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FOREWORD

The main mission of the NEA Committee on the Safety of Nuclear
Installations (CSNI) Working Group on Risk Assessment (WGRisk) is to
advance the understanding and utilisation of probabilistic safety analysis (PSA)
in ensuring the continued safety of nuclear installations and in improving the
effectiveness of regulatory practices in NEA member countries. In pursuing this
goal, the Working Group examines the different methodologies for identifying
contributors to risk and assessing their importance, while continuing to focus on
the more mature PSA methodologies for Level 1, Level 2, internal and external
events, and shutdown conditions. It also considers the applicability and maturity
of PSA methods for addressing evolving issues such as human reliability,
software reliability and ageing issues, as appropriate.
Technical opinion papers are considered to be one of the most important
products produced by the WGRisk, and as such are produced in conjunction
with the issuance of any new report, the completion of a workshop or following
in-depth discussions. Recent technical opinion papers have addressed human
reliability analysis, fire probabilistic safety analysis and seismic probabilistic
safety analysis.
The technical opinion paper on living PSA resulted from several in-depth
discussions held by the WGRisk following the issuance of a report on the state
of the art. The technical opinion paper on risk monitors is the outcome of a joint
task between the WGRisk and the International Atomic Energy Agency
(IAEA). It was developed using the results from an international workshop and
a state-of-the-art report being produced this year.
The NEA Secretariat wishes to express particular thanks to Dr. Charles
Shepherd, WGRisk task leader and the main author of these two papers, who
contributed valuable time and considerable knowledge to their preparation.
Thanks are also extended to the members of the WGRisk and participants in the
IAEA consultants meetings for their valuable insights, which provided much of
the foundation for this work. In this regard, Dr. Javier Yllera provided excellent
co-operation and assistance on behalf of the IAEA.
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PERSPECTIVE

From the Chairman of CSNI, Mr. Ashok Thadani:
The PSAs for many of the nuclear power plants throughout the world are
being maintained as living PSAs (LPSAs) so that they are being updated to take
account of changes to the design and operation of the plant, improvements in
the understanding of how the plant behaves in fault conditions, and improved
PSA methods, models and data. These LPSAs are being routinely used as one of
the inputs into an integrated decision-making process where requirements from
the deterministic analysis, PSA and other requirements (such as legal and
regulatory requirements) are weighted and combined in order to provide a
sound and auditable justification for any decisions made on plant nuclear safety
issues.
One of the specific applications of a LPSA is the risk monitor and these are
being used by operators and regulators to provide risk information for use in the
decision-making process to ensure the safe operation of nuclear power plants.
Since the first risk monitors were put into operation in 1988, the number of risk
monitors worldwide has increased rapidly so that by the end of 2003 there were
more that 110 in operation and this should increase to over 150 when those
being developed are placed in service.
Although the PSA model used in the risk monitor is based on the LPSA
model, it is important to realise that this may not be directly usable as a risk
monitor PSA for a number of reasons. The aim of the risk monitor is to provide
an estimate of the point-in-time risk for the current plant configuration and
environmental factors whereas the LPSA provides an estimate of the average
risk hence uses average initiating event frequencies and maintenance
unavailabilities, and usually takes account of the exposure time to different
initiating events as the plant passes through the different plant operational states
modelled in the PSA. Hence, the LPSA model needs to be reviewed for any
average or assumed conditions in the model to ensure that an accurate point-intime risk is calculated for all configurations.
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Combining these two technical opinion papers into a single document
provides the reader, in this case ranging from decision makers in the nuclear
community, regulators, nuclear power plant operators, etc., the opportunity to
have a concise assessment of the current state of the art to enable better analysis
when evaluating proposals or development of these applications.
Finally, although PSA is a powerful integral tool, one needs to note that
safety decisions need to carefully weigh any limitations in scope and
uncertainties (parameter and model) in the PSA model.
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Decision-making Process
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TECHNICAL OPINION PAPER ON LIVING PSA AND ITS USE IN
THE NUCLEAR SAFETY DECISION-MAKING PROCESS

Introduction
This technical opinion paper presents the consensus of risk analysts and
experts in the NEA member countries on the state of the art for the production
and use of living probabilistic safety analysis (LPSA) in the safety decisionmaking process for nuclear power plants. The objective is to present a clear
technical opinion to a wide audience ranging from decision makers in the
nuclear community, regulators, nuclear power plant operators, professionals
working in the field of nuclear safety and PSA, and the general public.
Background
Based on a large number of successful applications around the world over
many years, it is clear that PSA is mature enough for routine use in the safety
decision-making process for nuclear power plants by both plant operators and
Regulatory Authorities. The current practice is to apply an integrated decisionmaking process where the legal and regulatory requirements, insights from the
deterministic analysis, insights from the PSA and other information (such as the
results of a cost-benefit analysis) are weighted and combined to provide a sound
and auditable basis for any decisions made on plant nuclear safety issues.
Any PSA that is carried out will reflect the design and operation of the
plant, the understanding of how the plant behaves in fault conditions and the
data available at the time the analysis was carried out. However, the basis for
the PSA will change with time due to physical changes in the design of the
plant, changes in the way that the plant is operated, improvements in the
understanding of how the plant would behave in fault conditions and the
availability of more plant specific data. To ensure that the PSA continues to
provide a valid input into the decision-making process, it must be kept up to
date to reflect these changes to the plant and take account of improvements in
PSA methods. This leads to the concept of a living PSA. The emerging
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standard is for the PSAs for nuclear power plants to be maintained as living
PSAs and for them to be used to provide the risk information required by the
integrated decision-making process.
LPSA has been the subject of a series of workshops organised by the
NEA [1]. This technical opinion paper reflects the current best practice in LPSA
which has emerged from these workshops and subsequent exchanges of
information between the NEA member countries [2].
Definition of a LPSA
The first requirement is that a high quality PSA has been developed for the
plant. It is good practice for the PSA to be done in a way that is consistent with
the current guidance and standards on PSA practices, models and methods. This
could include national standards, guidance produced by international
organisations such as OECD and IAEA, and standards being produced by
organisations such as ASME. In addition, the quality, scope and level of detail
of the PSA needs to be adequate for its proposed applications and for it to have
gone through a rigorous, independent peer review process.
This can then be used as the basis for the LPSA which is defined by IAEA
as: “a PSA of the plant, which is updated as necessary to reflect the current
design and operational features, and is documented in such a way that each
aspect of the model can be directly related to existing plant information, plant
documentation or the analysts’ assumptions in the absence of such information.
The LPSA would be used by designers, utility and regulatory personnel for a
variety of purposes according to their needs, such as design verification,
assessment of potential changes to the plant design or operation, design of
training programs and assessment of changes to the plant licensing basis” [3].
The important aspects of this definition are that the PSA is:
•

updated as necessary to maintain it as a living analysis;

•

consistent with the current design and operation of the plant which
may be changed as modifications are made;

•

documented so that the analysis can be traced back to the plant
information and analysts’ assumptions;

•

in a form that can be used by designers, utility and regulatory
personnel which would be done off-line by PSA specialists; and
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•

useable for a variety of purposes that would include a range of riskinformed applications.

Hence, maintaining the PSA as a living PSA will provide a better
understanding of the level of safety of the plant and how this is affected by
changes to the design or operation of the plant, improvements in the PSA
modelling and changes in the data used to quantify the PSA.
Reasons for requiring a LPSA
The basis for the PSA will change with time for a number of reasons. To
ensure that the PSA continues to provide a valid input into the decision-making
process, it must be kept up to date to reflect these changes which could include
the following:
•

Changes to the design or operation of the plant: Many such
changes are made over the lifetime of a nuclear plant. In general, they
will lead to a reduction in the level of risk from the plant – for
example, where additional equipment is provided for carrying out
plant safety functions. However, some of them may lead to an
increase in the risk (where this is allowed by the Regulatory
Authority) – for example, where the power level of the reactor is
increased.

•

Changes in the understanding of how the plant behaves in fault
conditions: This could come from new transient analysis that changes
the way that the operation of the safety systems need to be modelled
in the PSA, severe accident analysis that changes the understanding of
how the containment would be expected to behave following core
damage, and feedback from operating experience or simulator
training.

•

Data derived from plant operating experience: It is good practice
for plant operators with a LPSA to collect operating experience data
and to use this to update the numerical values used in the LPSA for
initiating event frequencies, component failure probabilities, etc.
There is a high level of involvement by NEA in the data collection for
PSA [4].

15

•

Increases in the scope of the PSA: It is often the case that the initial
PSA addresses the contributions to the risk from internal initiating
events occurring at power and, as time goes on, the scope of the
analysis is extended to include the contribution to the risk from:
internal hazards such as fire and flood; external hazards such as
seismic events and extreme environmental conditions; other modes of
operation of the plant such as low power and shutdown conditions; the
behaviour of the containment following core damage (Level 2 PSA);
and the off-site consequences following a release of radioactive
material from the plant (Level 3 PSA).

•

Improvements in PSA methods: In recent years, improvements have
been made in PSA methods as follows: addressing the contributions to
the risk from hazards such as fire and seismic events; modelling
common cause failures and human errors; and incorporating human
errors of commission into the PSA. The PSA may also be developed
so that it can be run using one of the modern PSA computer codes.

Such improvements will increase the range of plant safety issues that can
be addressed using the LPSA.
Updating the LPSA
The LPSA needs to be updated to take account of all the changes identified
above. The frequency at which this is done varies for different plants. However,
it is good practice to track all the changes that occur and assess their impact on
the results of the PSA. If they are significant, the aim should be to update the
PSA as soon as possible. If they are not significant, they should be added to the
list of changes to be included in the next update. It is good practice for a plant
procedure to be developed for carrying out the preliminary assessment of
changes to the plant and for updating the PSA.
Maintaining a LPSA requires a team of analysts who are trained and
experienced in PSA. This will require expertise to cover all aspects of the PSA
including systems analysis, data, internal and external hazards, Level 1, 2 and 3
PSA, etc. In addition, support will need to be provided in thermal hydraulic
analysis, severe accident analysis, fire and seismic analysis, structural analysis
(to address the response of the containment to severe accidents), etc.
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For the LPSA to be accepted and used in the safety decision-making
process it needs to be owned by the plant staff and used as an integral part of the
plant operation. Hence, it is good practice to involve the plant staff in the
updating process.
Documentation of the PSA
The use of the PSA in the safety decision-making process requires that the
results/conclusions/recommendations can be traced back to the design/
operation/assumptions used for the analysis. This requires that the basis for the
PSA is fully documented and for this to be organised so that it is possible to
trace all aspects of the PSA back to the source information. For a new PSA, it is
good practice for the documentation to be organised so that this can be done
easily. For an existing PSA, this would involve reorganising the documentation
or, if this is not possible, providing a route map to guide the user through the
existing documentation.
The documentation needs to include details of the design and operation of
the plant to which the PSA model relates and details of the analysis that forms
the basis for the models used in the PSA. This would include the transient
analysis that provides the basis for the safety system success criteria, the severe
accident analysis that forms the basis for the containment analysis in the Level 2
PSA and the off-site consequence modelling in the Level 3 PSA. This needs to
be supported by the detailed calculation files.
The justification for the data used for initiating event frequencies,
component failure probabilities, common cause failure probabilities, human
error probabilities, etc. should be provided. The numerical values should be
traceable back to the source data or models.
The suite of documentation should include the calculation files that give
details of the assumptions made, the models used, the data and the results. This
should be maintained as controlled documentation. There should be a sufficient
level of detail to allow another analyst to understand/recreate/modify/update the
analysis as required.
The experience in the NEA member countries is that the LPSA is
continually in a state of evolution. In view of this, it is good practice to ensure
that, at any time, there is one reference version of the LPSA available along
with the corresponding documentation. In addition, all the details of the LPSA
need to be documented and checked to the same level as the original PSA.
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Use of the LPSA in the decision-making process
LPSA is now being used routinely in the safety decision-making process at
nuclear power plants throughout the world. It is being used as part of an
integrated (sometimes referred to as a risk-informed) decision-making process
in which the insights from the deterministic and probabilistic approaches are
combined with the other requirements in reaching a decision. In addition,
LPSAs are being used as an input into the way that Regulatory Authorities carry
out their activities (sometimes referred to as risk-informed regulation).
This integrated approach using the input from the LPSA may be used to
support decisions made in a number of areas related to the safety of the plant
which include the following:
•

proposals to make changes to the design or operation of the plant;

•

applications to make changes to, or get exemptions from, the plant
technical specifications in areas such as allowed outage times, test
intervals and allowed plant configurations;

•

other risk-informed applications such as in-service inspection and
graded quality assurance; and

•

the analysis of operational events (precursor analysis) using the PSA
to improve the understanding of the behaviour of the plant and the risk
significance of failures that have occurred in service.

The aim of following the integrated approach is to ensure that all the
relevant factors are identified and taken into account so that a balanced decision
is made, which ensures that the defence in depth requirement is met so that
there are multiple barriers to the release of radioactive material from the plant,
and that sufficient safety margins are maintained.
The role of the LPSA is to provide an input into the decision-making
process on the risk significance of the issue being addressed. The LPSA can be
used in two ways: firstly, to provide an estimate of the overall risk from the
plant – usually the core damage frequency (CDF) and sometimes the large early
release frequency (LERF), and secondly to determine the change in the risk
from proposed change in the design or operation of the plant.
In doing this, it needs to be recognised that there may be shortcomings in
the LPSA that need to be taken into account. For example, the scope of the PSA
may be limited so that it does not address the contributions to the risk from
external hazards or it may not address all the modes of operation of the plant
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that arise during shutdown and refuelling. In addition, the current state of the art
for PSA means that some issues such as component ageing and safety culture
are not explicitly addressed.
Hence, as can be seen above, the LPSA can be used for:
•

long term safety planning to address changes to the design or
operation of the plant including back-fitting, the optimisation of
testing and preventative maintenance, and the balancing of
preventative and corrective maintenance; and

•

short term safety planning where the LPSA is used off-line to provide
an input into safety system configuration control, exemptions from
technical specifications, and the analysis of operational events using a
PSA-base approach.

In addition, the LPSA can be used as the basis for a risk monitor
application which can be used on-line to provide risk information relating to the
actual plant configuration. However, changes usually need to be made to the
LPSA to remove simplifications made in the analysis that are not appropriate
for a risk monitor PSA model and to carry out enhancements to the PSA model.
The aim is to ensure that the risk monitor will provide more representative
estimates of the risk for all the plant configurations and environmental factors
that could arise. The way that this is done is well known from many successful
risk monitor applications worldwide.
Issues and limitations related to LPSAs
There may be limitations in a particular LPSA that need to be understood
before it can be used correctly in the safety decision-making process during
plant operation. The main limitations arise from the scope of the PSA that has
been carried out. For example, the scope of the LPSA may be limited so that it
does not address the contributions to the risk from all the internal and external
hazards that could occur, the analysis may only be a Level 1 PSA so that it does
not address the behaviour of the containment following fault sequences in
which the core is damaged or the analysis may address full power operation
only and not the low power and shutdown modes of the plant. The LPSA will
only provide valid risk information and insights within the limits of the PSA
that has been carried out so that any such limitations need to be recognised
when the LPSA is used in the safety decision-making process.

19

Concluding remarks
The following conclusion can be drawn regarding the state of the art in the
development and use of living PSAs in the safety decision-making process at
nuclear power plants:
•

The majority of the PSAs that have been produced for nuclear power
plants in the NEA member countries are being maintained as living
PSAs.

•

These LPSAs are routinely updated to take account of changes to the
design and operation of the plant, improvements in the understanding
of how the plant behaves in fault conditions, and improvements in
PSA methods, models and data.

•

These LPSAs are being used routinely as one of the inputs into
making decision on the safety issues that arise at nuclear power plants
(referred to as risk-informed decision making) and in determining the
way that regulatory authorities carry out their activities (risk-informed
regulation).

•

There may be shortcomings in the risk information provided by the
LPSA which could arise from limitations in the scope of the LPSA.
These needs to be recognised and taken into account when the risk
information it provided by the LPSA is being used.

•

The LPSA generally provides one of the inputs into an integrated
decision-making process where the insights from the deterministic
analysis, PSA and other requirements (such as legal and regulatory
requirements) are weighted and combined in reaching a decision.

20

References
[1] State of Living PSA and Further Developments; NEA/CSNI/R(1999)15;
1999.
[2] The Use and Development of Probabilistic Safety Assessment in NEA
Member Countries; NEA/CSNI/R(2002)18; July 2002.
[3] Living Probabilistic Safety Assessment (LPSA); IAEA TECDOC Series
No. 1106; September 1999.
[4] Reliability Data Collection, Workshop Proceedings, Budapest, Hungary;
NEA/CSNI/R(1998)10; April 1998.

21

TECHNICAL OPINION PAPER No. 8
Development and Use of Risk Monitors
at Nuclear Power Plants

23

TECHNICAL OPINION PAPER ON THE DEVELOPMENT AND USE
OF RISK MONITORS AT NUCLEAR POWER PLANTS

Introduction
This technical opinion paper presents the consensus of risk analysts and
experts in the NEA member countries on the current state of the art in the
development and use of risk monitors at nuclear power plants. The objective is
to present a clear technical opinion on the state of the art to a wide audience
ranging from decision makers in the nuclear community, regulators, nuclear
power plant operators, professionals working in the field of nuclear safety and
PSA, and the general public.
Background
One of the specific applications of a living probabilistic safety analysis
(LPSA) is the risk monitor and these are being used by operators and regulators
to provide risk information for use in the decision-making process to ensure the
safe operation of nuclear power plants.
The first risk monitors were developed in the UK and put into operation in
1988. These were the essential systems status monitor (ESSM) at Heysham 2
and ESOP1/LINKITT at Torness. Since then, the number of risk monitors
worldwide has increased rapidly so that by the end of 2003 there were more that
110 in operation and this should increase to over 150 when those being
developed in countries such as Japan and Korea are put into service. In addition,
the number of risk monitor software packages has grown and there are about 12
in use, some of which are commercially available and other in use in particular
countries or at particular plants. The state of the art in the development and use
of risk monitors at nuclear power plants is described in [1] and [2].
The term risk monitor has been defined by IAEA as “a plant specific realtime analysis tool used to determine the instantaneous risk based on the actual
status of the systems and components. At any given time, the risk monitor
reflects the current plant configuration in terms of the known status of the
various systems and/or components – for example, whether there are any

25

components out of service for maintenance or tests. The risk monitor model is
based on, and is consistent with, the LPSA. It is updated with the same
frequency as the LPSA. The risk monitor is used by the plant staff in support of
operational decisions” [3].
The current trend is to base the risk monitor on a full scope PSA that
addresses all internal initiating events, all internal and external hazards,
addresses both the core damage frequency (CDF) and the large early release
frequency (LERF), and covers all the modes of operation of the plant including
power operation and the shutdown and refuelling modes. However, many of the
risk monitors currently in service are based on a PSA that has a more limited
scope and, where this is the case, the limitations in the risk information that it
provides need to be recognised.
Although the risk monitor PSA model needs to be consistent with the
LPSA in that the two models relate to the same design and operation of the
plant, are based on the same requirements for safety systems to operate after
initiating events and much of the same data, there are a number of differences
between the two. The risk monitor is a real-time analysis tool that is used online to provide risk information during normal plant operation whereas the
LPSA is used off-line. The risk monitor provides a calculation of the point-intime risk (referred to as the instantaneous risk in the IAEA definition) whereas
the LPSA calculates the average risk. The point-in-time risk is calculated for
each plant configuration, which relates to the state of plant systems and
components that are under the control of the operators and is defined in terms of
the current plant alignments, component outages, activities being carried out on
the plant that affect the risk and factors related to the plant operational state.
This is done for each mode of operation of the plant – that is, whether it is in
full power operation, low power operation or in one of the states that arise
during plant shutdown and refuelling.
One of the requirements for the risk monitor is that it can be used by all the
plant staff in support of operational decisions, not just the PSA specialists who
use the LPSA. The overall aim is to control the plant configuration to maintain
the risk within acceptable limits. Traditionally, this has been done using the
deterministic rules given in the plant technical specifications. These are
formulated to ensure that maintenance outages are controlled so that the safety
systems have an adequate level of diversity, redundancy and defence in depth.
The additional risk information provided by the risk monitor enables staff to
plan maintenance to minimise risk as well as staying within the deterministic
rules.
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It should be noted that, to provide an estimate of the point-in-time risk, the
risk monitor needs more information on the state of the plant than is used in the
LPSA, and requires a different treatment of maintenance outages and system
alignments. Hence, the LPSA model cannot generally be used directly for a risk
monitor application and changes need to be made.
Reasons for developing a risk monitor
There have been a wide variety of reasons given for the development of
risk monitors at nuclear power plants in the NEA member countries. The main
one is to address the US NRC maintenance rule which requires plant operators
to assess and manage the risk associated with maintenance activities, and this
can be done most easily using a risk monitor. In particular, the Code of Federal
Regulations 10 CFR 50.65 (a)(4) states that: “before performing maintenance
activities (including but not limited to surveillance, post-maintenance testing,
and corrective and preventive maintenance), the licensee shall assess and
manage the increase in risk that may result from the proposed maintenance
activities. The scope of the assessment may be limited to those structures,
systems, and components that a risk-informed evaluation process has shown to
be significant to public health and safety”. This requirement applies to all the
plant operational modes.
Other reasons identified include being able to apply a risk-informed
approach to managing plant operational safety, being able to schedule
maintenance to avoid peaks in the risk, achieving greater flexibility in plant
operation, providing the justification for carrying out more maintenance on-line,
providing information on the risk importance of components during
maintenance activities and providing advice on which components to restore to
service.
From the experience in using risk monitors in the NEA member countries,
it is clear that a pro-active, on-line approach to risk management using a risk
monitor has achieved greater risk reductions than plants that have taken the offline approach. Whereas the on-line approach can prevent peaks in the risk
occurring, retrospective use can only prevent peaks that have occurred in the
past from re-occurring by changing the way that these maintenance activities
are carried out.
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Risk monitor software
The software used for a risk monitor is significantly different from that
used for a LPSA. An essential difference is that the risk monitor is designed to
be used by all nuclear power plant personnel rather than by PSA specialists so
that no specialist knowledge would be required in fault tree and event tree
modelling or any of the other techniques used in the development of the PSA.
However, the updating of the PSA model and databases does require the support
of PSA specialists.
Three methods have been used by risk monitor software as follows: 1) to
solve the PSA model for each plant configuration, 2) to use pre-solved solutions
for a wide range of plant configurations or 3) to use a cut-set manipulation
technique that starts with a PSA solution that has been produced using a very
low cut-off level. The emerging standard is for the risk monitor to solve the
PSA model since this allows more flexibility in modelling environmental
factors and provides a more representative estimate of the risk for all plant
configurations. The combination of modern software and modern hardware
allows this to be done very rapidly.
Uses of risk monitors
The main use of risk monitors is as an on-line tool to monitor and control
the risk from the plant configurations that arise during normal plant operation,
calculate and monitor the allowed configuration time as the plant configuration
changes, and monitor the cumulative risk. They are also used for maintenance
planning to ensure that maintenance activities are carried out in a way that
prevents the occurrence of large peaks in the risk and restricts the cumulative
risk over a period of time to an acceptable level.
Risk monitors are also used off-line to produce risk profiles for plant
management, to investigate why peaks have occurred in the risk with a view to
ensuring that this is not repeated and to carry out an analysis of unplanned
events such as those caused by equipment failures. In addition, risk monitors are
often used as a PSA tool since they are much easier to use than the LPSA.
Since the risk monitor provides a very clear indication of how the activities
being carried out on the plant influence the risk, it is often used in training
programmes as an aid to increasing risk awareness and enhancing safety culture.
The current trend in the management of nuclear power plant safety is to
move towards an integrated approach that combines the risk information
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provided by the risk monitor with deterministic and other requirements to
ensure that the occurrence and duration of plant configurations are managed in
such a way as to keep both the point-in-time and cumulative risks at or below
prescribed levels while at the same time encouraging compliance with the
deterministic safety management principles.
Development of the risk monitor PSA model from the LPSA
The basis for the PSA model used in the risk monitor is a LPSA that
reflects the current design and operation of the plant and is of sufficient quality,
scope and level of detail to support this PSA application.
However, the LPSA is not useable directly in the risk monitor and changes
typically need to be made to remove the simplifications made in the analysis
that are not suitable for the risk monitor application. For example, the LPSA
usually assumes one system alignment and one configuration of running and
standby trains for normally operating systems. The PSA model needs to be
changed to ensure that the likely plant configurations are modelled accurately
and the correct component failure modes are included.
Enhancements may also need to be made to the LPSA. This often includes
improvements in the way that common cause failures (CCFs) and human error
probabilities (HEPs) are modelled so that they relate to the actual plant
configuration entered. In addition, changes may be made to initiating event
frequencies and basic event probabilities to take account of environmental
factors – for example, to model the increase in the frequency of loss of off-site
power during adverse weather conditions or during switchgear maintenance
activities.
In making these changes, the aim is to ensure that the risk monitor will
provide more representative estimates of the risk for all the plant configurations
and environmental factors that could arise. The way that this is done is well
known from many successful risk monitor applications in the NEA member
countries.
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Validation of the risk monitor PSA model
Since a large number of changes often need to be made to the LPSA model
and data before it can be used in a risk monitor, there is a need for a rigorous
validation process to be carried out. This needs to check that the quantitative
results produced by the risk monitor PSA are consistent with (or equivalent to)
those from the LPSA. The validation process needs to cover all the changes
made to the LPSA model and data, and check that correct results are produced
for alignments not addressed in the LPSA.
The validation process needs to be of sufficient rigour to ensure that an
accurate result is obtained for all likely plant configurations. This is usually
done by comparing the cut-sets produced by the two PSA models for the base
case (all equipment available) and for cases with particular components
removed from service. The more changes that have been made to the LPSA, the
more extensive the validation process will need to be.
Risk monitor operation
The user of a risk monitor is limited to making changes to the plant
configuration – that is, specifying the mode of operation of the plant,
identifying which trains of systems are operating and which are on standby,
identifying which components have been removed from service for maintenance
or test, identifying whether the cross-connections between trains of safety
systems are open or closed, etc. Good practice is to make the required inputs as
soon as is convenient after the start of the maintenance activity so that the risk
monitor follows changes to the plant in real time.
The precise outputs from the risk monitor depend on the software used and
this typically includes quantitative risk information and qualitative safety status
information.
The quantitative risk information includes: the point-in-time risk (CDF/
LERF); the risk profile that indicates how this has changed as a function of time
due to changes in the plant configuration; a calculation of the allowed
configuration time (ACT) – that is, the time that the plant can continue in the
current configuration; and the cumulative risk as a function of time, which may
be tracked and compared to a target. In addition, there is usually a means of
evaluating the risk from proposed maintenance activities (what-if? calculations)
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and future maintenance schedules. The importance of operating equipment and
the quantitative reduction in risk that would be obtained by restoring equipment
to service is also calculated.
The qualitative safety status information is typically in the form of safety
system and safety function status. This provides a comparison of the plant
configuration against deterministic criteria that relate to the level of redundancy,
diversity and defence in depth of the safety systems. The coloured displays
indicate when they are fully available/slightly degraded/degraded/not available.
In practice, the definitions of the qualitative criteria used are deterministic and
so, in many cases, there is not a direct correlation between the level of risk
indicated by the calculation of the CDF/LERF and the qualitative status
information.
Operational safety criteria (OSC)
When risk monitors are used on-line, it is usually the case that OSCs are
defined that distinguish between the regions of low/moderate/high/
unacceptable risk where the actions that need to be carried out by the plant staff
are different. In general, four regions of risk are usually defined and presented
in a coloured display as follows:
•

Unacceptable risk (red) which would normally only be entered when
plant failure are identified. Planned maintenance is not allowed and
immediate action is required to reduce the risk. A reactor shutdown
may be required if this arises during power operation.

•

High risk (orange) where severe time restrictions are imposed on the
ongoing maintenance activities and compensatory measures may need
to be introduced.

•

Moderate risk (yellow) where there are time restrictions on the
ongoing maintenance activities.

•

Low risk (green) where there are no restrictions.

The OSCs can be defined either as absolute risk levels or as multipliers on
the baseline (all equipment available) risk. The most common way of doing this
is in terms of absolute risk levels. Although there are difficulties in justifying
the numerical values used, this will provide a common basis for ensuring that
all nuclear power plants are being operated to the same standard.
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For the plants that defined the OSCs in terms of absolute risk levels, there
is a broad consensus on how this needs to done. For full power operation, the
boundary between the low and moderate risk bands is set at about the level of
the average risk calculated in the LPSA. The reason for this is that, because one
of the aims is to operate the plant in such a way that the actual risk averaged
over the year is lower than the average risk calculated in the LPSA, the
operators need to know when this level of risk is being exceeded. The boundary
between the high and unacceptable risk bands is set at 10-3 per year for CDF and
10-4 per year for LERF. The boundary between the moderate and high risk
bands is set at an intermediate level. However, it needs to be noted that the
OSCs used will depend on the scope of the PSA used in the risk monitor and
different criteria will need to be defined for use during the plant shutdown
modes.
Allowed configuration time (ACT)
When risk monitors are used on-line, the ACT is usually calculated and
displayed for the current plant configuration. The way that this is done is to
control the overall (integrated) risk from each plant configuration above the low
risk band such that the contribution that they make to the core damage/large
early release probability is less than 10-6/10-7 respectively.
Risk monitors also present information on when the configuration was
entered and the time remaining. This is done for each new configuration as it is
entered. In monitoring the ACT, the plant operators need to be aware of
components that have remained out of service from the previous plant
configuration and have already made a contribution to the core damage/ large
early release probability. There is a need to define best practice in this aspect of
the calculation and monitoring of ACTs.
Costs and benefits of risk monitors
The cost of implementing a risk monitor includes the purchase or
development of the software to be used, and the cost of carrying out the
conversion and enhancements of the LPSA model for use in the risk monitor
application. These costs are well known from many successful risk monitor
developments in the NEA member countries.
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The primary benefit perceived by plant operators that have installed a risk
monitor is that it is the most cost effective way of addressing risk issues related
to operational safety requirements. In particular, the use of a risk monitor will:
•

allow nuclear power plant operators in some of the NEA member
countries to carry out more maintenance when the reactor is at power
so that there will be a need for fewer, shorter periods of shutdown;

•

provide a means of controlling the plant configurations thus ensuring
that the overall risk from the plant will be lower which will give a
hidden benefit;

•

provide a basis for seeking exemptions from over-restrictive technical
specifications and for extensions to the allowed outage times given in
the technical specifications;

•

provide risk information in a form that is readily understandable and
can be used to demonstrate the level of safety of the plant;

•

make it easier to address
requires plants to assess
maintenance configuration
voluntary configuration for
and

•

provide a basis for a wide range of risk-informed applications.

the US NRC maintenance rule which
the risk prior to entering a planned
and immediately after entering a nonall the modes of operation of the plant;

Since the costs of plant outages and maintenance are high, the benefits of
the risk monitor are likely to be much greater than the costs incurred.
Issues and limitations related to the use of risk monitors
The PSA model used in the risk monitor will have the same limitations as
those of the LPSA on which it is based. This could include limitations in the
level of PSA carried out, the range of initiating events/hazards included and the
modes of operation of the plant modelled. The risk monitor will only provide
valid risk information and insights within the limits of the PSA that has been
carried out. The emerging standard is for the risk monitor to be based on a full
scope PSA that includes all initiating events and hazards, addresses both CDF
and LERF and covers both full power operation and all the low power and
shutdown modes.
There may be limitations in the risk monitor software used in that it may
only provide a limited range of functions (none of the codes currently provide
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the full range of functions that could be used). If the approach used is based on
a pre-solved solution, this may lead to the risk being underestimated for some
plant configurations. The need for a rapid solution has to be balanced against
the accuracy of the risk estimate required.
There may be limitations in the scope and the detail of the conversion
process from the LPSA to the risk monitor. Although the conversion process is
well understood and there are many examples of how this has been
accomplished successfully, care needs to be exercised to ensure that the extent
and detail of the conversion carried out is appropriate to the potential uses of the
particular risk monitor. The validity of the results obtained from the LPSA and
risk monitor models is determined by the extent and documentation of the
validation process carried out.
Uncertainties in the numerical results for CDF and LERF are not addressed
explicitly by the risk monitor. The reason is that this facility has not been
requested by any of the users of the risk monitor software codes. Hence, the
uncertainties cannot be taken into account in the decision-making process.
However, it needs to be recognised that all the plants using a risk monitor
have followed an integrated decision-making process. This combines the risk
information and insights produced by the risk monitor with the deterministic
requirements given in the plant technical specifications in reaching a decision.
In doing this, the detrimental effect of many of the above limitations is
minimised.
Concluding remarks
The following conclusion can be drawn regarding the state of the art in the
development and use of risk monitor s at nuclear power plants:
•

risk monitor s are the most influential development in PSA in recent
years since they provide the ability to use the PSA on-line enabling
the users to track and control the risk arising from changes in the plant
configuration and environmental factors in real time.

•

There are a large number of nuclear power plants throughout the
world that are successfully using risk monitors. Hence, the
development and use of risk monitors is a mature application of PSA.

•

The perception of many nuclear power plant operators is that the use
of a risk monitor is the most cost effective way of addressing risk in
the safety management of the plant.
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•

There are a number of high quality risk monitor software packages
commercially available or in use in the NEA member countries and
others are being developed. They all provide a wide range of
functions.

•

The LPSA is not directly useable in a risk monitor and changes need
to be made to remove simplifications made and to improve the models
used. There is a large body of experience in converting a LPSA for
use in a risk monitor application and carrying out the subsequent
validation of this model.

•

There is broad agreement on the way that the operational safety
criteria used to distinguish between the regions of low/moderate/high/
unacceptable risk are defined and on how the allowed configuration
Time should be calculated. The costs of implementing a risk monitor
are likely to be very low compared to the benefits obtained.

•

The issues and limitations related to the use of risk monitor s are well
understood and accounted for by using the risk information it provides
as one of the inputs into an integrated decision-making process.

•

Some regulators are strong supporters of the use of risk monitors and
are active users themselves, whereas others take a more neutral stance.
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