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Abstract

The European project ASAMPSA2 (Advanced Safety Assessment Methodology: level 2 PSA) of the 7"
Framework Program aims at writing practical guidelines for conducting PSA level 2 studies on Light Water
Reactors (PWR and BWR). The project includes also a supplemental task dealing with GEN |V reactors. Two
main objectives are assigned to this task: 1) the verification of the potential compliance of L2PSA guidelines
based on PWR/BWR reactors with Generation 1V concepts; 2) a brief survey of the modelling needs to describe
the new features of GEN IV reactor conceptsin terms of performing a level 2 PSA.

Taking into account the ASAMPSA2 partners knowledge, the project has focused on four concepts: SFR, LFR,
GFR and VHTR. For each of those concepts, a conceptual design was selected as reference: the European Fast
Reactor (EFR) for sodium cooled fast reactors, the ELSY project for lead cooled fast reactor, the CEA GFR2400
project and the ANTARES project for VHTR.

As a first stage, relevant data for each concept have been collected when available. These included: 1) basic
general parameters and design characteristics relevant for safety studies with a specific attention given to
passive devices; 2) information about former PSA2 studies on such concepts; 3) expert reviews about accident
phenomenol ogy knowledge (like PIRT); 4) list of computational tools developed or used for accident progression
studies with, if possible, some basic information about the tools (availability, level of development, validation,
documentation).

In a second stage, the collected data were used to evaluate the compliance of the LWR guideline chapters with
GEN 1V concepts. The LWR guidelines may be divided into two main sections: chapters dealing with a specific
phenomenon induced by core degradation and chapters dealing with general PSA methodology (like interface
between PSA1 and PSA2, human risk assessment, system modelling and the role of expert opinion). The overall
conclusion is that methodology is not very much affected by the reactor type contrary to what is related to the
accident phenomena.
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1. Brief survey of the ASAMPSAZ2 project

The European project ASAMPSA2 (Advanced Safety Assessment Methodology: level 2 Probabilistic
Safety Assessment — L2PSA) of the 7" European Framework Program (EU-FP7) aimed at developing
best practice guidelines for the performance of Level 2 PSA on Light Water Reactor — LWR.
Pressurized Water Reactor — PWR — as well as Boiling Water Reactor — BWR — were considered.
Specific concerns of the project were L2PSA methodology harmonization at EU level and
methodology for uncertainty evaluation in aLevel-2 PSA. As aresult guidelines for both limited scope
and fuel scope L2PSA, based on each of the 22 partners’ practical experience, were issued.

A small part of the project was devised as an extension to GEN 1V reactors with two objectives:
e to determine how far the L2PSA methodology guidelines are relevant for GEN 1V concepts,

e to provide abasisfor the devel opment of new models or extension of existing modelsto
describe the GEN 1V reactors specific “mechanisms”.

Although this Work Package goal is ambitious, only restricted human and financial means have been
allotted.
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Work started in February 2008 and has been concluded in November 2010. A draft report has been
sent to agreat number of organisations all around the world with an extensive questionnaire. Received
answers have been analyzed and discussed during an open meeting held in last March. Based on this
analysis and available time, improvements to the report will be operated before end of year 2011.
Possibilities to extend the project are under discussions.

2. Applied methodology for GEN 1V

During the work package kick-off meeting, it was agreed among participants to work along three
steps.

Thefirst step of the project was to select a reference design for each of the six pre-selected GEN 1V
concepts and to collect relevant data for each of those designs. Data availability for participants
resulted in keeping only four of the six nuclear reactor concepts elected by the GEN IV forum as of
special interest (sodium cooled fast reactor, lead cooled fast reactor, gas cooled fast reactor and very
high temperature reactor). The molten salt reactor and supercritical water cooled reactor were set aside
as nobody in the team had any involvement with these reactor types. Data considered as significant for
safety issues (core features, containment features) were then collected for each of the four selected
designs.

The second step has been the collection of a wide range of information connected with the following
issues:
1. theidentification of specific degradation mechanisms as the so-called core disruptive
accidents for fast neutron reactors,

2. the specific provisions for prevention and mitigation of severe accidents with a specia
concern for passive systems which should be widdly used for GEN 1V reactors. An example of
such systemsis the Japanese FAIDUS to rel ocate molten fuel out of the core to ensure the
reactor remains sub-critical,

3. the parameters which should be of importance for the source term evaluation. One may quote
the sodium chemistry for instance and the possibility to generate new physical species by
combination between fission products and sodium. Those products may be liable to more
important retention than the isolated fission product,

the R & D needsif such evaluation was available,

the specificity of shut-down states as for instance the rotating plug for SFR to prevent contact
between sodium and atmosphere due to its strong reactivity with air,

6. totry to get information about previous PSA2 studies conducted on similar concepts,

7. tomake afirst survey of available codes for PSA2 studies on such reactors (and reciprocally
needs for codes).

Then once all those information had been collected as much as possible in the project frame, the third
step has been to evaluate the relevance of the guidelines written for LWR for those GEN |V reactors.

3. Thefour reference designs selected

For the four selected concepts, the reference projects have been: the EFR project for Sodium Fast
Reactor (SFR), the ELSY project for Lead Fast Reactor (LFR), the GFR 2400 CEA project for Gas
Fast Reactor (GFR) and the AREVA ANTARES project for Very High Temperature Reactor (VHTR).

The European Fast Reactor (EFR) project was selected as a representative for SFR designs. The
EFR project was a European project stopped in 1998 and aiming at embodying all the Western Europe
know-how about sodium cooled fast breeders gathered at the time. It had been quite an advanced
project (with teams having worked on it for around 10 years) ultimately cancelled when it became
obvious it would not be possible to build a new SFR anywhere in Western Europe before long. It's a
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3600 MWth, fast neutron spectrum sodium cooled pool-type (so different from the MONJU loop type
reactor and similar to the Super PheniX - SPX concept) reactor.

The ELSY project (Alemberti and al., 2011) was chosen as a representative for lead cooled fast
reactors. The ELSY project - developed in the frame of the EU-FP6 by a consortium of organizations -
aims to demonstrate the possibility to design a competitive and safe fast critical reactor using simple
engineered technical features. The ELSY power plant is a pool-type reactor concept, sized at 600
MWe, and uses lead as primary coolant. With a core outlet temperature close to 480°C, the primary
side cycle is consistent with a secondary side water-supercritical steam at 200 bars and 450°C
providing a thermal efficiency above 40%. Lead was preferred to the lead/bismuth eutectics (LBE)
sinceit isless expensive, less corrosive and of |lesser radiological concern than LBE.

Figure 1 : sketch of the ELSY reactor concept

The Gas cooled Fast Reactor 2400 MWth (Dumaz and al., 2006) is a project developed by the CEA.
As at least three papers presented during this OECD conference are dealing with this reactor, only
limited information is provided here. No GFR prototype has ever been built although the idea to build
such a reactor is rather old since it combines the advantages of the fast neutron reactors (high
efficiency for eectric production and possibilities of direct heat uses). As well the coolant is
chemically inert (no corrosion or violent chemical reactions) and transparent which ease the
monitoring, handling and repairing. However, since the helium density at low pressure is rather small,
for core heat removal the reactor must be operated at high pressure contrary to the metal cooled
reactors. It must be pointed out that loss of coolant accident doesn't lead to prompt criticity as in
current SFRs. The reactor reference design in the project was a 2008 design with a very innovative
fuel-plate concept displayed below with ceramic cladding. Some technological developments and
component qualifications are still necessary to build an experimental reactor before building an
industria prototype.
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Figure 2: GFR reference fuel for the ASAMPSA2 project

The use of helium as a coolant means there are some similarities with the VHTR concept and a
possibility to profit from some of the VHTR feedback.

For the AREVA ANTARES project (Gauthier and al., 2006) — a VHTR - some specificities of the
concept may be summarized as follows:

1. it'sathermal reactor, the only one among the four projects, with graphite as moderator and
helium as coolant,

it'san industrial project, so that access to the data remained quite limited,

it's areactor design with arather rich former history with at least five operational parent
reactors having worked in the past and several projects being either built or having recently
begun operation. Thisfeature is a specificity shared with the SFR but which makes it distinct
from the GFR and LFR.

4. it'sa600 MWth reactor, so rather a small reactor contrary to the three other projects.

For fuel packaging, the ANTARES project uses a prismatic bloc type core (UO2 fuel, TRISO coated
particles) like the Fort Saint-Vrain reactor (USA) and different from the pebble bed concept built in
Germany. The power cycleis an indirect cycle with the gas turbine located in the secondary circuit but
still with athermal efficiency of around 45 to 50% due to high temperature.

Examples of datawe tried to collect for each of the four representative concepts are:

e for the primary circuit: nature of coolant, mass of the fluid, inertia of the circuit (fluid and
structures), operating pressure, core inlet temperature, core outlet temperature (mean and
maximum),

e for the secondary circuit: nature of coolant, mass or volume of the fluid, operating pressure
and maximum temperature,

e for the containment: containment free volume, containment design pressure, maximum mass
for H,, CO and CO2 which isliable to be present in the containment,

e data needed for the assessment of the accident progression tree and related phases like main
materials used for fuel, claddings, moderators and core structures and mass inventories for
those materials.

Nota: in what follows, examples will be taken from one or the other design.
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4. Specific provisons for prevention and mitigation of severe accidents
consequences

In both PWRs and BWRs, several provisions are used in order to limit the consequences of Severe
Accidents (SA). For PWR, such a provision isfor instance the containment spray system, to reduce the
containment pressure and remove the decay heat, or the use of igniters or catalytic recombiners for
hydrogen control inside the containment.

For Generation IV reactors, different “devices’ are specifically engineered for prevention and
mitigation of Severe Accidents. They can be classified as:

1. a3" shutdown system. Such a system isimplemented on some fast reactors and it could be
self-actuated (a passive device not only for the rod insertion but also without the need of any
signal: the actuation of the system is caused by effectsinduced by the transient like material
dilatation in case of overheating of the coolant for instance) according to some GEN IV
projects.

2. agpecific design of the core assembly to promote the corium spreading and local recovery of
cooling path. One may mention here the Japanese FAIDUS system which allows fuel gection
outside the core to prevent a Core Disruptive Accident (see below). Previous reactor designs
(SNR 300, SPX, Monju and CRBR) have all designed some structures to resist the mechanical
load due to a Core Disruptive Accident (CDA) in order to mitigate its short-term
consequences.

3. acore catcher to collect the molten core materialsis foreseen on several concepts. Both its
location, inside or outside the core vessal and its composition are subjects under investigation
among specialists. Collected materia re-criticality is of specific concern. No core catcher is
foreseen at the moment for ELSY and such a device is not relevant for VHTR (no core
melting).

4. engineered safety features for containment like for instance specific filters before venting the
containment to atmosphere in order to keep off-site doses within regulatory limits.

Severe accident management strategy will for sure play an important role but it needs a well-defined
design to be devel oped.

5. Compliance and potential transposition of containment degradation modes

A short description of the major accidental transients liable to occur has been provided for each of the
design based on the present knowledge. It is not possible to detail here those accident transients (and it
was not the object of the work performed) but some features are useful to remind.

The Core Disruptive Accident, a accidental transient characterized by a prompt critical reactivity
increase, was a central part in the safety analyses of previous SFRs and may occur in some other fast
reactors. Such an accident is connected with coolant voiding effect or with fissile material compaction
effects. It has a highly complex phenomenology with many possibilities in its development. The
reactivity increase will end with material dispersion but may lead to fuel or steel vaporization and/or
fuel-coolant interaction. A generally adopted solution is to design the primary vessel so that it can
resist to a rather large amount of mechanical energy release. However it may be a challenge to
demonstrate the mechanical load iswell estimated.

On another hand, it must also be pointed out that for lead and sodium cooled fast reactors, the coolant
choice induces a specific chemical risk absent with an inert gas as helium.

VHTR are very different reactors for which the reference accident scenario is a core heat-up accident,
typically aloss of coolant flow without control rod fall. If all the active safety measures are failing for
some reason, core temperature will rise but very dowly due to both the core huge thermal inertia
(linked to the graphite weight) and the low power density. The reactor design is adapted so that
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maximum fuel particle temperature should (in theory) not exceed some reference temperature (for the
moment 1600°C is currently considered).

In the WASH 1400 report about severe accidents of Light Water Reactor (LWR), representative
containment failure mechanisms were depicted by the so-caled o, B3, y, 6 e e-modes. A tentative
extension of this commonly used terminology to GEN IV reactors has been proposed to help creating a
common language for discussions (see Table 1 below) based on the potential transients. For instance,
Core Disruptive Accidents (CDA) for fast reactors have been assimilated to the a mode as have been
dust explosionson VHTR.

Table 1: transposition of LWR containment degradation lossto GEN |V reactors

GFR (CEA VHTR
Mode SFR (EFR) design) LFR (ELSY) (ANTARES)
a-mode | Mechanical energy Energy release Steam explosion Dust explosion
releasein case of | dueto recriticality due to Steam (or 3-mode ?)
Core Disruptive in case of core Generator Tube
Accident degradation Rupture

(recriticality in case
of core degradation,
Fuel Coolant
Interactions - FCI)

3-mode IHX, DHX tube Identical to Steam Generator | Identical to LWRs
rupture LWRs, even if Tube Rupture, because of the
Secondary containment and Con_tai nment thermal Ioadi_ng of
containment failure related systems Isolation failure theIH)_( (fall_ure
are not well of the isolation
known, IS-LOCA valves)
(IHX, DHX tube
rupture)
combined with
the containment
isolation failure,
HSSfailure
y-mode Nafire H2/ CO emission H2, CO/CO2 H2/ CO emission
(following steam emission (following steam
ingressin the (following MCCI) ingressin the
“carbide” core) graphite
moderated core)
6-mode | Navaporization (in | H2or CO slow Over Dust explosion
case of LDHR) deflagration, pressurization in (or a-mode ?)
failure of the contai nment
guard vessel > building
pressurization of
the Containment
Building
e-mode | Corium/ Concrete Fuel Coolant Molten Core - Not relevant
Interactions Interaction (FCI) Concrete
(MCCI) Interaction
(MCCl)
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6. Review of existing L 2PSA applied to SFR, LFR, HTR or GFR

No evidence of any L2PSA for a GFR or LFR design has been found. Due to the “old history” of the
concepts, such studies have been previoudy performed for SFR or HTR reactors and severa
documents are freely accessible.

No L2PSA was performed to our knowledge for the EFR concept. However, it should be emphasised
that probabilistic studies were performed in the past for the US PRISM concept and the German SNR-
300 reactor (GRS-51, 1982) whereas one is going on for the JSFR (and is the object of several papers
in this meeting).

For HTR, evidence exist that PSA studies were formerly conducted for the American HTGR project
by General Atomics, the German HTR-1160, the American MHTGR project (Everline, 1986) and the
South-African PBMR.

7. Existing toolsfor severe accident analysis

Initially, it has been tried to identify those areas for which the phenomenology understanding is still
too limited. For VHTR, PIRTs ordered by the NRC and in open access provide an up-to-date status of
the art. Many information is also available for SFR and a summary has been given. No such survey is
available to our knowledge for the two remaining concepts although some indications have been
recorded. Successively, a tentative list of available codes for severe accident analysis is proposed. In
many cases, the information collected is rather poor as participants may have only second-hand
knowledge on severa codes. Moreover, many of those codes are probably lost as they have not been
used for years or have not been maintained. Anyway even a slight documentation about physical
models coded may prove useful.

8. Screening of the compliance with L2PSA guidelinesof LWR
8.1 Compliance with LWR phenomena and systems

Based on information collected a tentative scoring of LWR volume chapters with respect to their
compliance with Gen IV reactors has been made. For each reactor and each chapter a score between 1
(high compliance) and 5 (no compliance) has been assigned depending on the evaluated relevance of
the chapter for the reactor considered.

Not surprisingly, quite a large number of phenomena occurring in GEN 1V reactors are not handled by
the LWR guidelines (the CDA is a typical example) and, reciprocally, phenomena of importance in
LWR are often absent in some or all GEN IV designs looked at. Even when similarities are present
they may be quite limited. Two examples are given:

1) Molten Core Concrete Interaction is a phenomenon not to be expected for VHTR as the core
should not melt. For fast reactors, it remains a possibility although due to the coolant and fuel
specificitiesit should differ from what may occur on LWR. So scoring should be something as
5i.e. “not rdevant” for VHTR whereas it should be something average for other reactors (so a
3).

2) Hydrogen behaviour in the containment, risks associated to its detonation or explosion and the
means to prevent such events to occur, the mechanical loads associated to such events and the
containment answer to such loads are subjects much studied on LWR. A comparable problem
isalso present in GEN |V reactors even if the environment differs (containment volume, other
chemical species present in the containment). So it may be assumed that past experience may
prove useful for future.

What remains of interest in the ASAMPSA2-LWR work is mostly all the chapters dealing with non-
phenomenological issues as human factor management, event-tree building techniques, how to make
the binning between PSA1 and PSA2 etc.
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8.2 L 1IPSA-L 2PSA modelling structure

For Generation IV reactors the choice between performing a stand aone integrated L 1/L2PSA model
describing the accidental sequence from the initial event to the containment failure versus a L2PSA
decoupled from the L 1PSA should be discussed, knowing that Generation IV concept are not currently
finalised. On the one hand an “integrated” model should be assimilated to a “simplified” model
according the lack of knowledge and of operational feedback for these reactors but could lead to
design improvement, especially for the containment building whose design is still subject to
modifications. On the other hand, L1-L2 interface technique and building two decoupled models
provide some advantages as:

e acapability of improvements and refinement of the models, thanks to the increase in the
knowledge regarding physical situations or phenomena (through experiments, ssimulation...)
for L2PSA.

e adecrease of the number of L2 representative initial states (and corollary the number of event
treesin the L2PSA model) and therefore, a decrease of the amount of representative sequences
that should be assessed by code cal culations.

For the VHTR concept the question of making a distinction between L1PSA and L2PSA studies for
VHTR may not be of concern:

e thereisno core melting possibility with VHTR, the accident progression analysisis easier: a
Level 2 analysisfor aVHTR is straight forward and no change in methodology is needed.

o thereisonly alimited number of accident scenarios and safety systems so that it is worthwhile
modelling the accident sequence up to external release using one event tree combining level-1
and 2 PSA and skip the plant damage state binning.

e some VHTR concepts as the South-African PBMR for instance have no containment which
reducesthe level 2 analysis significantly: no containment response analysisis needed.

8.3 Accident Progression Event Tree (APET) examples

Some attempts to build up simple APET trees have been committed. There should be seen as a
preliminary step on the way to build up a L2PSA in the future.

For a SFR, the Level 2 PSA event tree might not be very large. The events that will be modelled will
be the action of isolation of the containment and the reliability of the coolability of the corium spread
on the core catcher.

For EL SY the reactivity increase accident implying the CDA (Core Disruptive Accident) conducting
to lead boiling is not considered, given the high boiling point of the lead, with respect to sodium for
example, that makes that kind of accident extremely unlikely. A potentially very severe accident is
initiated by a Steam Generator Tube Rupture (SGTR), which can potentially lead to steam explosion,
due to the interaction between hot molten lead and relatively cold water at high pressure. The violent
expansion of this high-pressure steam bubble loads and deforms the reactor vessel and the internal
structures, thus endangering the safety of the containment and the nuclear plant. The accident leads to
radioactive releases into the containment due to failure of the top of the vessdl. Missile emission due to
the steam explosion can challenge the containment integrity (a. mode). It has to be considered aso the
interaction of water/steam with materials potentially causing aso the production of hydrogen, so that
one can have early containment failure (y mode), even if with a low likelihood. After rupture it's
possible to have a have failure of the containment due to MCCI (¢ mode); y mode failure results as
combustion of H2 and other burnable gases as CO and CO2 resulting from Molten Core Concrete
Interaction; finally we can have late containment failure due to over-pressurization.

For VHTR, typical accidental tree for aloss of coolant flow accident may be found in older sources as
for instance results of the PSA studies on the German HTR-1160 (FASSBINDER). Such an event tree
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remains meaningful athough some branches should be erased or added depending of the safety
systems present on the design considered. If the safety heat removal devices do not work, core and
fuel will heat up but at a rather slow pace due to the power density and huge graphite mass. At a
certain time operators should depressurize the primary circuit which will enhance an important activity
release inside the containment (a specificity of the VHTR is that a certain amount of contamination of
the primary circuit has to be accepted so that depressurization will lead to a significant fission product
transfer to the containment). Then the containment tightness and containment failure mode should be
studied. The core is designed so that maximum core temperature should stabilize below a critica
temperature above which fuel particle coating should fail. So the activity released inside the
containment at depressurization time should remain the major contributor to the source term.

8.4 Miscellaneous

At the moment, no human reliability assessment is possible as no accident mitigation measures and
procedures are defined on any of the reference concepts.

There is a clear will to use passive system on GEN |V reactors to a greater extent than was the case
with LWRs. Failure assessment of such devicesis a rather complex problem, combination of physics
and human factors.

Severa calculation tools exist. Their availability should be checked. In any case their level of
validation and their applicability to the different concepts should be checked. The technical know-how
to use those tools needs also to be rebuilt at least partly.

Therole and extend of expert judgment will probably be significantly more important than with LWRs
due to the limited feedback.

9. Conclusion

On awhole as projects on GEN 1V reactors are just being restarted in the European environment, alot
of skills have to be rebuilt and designs to be more precisely defined before we can manage a complete
L2PSA on any of the concepts. Simplified L2PSA may be performed at an early stage of design:

e toidentify the major containment failure modes and the main phenomena contributing to
containment failure,

¢ to estimate roughly the quantities of radioactive material released to the environment for
different accident sequences,

e to help prioritising the R& D needs.

10. Glossary
BWR Boiling Water Reactor
CRBR Clinch River Brooder Reactor

FCI Fuel Coolant Interaction

GFR Gas Fast Reactor

IE Initial Event

LBE Lead Bismuth Eutectics

LFR Lead Fast Reactor

LWR Light Water Reactor

MCCI Molten Core Concrete Interaction
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PIRT Phenomena Identification and Ranking Table
PWR Pressurized Water Reactor

SA Severe Accident
SFR Sodium Fast Reactor
SPX Super PheniX

VHTR Very High Temperature Reactor
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