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Preface
The development of a medium-rating boiling water reactor (BWR), the "SWR 1000", aims to integrate
and implement alternative solutions in the construction of items important to safety whilst retaining
service-proven basic structures of systems and plant engineering approaches, and also optimizing
operational and engineering features. The objective is to achieve a new quality in safety engineering
and in the safety level of the plant. This is attained by the redundant use of active and passive
systems and features, both for the prevention of severe accidents and of the mitigation the
consequences thereof. The purpose of using active and passive systems is, within the bounds of cost-
effectiveness, to achieve high reliability of the safety features so as b prevent a severe core melt
event and to practically rule out releases outside the plant in excess of acceptable limits.

In order to achieve this degree of safety at the design stage, ongoing probabilistic assessments are
performed in the course of development to evaluate the integral safety level and the balance of the
design so as to obtain early indications of possible design corrections and obtain confirmation of
fulfillment of the ambitious safety objectives.

At this stage this work and its results cb not provide a final quantitative risk assessment but serve as
indicators of the extent of achievement of the project goals; they will be updated as work on the project
progresses.

Probabilistic Safety Analysis for Power States
One focus of the development work on the SWR 1000 was the probabilistic safety analysis (PSA)
which was performed to obtain a first assessment of the draft concept for orientation and further
development of the safety concept. The associated event sequence evaluation models the interaction
of the passive and active accident control features.
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The primary aim was to obtain a quantitative assessment of the preventive measures of the safety
concept to avert damage states (Level 1 PSA) for the following purposes:

To identify relevant challenges to the safety functions;

To identify the safety and operational systems available and important to cope with accidents and
to establish their thermal hydraulic success criteria;

To perform a quantitative evaluation of the incidence of a damage state (DS) using event tree and
fault tree analysis;

To identify sensitive influences of components, common cause failures (CCF) and human factors
on the damage frequency;

To identify relevant end states of events to determine the available period of grace for applying
suitable operator actions (beyond design basis accident management) which can be taken to avert
a damage state.

The evaluation is based on in-plant events initiated during full power operation.

The reference events for the PSA were derived from German BWR assessments with the following
features:

Major contribution to damage state incidence

Exacting demands on system performance

Relatively high event frequencies

By experience, the events, which were divided into three categories, constitute the most important for
a PSA and the most challenging for plant design.

In the category of transients the events which were considered were:

Loss of preferred power (T1)

Loss of main feedwater (T2)

Loss of main heat sink (T3)

Loss of main heat sink and main feedwater (T4)

Failure to close of a safety and relief valve (T5)

- Anticipated Transient without SCRAM (ATWS)

Breaks outside containment were covered by the events

Break in the feedwater line outside containment (L1)
Break in the main steam line outside containment (L2)

Break in the reactor water cleanup system outside containment (L3)

and the category "Loss of Coolant Accidents" is covered by the events

Small break at the reactor pressure vessel (A < 60 cm2) (K1)

Break in reactor pressure vessel bottom head (K2).

The frequencies of occurrence of the analyzed events were derived from German operating
experience or recent assessments.



The reliability data of the components originated from current PSAs. In the case of the passive
components, reference data were taken from components fulfilling comparable functions, e.g., heat
exchangers, check valves.

Failure mode and effects analyses (FMEA) were performed for each of the passive items to verify their
failure and reliability data.

In the analysis the passive components were assumed to be operable when challenged after
testing of a number of experimental facilities had been successfully completed. These
experiments involved trials to establish and verify the capacity of the passive components, see
[KreM 98].

CCFs were postulated in redundant subsystems and evaluated; in view of the system diversity
and different operating principles, cross-system CCFs were not postulated.

Active initiation functions for the systems were introduced in the form of empirical default values.
Components with passive initiation functions were modeled in detail, e.g. reactor scram from low
RPV level, in order to capture and evaluate the effect of the new technology.

On the above basis an integral damage frequency of Fbs ~ 5 E-8/a was obtained in the PSA of the
SWR 1000 for full power states. This extremely low value borders on the limits of quantitative
verifiability although conservative initial conditions and parameters were used in the model (for
example, a large CCF fraction was postulated for redundant passive systems so as to allow for
uncertainties.

All in all, this figure reflects the assurance of the availability of a safety function by systems
engineering provisions; in general, each safety function is fulfilled by several systems which are
redundant and diverse to each other; furthermore, they are based on different, active and passive
operating principles.

The integral and event-based damage frequencies are plotted in Fig. 1.

A comparison of the damage frequencies allows the following interpretation:

All individual event related damage frequencies are fos ^ 1 E-8/a;

Loss-of-coolant accidents inside the containment (K1 and K2) have low occurrence frequencies,
and nearly the entire spectrum of safety systems, whether active or passive, is available to provide
sufficient core cooling.

One containment-bypassing feedwater line break (L1) stands out from the rest as loss of the
diverse containment isolation function is expected to result in limited safety systems availability
(loss of shutdown cooling concurrent with loss of fluid outside the containment).

The events main steam line break (MSLB) and break in the charge line of the cleanup system
outside the containment (L2 and L3) are practically nonrelevant because of their low frequency
and the high availability of the safety and nonsafety systems which sustain no loss of operability.
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Fig. 1: Integral and event-based damage frequencies of the PSA
(see previous pages for legend)

The events in the category of operational transients (T1 to T4) are all within a range in which
differences are practically only attributable to the differences in frequency of occurrence; this is
due to their generally relatively high frequencies of occurrence and the more or less identical
system availability.

A stuck-open SRV (T5) results in a plant dynamic response consistent with a small-break LOCA
but has a higher frequency.

In the case of anticipated transients without scram (ATWS) it is necessary to consider effects
resulting from the frequencies of the transients, the high availability of the scram systems and the
availability of the pressure limitation function (up to completion of ganged rod insertion). A
relatively conservative success criterion was assumed for the required number of SRVs (5 of 6),
although a damage state (or at least a damage state) can be averted even on loss of a further
valve (4 of 6 operable) under best estimate conditions.

The contributions of the individual events are consistent with other BWRs in their relative distribution
but at a very low integral damage frequency. The unavailability of the challenged system functions is
very low as a result of their configuration and coordination. The relative differences are to be assessed
in the light of the low overall level and largely result from the different frequencies of occurrence.

The relative fractions of the system functions in the damage frequency are presented in Fig. 2 and the
following conclusions can be drawn:

Containment heat removal is performed first of all by the two-train residual heat removal system.
The flooding pool absorbs the heat input via the SRVs or emergency condensers and transfers it
to the pressure suppression pool of the wetwell. Like the RHR sys-tem, the cooling chain
connected to the wetwell is of two-train configuration and relatively complex on account of its
various functions.



On loss of this cooling chain the passive containment cooling condensers provide heat removal,
transporting the high from the containment to the setdown pool from which it is released to the
atmosphere by evaporation.

Compared with the pressure limitation and RPV coolant injection system functions, the degree of
redundancy of these systems is not so great and this results as expected in a higher relative
fraction.

The SRVs, which in themselves have a high degree of redundancy and diversity, are backed up
by the emergency condensers. Consequently the reliability of the pressure limiting function is high
in events in which reactor scram is effected at an early stage.

However, during ATWS events the emergency condensers are not available at first, and the
pressure limiting function becomes dominant as a result of the conservative success criterion
assigned to it. The fraction for the pressure limiting function is almost exclusively determined by
ATWS challenges.

Of minor significance is the fraction for the RPV coolant injection function. On a level reduction the
emergency condensers start operating so that no further fluid is lost from the RPV. Additionally the
feedwater system is available in many cases to provide injection at high pressures; furthermore,
the recirculation pumps of the reactor water cleanup system are capable of providing sufficient
injection.

If coolant injection is insufficiently effective in the HP range, the RPV pressure is reduced to allow
LP injection by the residual heat removal system or by the passive core flooding system. Based on
this large number of systems engineering possibilities it is understandable that the contribution of
RPV injection to the damage frequency is small.

Operator actions for accident control are only necessary for initiation of shutdown cooling after
loss of containment isolation in the event of breaks outside the containment. The relevance of
such actions to the results is small in the light of the grace periods available in this case.

Given the large water inventory inside and outside the containment, a large grace period is
available for alternative actions to be taken in the event of loss of heat removal. Initiation of safety
functions by active (level monitors) and diverse passive means (pulse transmitters) practically
rules out damage states in the short term.

CCFs are theoretically possible in redundant systems and are modeled, separate for active and
for passive systems. In the present analysis a relatively conservative model was chosen for
passive systems so as to make allowance for uncertainties in the evaluation of the new
components. Since the contribution of the passive systems to the result is relatively important, the
integral CCF fraction of about 85% is relatively high. However, the absolute value puts this value
into perspective as the damage frequency due to CCF is only fos(CCF) ~ 4 E-8/a.
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Fig. 2: Relative fractions of the system functions in the damage frequency of the PSA

Probabilistic Safety Analysis for Plant Shutdown states

In addition to the probabilistic safety assessment for initiating events during full power operation, also
initiating events during plant shutdowns were analyzed. These analyses were performed under the
coordination of the Finnish utility TVO, one of the partners in the SWR 1000 project. The methodical
approach was orientated on basis of the methodology of the shutdown event PSA (SPSA) of the
Finnish plants Olkiluoto 1 and 2.

The overall objective of the SWR 1000 SPSA, performed in the design phase, is to support the design
by means of an early mapping out and ranking of risk dominating factors. This support is assumed to
be most effective when the SPSA, or the PSA in general, is integrated into the design process. Thus,
the emphasis is on identifying improvement points and potentials.

The first step of the SPSA was to identify the different refueling outage states which occur during a
plant shutdown. The main purpose of this is divide the shutdown into different refueling outage states
featuring uniform conditions with respect to

systems which are available for coping with an accident (disconnection of system trains due to
maintenance has to be considered),

condition of the reactor pressure vessel (open or closed) and

condition of the reactor pool (empty or filled).

The result of this analysis was to divide the refueling outage into 4 refueling outage states (ROS),
which formed the basis for the quantitative assessment.

The identification of the relevant initiating events was based on the experience gained from the SPSA
for Olkiluoto 1 and 2. The main categories of the initiating events are loss of coolant above core, loss
of coolant below core and loss of residual heat removal from the fuel in the RPV and the fuel pool.

The event categories of the loss-of-coolant events are divided into classes according to the pump
capacity. Transients, i.e., the loss of residual heat removal, have two main types:
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loss of pool cooling system, and

loss of residual heat removal heat sink.

In addition the transients are classified according to the ROS in which they can start. The loss-of-
coolant events were considered only for the ROS with filled reactor pool (pool cooling state) because
leakages due to maintenance errors are possible only in this operating state.

Initiating events involving

Loss of power,

Loss of reactivity control, or

Cold pressurization

were excluded from the quantitative assessment, because the qualitative screening showed that their
influence is of minor importance.

The frequency of the initiating events cannot be defined on the basis of actual real maintenance tasks
because the system design has not reached a phase at which the maintenance tasks can be well
defined. Therefore, most of the frequencies were derived from the frequencies which were used in the
Olkiluoto SPSA, but also considering maintenance experience from appropriate German plants.

The system fault trees used for the SPSA were based on the fault trees which were modeled in the
power operation PSA with the exception however, the automatic initiation of functions was replaced
with manual actions.

In total, 14 initiating events were analyzed assigned to the four refueling outage states as follows:

ROSO RHR cooling of closed reactor

ROS1 RPV closed; depressurized

ROS2 RPV open; filling/emptying of the reactor pool

ROS4 Pool cooling state (includes RHR cooling state ROS3)

Events which were caused by maintenance errors and results in very large, large or medium loss of
coolant above core (IRA0-IRA2) or in the RPV bottom head (IRB0-IRB2) were considered only for
ROS4. Transients with "Loss of active residual heat removal" (IRT0-IRT4) and "Loss of heat sink"
(IRU1-IRU4) were assigned to all four refueling outage states.

On the above basis an integral damage frequency of FDS ~ 6 E-8 per refueling outage was obtained in
the SPSA for the SWR 1000. This value was obtained after a design optimization process, which
results in additional automatic actuation of fuel pool feed in case of a level drop.

This very low value is dominated by operator errors in failing to activate additional water injection into
the open RPV (66%) to compensate water losses due to loss of coolant events or evaporation.

The integral and event-based damage frequencies are plotted in Fig. 3.
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Fig. 3: Integral and event-based damage frequencies of the SPSA
(for legend see above)

A comparison of these frequencies allows the following interpretation:

All individual events have a damage frequency of fos ^ 3 E-8/refueling outage;

Transients make the largest contribution of about 69%; this figure results from events involving
loss of heat sink due to faulty performance of maintenance tasks. The contribution of the events
involving loss of active RHR is of no importance.

Loss-of-coolant accidents due to maintenance errors make a contribution of 3 1 % which is
dominated by the event "Very large loss of coolant above core" (IRAO).

The relative fractions of the system functions in the damage frequency are presented in Fig. 4 and
the following conclusions can be drawn:

The largest contribution of over 58% results from the loss of containment heat removal; the
associated absolute value is about fRHR ~ 2.4 E-8/refueling outage.

The loss of water injection into the reactor pool makes a contribution of about 39% and is
dominated by the failure of operator actions.

The contribution of failure to close the lower air lock is about 3% and results from events involving
loss of coolant in the RPV-bottom head. An open air lock results in a loss of coolant from the
containment and has the loss of the recirculation from the containment sump as a consequence.
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Fig. 4: Relative fractions of the system functions in the damage frequency of the SPSA

Common Interpretation of the Results of the PSA and the SPSA

Though the results of the PSA for power operation do not yet consider accident management
measures, a common interpretation of the results of the PSA and the SPSA was performed though the
results still contain considerable uncertainties. However, the objective can be reached to show the
essential influences on the results with respect to the dominant safety functions, the plant states which
result in system failures and the grace period which is available br additional accident management
measures to prevent a damage state. The integral frequency of the damage states is 1.1E-7/a
(assumption: 1 refueling outage per year).

88% of the overall frequency of the damage states are a consequence of loss of heat removal
from the containment or loss of coolant injection into the reactor pool. To prevent a low pressure
damage state, a time of more than two days is available for recovery measures or accident
management measures.

10% of the overall frequency of the damage states results from loss of reactor scram (0.4%) or the
pressure limitation at ATWS. Loss of reactor scram can be controlled by a fast boron injection.
This additional shutdown system has not yet been considered in the PSA.

For the short-term challenge to the pressure limitation function during ATWS up to completion of
ganged rod insertion (about 1 minute) a relatively conservative success criterion was assumed for
the required number of SRVs (5 of 6), although a damage state can be averted even on loss of a
further valve (4 of 6 operable) under best estimate conditions. Considering these conditions, loss
of the pressure limitation function will contribute less than 0.5% to the damage frequency but will
result in a high-pressure damage state.

About 2% of the overall frequency of the damage states are a consequence of loss of RPV feed,
which results in a low-pressure damage state. This state is dominated by failure to close the lower
air lock in case of loss of coolant in the RPV-bottom head during a plant shutdown.



The result shows that damage states which can occur in the short term can more or less be ruled out.
Most of the events results in end states with long grace periods so that the probability that damage
states can be prevented by alternative measures is high.
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