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Abstract 

In Argentina the Central Nuclear Atucha II is near to completion. This is a pressurized heavy water 
reactor (PHWR with many similarities to typical German PWRs. Although it is not a recent design, 
it has some partly uncommon features, so that there is a certain resemblance to performing a PSA 
for a new design. In addition, Argentinean rules require a PSA level 3 before commissioning, and 
frequency limits for accident consequences in terms of doses to the public are imposed. This is an 
advanced PSA requirement and constitutes a significant challenge. 

PSA level 1, level 2 and level 3 have to be performed in order to show compliance with the 
Argentinean dose limit. Such studies have been done first by the former KWU in the 1980s to get the 
construction license (FABIAN 1985). Nowadays the plant owner NA-SA performs PSA level 1 and 
provides information about the core damage states to GRS, who does the subsequent PSA level 2 
part. GRS delivers source terms to the environment and the associated frequencies to the 
Argentinean research institute CNEA, which performs level 3 together with NA-SA. Since GRS is 
situated in the middle of the chain, interface definition with both ends has been a significant task of 
the GRS activities. Experience gained during this process will be highlighted in the presentation. 

The analysis of PSA level 2 proper follows a traditional approach: 

• Deterministic accident simulation with integral code MELCOR 
• Analyses of specific issues which are not covered by MELCOR 
• Probabilistic accident progression analysis with EVNTRE event tree methodology. 

Methodology and results of PSA level 2 applied to CNA II will be presented. Particular emphasis 
will be given to the issues of performing PSA for plants with partly uncommon properties, which are 
still under construction. This is comparable to the challenge of performing a PSA for a novel 
design. The focus is as well on the definition of the two interfaces to PSA level 1 and level 3. 

 

Keywords: PSA level 2, PHWR, Argentina, severe accidents  

1.  Introduction 

The Argentinean plant Central Nuclear Atucha II (CNA II, 745 MWe) together with its largely 
similar “sister unit” of lower power level (CNA I, 357 MWe) is located at the same site. While 
CNA I went into operation in 1974, the construction of CNA II has started 1981. Buildings and 
large components have been built until the mid-1980s. Construction has been interrupted from 1994 
until 2004. Now this plant is nearing completion. CNA II has to fulfil the Argentinean risk criterion. 
It requires that the consequences of accidents respectively severe accidents must not exceed a 
certain frequency-dependent limit. Therefore, it is necessary to identify and analyse the different 
accident sequences and to determine their respective frequencies in a PSA level 2 as a basis for 
plant external analyses in PSA level 3.  
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PSA level 2 analyses apply PSA level 1 results as initial conditions, and the outcome of PSA level 2 
is transferred to PSA level 3 which finally generates those doses to the public which can be 
compared to the risk criterion. Consequently, PSA level 2 has an interface with PSA level 1, and an 
interface with PSA level 3.  

The basic approach for the probabilistic accident progression analysis is an event tree analysis. In 
addition, the PSA of CNA II relies on a limited number of deterministic computer simulations using 
the integral code MELCOR 1.8.6. MELCOR is one of the most advanced computer codes for severe 
accident analyses and is applied worldwide for PSA level 2. A large effort has been devoted within 
the PSA level 2 for CNA II to produce a set of MELCOR runs according to the state of the art on a 
best-estimate basis starting with initial and boundary conditions as close as possible to real plant 
specific data. Issues that are not sufficiently covered by MELCOR, or that are plant specific, have 
been treated and described separately.  

Although CNA II is not a novel design, the plant has some uncommon features. In addition, the 
Argentinean radiological risk criterion is an advanced requirement. Therefore, it is justified to 
submit the present contribution to the OECD workshop on new and advanced reactors. 

2.  Particular challenges of the PSA 

As stated in the introduction, CNA II is not a novel design; nevertheless there are several issues 
which are comparable to the challenge when performing a PSA for a new plant. The following list 
provides those items: 

• The PSA has to be performed before the plant is in operation There is very little experience 
from similar plants. Worldwide, there is just one smaller plant CNA I which is comparable to 
CNA II. 

• The scope of the PSA includes PSA level 3, i.e. radiological consequences. 

• The levels 1, 2, and 3 of the PSA to get the operation license are performed by different 
specialised teams. 

• Accident progression is very slow for many sequences and especially after core degradation 
has started due to low specific power, large amount of coolant and moderator water in the 
reactor circuit and large steel mass of filler pieces inside RPV bottom. 

• The primary system has some unique features (four moderator loops connected to the 
moderator tank inside the RPV, almost all free volume in the RPV bottom head occupied by 
steel filler pieces, use of natural or lightly enriched uranium fuel elements inside zircaloy 
coolant channels [like BWR canisters], arranged in the large moderator tank of the RPV with 
a very large pitch between the channels) 

• The containment is of the typical German large dry type; but there are specific design 
differences like the online refuelling and the external spent fuel pool, space occupied by the 
moderator systems and its heat exchangers located below the steam generators, flow paths 
connecting the cavity and the sump at the bottom, enabling core melt after RPV failure to 
challenge the containment function. 

Figure 1 shows the moderator loops and sections of the main coolant loops. Figure 2 is an overall 
picture of the whole plant, where the containment, the auxiliary building and the spent fuel pool 
building can be seen in particular. 
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Fig. 1:  Primary and moderator cooling system of CNA II 

 

Fig. 2:  General view of CNA II plant 
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3.  The argentinean dose limit 

The Argentinean dose limit (AUTORIDAD REGULATORIA NUCLEAR, 2002) requires that the 
accident related risk to an individual must not be higher than the risk due to normal operation. The 
risk is defined as product of the frequency for a certain exposition and the conditional probability 
for death caused by the exposition (see fig. 3). 

The conditional probability for death is derived from ICRP data. It is separated into a stochastic 
region (<1 Sv) and into a non-stochastic region (>6 Sv). Between these two regimes there is a 
transitory regime. The risk due to normal operation is derived from an admissible exposition of 
0.001 Sv / a.  

Applying some additional pessimistic assumptions in order to cover uncertainties, the line shown in 
fig. 3 is defined. The criterion is valid for a single individual; it does not represent considerations 
for a group. Since 6 Sv is assumed to be lethal for the individual, an increase of the dose beyond 6 
Sv could not produce more effect. Therefore the line does not further decrease beyond 6 Sv and 1.E-
7/a. The criterion is valid for all operating regimes and for all initiating events. If more than 10 
different groups have to be considered, the y-axis of the graph has to be adapted accordingly.  

 

Fig. 3: The Argentinean dose limit 

When applying the criterion, accident sequences have to be combined into groups and for each of 
the groups a pessimistic sequence should be selected, representing the whole group. Per definition, 
the sequences within a group are not very different, although they are not identical. In practice, 
difficulties occurred in the process of selecting a pessimistic sequence as follows: 

• If the groups are defined adequately, the consequences of the group members do not differ 
very much, so that it is questionable whether the effort to identify the most pessimistic one is 
justified.  

• In order to identify the most pessimistic sequence in a group, it is (at least in principle) 
necessary to completely analyse many of the sequences within a group - including source 
term determination and the off-site consequences. 
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• It may turn out, that the most pessimistic sequence has a very small probability, far below 
the more frequent members of the group. 

Lessons learned: 

The criterion defines a certain dose limit to the public. It does not provide guidance with respect to 
other characteristic results, e.g. to core damage frequencies or to frequencies of large releases. This 
is straightforward and logical, but it means that the traditional grouping of sequences into core 
damage states or release categories is not helpful. In principle all sequences have to be analysed 
until the final dose calculation. Since this is not practical with the present methodology, grouping at 
intermediate levels is still needed, but it is required that within a group the most pessimistic 
sequence is selected as representative.  

4.  Interface between PSA Level 1 AND Level 2 

The plant owner NA-SA performs PSA level 1 (for initiating events from full power operation only) 
and provides information about the core damage states to GRS, who does the subsequent PSA level 
2. NA-SA applies the code RiskSpectrum, and GRS applies EVNTRE (GRIESMEYER 1989). 
Therefore, an interface had to be defined, linking both levels of the PSA. In principle, the traditional 
approach with a set of about 15 different attributes as described in general in the German PSA 
guideline (BUNDESAMT FÜR STRAHLENSCHUTZ 2005) defining the core damage states has 
been followed. Those attributes cover usual features (such as RPV pressure, or containment 
isolation) but also plant specific issues (such as loss of heat removal through the moderator loops, or 
leaks in the moderator loops). Since PSA level 2 work could not wait until PSA level 1 was 
finished, both teams had to work in parallel, and the interface had to be defined early in the project. 
This required considerable effort and iteration because the impact of some accident related plant 
properties had not been quite clear in the beginning, and because the different teams had to become 
familiar with the way of thinking and modelling of the other team. 

Lessons learned: 

PSA level 1 tends to apply pessimistic success criteria based on design basis accidents. PSA level 2 
provide more realistic criteria for core damage states. In the present PSA for CNA II, the more 
realistic criteria identified by level 2 have mostly been adopted by level 1. 

PSA level 1 / 2 interface uses about 15 core damage state attributes as recommended in the German 
PSA guide. Only minor modifications have been necessary to include the plant specific status of the 
moderator loops and its heat exchangers. 

Once the interface is defined and agreed, the transfer of core damage states runs smoothly, 
including Monte Carlo uncertainty data. 

PSA level 1 for CNA II identified that there are only few representative sequences leading to core 
damage. The final number of relevant core damage states is small (about 10). Many accident 
sequences, which can be imagined in principle (e.g. containment bypass, large break LOCA, high 
pressure sequences) have negligible frequencies.  

 

5.   Selection of representative MELCOR runs as basis for Level 2 analyses and for the 
interface to Level 3 

GRS delivers source terms to the environment and the associated frequencies to the Argentinean 
research institute CNEA, which performs level 3. GRS applies the integral code MELCOR 1.8.6 



NEA/CSNI/R(2012)2 

408 
 

(GAUNTT 2005) for severe accident analysis, and CNEA uses MACCS (BIXLER 2009) for the 
level 3 purposes. MELCOR source term output can easily be converted to a MACCS input file, so 
that from a technical point of view, the interface is no challenge. 

However, this leads to the question, which MELCOR runs should be regarded as representative for 
source terms and which cases are needed to allow the event tree quantification. The following issues 
have to be considered: 

• MELCOR is regarded as a state-of-the-art tool for severe accident analysis, providing 
realistic results. In probabilistic terms this means that MELCOR typically will represent the 
more likely sequences and source terms. However, in a PSA also very unlikely sequences at 
the edge of the spectrum need to be considered. As an example, there is a remote probability 
for containment failure due to hydrogen combustion, but in order to assess the related source 
term, combustion with subsequent containment failure had to be defined in a MELCOR run. 
Therefore, the user has to force MELCOR to calculate extreme sequences. It is important 
that nevertheless the selected parameters and assumptions are not unreasonable and physical 
phenomena are considered appropriately.  

• Secondly, as required by the risk criterion, the source term representing a group of sequences 
should be pessimistic in a sense of causing highest consequences. Since several different 
sequences from PSA level 1 end up in the same CDS group, it is not trivial to select the most 
pessimistic one without detailed analyses. This difficulty has led to a more practical 
approach in the project, selecting the most frequent scenario to represent a group of CDS. 

Lessons learned  

It is difficult to define “pessimistic” scenarios without detailed analyses within a group of sequences 
which are not very different, in order to fulfil the Argentinean risk criterion.  

The selection of the boundary conditions for the MELCOR runs related to systems status is done 
based on PSA level 1 fault trees. “Best estimate” conditions without particular conservative 
assumptions are always used. 

Forcing MELCOR to calculate sequences beyond the usually expected accident progression 
requires care in order to avoid unphysical results. One example is an analysis with a local hydrogen 
combustion causing a small defined local containment failure. 

6.  Modelling the plant with MELCOR 

CNA II is similar to typical German PWRs for many aspects but it differs in several other aspects 
from those reactors, so that modelling it with MELCOR is a real challenge. The following issues are 
particularly important: 

• The coolant and moderator in CNA II is heavy water, not light water. Light water is used 
only in the emergency core cooling system. MELCOR does not have sufficient models for 
heavy water thermal properties. A survey of heavy water thermal properties and a 
comparison of the early accident phase between MELCOR and RELAP (which has an 
adequate model) confirmed that the light water models and the developed reactor/moderator 
circuit model are adequate. 

• CNA II has individual zircaloy fuel channels around each fuel element. Therefore, although 
it is a pressurized water reactor, the MELCOR core model for BWRs with zircaloy canister 
structures around fuel elements has been applied. It allows an adequate modelling of the core 
melting process including zircaloy oxidation and hydrogen production and the opening of 
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flow paths between the coolant channels and the moderator tank. Not much adjustment was 
needed to get reasonable results. 

• CNA II has four moderator loops including a moderator pump and a heat exchanger in each 
of it. An individual model of each loop was needed as the systems are used during normal 
operation for heating the steam generators feed water and during accidents for emergency 
core cooling and residual heat transfer in addition to the steam generators.   

• CNA II has large steel filler pieces in the lower and upper plenum of the RPV, reducing the 
required volume of heavy water. A fine axial lower plenum model was needed. In 
combination with the low power, this leads to very long lasting core melt sequences with 
large liquid steel fractions before the RPV bottom fails mainly at a lateral position. Not all of 
the steel filler pieces get molten.  

• After RPV bottom failure, corium spreads into the cavity and can move through ducts from 
the cavity to the containment sump, where it is covered by the sump water. There it will 
probably fail one to four of the sump suction lines or their penetrations at the bottom of the 
sump. So the containment function is lost and connection(s) into one to four different rooms 
inside the reactor building annulus at its lowest level are opened. Several related assumptions 
about up to six different “cavities” had to be entered by the user. “Cavity models” of the 
reactor pit, the sump and the four rooms inside the reactor building annulus are needed. The 
melt transfer between the cavities is controlled by the code user. 

• The MELCOR analyses performed in the project have been used in addition for the 
determination of the passive autocatalytic recombiner (PAR) concept. This requires an 
adequate modelling of the containment volume and of the PARs. 

• As the most probable radionuclide release paths lead through the annulus and parts of the 
connected auxiliary building, both had to be modelled in large detail as well. This applies 
also to ventilation systems inside the containment and as well the annulus.  

Lessons learned  

MELCOR is flexible enough to model several plant features of CNA II which are different from 
ordinary reactors – PWRs or BWRs. Therefore, there may also be good prospects for applying or 
adapting MELCOR to new reactor designs. 

Adequate detail in the plant modelling, together with the often slow accident evolution and 
requirements from PSA level 3 related to the duration of analysed sequences, lead to large 
computing times (sometimes in the order of months on a PC). 

Critical evaluation of MELCOR results is needed in order to ensure a realistic assessment of non-
common features. Code to code comparison with a detailed RELAP model used by NA-SA for PSA 
level 1 provided confidence in the MELCOR models. Having large experience in applying 
MELCOR to PWR and BWR plants was very helpful.  

Some MELCOR deficiencies could be identified and fixed or circumvented (e.g. by a separate 
source term estimation within the event tree analysis related to gaseous iodine source terms). 
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7.  Probabilistic assessment 

The probabilistic accident progression analysis is based on an event tree analysis performed with 
the EVNTRE code. In early stages of the project, before it was known that the spectrum of core 
damage states is rather limited, and before some plant specific features had been fully evaluated, a 
general event tree had been developed within this PSA. Due to the particular design of CNA II and 
according to the set of core damage states provided by PSA level 1, several issues normally 
addressed in PSA level 2 are irrelevant or trivial in this plant.  

The final event tree consists of approximately 100 branching points. They are mostly arranged in a 
logical way so that causes are followed by consequences. This is practically equivalent to a 
chronological ordering of the branching points. About half of the branching points are needed to 
evaluate source terms and other results. 

Since high pressure scenarios and containment bypass scenarios are not relevant in CNA II 
according to the present set of CDS, only the following uncertain issues remained with potential 
high influence on the source terms, needing refined probabilistic assessment: 

• Hydrogen combustion in the containment and potential containment challenge, if the PAR 
system foreseen to be installed does not prevent them. 

• Loss of containment function by melt-through of sump suction lines / penetrations due to 
core melt attack. 

• After sump suction line melt-through: Pressure build up and failure of doors from the reactor 
building and / or from the auxiliary building, leading to the environment. 

Explicit source terms from MELCOR calculations are available only for a relatively small number 
of representative accident sequences. But at least one MELCOR calculation exists for each CDS 
group and for each of the defined release categories. Often sensitivity calculations of the base cases 
have been performed to support the event tree quantification. In order to have some estimate of the 
source term for each sequence described by the event tree a so-called release factor model has been 
implemented into the event tree analysis for iodine in its most likely chemical form CsI and for 
noble gases. Gaseous iodine is considered additionally in the event tree models. 

Lessons learned  

Plant-specific features can be important for the overall result (like the potential for containment 
failure via sump suction lines in case of CNA II). Their probabilistic assessment often requires 
expert judgement in addition to results and boundary conditions obtained from deterministic 
analyses. 

The EVNTRE code has proven its value for complex probabilistic analyses, especially because 
user-defined subroutines for obtaining branching probabilities can be implemented. For example, 
this feature has been used in the present PSA for a source term estimate on the basis of a release 
factor model which is directly linked to the event tree model.  

8. Definition of release categories and source terms as interface to Level 3 

During the course of the project, several iterations with staff from PSA level 3 took place to develop 
an agreed PSA level 2 – level 3 interface. The following key issues are taken into account in 
defining release categories (considering that the present CNA II analysis does not contain 
containment bypass sequences): 
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• Status of containment ventilation isolation (isolated – not isolated) 

• Containment leak before RPV failure (leak develops – does not develop) 

• Core relocation to lower plenum leading to RPV failure (no RPV failure – RPV failure more 
than 48 h after initiating event – RPV failure less than 48 hours after initiating event) 

• Containment failure via sump suction line (failure occurs – does not occur) 

• Status of doors to environment in annulus and auxiliary building after containment failure 
(doors are forced open – doors remain closed) 

The selection of these attributes is based on the source terms calculated by various MELCOR runs. 
It could be shown that this set of attributes sufficiently defines the source term. The precise 
definition of the release categories needs information about similarities of releases and therefore 
depends on the MELCOR accident analyses.  

In principle, with those five sorting criteria mentioned above a maximum of 2·2·3·2·2 = 48 release 
categories could be defined. In the practical definition of the release categories, however, some of 
the possible combinations are grouped together if their release characteristics are similar or if a finer 
distinction would lead to release categories with vanishing frequency. Further, it is not reasonable to 
combine all attributes, because some of them are overriding others. For example, if the containment 
ventilation is open, there is always the possibility for an early and large release of radionuclides into 
the environment, whatever is the status of the other parameters. Finally, the analysis showed that 
seven different release categories are sufficient. 

As mentioned above, the frequency of each release category has been calculated with the event tree, 
and the source term for each release category has been taken from an appropriate representative 
MELCOR run. Uncertainties of frequencies are identified by a Monte Carlo analysis of the event 
tree, and uncertainties of the source term magnitude are covered by the specific release  model in 
the event tree, taking into account also gaseous iodine.  

8.  Summary and results 

With respect to PSA level 2 for new and advanced reactors, the experience with CNA II shows: 

• Existing deterministic (MELCOR) and probabilistic (EVNTRE) methods and PSA 
guidelines in general are flexible enough to analyse new or especially uncommon reactor 
designs. 

• Plant specific design details may require specific analyses or estimates beyond present code 
capabilities, and they can largely determine the PSA results.  

• If PSA level 3 is required, significant uncertainty exists regarding the definition of source 
terms and the selection of representative or most “challenging” cases.  

• In particular the behaviour of Iodine is still not covered satisfactorily by state-of-the-art 
models in MELCOR. Additional effort was needed in the event tree to represent gaseous 
iodine. 

• A precise definition of interfaces between the PSA levels supports understanding among 
different PSA teams and enables parallel work on the different levels. A direct transfer of 
MELCOR results to the PSA level 3 team is a simple and useful approach. 
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The unique feature of CNA II in contrast to most other operational reactors is a direct path from the 
cavity to the sump at its bottom level: ore melt easily can reach the sump and the sump suction lines 
after RPV failure. This causes likely damage to sump suction lines and their penetrations due to 
core melt attack after RPV failure, which means that the containment function is lost. The failure of 
doors to the environment is rather likely after sump suction line melt-through, leading to 
considerable source terms through the annulus and/or parts of the auxiliary building into the 
environment at ground level. 

As a consequence, one release category characterized by RPV melt-through, sump suction line 
melt-through and doors to the environment pushed open clearly dominates. Nevertheless, the 
release fraction of Iodine in the form of CsI aerosol is only of the order of 2 % of the core inventory 
even in this case because Iodine is mostly contained within sump water, not in the atmosphere. 
Sump water is released from the containment, but it remains in the lower rooms of the reactor 
building. Because of the low CsI release fraction, the relative contribution of gaseous iodine 
becomes important. The additional fraction of gaseous iodine reaching the environment can be of 
the same order as the iodine in aerosol form. 

The hydrogen issue is almost irrelevant, demonstrating the beneficial effect of the PARs foreseen to 
be installed.  

The duct between cavity and sump which is detrimental for core melt progression, could on the 
other side allow the implementation of an accident management measure to cool the RPV from 
outside to avoid its failure. Since the RPV is big and the specific power is low, there are good 
chances for success. This measure is under consideration at present, but not yet decided. 
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