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1 Introduction

The Borssele Nuclear Power Plant (NPP) is a Siemens/KWU 472 MWe Pressurized
Water Reactor which has been in operation since 1973. In 1989, a Probabilistic
Safety Assessment (PSA) program was initiated to complement deterministic safety
studies and operational experience in forming a plant safety concept In 1993, the
PSA-MER model was completed and used to determine the effects a package of
proposed modifications would have on plant safety and risks to the environment. This
model was used to start retrospective risk profile and allowed outage times (AOTs)
analyses, which both concerned the calculation of the change in total core damage
frequency (TCDF) given a change in configuration. The main problems identified and
reported in this paper are: (i) How to calculate the change in TCDF (ATCDF)?
(section 3); and (ii) How to set practical decision criteria and how to use the PSA
as extension to Technical Specifications (TS) AOTs? (section 4). Finally, a pilot
study was conducted in order to optimize surveillance test intervals (STIs) which are
also part of the TS (section 5). •—

2 Borssele NPP Technical Specifications

The Borssele NPP TS define limits and conditions to assure that the plant is operated
safely and in a manner consistent with the assumptions in the safety analyses. The
TS requirements are based on deterministic analysis and engineering judgement. A
PSA can be used to improve or extend these requirements [1], in particular the AOT
and STI requirements.

An AOT specifies the maximum allowed time for a component to be unavailable
in a given plant state. If the availability cannot be restored within the AOT, the plant
must be placed in a safer state, usually in a (hot or cold) shutdown state.

The Borssele TS AOTs are only specified for one component or combinations of
components within one system at a time. So, simultaneous unavailability of compo-
nents belonging to different systems is not addressed. The PSA can be used:
- to quantify the risk impact (i.e., impact on TCDF) of a TS AOT; and
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- to set AOTs for combinations of components not yet included in the TS AOTs.
Quantification of the risk impact means the calculation of ATCDF given a change
in configuration. This is what is done in the retrospective risk profile analyses, see
section 3. The next problem is how to define a criterion to bound ATCDF, which is
addressed as part of the PSA-based AOT analyses, see section 4.

An STI requirement specifies the frequency with which the surveillance tests must
be performed. By testing, the risk associated with undetected failures (of standby
components) can be limited. The PSA can be used to optimize STIs and test
arrangements (e.g., staggering of tests), see section 5.

3 Retrospective Risk Profile

In April 1994, EPZ started to use the PSA-MER to calculate off-line the monthly
risk (i.e., TCDF) profile of the plant. To date, only the power operational state has
been included. It is the intention to use the shutdown part of the integrated PSA-3
model (available since 1995) to generate the risk profile during the 1996 refuelling
outage.

The objectives of the risk profile analyses were: (i) to gain experience with the
PSA model (which was largely made by the external contractor NUS); (ii) to obtain
an impression of the variation in TCDF during operation; and (iii) to assess the
applicability of the PSA for plant operational activities.

In principle, for each configuration (i.e., combinations of unavailable components),
the whole PSA model needs to be requantified because:
- an alternative configuration may require a change in the fault tree model in order

to incorporate possible re-alignments because of unavailable components;
- unavailable components could be present in possibly previously truncated cut sets

which should now enter the final TCDF cut set equation.
On the average, 10 to 20 changes in configuration occur per month. The computer
solution time needed for one combination based on a total requantification of the
PSA model is about two hours; modifying the model input and analyzing the results
takes a few days. As a faster alternative, simple NUPRA (the PSA software used)
sensitivity analyses based on a priori calculated TCDF cut set equations were
performed. Two TCDF cut set equations were used: (i) based on normal truncation
limits and (ii) a truncation limit lowered by a factor of 10. Generation of (i) takes
approx. 2 hours; (ii) takes approx. 6 hours, while the number of cut sets increases
by a factor of 2 compared with (i); the resulting TCDF is about 1% higher than (i).
Figure 1 shows the results of these two cases compared with the total requantification
of the model. It was concluded that such fast sensitivity analyses provide useful
insights assuming that sufficiently low truncation limits are used (i.e., sufficiently
comprehensive cut sets) and the analyst is aware of the limitations of such sensitivity
analyses. However, total requantification is still preferred.

The risk profiles assessed sofar (April 1994 to December 1995) show TCDF
increases well below internationally applied decision criteria (see also section 4).

The analyses have proven to be very successful in communicating possible uses and
benefits of PSA to the plant operators. Originally, the control room personnel were
reluctant to use additional tools to the TS. Because of the success of the risk profile
calculations, this position is being reconsidered.
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Figure 1 Retrospective risk profile results with TCDF calculated in three different ways

4 Allowed Outage Times and Decision Criteria

The PSA-MER was also used for a pilot study on PSA-based AOTs. The objectives
were: (i) to perform an indicative evaluation of AOTs of the most important Borssele
NPP systems and components; (ii) to compare these PSA-based AOTs with the TS
AOTs; and (iii) to establish practical decision criteria.

The analyses were restricted to 'single' AOTs (i.e., one component/train unavail-
able) and primarily focused on a comparison with the deterministic TS.
The criterion used was based on the TCDF increase from continued operation [1]:

ATCDF x AOT < B

where ATCDF equals the increase in TCDF as a result of the unavailability of a
component or system, and B equals a dimensionless fixed limit The use of the limit
value B is based on the reasoning that ATCDF above an accepted safe level would
be tolerable for only a limited period. The higher ATCDF is above the acceptable
level when equipment is unavailable, the less time the plant would be allowed to
operate. The constant B represents the highest acceptable TCDF increase integrated
over the duration T, which is specified by the AOT. Choosing a specific value for
B is a matter of opinion (more or less subjective). Ref. [1] uses a value of 5E-7 for
B, which was used as starting point for the Borssele PSA-based AOT analyses.

Because requantification of the PSA-MER model was too time-consuming for the
large number of AOT analyses required (about hundred), sensitivity analyses based
on the TCDF cut set equation were used to compute the ATCDFs. Requantification
of the total PSA model confirmed the results of the most important AOTs.

The study concluded that the PSA-based single AOTs are generally much longer
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than the TS AOTs, except for the components given in Table 1. The short PSA-based
AOT of the CM bus is explained by a conservative asymmetry in the PSA model.
Normally, 2 of the 3 VF (Emergency Cooling Water) pumps are fed by CM, and the
remaining VF pump by bus CL. This configuration is modelled in the PSA.
However, one of the VF pumps, assumed to be connected to CM, can be switched
to CL. This switching-over takes 0.5 hour, which is below the calculated PSA-based
AOT. Therefore, the CM bus AOT requires no additional investigation.

Table 1 Components with PSA-based AOTs shorter than or close to TS AOTs

Component TS AOT (hours)PSA-based AOT (hours)

RZ storage tank RZ001/2/3/4-B001
AC 380V main emergency power bus CM
Valves TJ011-S007/6 and TJ012-S007/6

The results of these AOT analyses lead to a discussion on criteria and limits to be
used for setting PSA-based AOTs and for application in the risk profile calculations
(see section 3). The current opinion is to maintain existing TS AOTs. For situations
not yet included in the TS (mainly simultaneous unavailability of different systems),
the following PSA-based extensions are under consideration:
- use ATCDF x AOT < B, with B set to a percentage of (he average TCDF (i.e.,

a relative limit);
- use practical multilevel instead of continuous AOTs (e.g., see Table 2);
- limit the cumulative yearly AOT contributions by a percentage of the average

TCDF (2i ATCDF, x AOT, <, B); and
- choose a smaller B for planned unavailabilities of safety system components, e.g.,

10 % of B used for unplanned unavailabilities.

Table 2 Allowed ATCDF per AOT class: unplanned unavailabilities

ATCDF (%) >2000 > 600 > 100 >*20 >2 <!
AOT 0 (Shutdown) 8 hour 1 day 1 week 1 month 1 year

Another alternative would be to base the criterion not only on the ATCDF during
operation, but also to compare this increase with the possible TCDF decrease when
shutting down the reactor. The development of such a criterion is now feasible given
the availability of the Borssele PSA-3 model for the shutdown operational states.

5 Surveillance Tests and Periodical Maintenance

Based on the PSA-3 power model, a pilot study of PSA-based optimization of STIs
was initiated. The objective of this study was to assess whether the PSA-3 model is
suitable for optimization of STIs and periodic maintenance.

Component test and maintenance unavailabilities are modelled in the system fault
trees. Normally, test and maintenance unavailabilities are modelled separately from
the hardware faults. This also applies for repair unavailabilities. Test unavailability



events are not included for cases in which the system is automatically realigned upon
demand. These three types of unavailabilities are combined into one basic event (at
a system or train level). Unavailabilities modelled in the fault trees can result in
multiple system unavailabilities which may be a violation of the TS. In the accident
sequence (event tree) quantification, minimal cut sets containing such violations are
eliminated from the results (so-called Disallowed Maintenance Combinations). This
modelling is very efficient and suited for average risk assessment and identification
of relatively weak points in the design, but it has some drawbacks for optimization
of the STIs or periodic maintenance, because:
- the different contributions (test, maintenance, and repair) are not clear from the

PSA data base;
- it is not obvious from the PSA documentation which tests can be overrided in

case of a demand;
- actual test and maintenance times cannot be taken into account.

Moreover, the NUPRA software does not contain time-dependent unavailability
models, which is necessary for optimization of the STIs and actual test timings (e.g.,
see [2]). Therefore, a tool additional to NUPRA had to be developed which could be
used the PSA database and the TCDF cut set equation, supplemented with
information on actual test placings. The result is a time-dependent plot of the TCDF.
Not only variations in the configuration can be taken into account (see also section
3), but also the time-dependent unavailability of periodically tested and maintained
components between two instants of tests or maintenance. Due to a lack of data,
several scoping analyses with simplifying assumptions were performed to:
- compare the average TCDF with a time-dependent TCDF;
- show the effect of using a time-dependent unavailability model for the period-

ically tested and maintained components in order to optimize test intervals and
test arrangements (e.g., staggering tests).

Figure 2 shows examples of this last effect. The following situations are shown: (1)
average unavailabilities; (2) time-dependent unavailabilities; and (3) time-dependent
unavailabilities in combination with a perfect staggering scheme. The differences
between the averages are 3-4%.

These preliminary findings indicate that the tool can be used for indicative
optimization purposes and for comparison with the off-line risk profiles. However,
data is needed on the actual timings of tests and periodic maintenance. In addition,
the relative contributions of test, scheduled maintenance, and repair in the basic
events for test and maintenance should be known.

6 Conclusions

The main conclusions of the work can be summarized as follows:
• The Borssele PSA is suited for off-line risk profile and AOT applications. For the
optimization of surveillance tests and periodic maintenance, actual test and
maintenance data should be collected and fed into the PSA model, which probably
needs some modification.
• The calculated PSA-based single AOTs results show that the TS AOTs are
generally more restrictive than the PSA-based AOTs using the TCDF increases from
continued operation as a criterion.



• Multilevel, relative, and cumulative criteria are currently being considered as most
suited for setting PSA-based AOTs in situations not yet included in the TS.
• Conservatisms and asymmetry in the fault tree models need to be investigated in
more detail for future PSA applications.
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Figure 2 Time-dependent unavailability calculations for optimization of STIs


