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FOREWORD

Numerical indicators to monitor safety status and overall safety performance of
nuclear power plants (NPPs) are used by operators and some regulators worldwide. During
the last few years, the IAEA, through Technical Committee Meetings and Consultants'
Meetings has worked on this area.

This report presents a framework for nuclear power plant safety performance
indicators that was developed during two consultant meetings held at the IAEA headquarters
in Vienna in December 1995 and November 1996. Annex 2 on risk based indicators was
prepared during a consultants' meeting held in Vienna in July 1996.

An additional outcome from these activities, was the recommendation that the IAEA
conduce pilot exercises at several nuclear power plants that might be interested to participate,
in order to test the validity of the concept and its usefulness.
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1. INTRODUCTION

The safe operation of all nuclear power plants is a common goal for all involved in the
nuclear industry. Safety as a concept is not easy to define and even more difficult to define is
a definition of what constitutes an adequate level of safety. On the other hand, there is a
general understanding of what attributes a nuclear plant should have in order to operate
safely. The challenge lies in measuring the attributes. As an example, the importance of
human behavior to safety is well recognized, but precise measures of acceptable levels of
human performance are difficult to quantify. This report is an attempt to provide a
framework for identification of performance indicators which have a relationship to the
desired safety attributes, and therefore to safe plant operation. The actual values of these
indicators are not intended to be direct measures of safety or risk, but their trends over time
should cause operators to investigate and understand the reasons for changes. (See figure 1)

Overall, a nuclear power plant is required to run efficiently from the economic point
of view and also from the safety side. A complete set of parameters to monitor NPP behavior
in these two areas would represent the whole scope of NPP performance. The objective of
this report is to propose indicators to monitor the performance in areas that directly affect the
safety of the plant. Therefore, while economic indicators are important to plant operators,
they have not been included in this report (see figure 2).

It is important to note that a single indicator does not have significance by itself, and
caution is necessary when examining any single indicators. What is more valid is the total
picture presented by the complete set of indicators taken over time. Many of the proposed
indicators do not lend themselves to comparison among nuclear plants, and to do so might be
counterproductive to nuclear safety.

It is important that each plant analyze the indicators proposed for applicability and
modify them to align with individual plant practices, procedures and programmes. As such,
this report should be viewed more as a framework to develop plant-specific indicators rather
than a prescriptive procedure.

Two areas of increasingly common application are the use of "risk based" indicators,
and "safety culture " indicators. Due to their special and complex nature they have not been
included here in depth or in a quantitative sense but their qualitative aspects have been
considered. Annexes 1 and 2 deal with these areas.

2. SAFETY INDICATORS: CHARACTERISTICS

IAEA working material IAEA-J.4-AG-745, Development of Operational Safety
Indicators To Be Used as a Prevention Tool, lists the ideal characteristics of safety indicators.
Based upon this material, the following ideal safety indicator characteristics are suggested:

• direct relationship between the indicator and safety,



• necessary data should be available or capable of being generated.
• able to be expressed in quantitative terms.
• unambiguous,
• significance should be understood.
• not susceptible to manipulation,
• manageable set,
• meaningful,
• able to be integrated into normal operational activities,
• able to be validated,
• able to be linked to the cause of a malfunction,
• accuracy of the data at each level to be capable of quality control and verification, and
• local actions able to be taken on the basis of indicators.

When properly used, indicators are a valuable tool for operating nuclear power plants
safely. If not properly used, undue pressure could be applied on plant personnel and could
result in efforts to manage or manipulate the indicators rather than the plant performance.
Thus, improper use of safety indicators could result in actions that are not in the best interests
of reactor safety.

For the indicators included in this document, each plant needs to determine which
indicators best serve their needs. Selected indicators should not be static but be adapted to
the conditions and performance of the plant. These indicators should be used along with
other assessment tools. Rather than cause specific corrective actions, individual indicators
should cause nuclear power plant managers to determine the causes for changes in the
indicators so as to fully understand why the changes have taken place. The cost/benefit of
maintaining an indicator needs to born in mind.

3. PLANT SAFETY: SAFETY ATTRIBUTES

Starting from the concept of nuclear power plant safety performance, it was decided
that a good approach that could assure a reasonably complete development of a set of safety
indicators would be to 'work down' a pyramid in which the top level would be NPP safety
performance, the next level would be safety attributes, and from that point safety indicators
could be developed (see figure 3).

The first step was to define the key safety attributes. Three important aspects were
addressed, nuclear power plant normal operation, nuclear power plant emergency operation,
and the attitude of nuclear power plant personnel towards safety. Next, it was agreed that a
plant that operates safely is a plant that operates smoothly during normal operation,
represents a low risk for the population (operates with low risk), and is operated with
effective plant management processes (policies, practices, and safety culture) (see figure 4).

These three features were chosen as the attributes that a plant that operates safely
should have. These attributes cannot be directly measured, and therefore the pyramid was



expanded further until a level of easily quantifiable or directly measurable indicators was
identified.

4. SAFETY INDICATORS: A HIERARCHICAL STRUCTURE

As a starting point three broad safety attributes were identified. Next, overall safety
indicators were identified for each attribute. From this point, a level of strategic indicators
was developed, and finally, a set of specific indicators was listed, most of which are already
in use in the industry. Some of the specific indicators listed can be further subdivided or
modified to suit specific plant needs. Some examples will be provided in the text below.
Indicators were developed one level at a time to make sure that all relevant safety aspects of
each attribute were covered.

Overall or key indicators are meant to provide an overall evaluation of relevant safety
aspects. Strategic indicators provide a bridge from overall to specific indicators. Ideally,
specific or plant specific indicators should be sensitive enough to help identify performance
degradations or problem areas quickly so that after proper investigation, management could
take corrective actions before the plant performance degraded further.

The World Association of Nuclear Operators (WANO) has developed a set often
performance indicators in use by all nuclear power plants. Where possible, these indicators
have been proposed as specific indicators, as they are already in use and require no additional
effort on the part of nuclear plant personnel. Where reference to WANO indicators has been
made, the intent is to use the WANO definitions.

The following sections describe, for each safety attribute, the related overall, strategic
and specific indicators. The defined indicators have been considered the most adequate
parameters to help monitoring the safety attributes. It is important that each plant develop a
program that reflects its own specific needs. A suggested framework from which to start is
outlined below and summarized in Figure 5.

4.1. PLANT OPERATES SMOOTHLY

Figure 5 shows the overall indicators chosen to represent the degree of smoothness
with which the plant operates. These indicators are planned production level, state of
equipment, and number of events.

4.1.1. Overall indicator: Planned production level

The first means of preventing accidents is to strive for high quality plant operations
with infrequent deviations from the normal operational state. Normal operating systems take
care of the power production in the nuclear power plant. The states of normal operation pose
no challenge to the safety of the plant.



The plant disturbances are predominately caused by equipment failures in process or
automation systems and by errors in testing, maintenance and operations. The challenges
arising from anticipated abnormal occurrences would be countered in a straightforward
manner by an appropriate response of normal plant systems.

One strategic indicator is defined here as appropriate to monitor this area

4.1.1.1. Strategic indicator: Forced power reductions and outages

This measure addresses forced power reductions, of some pre-defined percentage or
more, and forced outages.

Any operation at a power level less than the planned power level is considered a
power reduction. The minimum power reduction reasonable to be measured should be
considered specifically by each plant.

Some forced power reductions and outages can be caused by conditions which are not
under the control of plant management. An ideal indicator would take this into account.

Four specific indicators are proposed:

Specific Indicator: Number of forced power reductions and outages due to
internal causes.

Specific Indicator. Number of forced power reductions and outages due to
external causes.

The number of forced power reduction and outages due to internal causes reflects the
overall quality of plant operations and maintenance, and is directly tied to the ability of the
licensee to maintain the reliability of systems, components and to operate the plant within its
design limitations. The grid instability or failure is an example of external cause for a forced
power reduction or outage. A more detailed and plant specific categorization of the forced
power reductions and outages according to causes, for instance, gives more information about
possible actions to be taken.

Specific Indicator: Unit Capability Factor (WANO performance indicator).

Specific Indicator: Unplanned Capability Loss Factor (WANO performance
indicator).

4.1.2. Overall indicator: State of Equipment

The detection and correction of deficiencies is a part of normal day to day activities at
a nuclear power plant. The objective of plant maintenance programs is to maximize the
availability and reliability of plant equipment. Operations and maintenance personnel are



responsible for assuring the operability of plant components, systems and structures. Thus,
measures of plant equipment status reflect the contribution of maintenance program to plant
safety performance through the reliability of plant components, systems and structures.

Maintenance is broadly defined as those activities that preserve the inherent
reliability, availability, and safety of plant components, systems, and structures, and those
activities that restore the reliability and availability of plant components, systems, and
structures when they become degraded. Maintenance includes preventive, predictive, and
corrective maintenance as well as surveillance activities and all activities associated with
placing systems out of service and returning them to service in order to perform maintenance.
The amount of corrective maintenance reflects potential reliability problems and maintenance
deficiencies.

One strategic indicator related to this area is defined.

4.1.2.1. Strategic indicator: Corrective work orders issued

A maintenance work order is a work package used to direct and document
maintenance activities. Usually a corrective work order is issued for all troubleshooting,
corrective maintenance and minor modifications.

Two specific indicators are proposed:

Specific Indicator: Number of corrective work orders issued for safety systems.

Specific Indicator. Number of corrective work orders issued for BOP systems.

The relation of the first specific indicator to plant safety is obvious. Both reflect the
attitude of the plant toward maintenance of plant systems, as well as the effectiveness of the
maintenance programme.

4.1.3 Overall indicator: Events

Every event is an indicator of some plant deficiency. Events which expose equipment
deficiencies only would be noted by the Overall indicator 2, State of Equipment. Some
events could challenge multiple plant systems and cause disturbances that may not be easily
mitigated. The safety significance of an event can be minimal (e.g. the failure of a single
fuse, leading to no consequence) or significant, as in the failure of an entire safety system.

4.1.3.1 Strategic indicator: Reportable events

The intent of this strategic indicator is to limit it to those events of higher
significance, namely those of interest to other organizations, such as the specific regulatory
body or other nuclear operators through WANO.



One specific indicator is proposed:

Specific Indicator: Reportable events.

4.2. PLANT OPERATES WITH LOW RISK

This safety attribute considers the overall risk of the plant and can be monitored by
two overall indicators, the number of challenges to safety system, and the appropriate plant
ability to respond to such challenges. This attribute is quantifiable at a plant level by the
estimated core damage frequency from a probabilistic risk/safety assessment (PSA/PRA).
Also, given the well defined structure of a PSA, probabilistic measures can be obtained at
many different levels. All this probabilistic measures are potential candidates for the so
called risk based indicators. Risk based indicators are very important and a brief summary of
them is given in Annex 2.

The indicators proposed in this report are relevant to plant safety, but are not direct,
quantitative measures of plant risk from a PSA/PRA perspective.

4.2.1. Overall indicator: Challenges to safety systems

This overall indicator is directly related to plant safety. A low number of challenges
to a plant translates into a lower accident probability due to a reduced accident initiating
event frequency. A high number of challenges to safety systems indicates plant weaknesses
in many areas, but mainly in the areas of personnel errors, procedure problems, training and
maintenance.

Two strategic indicators are proposed:

4.2.1.1. Strategic indicator: Reactor protection system (RPS) actuations

Within this strategic indicator, the following specific indicators are proposed:

Specific Indicator. Unplanned automatic scrams per 7000 hours critical (WANO
performance indicator).

Specific Indicator: Number of RPS/ESFASfailures .

This indicator is an indirect way of monitoring the number of spurious scrams or
spurious safety system actuations. Due to the fact that the number of scrams is usually very
low, accounting the number of RPS/ESFAS failures for a plant can be a useful indicator for
an early detection of deficiencies that could cause a scram later in time.

4.2.1.2. Strategic indicator: Safety system actuations

Within this strategic indicator, the following specific indicators are proposed:
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Specific Indicator. Number of demands on safety systems.

It gives a direct indication of the number of challenges to safety related systems. Both
manual and automatic actuations are counted. Each plant has to determine which systems to
include, based on risk related rationale.

Specific Indicator. Number of spurious actuations of safety systems.

It gives indication of unnecessary challenges to the plant safety systems.

4.2.2. Overall indicator: Plant ability to respond to a challenge

When a challenge to the plant occurs, the plant should respond in such a way so as to
prevent any damage to the reactor core, and in the event that some damage occurs, the plant
should mitigate the consequences to prevent radioactive releases to the environment.

Two strategic indicators are proposed:

4.2.2.1. Strategic indicator: Safety system performance

Safety system performance is of obvious importance to plant safety. The
unavailability can arise from several different sources such as the following:

unavailability during the performance of surveillance tests;
unavailability during the performance of maintenance;
unavailability due to human errors during the performance of tests or
maintenance activities (for example components left in wrong positions after
maintenance activities).
unavailability due to equipment failures

Four specific indicators are proposed:

Specific Indicator. Number of hours a safety system is unavailable.

It gives an overall indication of the readiness of stand-by safety systems to respond to
challenges to the plant. It is desirable that each safety system be monitored with its own
indicator. In order to increase the number of occurrences to measure (and therefore have a
more sensitive indicator) the hours of unavailability at the train level can be monitored.
Additionally, each plant may consider further subdivision of this indicator based upon the
root causes of system unavailabilities. By unavailability it is understood that the train is out
of service and unable to comply with its safety function.

Specific Indicator. Number of times a safety system is unavailable.
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This indicator is related to the previous one, but it accounts for the number of times a
safety system is unavailable. The reason to monitor it separately is because for plants with the
same number of hours of safety system unavailability, the plant that performs more
maintenance activities has a higher probability of leaving things in the wrong position
(misalignment errors).

Specific Indicator: Safety system performance (WANO performance indicator).

Specific Indicator: Percent of failures discovered by surveillance and testing.

This indicator is a measure of the effectiveness of the plant programmes in identifying
equipment problems prior to this equipment being required in real situations.

4.2.2.2. Strategic indicator: Operator preparedness

The operator actions during the course of an abnormal event can be such that they can
exacerbate the accident progression. Therefore indicators that monitor this domain can
potentially detect areas of deficiency, before they become a problem. It is difficult to define
indicators in this area because of the intangible nature of them.

The following four specific indicators are proposed:

Specific Indicator. Number of hours devoted to training.

The indicator indirectly monitors the knowledge level of the plant staff and the
continuing management commitment to training. Each plant shall determine which training
should to be counted for this indicator.

Specific Indicator. Number of failed licensing exams.

This indicator is a measure of the quality of operator training and the selection process
of the operator.

Specific Indicator. Errors due to deficiencies in procedures.

This indicator is a measure of adequacy of the procedures to help operators respond
properly to possible challenges.

Specific Indicator. Errors due to deficiencies in training.

This indicator reflects the quality of training received by operators to be able to
adequately address plant challenges.
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4.3. EFFECTIVE PLANT MANAGEMENT PROCESSES (POLICIES, PRACTICES,
SAFETY CULTURE)

Figure 5 shows the overall indicators chosen to represent the effectiveness of the
management processes, policies, practices, and attitudes of the staff toward safety culture.
These indicators are attitude towards safety and striving for improvement.

4.3.1. Overall indicator: Attitude towards safety

This overall indicator covers implementation and attitudes toward managerial
programs necessary to operate the plant in a safe manner, respecting administrative limits,
with low impact on the health and safety of the plant workers. It consists of managerial and
supervisory control, quality assurance programme implementation, adherence to licensing
and/or technical specification requirements, and respect for plant internal procedures.
Improper safety attitude would result in breakdown or lack of adequate management or
supervisory control, breaches of operating, surveillance, or testing procedures, violation of
technical specifications, QA/QC problems, etc.

Four strategic indicators are proposed:

4.3.1.1. Strategic indicator: Compliance with the licensing limits, procedures and
rules.

The purpose of the indicator is to assess how well personnel maintain the plant within
licensing limits and comply with other procedures and rules. Licensing limits mean plant
license requirements including Technical Specifications, QA programme, fire protection
programme, emergency plan, and others depending on licensing policy of the country. As a
vital part of safety culture, it is essential that plant personnel understand the reasons for the
safe limits of operation and the consequences of license violations.

Two specific indicators are proposed:

Specific Indicator: Number of violations of the licensing limits.

The indicator measures the attitude of the personnel toward the importance of the
licensing limits. It also reflects the effectiveness and appropriateness of administrative
controls.

Specific Indicator: Technical Specification exemptions.

The purpose of this indicator is to ensure that the risk from potentially unsafe
situations is minimized. A low number indicates that a pro-active approach is taken to
problem solving. For a mature station with few backfits the trend will probably be or
decreasing.
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4.3.1.2. Strategic indicator: Attitude towards procedures and policies.

This is an indication of the attitude of the personnel as a consequence of
administrative control policies, level of safety culture, and/or adequacy of training.

Two specific indicators are proposed:

Specific Indicator. Number of lit control room annunciators.

The purpose of this indicator is to measure awareness of the operators of the
importance of annunciators and the plant's response to operational deficiencies.

Specific Indicator. Ratio of Downtime to Allowed Outage Time .

The purpose of this indicator is to measure effectiveness of managerial processes and
controls and attitude of operators and maintenance personnel. This indicator can also be
interpreted to mean the actual time in a Technical Specification limiting condition for
operation (LCO) divided by the allowed LCO time.

4.3.1.3. Strategic indicator: Radiation protection programme effectiveness.

This is an indication of the effectiveness of the radiation protection programme, of the
appropriateness of administrative control and of the level of safety culture in the plant. These
measures are directed towards control of the sources of radiation, to the provision and
continued effectiveness of protective barriers and personal protective equipment, and to the
provision of administrative means for controlling exposures of the personnel and
contamination of materials and areas in the plant.

Four specific indicators are proposed:

Specific Indicator. Number of workers receiving doses above limits.

This indicator is a measure of controls and verification activities and of adherence to
the requirements of the Radiation Protection Program.

Specific Indicator. Collective radiation exposure (WANO performance indicator)

Specific Indicator: Percent of controlled area that is contaminated.

This indicator reflects the effectiveness of the radiation protection programme in
minimizing the spread of contamination by plant workers.

Specific Indicator: Fuel reliability (WANO performance indicator)
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This indicator reflects the plant's safety culture toward failures of the primary fuel
boundary, and the impacts of such failures on long term plant radiation issues.

4.3.1.4 Strategic indicator: Human performance.

The purpose of this indicator is to monitor the influence of human factors on different
safety related activities in the plant. It indicates the degree of importance of human errors in
these activities.

Three specific indicators are proposed:

Specific Indicator: Percent of events due to human error.

This is a measure of the contribution of human errors to plant events. It indicates the
degree of preparedness of operating personnel to handle routine tasks.

Specific Indicator: Number of human related incidents during testing,
maintenance, or restoration.

The number of human related incidents during test or maintenance activities gives an
indication of the degree of proficiency of the plant personnel. The final objective is to count
the events that result into train unavailability due to components left in the wrong position
(breakers left open, misaligned valves, etc.). However, in order to increase the number of
occurrences to account (and therefore have a more sensitive indicator), all type of human
incidents can be accounted. An increase in this indicator flags out human behavior problems.

Specific Indicator: Operator errors during accident scenarios on the simulator

This indicator would require collection of data from simulator training. It is a
measure of preparedness of the operators to cope with a variety of abnormal and/or accident
situations.

4.3.2. Overall indicator: Striving for improvement

Striving for improvement means the plant has established a strong positive safety
culture where continuous improvement is the expected behavior and a commitment of all
employees. Deficiencies in this area are manifested in poor safety reviews and audit
programs, inadequate implementation of operating experience feedback, a lack of or
incomplete root cause analyses, high number of backlogs on safety related issues, violations
of the operating procedures, low effectiveness in clearing safety review and audit findings
and poor communications between levels in the organization.

Figure 5 shows the three strategic indicators proposed:
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4.3.2.1. Strategic indicator: Safety reviews and audits (internal and external).

Safety reviews and audits are performed to assess effectiveness of the plant programs
and procedures, to verify by examination and evaluation of objective evidence whether
elements of the programs and procedures conform to specified requirements, to assess the
effectiveness of controls and verification activities, to report findings and deficiencies to all
levels of management who need to be informed and who take corrective action, and to verify
that corrective actions have been planned, initiated, or completed.

Four specific indicators are proposed.

Specific Indicator: Number of internal and external safety reviews and audits.

Internal and external safety reviews and audits are an important tool for improving
plant safety and correcting deficiencies. The number of such reviews and audits will be based
upon management policy, the evaluation of results of previous reviews and audits, as well as
regulatory requirements. The purpose of the indicator is to assess the fulfillment of the
scheduled safety review and audit programme.

Specific Indicator: Average time to clear findings from safety reviews and
audits.

The purpose of the indicator is to assess the effectiveness in clearing safety review
and audit findings.

Specific Indicator: Number of external review findings not previously identified by
internal reviews.

Specific Indicator. Number of repeated findings in internal reviews and audits.

The two indicators proposed above provide a measure of the quality and completeness
of the internal review and audit programmes.

4.3.2.2. Strategic indicator: Operating experience feedback

Operating experience feedback (OEF) results from reviews of actual events which
have happened either at the plant or at other installations. The purpose of OEF is to identify
potential vulnerabilities and to improve the operational safety level of the plant. OEF is used
also to improve training, to identify the need for plant modifications, and to improve
operating instructions. Failure to apply lessons learned from the OEF system or its
inadequate implementation would be manifested by occurrence of events similar to those
which have happened previously.

Three specific indicators are proposed:
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Specific Indicator: Number of similar or repeated deviations and failures.

This is an indication of the quality of operating experience and particularly of root
cause analysis feedback. Deviations and failures considered are those which happened during
operation, or were noted during shutdown, or discovered during inspection that challenged
nuclear safety

Specific Indicator: Number of own plant events that undergo root cause analysis.

Specific Indicator. Number of events at other plants that undergo review/analysis.

Root cause analyses and reviews are aimed at addressing the latent weaknesses and
the management programs that failed to detect the latent weaknesses. The indicator is a
measure of effectiveness and appropriateness of the feedback of operating experience.

4.3.2.3. Strategic indicator: Backlog of safety related issues

An indication of the problem solving capacity/safety culture of the organization.

One specific indicator is proposed:

Specific Indicator: Number of safety issues in the backlog.

Measure of the indicator is the total number of outstanding safety issues. A consistent
definition of what constitutes a safety issue needs to be followed by the organization.

5. FINAL CONCLUSIONS

Although a significant effort has been made to develop a comprehensive set of
specific indicators to monitor nuclear power plant safety performance, it is recognized that
other indicators may be in use or may be developed in the future. For this reason, it is
recommended that the results of this report be reviewed with individual nuclear plants to
examine their validity and completeness.

Annex 3 describes a pilot exercise yet to be performed, that is intended to validate the
usefulness of the framework outlined in this report.

The IAEA welcomes additional feedback on the use of these indicators, as well as
suggestions for improvement of this report.
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ANNEX 1

A BRIEF INTRODUCTION TO SAFETY CULTURE INDICATORS

Industrial experience and research findings have shown that major concerns regarding
the safety of nuclear power plants and other complex industrial systems are not so much
about the breakdown of hardware components or isolated operator errors as about the
insidious and accumulated failures occurring within the organization and management
domains. Performance of the organizations operating nuclear power plants has become a
major preoccupation of those concerned with safety. Accordingly it is seen needful to find
and develop operational performance indicators which would be of more anticipatory nature.
They could provide more information about antecedent causes of events and thus possibly
measure also the performance of the functional units within the plant organization.

The International Nuclear Safety Advisory Group (INSAG-4) formed by the IAEA
has maintained in their report that the establishment of a safety culture within an organization
is one of the fundamental management principles necessary for the safe operation of a nuclear
power plant. Safety culture is both structural and attitudinal in nature and relates to the
organization and its style, as well as to attitudes, approaches and the commitment of
individuals at all levels in the organization.

The information obtained from the events and failures occurred at the plant are
generally utilized with the intent of learning by experience to reach and maintain a high
performance level. Learning from experience is an important aspect of safety culture. The
concept of safety culture has been used extensively to explain the underlying causes of
performance based events, both positive and negative, across the nuclear industry. Yet
attempts to operationally define the concept of safety culture and assess it have been less
apparent.

The assessment of individual and organizational performance is not as straightforward
as the assessment of technical performance for some system, because ratings will usually be
subjective. The indicators can be formulated as statements or questions like those proposed
by INSAG-4. Various rating methods have been developed within behavioral sciences which
rely on the construction of measuring scales. The data can be collected in various ways, such
as discussions, structured interviews and questionnaires. The data can be collected and
scored by people inside or outside the organization to be assessed.

The development discussions provide one possibility for data collection where
superiors and subordinates meet regularly with discussions on performance. The use of typed
behavior classes can support such discussions with some kind of scoring mechanism. The
use of structured interviews performed by outside people perhaps gives the most reliable data.
The problem is however that both data collection and assessment can be very resource
consuming. A questionnaire is easier to administrate and to treat, but results may be more
difficult to interpret.
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ANNEX 2

RISK BASED INDICATORS IN THE FRAMEWORK OF INDICATORS
TO MONITOR NPP SAFETY PERFORMANCE

1. INTRODUCTION

Probabilistic Safety Assessment (PSA) is a comprehensive, structured approach for
identifying failure scenarios. It includes a mathematical method for deriving numerical
estimates of risk. It is widely recognized that PSA is a very powerful tool for assessing the
risk associated with the operation of nuclear power plants. Plant specific PSAs have been
performed for most operating power plants.

In recent years, improvements in related software and hardware have reduced the time
necessary to re-quantify a PSA from days to minutes. This much increased capability has
opened new opportunities for the on-line use of PSA models to rapidly re-calculate the risk
associated with varying plant configurations, thus providing a quantitative assessment of the
impact of planned activities (i.e.. maintenance, tests, changes) and unplanned events. Risk
Monitors have been developed and are in use, which are capable of generating forward-
looking risk profiles for planning purposes, and backward-looking risk profiles for
performance assessments.

Given the value of the available PSA models and the significant information that can
be extracted from them to evaluate, monitor and communicate plant safety related
information, it is important to identify the type of indicators that can be extracted from the
PSA which are most appropriate for the different uses and needs of plant management and
staff.

This annex is a summary of a report prepared during a consultants' meeting held in
Vienna from 15 to 19 July 1996. It compiles recommendations on the appropriate safety
indicators to be used for different applications. The PSA-based safety indicators proposed in
this report are consistent with the Safety Indicator Framework presented in the main body of
this document.

2. PROBLEM FORMULATION

Indicators to monitor the safety performance of Nuclear Power Plants can be
developed for a number of reasons, i.e., to present the plant safety status, or to display
changes in the operational conditions and the plant response.

Presentation of plant safety status is valuable for management and for regulatory use.
Displaying the changes due to operational conditions supports decision making for a goal-
directed safety management.



PSA contains a large amount of safety related information and is capable of
quantitatively address the above mentioned issues.

PSA models are based on a large quantity of parameters and basic information. It
would not be possible, neither practical to use all these parameter as safety indicators. Besides
there are different levels of importance of the parameters and not every piece of information
included in the PSA is significant to safe plant operation. Therefore. PSA-based safety
indicators need to be selected at different levels of the PSA analysis, based on their
importance and on the insights they provide to both NPP management and operator.

3. WHAT INDICATORS

Figure A2-1 presents the proposed PSA-based safety indicator framework. This
structure is consistent with the safety indicator framework proposed in the main body of this
report. The main difference lays in the fact the PSA is a tool that allows the quantification of
the indicators proposed for all the levels. This means that numerical figures can be obtained
for all the risk based indicators proposed.

3.1. GLOBAL INDICATOR: PLANT RISK

This indicator considers the overall risk resulting from plant operation. Risk can be
readily measured at the plant level by performing a plant specific PSA. Depending on the
scope of the PSA. this attribute can be measured in terms of individual risk, population risk,
frequency of release categories or core damage frequency (CDF). If the objective of the PSA
is to assess and periodically monitor plant safety, the attribute most commonly used to
perform this function is CDF. Given the logical structure of a PSA study, specific
contributors to CDF which are explicitly important safety indicators can be identified and
used for monitoring purposes. These lower tier safety indicators which are in of themselves
important safety indicators (i.e., initiating event frequencies, unavailability of safety systems,
etc..) are discussed in the subsequent sections.

3.2. SECOND LEVEL INDICATORS

Main contributors to CDF, therefore individually important and deserving to be
individually monitored, are frequency of initiating events (IEs) and indicators of the plant
ability to respond to events.

3.2.1. Frequency of initiating events

For each accident sequence contributing to core damage, the frequency of core
damage (CDF) results from the combination of the frequency of the accident initiator and of
the conditional probability of core damage, given that the initiator has occurred. Therefore,
initiating event frequency is a key component of plant risk.
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IE frequencies are defined by unique plant features and design characteristics often
implemented with the intent of minimizing such frequencies '. These design features are part
of the preventive characteristics of the plant. Maintaining these characteristics consistent
with their original design contributes to keep the potential number of challenges to the plant
at acceptable levels.

Opportunities exist for plant personnel to inadvertently and significantly affect
initiator frequencies, because these are often influenced by the availability and/or
performance of non safety grade systems. Initiator frequencies can be increased by many
means, for example by not promptly restoring all non safety grade equipment to service; by
maintenance activities on systems and components: by testing; by plant modifications; by
operator errors.

The CDF indicator does not provide information regarding the balance between IE
frequency and plant ability to respond to events. By monitoring CDF alone, the increase in
initiator frequency may be masked by an assumed high ability of the plant and the operators
to respond to the event and prevent core damage. Therefore, it is necessary to monitor IE
frequencies as part of the safety indicator programme.

An indirect and coarse indicator of initiating events frequency is the number of reactor
protection system actuation and the number of safety system actuation. Although these are
important parameters to be monitored, they do not provide an appropriate monitoring of
initiating event frequencies, because precursors to initiating events often do not result in a
trip.

A more appropriate approach is to monitor actual initiating events frequencies, either
individually or by groups (i.e., loss of coolant accidents, loss of power, transients, steam
generator tube rupture. For each initiating event or group of events,
an analysis can be performed to determine which routine plant activities or events may
affect their frequency. In some cases, this analysis is supported by FMEAs or fault tree
analysis. In some cases, operating experience is used as the source. In this case, the analysis
focuses on identifying likely dominant contributors affected by plant activities. The resulting
correlation between plant activities/events and initiating frequencies may be limited at the
beginning, but will improve with time as experience is folded into the process.

Monitoring and reporting increases in initiating frequencies, together with daily global
changes in core damage frequency, provides a more complete understanding of plant risk and
adequacy of apportionment between accident prevention and mitigation.

' This applies mainly to internal initiating events and internal hazards. Internal initiating events are
hardware failures in the plant or faulty operations of plant hardware through human error or
computer software deficiencies. Internal hazards include internal flooding, fire and missile impact.
(IAEA Safety Series No. 50-P-4)
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3.2.2 Indicators of the plant ability to respond to occurrences

The normal operating states of the nuclear power plant are the states designed to
assure the everyday production, and the related plant activities. Minor disturbances during
normal operations are dealt with by the normal operating equipment.

If an initiating event occurs and the plant status goes beyond the designed normal
operating state, the normal operating equipment will not be enough to cope with the situation,
thus, actuation of safety systems will be required.

While the safety systems can cope with the initiating event and prevent core damage,
the occurrence is an incident. In case the plant equipment for some reason cannot deal with
the initiating event, a core damage occurs, and the situation is then an accident.

If an accident were to occur, and in order to keep the consequences inside the plant to
avoid radioactive pollution of the environment and radioactive doses to the population around
the plant, the proper function of the mitigating features (containment and containment
systems) would be required. If the containment were not successful the accident could result
in large radioactive releases.

The main task of the NPP safety management is to avoid large radioactive releases by
avoiding initiating events, and maintaining high reliability of the prevention and mitigation
systems.

This ability of the plant to respond to an initiating event consist of:

1) response to the incident or accident prevention
2) response to the accident or accident mitigation

The plant PSA is able to give quantitative information on both of these areas, by
characterizing the plant's ability to respond by two major indicators: conditional probability
of core damage after each initiating events, and conditional probability of radioactive
release.

3.2.2.1. Plant response to the incident

The highest level indicator of the plant response to the incident is the conditional
probability of core damage (CPCD) for each initiating event. This indicator can be calculated
by the PSA model, and shows how successful the prevention of core damage would be in
case of the given initiating event.

The CPCD indicator is more sensitive than the CDF to some modifications in the
plant safety level that may be masked, at the CDF level, by the low frequency of some
initiating events.
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Intermediate level indicators could be the safety function unavailabilities. As was
mentioned before, PSA can provide indicators for many different levels and according to the
behavior and the sensitivity of the indicators used, the proposed framework could be modified
and other intermediate indicators could be selected. For the purpose of this report, which is an
overview of the PSA based safety indicators, it has been considered that the CPCD and the
system unavailability indicators can provide sufficient information to determine if there are
aspects related to the plant ability to respond to events that require attention or improvement.

Lower level indicators are the system unavailability indicators. These indicators can
explain the behavior of the CPCD indicator.

Depending on the information details needed to explain the higher level behavior,
lower level indicators such as train or even component unavailability indicators could be
selected. However, in order to build up a good and efficient risk-based indicator system, the
developer of the indicator programme has to be aware of the usefulness and benefit provided
by the different indicator levels.

An important idea behind using probabilistic system unavailability indicators is that
the effect those unavailabilities have on the overall risk can also be reflected. Additionally,
the probabilistic indicators give information on what performance can be expected from the
systems in the future.

Using importance calculations for each level of indicators, one can get very useful
information explaining the contribution of different factors. These calculations are extremely
useful for the high level indicators, where the indicator behavior is not so obvious.

3.2.2.2. Plant response to the accident

The plant ability to response to the accidents is influenced by the availability of the
active containment systems, and the design features of the passive containment. The indicator
of the plant response to the accident would be the probability of unsuccessful containment
function, or the conditional probability of radioactive releases, which is in fact the same. A
level 2 PSA would be necessary to obtain this indicator.

The lower level indicators, similarly to those among the plant response to the
incidents indicators, would be the containment system unavailability indicators.

26



i Frequencies of!
early fatalities/:

: latent f Radioactive
i \ release-—

frequencie CDF

RISK
MEASURES

Initiating
event

frequencies

Component failure rates

Component unavailabilities

Human error probabilities

Conditional
probability of
core damage

i

CCF probabilities

Frequency of Precursors to IE

i

Safety system
unavailability

conditional
probability of

radioactive
release

1

L
I

Containment
system

unavailability

- Component failure rates ;'
- Component unavailabilities i
- Human error probabilities :
- CCF probabilities :

Figure A2-1 PSA based safety Indicators

4. HOW TO OBTAIN RISK BASED SAFETY INDICATORS

Risk based indicators can be used for different purposes and depending on the purpose
short term or long term evaluations have to be performed.

Living PSA is the necessary tool for the long term indicator calculation. For the
calculation of instantaneous risk, or risk associated with a specific plant configuration in
order to perform short term evaluations, the necessary tool is the risk monitor tool, with fast
answer on the issue to be evaluated.

Regarding the level and scope of the PSA models used to produce risk based safety
indicators, state of the art tendencies suggest that, as a minimum, a level 1+ PSA should be
used. This is a level 1 PSA for which the core damage sequences have been extended to
include failures of containment safeguards and containment bypass in order to represent
plant damage states. The PSA should include all the internal and external initiating events.

For the calculation of the conditional probability of radioactive release indicator, it
would be necessary to have a level 2 PSA.
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4.1. PLANT RISK INDICATOR: CDF

4.1.1 The short term risk indicator (Instantaneous risk: CDF,)

For the evaluation of the risk associated to a specific situation, the CDF indicator has
to be calculated considering the given plant configuration, and data associated (i.e. expected
IE frequencies in such situation). This can be done for the past, present and future as many
times as needed and for as short period as needed. Of course, the limitations in the available
time for the calculations and the available calculation tool can affect it. and a daily basis
calculation seems to be a good compromise.

For later usage it is worthwhile to keep the results of the performed calculations in
records.

4.1.2 The long term risk indicator (Average risk: CDFA)

There are two ways of calculating the long term risk. One is the calculation of the
average risk from integration to the considered time frame of the previously instantaneous
risk values obtained from the risk monitor, and the second one is the calculation of the risk
using the Living PSA model and the average basic event probabilities for the given period of
time. It needs to be mentioned that the two calculations may give different results depending
of the models and approach used in both tools and the way of accounting for unavailabilities.

4.2 INITIATING EVENT FREQUENCY INDICATOR

The initiating event frequency in the PSA is a value based on different assumptions,
generic and plant specific information and sometimes special analyses are performed to
determine the IE frequencies.

There are a number of factors that even though do not cause initiating events directly,
can affect the expected initiating event frequencies. These factors might not be monitored by
the traditional safety performance indicators, and without special interest no information is
collected.

There are methods and approaches to support estimations of changes in the expected
initiating event frequencies, such as FMEA. fault tree analysis, probabilistic fracture
mechanics analysis, or engineering judgment.

The initiating event frequency indicator can be calculated for each group of initiating
event as defined in the PSA, or a further grouping can be done in order to obtain a higher
level indicator (for example, transients. LOCAs. ..etc). The integration of the frequencies into
a higher level indicator can show the vulnerability of the plant to the nature of the initiating
event, and it is useful to initiate long term design modifications, or to strengthen the pre-
paredness of the personnel.
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4.3 CONDITIONAL PROBABILITY OF CORE DAMAGE INDICATOR

The conditional probability of core damage indicator, measures how adequately the
plant is prepared to cope with a given initiating event.

The PSA contains all the models to calculate the conditional probability of the core
damage for the initiating events. Depending on the approach of constructing the PSA. one can
easily, or less easily calculate this indicator. In any case it can always be calculated as the
sum of core damage sequence frequencies belonging to the given initiating event divided by
the initiating event frequency.

4.4 SYSTEM UNAVAILABILITY INDICATOR

The system unavailability indicators give explanation on the behavior of the
conditional probability of the core damage indicator. Some system unavailability indicators
could help to understand the changes in some IE frequency indicators.

Two different types of system unavailability indicators can be obtained. It has to be
noted that both indicators give different type of information.

1) System unavailability due to unavailabilities and failures of system components and
support systems.

This indicator should be accompanied by support system unavailability indicators to
explain the sources or reasons for the obtained indicator figures. These indicators can
be obtained directly from the PSA models for the selected systems

2) System unavailability due to unavailabilities and failures of the system components
only.

This indicator does not reflect the true unavailability of the system to perform its
function. However, it can be useful to track deterioration in system performance. The
calculation of these system unavailability indicators may require additional modeling
effort, or manipulation of the existing PSA system models (i.e. in order to separate the
support system contributions)

5. USE OF RISK BASED SAFETY INDICATORS

5.1 SHORT TERM AND LONG TERM APPLICATIONS

The risk based indicator system is a safety information tool. This tool generally can be
used to monitor safety performance and to alert the user if parameters exceed certain levels or
follow undesired trends.
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Different information can be derived from the PSA as safety indicators for long term
or short term applications.

The long term risk based indicators focus on monitoring plant behavior in order to get
insights of the past history on NPP safety and to update the calculated average CDF. Long
term use includes analysis of plant past behavior integrating the occurred events, failures and
unavailabilities. This information (including CDF trends, comparison between expected and
calculated CDF, etc) is of interest to regulators and high level plant management.

Long term risk based indicators could also help to recognize aging effects on
components and systems. This information is important for the plant staff and could initiate
design changes or modifications to testing and maintenance strategies, etc.

Also, the long term risk indicators can be produced for planning purposes. For the
long term planning the assumptions regarding planned design changes, expected component
behavior, etc. can be introduced in the PSA models and data, and analyzed to obtain the
expected average CDF for the next period.

Risk based indicators for short term use require instantaneous evaluation of risk. This
type of application provides information on changes in CDF due to plant events (backward
looking) and risk associated with planned activities (forward looking).

5.2 BACKWARD LOOKING AND FORWARD LOOKING APPLICATIONS

Another two perspectives in the use of risk-based indicators, the backward looking
and the forward looking applications have to be considered.

Backward looking applications involve the reporting and analysis of events occurred
such as initiating events, precursors including their development from an initial event,
component failures. CCF. human errors, occurred unavailabilities, etc., and their integration
in the PSA to obtain the indicators of past risk. These indicators will help to identify plant
vulnerabilities, deficiencies in human performance, needs for design modifications or
backfittings, needs for modification of maintenance strategies, need for modification of
technical specification requirements., etc.

Forward looking applications involve the integration in the PSA models of planned
measures, configuration changes, planned maintenance activities, etc, and the PSA
calculations to obtain the indicators of the expected risk. These indicators will help to
prevent high risk configurations, to assess possible changes to operating procedures, to assess
proposed design changes, to plan maintenance strategies and outages, etc.
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ANNEX 3

PILOT EXERCISE

The objective of the pilot exercise is to validate the applicability (usefulness) of the
document for implementation at nuclear power plants. It is expected that the pilot exercise
(trial study) will provide feedback on whether the document can be used to develop safety
indicators that would meet the needs of the plants. The pilot exercise is not a safety review of
the plant.

Ideally, feedback from at least three plants of a variety of designs should be obtained
to determine the usefulness of the document, the problems that were experienced in
implementing this framework, and the changes suggested to improve the document.

Expected feedback from the participating plants :

• The feasibility of the proposed framework, and its usefulness when
establishing a safety indicator programme

• The usefulness of each individual indicator proposed: the validity of each
indicator - whether the indicator provides meaningful information; need for
developing new indicators for monitoring the different specific areas

• The definition of the adopted indicators
• Processes used to collect the data for the indicators
• Additional efforts required to obtain the data
• Resources required to collect the data (human and other costs)
• Management feedback on the indicators and the framework

Participation in a pilot exercise would provide a nuclear power plant with:

• A basis from which to implement a safety indicator programme
• Feedback on how well the plant is performing in relation to safety; Feedback

on where there are weak points in plant safety performance; Indication of areas
needing further attention (possible resource optimization)

• Feedback on the effectiveness of. or need for further self-assessment
• Improved understanding of the value of safety indicators
• Opportunities to exchange experiences with other nuclear professionals;

Exchange of ideas on how other nuclear power plants use safety indicators

31



LIST OF PARTICIPANTS

Mr. E. Lehtinen VTT AUTOMATION
Industrial Automation
P.O.Box 1301, FIN-02044 VTT
Tekniikantie 12, Espoo
Finland

Mr. T. Meslin

Mr. C. Fuhrmann

Mr. Tibor Szikszai

Mr. J. Iqleem

Mr. M.F. Levstek

Mr. F. Calduch

Mr. L. Pettersson

Centre Nucleaire de Production
d'Electricite de Saint-Laurent-des-Eaux

B.P.42
41220 Saint-Laurent-Nouan
France

TUV Nord
Postfach 54 0220
D-22502 Hamburg
Germany

Paks NPP Ltd
P.O.B. 71
77030 Paks
Hungary

Karachi Nuclear Power Complex
P.O.Box 3183
Karachi 75400
Pakistan

Slovenian Nuclear Safety Administration
Vojkova 59
1000 Ljubljana
Slovenia

Central Nuclear de Cofrentes
46625 Cofrentes, Valencia
Spain

Vattenfall Energisystem AB
P.O. Box 528
S- 162 15 Vallingby
Sweden



Mr. U. Schmocker

Mr. K. Hamlin

Mr. J. Ballesio

Mr. M. Bonaca

Federal Nuclear Safety Inspectorate
Federal Office of Energy
CH-5232 Villigen - HSK
Switzerland

WANO
Kings Buildings
16 Smith Square
London SW1P3JG
United Kingdom

SAIC - Advanced Technology Division
7 West 36th Street - 10th Floor
New York. NY- 10018
U.S.A.

Northeast Utilities
P.O.Box 270
Hartford
CT-06141 -0270
U.S.A.

IAEA

R. Campbell
J.M Diaz Francisco
M. A. Domenech Rojo
A. Gomez Cobo (Scientific Secretary)
J. Hashmi
F. Niehaus
W. Zhong

33


