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1. INTRODUCTION

In the elecrrici-y generation industry the nuclear power plants are considered by
the public as the most dangerous, so they have to pay much attention on the safety of
the public, it is their responsibility. One part of this attention might be the periodic
evaluation of the operational and nuclear safety of the nuclear facilities. This kind of
analytical work requires big efforts from the operational personnel of the plants. On the
other hand there is an extensive work underway to facilitate this effort. This is the quick
and clear indication of the plant performance and the level of safety.

The monitoring of the plant safety was always the interest of the plant
management, and an important task for the plant personnel.

The probabilistic safety assessment (PSA) of the nuclear power plants is a very
useful tool for the measurement of the risk level, and the everyday use of its results in
the nuclear power plant operations can help to improve the safety.

The purpose of this document is to show a method for the fast recalculation of
the PSA. To avoid the information loose, it is necessary to simplify the PSA models, or
at least reorganize them. The method, introduced in this document, require that
preparation, so we try to show, how to do that.

This document is an introduction. This is the starting point of the work related
to the development of the risk indicators. In the future, with the application of this
method, we are going to show an everyday use of the PSA results to produce the
indicators of the core damage risk. There are two different indicators of the plant safety
performance, related to the core damage risk. The first is the core damage frequency
indicator (CDFI), and the second is the core damage probability indicator (CDPI). Of
course, we cannot describe all of the possible ways to use these indicators, rather we will
try to introduce the requirements to establish such an indicator system and the
calculation process.

2. THE METHOD

The method described in this section enables the user to recalculate the core
damage frequency (CDF) for the given time point and configuration. Based on the CDF
time points, it makes also possible to calculate the core damage probability (CDP) for
a given period of time.

This method requires the use of the PSA results in terms of minimal cut sets
(MCS) and some preparatory actions, such as modularization, simplification, construction
of the time functions of the basic event probabilities,...etc.



2.1 Time dependency of the CDF

At this point one can ask, why we should use time dependent analysis instead of
time averaged, which is much easier and faster. The answer is the following: As the
uncertainty analyses usually don't deal with the methodological uncertainties, rather with
the data uncertainties, it is very difficult to estimate the methodological uncertainty. One
way to eliminate an important part of the methodological uncertainty can be the time
dependent analysis. When we calculate CDF using the averaged in time basic event
probabilities, we forget, that two nonlinear mathematical operators, such as averaging
and the fault tree quantification, are not interchangeable. Of course, the effect of the
interchanging is not so obvious, but in some cases it can reach even a factor of four. (Try
to make a comparison between the staggered and sequential test strategies for a
three-train system.) If we are analyzing the effect of a small change in the configuration,
we cannot allow such an uncertainty. And also the changes in the component
importances by the time can be remarkable. This is explained by the different time
dependency of different components.

There are two contributors to the time dependency of the CDF. First one is the
system configuration, that varies by the time, as the system components are not always
operable, they are some times under repair, or preventive maintenance, in other cases
they are in standby mode,...etc.

The other contributor is the time dependency of the component unavailabilities,
as not all of them are continuously monitored. For the safety system components, that
are mainly periodically tested standby components, this dependency can be very
significant.

All these facts effect on the system unavailabilities and, on the CDF, as they are
important contributors of the CDF.

That means, that although this contributors make the analysis more complicated,
they have to be considered in our everyday calculations.

2.2 Preparation of the PSA results for the easy calculations

The fast recalculation of the fault trees and event sequences requires meaningful
preparation of the data and the models. This work includes the following: construction
of the basic event probability functions, fault tree modularization and minimal cutset
reduction.

2.2.1 Construction of the basic event probability functions

First the components have to be classified correctly by their types and
unavailability modes. Then the functions, that are used in the calculaTions, have
to be defined. When we calculate the basic event probabilities, we can use the
equations known from the reliability theory.

The components differ from each other from the point of view of their failure
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modes. Even the different failure modes of the same component are modelled
differently, and are considered as different basic events. In fact, it is necessary, if
we want to exclude those event combinations, that are administratively forbidden.
(Ex. Many Tech. Spec, don't allow two emergency diesel generators to be under
maintenance simultaneously, so in such a case the minimal cut set, containing two
emergency diesel unavailabilities due to maintenance, should be excluded. It can
be done only in that case, if the unavailability due to maintenance is modelled
separately form the other failure modes of the diesel, and considered as an
individual basic event.)

There are many component types regarding their operational function. Here we
select those component types, that are common in the nuclear power plant
technology. The components described here are as follows:

continuously monitored, reparable, on-line component;

not repairable, on-line component;

not monitored on-line component (In fact, some of the functions of the
on-line components are monitored somehow by parameters, just the time
of the failure detection will be different. The analyst hardly can find a
typical safety related component of this category in the nuclear power
plants.);

standby, periodically tested component;

standby, not tested component;

any combinations of the above.

There are two ways of the component unavailability calculation. The first one is
an "analogue" type, i. e. the usual statistical calculation, based on the experience
collected during the lifetime of the plant, giving smooth, continuous time curves.
The second one is based on our knowledge on the everyday situation, on the
system configuration. It gives either one, or zero unavailability, if we know exactly,
what happens whit the given component. Of course, it is very difficult, and in
many cases is impossible to say, whether the component is unavailable or
available. In these cases we have to estimate the status of the component. For the
CDFI and CDPI calculations we'll need both methods.

1. Continuously monitored, repairable on-line components

These components are mainly the components, that are normally in
operation, and are under repair only in case of their failure. The feedwater
water pump could be a typical example for this component type. This
component is available during its operation, and is unavailable during its
maintenance. If it is in operation, then the failure probability calculation
considers only the failure during the mission time. The mission time is



calculated as the accident duration. (It is known, that it is available, as it
is in operation, but we can only estimate the success during its mission
time.)

A. The estimated unavailability of these component can be modelled
as follows:

it is unavailable due to maintenance, or it fails during the
mission time.

B. The actual unavailability can be modelled as:

if it is in operation, than it can fail during the mission time;

if it is under repair, or maintenance, than it is unavailable.

Data needed for the calculations:

Case A.: failure rate (depends on the failure mode ex.:fails to run), repair
time, mission time.

Case B.: failure rate (ex.: fails to run), mission time, operating history

2. Not repairable on-line components

A. Estimated unavailability:

the component failed since the last maintenance, or
inspection, or it fails during the mission time (accident
duration).

B. Actual unavailability:

if it is monitored, and it is in operation, than it can fail
during the mission time. If it failed before, than it is
unavailable;

if it is not monitored, than its unavailability can only be
estimated, as above.

Data needed for the calculations:

Case A.: failure rate, time duration since the last maintenance, or
inspection, mission time.

Case B.: failure rate, mission time.
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3. Periodically tested standby components

These components are mainly the components of the safety systems, such
as ECCS, Auxfeed system,...etc.They are in standby mode during the
normal operation, and are actuated by an event challenging their function,
or by a test. The period, and the date of the tests are usually predefined
by a schedule on yearly, quarterly basis. In many cases the component
being tested is unavailable for a given time interval so called test duration.
It is also unavailable due to corrective maintenance for the repair time in
case of unsuccessful test with a definable probability.

For these components the unavailability function is calculated differently
for the three time interval: standby, test and repair. Also the failure within
the mission time has to be considered, usually as a constant. It is usual to
divide the failures into two groups: time related and demand related. In
such a case it is important to consider, that only the time related failures
are filtered out with the test. An example for the unavailability calculation
of a standby periodically tested component:

A. Estimated unavailability:

if it is in standby mode, than it could fail since the last test,
or it can fail due to demand related failure, or it can fail
during the mission time;

if it is under test, and it is unavailable due to the test, than
it is unavailable. If not, the same as above;

after the test for the repair time it is under repair with the
probability of the unsuccessful test.

B. Actual unavailability:

if it is in standby mode, than it could fail since the last test,
or it can fail due to demand related failure, or it can fail
during the mission time;

if it is under test, and it is unavailable due to the test, than
it is unavailable. If not, the same as above;

if it is under repair, due to unsuccessful test, then it is
unavailable.

Data needed for the calculations:

Case A. and B.: standby failure rate, failure rate (during its function), time
since the last test, mission time, repair time.



4, Standby not tested components

Those components belong to this group, that cannot be tested even not
inspected between two major maintenance, and are in standby mode.

A. and B. Estimated unavailability:

it is unavailable due to failure since the last inspection, or
maintenance, or it can fail during the mission time.

Data needed for the calculations:

Case A. and B.: standby failure rate, failure rate (during its function),
mission time, time duration since the last inspection, or maintenance.

5. For the components that are modelled as some combination of the above, the
same formulas are used depending on the actual operating mode of the
component.

2.2.2. Fault tree modularization

The fault tree modularization is a well-known process for those analysts, who met
problems, when they wanted to solve a complicated fault tree with a PC based
software. In the PSA world the independent modules are often called as
"supercomponents". Indeed, the modularization helps to reduce the size of the
fault tree, and also to understand better the fault tree structure. This process
requires reconsidering the fault tree construction, and grouping the basic events
on such a way, that the module was independent from the other part of the fault
tree. This independence means, that the basic events involved in a module do not
appear in other places, or they are not present in a minimal cut set several times.
Some of the programs make the modularization automatically finding the
independent modules, like FTAP.

For the fast updating of the results it is even necessary to group the basic events
into independent modules as much, as possible. Such an independent module can
be a fault tree of a subsystem, that does not have any interconnections with other
subsystems.

The modularization is a multi-level process, i. e. a module can contain other
modules.

It is important, that the modules are evaluated separately, and they are handled
on the higher level as basic events. It has the advantage of making Boolean
reduction only in the module in case of a component out of service, and it makes
the recalculation much faster, and the result remains realistic.



2.2.3. Minimal cut set reduction

The quantification of the results described in this document is based on the
minimal cut set actualization. That means, the calculation is performed for each
time point on the minimal cut set level. To make this calculation faster, the
minimal cut sets can be reduced in number and in order. The following steps are
to be performed in each time point:

1. If there is a change in the system configuration, then Boolean reduction
is to be performed in the relevant modules. Usually this changes are not
significant, just component unavailabilities, and do not change the system
logic, so Boolean reduction is enough. If there is a significant change
touching the fault tree logic, then the revaluation of the fault tree is
needed;

2. If there is a change in the system configuration, or there is a change in the
constant probabilities (such as a new component is built in, with different
failure probability), minimal cut set reduction is needed. The minimal cut
set containing several basic events with constant probabilities, can be
represented as one basic event for the further time period till the next
change in the system configuration (order reduction). The minimal cut sets
containing only constant in time probabilities can be also represented as
one constant probability till the next change (number reduction);

3. Minimal cut set quantification

Depending on the depth of the model the frequency of the changes of the
actual system configuration can vary, and the time consumption of the
calculation can be different. The analyst should find the right compromise
for the depth of the model.

An example for the minimal cut set reduction:

Let A, B, C, D to be basic events with constant probabilities, and E(t),
F(t), G(t), H(t) to be basic events with time dependent probabilities.

The next minimal cut sets:

A*B
+ A*C*D
+A*B*D*E(t)
+C*F(t)*G(t)*H(t)

can be reduced as

X
+ Y*E(t)
+ C*F(t)*G(t)*H(t),
where X=A*B+A*C*D, and Y=A*B*D



For this simple case the number of operators were reduced by five
multiplications and an addition. For more complicated cases this reduction
can be more significant.

That process can be easily algorithmized indicating the time dependent
members in the input data base.

.2.3. Calculation of the core damage risk

If the system unavailabilities are calculated, knowing the event trees, the event
sequences are to be quantified. The quantification process is usually performed by the
program used for the analysis. For the fast recalculation, it is necessary to make some
simplification and preparatory actions. This section deals with this preparation.

2.5.7. Calculation of the core damage frequency

An event sequence resulting a core damage is usually a process beginning with the
initiating event accompanied with some system unavailability combination. The
system unavailability combination is an AND connection of the unavailabilities

. of the systems involved into the given sequence. This AND connection can be
solved with the fault tree analyzer program. An example for a sequence:

IE, AND System 1, AND (NOT System2), AND System3.

The frequency of a minimal cut set resulting core damage can be calculated as
follows:

fmcs = fie*unavl*unav2*...

where fie is the frequency of the given initiating event, unavl, unav2,...etc.are the
unavailabilities in the minimal cut set.

The CDF due to an event sequence is the sum of all minimal cut set frequencies
involved into the given sequence.

The CDF due to an initiating event is the sum of all event sequence frequencies
resulting core damage.

The overall CDF is the sum of CDF all initiating events.

2.3.2. Calculation of the core damage probability

The CDP can be estimated as the integral of the CDF for a given period of time.



3. THE CORE DAMAGE RISK INDICATORS

All the above mentioned estimations with the knowledge on the operational
schedules and history enables us to calculate the core damage risk performance
indicators at any time. The definitions are given in this chapter.
Safety performance indicators are being developed to evaluate the plant safety. This
evaluation can be done based on periodic recalculation, or on everyday basis depending
on the indicator. While the first method is to show significant long therm changes and
trends, the everyday calculation is to initiate "fine tuning" of the safety, i. e. it indicates
the short therm or immediate changes. The message of this chapter is to use CDPI (Core
Damage Probability Indicator) for the periodic calculations, and CDFI (Core Damage
Frequency Indicator) for the everyday use.

3.1. The CDFI

Once the predefined for a time period operational schedule is approved by the
plant management, the risk is planned for the same time period. The schedule contains
the test and maintenance strategy, the configuration management basics. Indeed, when
the sequence of the preventive maintenance works is given, the system configuration is
planned. Any deviations from this schedule (such as corrective maintenance, or
extraordinary test of a component) will cause deviations from the planned risk. The
actual risk can be higher, or lower depending on the type of the action. However this
activities are also concerned in the planned risk by the statistical data of the components.
If the statistical data are based on the operating experience, and there is no any
significant changes by the time, then the planned CDP and the actual CDP for a longer
time period must be close together.

The plant safety depends on the risk planning and on the execution of this plan.
If the risk planning activities are risk based and optimized to minimize the risk, than the
safety performance of the plant depends only on the everyday safety related activities.
The planned risk is characterized by the CDF curve, and by the CDP for the concerned
time period. The planned CDF curve can be constructed based on the earlier described
methods. (This curve also can help to optimize the schedule.)

The CDFI has to show the deviation from the planned CDF. It can be the
absolute difference between the actual and planned CDF, or simply their ratio. It is
advisable to use more sophisticated comparisons in order to facilitate the indication of
the important from the safety point of view events. Depending on the sensitivity of the
method, the different calculations can be used for different purposes.

3.2. The CDPI

The planned CDP, as it was mentioned before, is the integral of the planned
CDF. The actual CDP is also the integral of the actual CDF for the selected time period.

The CDPI has to indicate significant changes and trends of the core damage risk.
Used together with the system unavailability indicators, the responsible for the changes



systems, and/or activities have to be showed.

Having the planned CDP and the actual CDP, the same calculations can be
performed, as with the CDF. There is also a possibility to calculate some "moving"CDFI
with various moving time intervals to show the trends due to changes of different
significance.

4. SUMMARY

The purpose of this document was to introduce a method for the time dependent
calculation of the PSA results. The method is based on the fast recalculation of the
minimal cut set frequencies, through the component unavailability functions. The fast
method requires some model simplifications and system unavailability estimations.
Examples on these simplifications and estimations are given in the document, such as
model modularization, minimal cut set reduction and frequency calculation.

The method described here is needed for the calculation of the core damage risk
indicators, namely the CDFI and CDP1.

The CDFI, together with the actual configuration, is to be used on everyday basis
for the indication of the immediate changes.

The CDPI together with the system unavailability indicators are to indicate the
long therm changes and trends.

This document dealt only with the method, and the fields of application have not
been discussed yet. Of course, the basic fields of application are very important, and are
to be defined before the development of the given indicator, the additional ways of their
using, and the needed modifications can be defined during the process of the
development. The possible applications of the CDFI and CDPI will be described later.
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