 Other dependent failure, if parallel dependence was detected while working (prior to returning work permit into the control room).
<5 Listed as other dependent failure, if not causing parallel unavailability. 16Components not redundant.
<7 Casual dependence, independent errors. Consequential effects due to functional dependence.

4. RESULTS

As may be deducted from Figure 2, about 7,5 % of all failure records could, finally, be identified 
as human errors related to maintenance. Human errors could be found in all four main cause 
categories used by the plant maintenance personnel in the failure records. This may be understood 
against the background that the used cause categories, e.g. ‘operating and maintenance personnel’ 
and ‘failure in installation or earlier’ are not mutually exclusive. Similarly, if sub-categories were 
used, e.g. ‘foreign labour’ and ‘installation error’ are not mutually exclusive. The frequent use of 
other categories than ‘miscellaneous’, given that the fault was caused by human actions, however, 
speaks about a realistic classification of human errors and increases the reliability of the used 
database.

There are seemingly no dramatic differences in distributions of all faults between the two plant 
units. However, the Chi-square test suggests that the fault records come from two different 
distributions (p«0.001). The result is understandable due to the fact that different persons classify 
data at different units, and classifying work is generally arbitrary. The results for all human error 
records (p~0.09) aie somewhat different. For them, the Chi-square test does not exclude that the 
sample distributions come from the same source population. A possible explanation is that it is 
easier to classify human errors, or any subgroup of the faults, due to their homogeneity than the 
fault data as whole. The share of the single human error records, again, shows somewhat larger 
difference (pcO.OOl) between the plant units.

It is impossible to censor the effect of plant personnel judgement from the fault classification data. 
It is better to compare the differences between the plant units in cases, where faults may be 
classified based on a more concrete criteria than the cause coding. This was possible for single 
human errors. The z-test did not reveal any significance between the total amount of the single 
human errors (108 and 98, p=0.58). Similarly, no differences between the units were found in 
distributions of e.g. component types (p=0.29), in plant operating mode at the time of detection 
(p~0.16) and in working hours required to repair the faults (p~0.60). The last one was studied by
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using the Mann-Whitney rank sum test. Similar results were obtained for the urgency of repair and 
for the yearly distribution of the faults. The distributions of human error types, commissions and 
omissions, differ significantly between the plant units (p~0.01), but there is no significant 
difference between their consequence, i.e., if unavailability or wrong system functions were 
induced. Thus, there are no statistical reasons to claim that the consequences of human errors are 
different in different plant units although some of their mechanisms and classifications would 
differ.

In the following, the results will be discussed separately with regard to single human errors and 
dependent ones (HCCFs, HCCNs and HSEFs).

4.1 Single human failures

Together 206 single human errors were identified, as shown in Figure 2. According to the results 
presented in Table 2, control & instrumentation (84 cases) and electrical equipment (40 cases) are 
most frequently affected with the share of about 60 %. The high amount of human originated 
instrument faults is analogous to their share in the total amount of faults. Based on the failure 
modes reported in maintenance history records, the only I&C specific share is 27 % of the total. I 
& C may be subject to other failure modes, too. Consequently, it was estimated that the total 
amount of I & C related faults also was close to 40 %. An interesting observation can be made 
with regard to process valves, dampers and hatches - their maintenance errors and wrong 
alignments are modelled often in PSAs but, here, their share is rather low (17 %). This supports 
the idea that more safety emphasis should be put to complex systems including instrumentation, 
control, protection and electrical power supply.

In order to study the occurred error types, a praxis oriented application of (Swain & Guttmann 
1983) taxonomy, relating the error phenotypes omission and commission to the consequences, was 
used with the extension to wrong setting errors. Commission errors dominate the results with the 
share of 67 %, and especially the category ‘other (error of) commission than wrong direction’ is 
frequent (54 %). That category consists of several types of wrong actions such as carelessness, 
confusion in object, use of too much or little force causing bad connections, untight bolts, broken 
pieces etc. The finding is interesting since human reliability analysis (HRA) studies often 
concentrate upon omission errors, and, in some cases, wrong settings. However, in praxis, many 
commission errors result in similar consequences as omissions. Thus, about 70 % of all these 206 
single human errors led to unavailability of equipment rather than to wrong system response.

The equipment type has a significant effect on the distribution of the error types. After organising 
all valves as the same class, the Chi-square tests confirm that (p=0.02). Based on Table 2, the 
share of commission errors in instrumentation and control (I&C) equipment is exceptionally high. 
In contrast to that, many omissions take place in actions on instrument line block valves (67 % of 
total all error modes). With regard to the valves, the result could be expected - error types such as 
wrong direction and wrong settings are not very likely to take place in process equipment. The 
amount of wrong settings in I&C and electrical equipment was only app. 12-13 % of the total, 
which can be regarded as rather expected, too.
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It is worth noticing that although many errors take place in I&C it is not always the respective 
maintenance team that has committed an error. Due to the fact that many of the errors are of type 
commission, also other e.g. mechanical maintenance team can cause instrument faults by crushing 
objects, by wrongly installing instrumentation lines etc. Although a detailed study of underlying 
causes of single human errors was not possible, many commission errors had their background in 
work planning and system design & layout. Further, not all the I&C related errors take place in 
I&C systems, only.

Most preventive maintenance, modifications and testing activities take place during the annual 
refuelling outage. Therefore, it is not surprising that 127 (app. 62 %) single human error cases also 
stem from that period. According to the z-test, the difference in the error amounts between the 
power operation and outage is statistically significant (p=0.001). It is, however, more interesting to 
study the detection time of the errors. There, the situation is somewhat reversed: only about 32 % 
of all single human errors are detected during an outage. Approximately 60 % of single errors 
were detected during the power operation and 7 % during the plant start-up. Again, the difference 
is statistically significant (z-test, pcO.OOl). There is no significant relation between the component 
type and the fault detection share (Chi-square, p=0.42). Preventive actions revealed only app. 20 
% of single human errors.

Table 2. Single human error cause distribution among component categories.

I&C
components

Mechanics!
components

Electrical
components

Valves Instr. line 
valves

TOTAL

Omission
error

13 7 14 7 8 49

Wrong
settings

11 0 5 2 0 18

Commission, wrong 
direction

11 3 7 6 0 27

Commission,
other

49 26 14 19 4 112

TOTAL 84 36 40 34 12 206

About 94 % of those errors born during the power operating mode of the plant were also detected 
in that same mode. The errors born during an outage were studied further in order to assess the 
proportion remaining latent until the plant start-up. The result is shown in Figure 3. 
Approximately 51 % of induced errors are also discovered during the same outage. However, 
residual 49 % remain latent until the plant start-up or even until the power operation.

This result can partly be explained by the fact that many of the faults caused are rather negligible 
from the safety and economy point of view. However, the error proportion in safety systems is not 
smaller than in other systems. Analyses to verify if human errors in safety systems have a different 
detection distribution than other errors remain unfinished, so far. Although symptomatically better 
statistical detection performance prior to plant start-up can be seen, no major conclusions can be 
made.
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Preventive actions, e.g. testing and preventive maintenance are not specifically effective, only 17 
% of errors were detected by them. The low ratio may be explained by the fact that many of these 
single human errors are not critical from safety point of view. Thus, they are noticed during plant 
walk-troughs in various purposes, by alarms or occasionally while working nearby.

Power Start-up
operation, prev. 

action 
7% Outage, other

Power 
operation, other 

32%
Outage. prev. 

action 
17%

Outage / prev. Start-up 
Outage/other action 1 % Shut-down3%

Power 
oper ./prev. 

action 
t5%

Power oper. / 
other 
79 %

Figure 3. Plant operating mode at the time of detection of 127 single human errors stemming from 
outages (left) and 78 stemming from the operating period (right).

The amount of omission, wrong direction/sequence and wrong setting errors remained quite stable 
through 1992-1994, and according to the Chi-square test the calendar year was not a statistically 
significant explanatory factor (p=0.42). The yearly distributions obtained for omission and 
commission errors are somewhat higher than what was presented in (Reiman 1994). Reiman 
discovered app. 9,6 omissions and 3,8 wrong direction commissions per year through 1981-1991, 
whereas the findings of this study are 16,3 and 9, correspondingly. The difference is mostly due to 
the more extensive scope of this study, since the search for human errors covered all the 
maintenance records and not only those pre-classified as human errors. In the search for human 
maintenance errors, thus, all the fault cause categories should be investigated in order to avoid 
underestimation. Wrong settings were not studied in the form of their yearly distribution in 
(Reiman 1994).

4.2 Dependent human failures

Dependent equipment faults, originally classified as human induced, were found in 126 
maintenance records and 4 other plant reports. After a profound analysis, this amount could be 
reduced to 44 records referring to 14 HCCF / HCCN cases and 15 records referring to 11 HSEFs. 
There were together 231 human error cases, of which amount 14 were either HCCFs or HCCNs, 
and 11 cases were HSEFs. The human error record proportion of the whole maintenance data is 
about 7,4 % and the proportion of cases mare than 5,4 %. This result can be regarded as plausible 
against the background that some errors may not have been identified. Of the total amount of 
human error induced faults, some kind of dependencies (HCCFs, 'HCCNs or HSEFs) represent the
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portion of 10,8 % and common cause failures only 3,5 %. Thus, 32 % of human induced 
dependencies were HCCFs. These results represent the low dependence classes presented in 
Samanta et al. (1985) and Swain & Guttmann (1983). They also confirm the direction of the 
findings of Reiman (1994), showing even lower grade of dependence.

In the 8 HCCF cases, one case had 2 failed redundancies out of 2, three cases had 2 out of 4 and 
three cases had 4 out of 4. In addition, in one case the number of redundant systems was higher 
than 10 - 4 of them had failed. In one case, where all redundant subsystems on one unit had been 
unavailable, also another unit was affected (2/4). Thus dependencies can be generated across the 
system and plant unit boundaries.

In several cases, there were more fault records in the maintenance history than actual human errors 
since some errors had effect on several components. It is worth mentioning, that in the course of 
this study, many dependent mechanisms, first regarded as wrong settings, could be screened out. 
This was due to the fact that they, actually, were caused by e.g. ageing. In the plant fault records, 
they were originally classified as human errors. Should their analysis be carried out on a 
superficial level, the wrong settings would have dominated the results of HCCF and HCCN study 
(see earlier text for acronym clarifications).

Statistical treatment of HCCF and HCCN data is difficult due to the small sample. Thus, some 
conclusions can only be based on qualitative findings. Otherwise, the results obtained for HCCFs 
and HCCNs are, surprisingly, rather similar as to the single human errors. Again, instrumentation 
(10 cases) and electrical equipment (4 cases) dominate as target equipment groups - no other 
equipment were identified. The corresponding ratio in critical faults (HCCFs) is 5 and 3 cases.

The dominant error type category is, again, commission (6 cases, 5 HCCFs) with 42 % 
contribution. Also dependent wrong settings (4 cases, 29 %) are an usual category, but all appear 
to be non-critical instrumentation related HCCNs. The contribution of wrong settings is, anyway, 
more significant than in the case of single errors. Omission was the error type in 2 cases (1 HCCF, 
1 HCCN, both related to instrumentation) and wrong direction in other 2 instrument related 
HCCFs.

As for the single human error induced faults, the effect on components was also studied for the 
dependent ones. This was not easy for the HCCNs, since they are not critical by definition, and for 
one case the effect on equipment was negligible. For the rest 13 cases, there were 5 equipment 
unavailability and 8 wrong functions. The result was compared to the distribution of single human 
errors. The difference in distributions is statistically significant according to Chi-Square test 
(p=0.03). The difference may be explained by the dependent fault sample - most of them were 
instrumentation related and, thus, wrong signals are common fault modes.

Two HCCFs error mechanisms were born during the power operation. One of them was detected 
in a periodic test and another otherwise, as a part of routine activities, during the power operation. 
Figure 4 presents the detection modes of the 12 dependent human errors born during the outage 
time. About 62% of all, and from the HCCFs about 68 %, remained undetected at least until the 
start-up.
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The distribution of detection time of HCCFs and HCCNs in safety related system follows roughly 
the same distribution. Fisher’s exact probability test gives the result that the distributions of both 
HCCFs and HCCNs bom during outages are similar with regard to the detection state (either in 
the outage or later). The results does not differ statistically significantly from the one of the single 
human errors (Chi-square, p=0.37).

From these 7 out of 14 dependent faults, and from HCCFs 5 out of 8, were in systems modelled in 
PSA fault trees. The same figures for TechSpecs safety related systems are 9 / 1 4  and 6/8. Thus, 
the fact that some errors are negligible by their consequences, as many single human errors, does 
not explain the results. Three faults were discovered from two plant units. One has to, however, 
bear in mind that the database begins to be rather small, when HCCFs and HCCNs are studied. 
This does not overrule the fact that a large proportion of the dependencies has remained 
undetected and even one of them has been discovered through a plant level disturbance.

Detection period of HCCFs and HCCNs given that they were 
born during an outage

3

Detection period

Figure 4. Distribution of the detection modes of human induced dependences given that they were 
introduced during an outage ( 12 cases, in one case the origin was outage at one unit and power operation 
at another).

The thorough analysis of the dependent human errors allowed to make inference about their birth 
and discovery occasions, as showed in Figure 5. Modifications are an important source of 
dependencies with.the share of almost 50% (7 cases). The distribution of detection occasions is 
quite flat, although periodic testing and alarms produce almost 50 % of total.

The result is interesting from the safety point of view, because it is difficult to know which kind of 
hazards are due to new equipment requiring new skills and practices. However, nuclear utilities 
normally carry out extensive start-up testing programs for their new equipment. In future, even 
more profound planning, co-ordination and testing of the backfittings and modifications could, 
however, result in even better equipment performance.
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Figure 5. The detailed detection {left) 'and origin activity (right) types of dependent human errors {14 
cases). .

4.3 Human induced shared equipment failures

Together 11 human induced shared equipment faults (HSEFs) were identified. Their proportion of 
all human errors was 4,8 %. HSEFs are important as such, since single human errors cause 
multiple consequences through latent component or system interactions. In 8 cases two 
components were affected, in two cases 3 and in one case 4 components. Instrumentation (9 cases) 
dominates the distribution of HSEFs between component classes. Other faults were in electrical 
equipment and valves.

Seven HSEFs have been born in outages and four on power operation. All those HSEFs induced 
during the power operation were also detected in that same operating mode. Three cases (43 %) 
born during an outage have remained latent until the power operation, which shows similar 
detection behaviour as of single human errors. The distributions of birth and detection frequencies 
(either during operation or in an outage) are not statistically significantly related, according to the 
Fisher’s exact probability test (p=0.24). Preventive activities were rather inefficient against 
HSEFs, only 2 cases were detected by them (18.2 %). Thus, the efficiency is about the same order 
of magnitude as for other single human errors (20.9 %) and the multiple consequence does not 
seem to lead to any improved detection efficiency. Both two faults detected by preventive actions 
were in safety related systems. Again, we have to remember that the sample is small and no 
statistical inference is reasonable.

The HSEF error phenotypes follow more the distribution of single human errors than that of 
HCCFs and HCCNs. The proportion of omissions is 27 % (3 cases) and that of commissions is 63 
% (8 cases), the group ‘other commissions being dominating (6 cases). As consequences to 
equipment, the omissions of component functions dominated (6 cases, 75 %) when compared to 
wrong functions (2 cases, 25 %). In three cases, the effect was so small that no classification could 
be made. The consequence distribution resembles, again, more.that of single errors, although the 
Fisher’s exact probability test cannot make any statistically significant difference between the
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distributions of HSEFs and HCCFs+HCCNs (p=0.2). The result is not surprising, since HSEFs are 
single human errors. What, however, raises some thinking is that, as with HCCFs and HCCNs, 
most cases were instrumentation related. The repair hours or safety significance of HSEFs was not 
studied.

5. DISCUSSION

The most significant uncertainties in the results of this work are related to the data and its uses, i.e., 
identifying human errors based on the fault records and classifying them based on the raw data. 
The cause categories used in the plant maintenance records did neither directly address the failures 
in redundant components nor explicitly allow human error classifications. This may have led to 
not noticing some error mechanisms. Besides, at the outset of the study, the target was set to 
identify dependent human errors causing faults in redundant components or trains. This led to the 
result where otherwise correlated dependence mechanisms where left outside an accurate 
consideration and may appeal- as single errors.

The authors wish to express that there are also other data sources that may be used to complete the 
results, e.g., quarterly reports, annual outage event reports, test and calibration protocols, control 
room log books, work orders and modification data. These were only utilised to a limited extent in 
the study. The reason for this was. to limit the effort. For example, finding evidence from the 
calibration protocols requires extremely experienced researchers and a great deal of resources.

The human error type classification used in the study was not very detailed. More detailed 
taxonomies, presented in e.g. (Reason 1990) would have required considerably more work and the 
results, still, might have been rather uncertain. Thus, the attempt to try to map e.g. cognitive error 
mechanisms involved was left outside the study. A detailed statistical significance testing of 
results and more comprehensive study of the safety significance have been earned out to complete 
the results. The results are not completely ready to be presented, so far.

6. CONCLUSIONS

The study produced interesting results, since large amount of plant specific maintenance data was 
used as source material. Statistical analyses were used to consolidate its findings. Many of the 
results were expected, e.g. that outages are an important human error source due to high amount of 
maintenance and modification.

Several maintenance related errors stemming from outages remain undetected until the power 
operation. In that respect, single and dependent human errors showed rather similar behaviour. 
One has to remember that maintenance outages are vital in order to ensure the safe operation of an 
NPP.

Maintenance related human errors may have a significant safety influence but more safety 
degradation would probably be caused if no maintenance would take place. In this study, no major 
safety influence was noticed, however. Although a significant amount of human errors took place 
in safety related systems, not all of them were functionally critical. In addition, the most common
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error type was very wide ‘other commission error’, more or less, related often to carelessness, e.g. 
too much or little force was used. Instrumentation and electrical components seem to be prone to 
human errors, partly due to the vulnerability and partly due to the complexity of the equipment 
and their uses. More emphasis may be needed in HRA to study these equipment, in future.

Plant modifications appeared as a very important source of dependent human errors. Thus, more 
extensive planning, co-ordination and testing of the modifications is suggested. This includes 
better interaction between different design branches / maintenance groups of a nuclear installation. 
The topic may be very plants specific and no generic conclusions should be drawn without 
revisiting plant own experience.

The amount of work used in the study was extensive, especially going beyond the maintenance 
data base in the form of interviews and analysis was resource consuming. Still, in many cases it 
was difficult to extract exact information and additional analyses may be required to verify some 
results. Yet, plant maintenance records offer the best database for maintenance related human 
errors. Their wider utilisation is recommended, in future.
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