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ABSTRACT

The operation of Paks NPP has reached its half time. Until this time the plant fulfilled
expectations raised before its construction: the four units have produced safely and reliably
more than 200 TWh electricity. The production of the plant has been at the stable level since
its construction and has provided 43-38 % of electricity consumed in Hungary. The annual
production is around 14 TWh, which means a load factor higher than 85 %.

Safety upgrading activities [1] at Paks had started in the late eighties, when the
commissioning work of units 3 and 4 were carried out. That time the main emphases were put
to lessons learned of the TMI and Chernobyl accidents. The international reviews hosted by
our plant widened our review’s scope. To systematize our approach a complete safety review,
the AGNES (Advanced General Safety and New Evaluation of Safety) project was started in
1991. The goal of the project was to evaluate to what extent Paks NPP satisfied the current
international safety expectations and to help in determining the priorities for safety
enhancement and upgrading measures. The project completed in 1994 ranked our safety
upgrading measures by safety significance, which became a basis for technical design work
and financial scheduling.

The other important outcome of the AGNES project was the introduction the Periodical
Safety Review regime by our nuclear authority. These periodical reviews held after 10 years
of operation offer the possibility – and obligation for the licensee – to perform a
comprehensive assessment of the safety of the plant, to evaluate the integral effects of
changes of circumstances happened during the review period. The goal of these reviews is to
deal with cumulative effects of NPP ageing, modifications, operating experience and
technical developments aimed at ensuring a high level of safety throughout plant service life.

The execution of our safety-upgrading program is well advancing. For the whole
program from 1996 to 2002 250 million US dollars will be invested [2]. Up to the end of 1999
60 % of the allocated resources was already spent. Thanks to these measures the core damage
probability has decreased by a factor of 10.
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1 DESCRIPTION OF THE ESSENTIAL SAFETY ENHANCEMENT MEASURES

Protection of containment sump against clogging. (Completed at all units.)

New sump strainers will prevent the emergency core cooling system unavailability in
case of loss of coolant accident (LOCA) conditions.

Hydrogen management in the containment. (Completed at all units.)

Catalytic recombiners were installed in the containment to prevent the accumulation of
hydrogen following a LOCA event.

Relocation of emergency feed water system (EFWS). (Completed at all units.)

A significant design shortcoming were eliminated with the relocation of EFWS from the
direct vicinity of the main steam and feed water lines. At the new location the EFWS is
protected from hazard of high-energy line breaks and of fires and floods in the turbine hall.

Refurbishment of the reactor protection system (RPS). (Completed at unit 1 and 2.)

The replacement of the RPS with software based techniques is under way. The new
system has improved and enlarged functionality as well as better man-machine interface.

Replacement of the primary overpressure protection. (Completed at unit 1 and 2.)

The new system with its advanced design and qualified safety and relief valves
minimises the risk of the failure during accident scenarios at nominal and cold conditions.
The system provides appropriate tools for operators to decrease the primary pressure in case
of severe accidents.

Handling primary to secondary leakage at steam generators. (Modifications are under
way.)

Several technological and I&C modification will be introduced to minimise the risk of
core damage and radioactive releases in case of steam generator failure. Modifications will
facilitate the early detection of such failure, terminate the primary leak by decreasing the
primary circuit pressure and limit the amount of radioactive releases.

Earthquake resistance improvement. (Measures are partly in the planning and in the
execution phase.)

There is a complex set of measures aimed at improving the earthquake tolerance of the
plant. These measures include the reinforcement of building structures, technological and
I&C systems, introduction of new protection signals and modification of the cool down
technology of units following a seismic event.

Introduction of symptom oriented emergency operating procedures. (EOP)

The new set of emergency procedures was elaborated in co-operation with Western
companies and after the validation on our simulator and training of the personnel it will be
introduced from 2002. These procedures offer better support for operators in accident
situations helping them to find quickly the best solutions under heavy stress conditions. In
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parallel with EOPs a state of art critical safety function monitoring system will be installed,
which will further improve the man-machine interface in the unit control room.

2 SAFETY ASSESSMENTS

During the past years an extensive work has been carried out at Paks Nuclear Power
Plant in rewriting the whole Final Safety Analysis Report. This chapter of the paper
concentrates on presenting the main features and the actual status of safety analysis
performed.

The original safety analysis made by the Soviet vendor was criticised in several ways,
though no significantly deviating results were found. The original analysis, which covered
only design basis accidents, was completely repeated. It was supplemented with the analysis
of severe accidents and also with a probabilistic safety assessment. This analysis work was
performed in the framework of the AGNES project (1991-94), based on the methodology that
was elaborated also by the project. This methodology was later approved by the new
Hungarian regulations issued in 1997.

The Final Safety Analyses Report now contains the actualised results of the AGNES
project [3]. The actualisation of the safety analysis was carried out because of two reasons.
Firstly, the actually valid safety analysis is based on principles that significantly differ from
the basis of the original safety analysis, however, conclusions of the original safety analysis
have remained valid to a great extent. Secondly, the results of safety analysis together with
the operational experience initiated an extensive Safety Enhancement Program. As a result of
the plant modifications, the topic of the safety analysis, i.e. the plant units have been changed
very much from the original status, and the safety analysis has to reflect the consequences of
safety improvements and other modifications.

The first chapter introduced the Safety Enhancement Project that is partially based on
the results of the safety analysis of the AGNES project. As a result of the recent upgrading all
the important shortcomings pointed out by safety analysis are diminished. Safety analyses
have been extensively used in connection with the design of the safety enhancement measures
and also in order to assess the gain in safety level caused by the various measures.

2.1 Design basis accidents

The actual results of the analyses verified the expectations concerning the large safety
margins of the VVER-440/V-213 system. The plant satisfies the criteria for the accidents
investigated in accordance with the single failure principle. In the majority of cases the
availability of an even more reduced number of emergency core cooling systems does not
lead to the violation of the criteria. DBA analyses indicated the necessity of further actions in
some cases, i.e. steam generator collector cover opening.

Accidents leading to primary coolant flow outside of the containment form a potentially
dangerous group of loss of coolant accidents (steam generator tube rupture, steam generator
collector cover opening, leak into the MCP intermediate circuit). In these cases there is no
sump water and after the ECCS tanks have emptied the core may be damaged if the break is
not isolated in due time and if the water supply cannot be provided from another source.
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It was an important result of the analyses that in the course of anticipated transients
without trip events no dangerous state of the system occurs and the criteria are satisfied,
assuming best estimate conditions.

The pressurized thermal shock analyses pointed out that the vessels are not endangered
at present by the thermal shock transients but problems can be expected in the second half of
the plant's lifetime. They seem to be solved by appropriate life-time management, functioning
the surveillance system and finally by increasing the water temperature in the ECCS tanks. It
is an important task to avoid under any circumstances the repressurisation of vessels in the
cold state.

In the case of the large cold-leg break – that serves as the design basis of the
containment – the resulting maximum pressure was smaller than the design value.

The relevant criteria are satisfied in events having radiation consequences, as was
expected. The analyses pointed out that release of the primary coolant activity does not lead to
the environmental dose reference values being exceeded even for steam generator collector
cover opening, which is assumed to be the most serious event. Since the dose values obtained
for this case were not much below the reference values, it was recommended to decrease the
limiting value of the primary circuit activity and to ensure realistic modelling of iodine
spiking based on measurements.

Hydrogen generation was not taken into account in the original plant design. The
eventual generation of gases in the vessel makes the establishment of a gas removal system in
the primary circuit necessary, but it become even more important to establish a system for
hydrogen removal from the containment.

2.2 Severe Accident Analyses

Analyses of different severe accident sequences with core melt led to the following
conclusions.

As far as the in-vessel phase is concerned, the VVER-440 reactor has extremely large
water reserves both on the primary and the secondary side. The relatively small core, where
the power density is low, is situated in a long reactor vessel containing the control assembly
follower fuel elements with a lot of iron structures below the core. The six-loop arrangement
leads to a high volume primary circuit and this ensures that the core or the pressure vessel
remains intact for a longer period even if the core remains uncooled. If these reserves are
expressed in terms of time, it means that more time passes until the core melt than in the case
of reactors of other designs.

If core melting cannot be prevented then the molten corium attacks the material of the
reactor vessel. It was found that the vessel damage probability of a VVER type reactor vessel
is lower than or equal to the probability for Western types.

A significant amount of radioactive material may be released into the environment after
a core melt via the normal leakage of the containment, but the situation is even more
dangerous in case of physical damage of the containment. The analyses showed that the
pressurisation load to the containment due to blow-down in the in-vessel phase of severe
accidents does not exceed the design value. The containment integrity is challenged by the
following factors:
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1. If vessel failure occurs at high primary system pressure, then the high pressure in the
reactor cavity may lead to the loss of containment integrity. This is why the pressure
reduction of the primary circuit (bleed) is of primary importance.

2. The danger of hydrogen combustion depends on hydrogen concentration. The dominant
hydrogen sources are zirconium oxidation (in the in-vessel phase) and core-concrete
interaction (in the ex-vessel phase). Due to high hydrogen concentrations detonations may
occur leading to large dynamic pressure peaks. At lower concentrations, turbulent burning
may develop with intensities depending on the actual burning mechanism. Higher
pressures may occur in case of adiabatic full burning and in case of spread of accelerated
flames from one room to another.

3. With low-pressure core melting, the reactor cavity may be damaged by the molten corium.
Containment over-pressurisation may be an important risk for units with reduced
containment leakage rate, but for the otherwise disadvantageous high leakage rate
containment withstand the slow increase of pressure.

Assuming releases only via containment leakage, calculations were made taking into
account the retention of the reactor hall. If this retention is taken into account, no fatalities
occur due to deterministic injuries and the threshold doses are not exceeded for any human
organ. The release of 137Cs does not exceed 100 TBq and the late consequences of other
radioactive nuclides remain well below the effective dose equivalent caused by 137Cs release.
These statements remain valid as long as containment damage does not occur.

Prevention of core melting by operator intervention and the pressure reduction in case
of high-pressure core melt sequences has been perfectly solved by introducing the new
symptom-oriented emergency operating procedures.

The further recommended accident management strategies are under elaboration. The
severe accident studies performed in the last years aimed to cope with these problems.

All the analyses have shown that large coolant inventories (primary and secondary), and
large thermal margins of the design ensure long periods available to take preventive measures.
The results provide knowledge of these time intervals and of accident progression, and give
also a basis for further investigation of accident management measures. Based on the
conducted severe accident analyses vulnerabilities have also been identified. These are:
possible high pressure melt ejection, highly flammable hydrogen mixtures and the
containment failure due to the debris thermal attack of the cavity access door.

Recently it has been decided to concentrate the efforts to find the solutions for the until
now not realised accident management strategies in the framework of a new project. In the
framework of the project a Level 2 PSA study will be prepared, the containment physical
damage problems will be solved and a consistent approach will be suggested to extend the scope
of accident management to the entire complex of severe accidents.

2.3 Probabilistic Safety Analyses

The level 1 probabilistic safety assessment that was carried out for unit 3 of the Paks
NPP within the framework of the AGNES project was one of the first large scale PSAs for
VVER type reactor. In the recent years substantial improvements and extensions have been
made to the original PSA to ensure a credible, up-to-date safety assessment and to support
safety enhancement at the plant by PSA applications. Some important milestones can
highlight achievements in the PSA studies:
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� A level 1 PSA of anticipated internal initiators at full power operation has been carried out
for each unit of the Paks plant. As a result, four stand-alone, unit specific PSA models and
the corresponding results are now available for internal initiating events such as loss of
coolant accidents or transients initiated in the secondary circuit.

� The PSA for plant operation at full power has been extended with a probabilistic analysis
of an annual refuelling outage (so-called shutdown PSA) including all phases of cooling
down, refuelling and start-up. Unit 2 was the reference unit for the shutdown PSA, and the
results have been found applicable to the other units at Paks too.

� The most important internal hazards have been taken into account in the Paks PSA study
by an analysis of internal fires and flooding. Initial results of the PSA for fires and
flooding have been generated for unit 1 of Paks. There are initiatives in place to extend
these studies to the other units by performing unit specific analyses.

� A level 1 PSA of seismic events has been started which is to be completed in 2001. It is an
important extension that ensures the inclusion of the most important external hazard in the
PSA for Paks.

The existing PSA studies are updated annually. All the safety related plant
modifications and changes in the reliability characteristics of plant equipment and/or plant
personnel are modelled, the PSA results and documentation are updated as necessary.
Operation of this “living PSA” helps to follow changes in the safety level of the Paks NPP,
and it also ensures that risk based decisions by the plant management/personnel can be
supported by an up-to-date risk model of the plant.

Following is a summary of important results from the level 1 PSA studies of the Paks
NPP for internal initiating events. Selected results are presented from the point estimate
calculations, from the importance analysis and from the uncertainty analysis. These results are
representative for the state of the plant in 1999.

Taking into account the status of plant systems, operating conditions, characteristics of
emergency responses, and all plant modifications made up to 1999 the total annual core
damage probability (CDP) due to potential accidents from internal initiating events is about
7.1·10-5. This figure represents an integrated core damage risk obtained by summing up the
core damage probability for full power operation and for the 24 low power and shutdown
plant operational states analysed. The risk figures are very comparable for the different units.
The slight difference (about 10 %) that can be observed is attributable to differences in the
implementation of safety improvements measures that were taken into consideration during
the latest PSA update.

By evaluating the risk significance of different plant operational states, it can be
concluded that the core damage probability during full power operation is very close (almost
equivalent) to that of a planned outage for refuelling. Full power operation (which is by far
the longest operational state) has the largest contribution (about 50%). Risk during an outage
is dominated by those plant operational states when the reactor vessel is open for refuelling
and the water level is low in the reactor. Plant states which follow boration and in which the
primary coolant temperature is above 150 °C are the next in terms of risk significance. Other
important operational states are those characterised by open reactor vessel with refuelling
water level, and by natural circulation with pressurised primary circuit.

With respect to the importance of different initiating events and accidental processes it is
considered useful to discuss the various risk contributors by grouping the initiating events into
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some characteristic categories. The next table shows the distribution of the core damage
probability in accordance with this grouping.

Initiating Event Group CDP
Value %

Large or medium LOCA 1.04·10-5 14.6
Small or interface LOCA 2.51·10-5 35.4
Loss or reduction of feedwater or steam flow 2.12·10-5 29.9
Electrical or instrumentation and control failures 1.18·10-5 16.7
Other transients 2.41·10-6 3.4

Loss of coolant accidents (LOCA) in the primary side and loss of secondary side
cooling dominate the probability of core damage. A LOCA during full power operation can
be the result of random component failures in most cases. In low power and shutdown modes
a primary side LOCA can potentially be induced mainly by inappropriate maintenance actions
(e.g. inadvertent opening of valves, dismantling of piping components) rather than hardware
failures. Similarly, during full power operation loss of secondary side cooling due to either
loss of feedwater or loss of steam can typically be the result of random failures of the
corresponding plant systems, while inadequate system alignments have been identified as the
major contributor to such a potential accident during low power and shutdown modes.

Initiating events related to failures of electric power supply and instrumentation and
control systems are also a notable contributor to risk at full power. Loss of vital bus bars for
electric power supply dominates within this initiating event group. These initiating events
have not been found important during low power and shutdown conditions.

During the shutdown PSA specific attention was paid to the analysis of the following
shutdown specific events and processes:

� termination of natural circulation
� drop of a heavy load
� inadvertent boron dilution of primary coolant
� pressurised thermal shock of the reactor vessel.

Termination of natural circulation has been found a notable risk contributor. Drop of a
heavy load is also noteworthy because it can lead to core damage either directly (e.g. during
lifting of super heavy reactor internals) or indirectly (e.g. by causing a loss of coolant
accident). Inadvertent boron dilution is not a very significant risk factor, but its contribution is
not negligible either. Pressurised thermal shock is of minor importance.

The next figure shows the changes in core damage probability in the last five years
based on the results of the PSA for full power operation and for low power and shutdown
states. The overall risk figure for internal events has been decreased by an order of magnitude
during this period of time. Safety improvement has been achieved during full power operation
and during low power and shutdown conditions as well. The PSA has quantitatively shown
that this considerable risk reduction can be attributed to the safety enhancement measures that
have been implemented at Paks up to now. Further substantial risk reduction is expected as
result of planned and ongoing safety improvements.
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From among the extensive results of importance and sensitivity analyses it is seen
meaningful and sufficient to list the fractional contributions (the so-called Fussell-Vesely
importance measures) obtained for some major classes of component failures and human
errors:

� inappropriate human actions that can cause unavailability of safety related systems or
equipment: 0.19

� inappropriate human actions that lead to an initiating event: 0.26
� inadequate human responses to accidents: 0.65
� failures of mechanical components: 0.53
� failures of I&C and electrical components: 0.19.

On the whole, the dominant risk contributors indicate human reliability is a key factor
that greatly determines the core damage risk. As a necessary permanent safety improvement
activity at the Paks NPP it is considered of ultimate importance to maintain and strengthen
favourable conditions for safety significant human interactions (normal operational,
maintenance, and emergency actions) including human related, equipment (or technology)
related and organisation related aspects. The Paks NPP has been and will be making
significant efforts in this area.
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