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Abstract 

Within Generation IV International Forum, the CEA has developed since 2006 a Level 1 PSA to 
support the design of the 2400 MWth GFR. A first period, with insights published in 2008, consisted in 
a model with few initiators representative of medium and high pressure situations, those used for the 
deterministic design of the Decay Heat Removal dedicated loops. In a second period, an iterative work 
reached the probabilistic targets used for generation III reactors, with prior use of normal loops, and 
increase of DHR reliability in high pressure conditions. The PSA team covered all the internal 
initiators, and supported the design of components with instrumentation and control and electrical 
supplies, and the shutdown operating modes of secondary, tertiary circuits, with possible re-alignment 
to dedicated DHR loops. Besides, the completed PSA integrated more realistic success criteria than 
the preliminary model and than the deterministic approach, thanks to CATHARE2 code. In case of loss 
of Forced Convection, the probability of success of the Natural Convection DHR was assessed by a 
reliability method for passive systems. The paper underlines the PSA methodology knowledge from the 
EdF expertise, the improvements co-developed with CEA, and the iteration design-PSA-design. 
 Key Words: Generation IV – PSA – Methodology - Iteration 

1. Introduction 

Probabilistic insights are increasingly employed for safety demonstration, at early design stages. Many 
risk-informed design guidance methodologies were developed to check the balance of a design or to 
optimize a system of a nuclear plant compared to regulatory criteria (Delanay, 2005). The CEA has 
developed a Level 1 Probabilistic Safety Assessment on the 2400 MWth GFR concept. From a GFR 
design referenced as year-2006, the first phase consisted in realizing a L1PSA that only modeled the 
initiators included in the deterministic design of the DHR dedicated loops (Bassi, 2008). This resulted 
in proposing additional systems for DHR, and increased redundancy for some components. The final 
L1PSA covered these new features and extended the perimeter to all initiators. The original 
specifications of the 2400 MWth GFR concept were driven by the objectives of Generation IV Nuclear 
Energy System roadmap, which led to the main features: a fast neutron core, a 3 loops helium-cooled 
primary circuit connected to a Brayton secondary circuit allowing for a high thermodynamic efficiency 
(Figure 1). 
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Figure 1. Layout of GFR normal loops featuring a combined Brayton cycle 

 
Reactivity control is derived from the European Fast Reactor project and featuring: the Control & 
Shutdown Device (12 CSD sub-assemblies for rod group RG1, 12 CSD for RG2) and the Diverse 
Shutdown Device (5 DSD in RG1 and 4 in RG2). DHR cannot account on conduction or radiation due 
to: high core power density (100 MW/m3), reduced core thermal inertia compared to high temperature 
reactors, and reduced coolant thermal inertia compared to Sodium Fast Reactors (Malo, et al.,  2008). 
As helium pressure is fundamental for NC and in pumping power for FC, a specific strategy was 
selected (Figure 2). 

Pressurized
Depressurized

 
Figure 2. Medium pressure strategy for DHR (0.5 – 1 MPa) 

 
The dedicated loops of the Reactor High Pressure system (Figure 3) allow forced and natural 
convection, depending on the primary pressure and the decay heat. For intact helium boundary 
situations and depressurized situations (LOCA), the primary side of the RHP system operates as a first 
line of provision in FC. If all three blowers fail, the NC becomes the second provision, in only 2 loops 
(for congestion reasons of the CC, and diversification for earthquakes). For both operating modes, the 
secondary side retains a passive functioning (NC by a pressurized water coolant, the heat sink being a 
water pool). 



 NEA/CSNI/R(2012)2 

265 
 

3 RHP loops
with motorized 
blower type 1

(120 kWe, Axial 
mono stage, Multi Ω

for 0.4-7.0 MPa)

RHP#1/#2: Natural
Convection

(7.0 or 1.0 MPa)
H1st+2nd ≈ 20 m

1 RLP loop with 
gas-driven turbofan

(RLP-T)

1 RLP loop with 
motorized blower type2 

(RLP-M)
(300 kWe, radial, Multi

Ω for 0.1-0.4 MPa)

RLP system RHP system

 
Figure 3. Layout of the DHR systems 

 
Due to the poor thermal-hydraulic features of a gaseous coolant, a metallic Close Containment (guard 
vessel) is foreseen to keep a pressure allowing a reduced pumping power of RHP blowers in 
depressurized conditions and also an efficient NC. In normal operation this containment is inertized 
with nitrogen to avoid air ingress in the fissile region. In case of loss of helium towards the CC, the 
same strategy for RHP is applied with one difference owing to the low capability of helium coolant at 
low pressure: injection of nitrogen from tanks in the primary circuit to improve NC performance. 

RHP blowers were designed to accommodate a large pressure range between 7.0 and 0.4 MPa, but the 
combined primary circuit and CC ruptures would drop the pressure below 0.4 MPa. An additional loop 
belonging to a so-called Reactor Low Pressure system, was designed for this situation. The primary 
side of this loop provides FC by a motorized blower (running between 0.4 and 0.1 MPa, whereas the 
secondary side is identical to the RHP ones. Finally, for diversification in case of LOCA (regarding 
NC uncertainties), an alternative FC mean was designed based on a gas-driven turbofan. To limit 
penetrations on the reactor vessel, this additional FC means shares its heat exchanger and secondary 
circuit with the RLP system. 

The last point is related to electrically driven valves (EDVs) for isolating the 3 normal and the 4 
dedicated DHR loops. At power state, the primary sides of DHR loops are isolated in order to keep a 
high thermodynamic efficiency and to avoid non-necessary thermo-mechanical strain on DHR heat 
exchangers. These 4 valves are located on the cold part of the DHR loops cross-duct, for technological 
constraints. If an event causes RHP blowers start-up, the gaseous features of the primary coolant 
require the isolation of the normal loops in order to avoid core bypass. As for the DHR loops, these 3 
isolating devices are located on the cold part of the main cross-ducts. 

Reactivity control is carried out by redundant shutdown devices (CSD and DSD) shared by two rod 
groups (RG1 and RG2). The mechanical parts of the reactivity control system, as well as scram orders 
were modeled for consistency of the L1PSA model. Thanks to CATHARE2 the deviation of neutronics 
and thermal-hydraulic parameters were calculated for each IE (Bentivoglio, 2008). A minimal reactor 
instrumentation was settled to lead to scram signal. On the basis of the EFR I&C system, two 
redundant signal processing channels were handled in the L1PSA model, starting from sensors, 
processing units (with a 2-out-of-3 vote) and ending at breakers for control rods groups delatching. For 
reliability concern, an optical cross-link between the two channels was retained.  

DHR is split over two periods, from IE to 24 h, and from 24 to 168 h, during which front line systems 
or missions may be different (Figure 2). This choice is related to some systems 24h range, such as 
batteries and ternary water pools. This needed a specific treatment in the event trees building presented 
later on. 

The GFR present specific risks, namely the need for isolation of the CC (defined as sub-function for 
NC in case of primary leakage) and the shunning of core by-pass (defined as the sub-function of 
maintaining a gas convection at core inlet): 
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· CC integrity. The back-up pressure for NC may be lost: by break in the CC following a SB-LOCA 
(conventional prob. 1E-7), or by LB-LOCA (1E-6), or by failure to isolate connected circuits (e.g. 
nitrogen or helium supply), 

· Core by-pass pathways. As DHR is based on gas convection, the core by-pass of this light coolant 
is of major concern, unacceptable in two cases. Firstly after a normal loop EDV isolation failure, if a 
second one fails to close. Secondly after one DHR loop loss in FC, if it becomes impossible to isolate 
this loop. 

The L1PSA is an excellent mean to account for all sources of dependencies leading to concomitant 
failure of missions. Besides CCFs, and common parts (as regards to FC and NC), a special attention 
was paid to the support systems, namely electrical supply and I&C for systems actuation and 
reconfiguration. The layout is inspired from French PWR of 1300 MWe (Figure 4). 
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Figure 4. Layout of the electrical supply system 

 
One train supplies all components of one normal and one RHP loop (main blowers, EDV, water 
pumps, DHR blower). The RLP loop and all isolating devices of the CC, are connected to the third 
train. As regards to I&C support system, in addition to the reactor instrumentation for scram orders, 
the concept of two redundant signal channels is retained (without optical cross-link) for 
reconfiguration after reactor trip. 

2. Building process of the preliminary L1PSA model 

Three main IEs families were selected: LOCA and LOOP (in order to check the consistency of the 
DHR systems layout) and spurious reactor trip (similar to LOOP, except control rods already dropped). 
For this preliminary L1PSA model, the frequencies are based on a review of similar data for other 
types of reactors (LWR, SFR, HTR) and expert judgment. In addition, in order to mix deterministic 
and probabilistic approaches, these frequencies are fixed in accordance with the Plant Conditions 
Categorization (Table 1). The IEs being essential events in a PSA, common to entire groups of 
sequences, we made a strong assumption of future efforts to reduce uncertainty and respect this 
specification, then we used a low EF 3. 
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Table 1. Initiating events frequencies for the preliminary PSA 

 
IE  fq (/y)  

LOCA 
Small Break 10-3 Intermediate value of PCC3 [10-2, 10-4] 
Large Break 10-4 Upper value for PCC4 [10-4, 10-6] 

LOOP 
Short-duration (< 24 h) 10-2 Lower value for PCC2 [1, 10-2] 
Long duration (> 24 h) 10-5 Intermediate value for PCC4 

Spurious reactor trip 10-1 Intermediate value for PCC2 

 

A conventional period of 7 days, is retained in relation with the change at 24 hours as defined in the 
DHR strategy, and the will to handle long-term scenarios following for instance climatic events 
leading to a long LOOP. In addition, this long mission time gives conservative results for a reactor 
design still in progress, and a source of margin in design evolution. The Figure 5 presents the event 
tree developed for a LB-LOCA initiating event. The upper part depicts the systems envisioned to cope 
with this situation for the two periods. 
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Figure 5. Large Break LOCA event tree 
 

Thanks to Risk Spectrum software and its ET success branches treatment, generic FTs are built for two 
successive periods, in order to generate time-crossed cut-sets. A recall of the history is made at a 
lowest level of the FT built for the late phase of RHP system, which also includes basic events related 
to the early phase.  

In line with some deterministic practices leading to combine the frequent IEs (PCC2 and 3) with short 
LOOP, it appears that a generalized treatment of IEs combined with LOOP could be of interest for a 
L1PSA in support to the design. Through this way of modeling, this L1PSA provides some relevant 
results for the design basis events categorization. This point is implemented in the L1PSA by a transfer 
gate defined in every IE fault trees and also in FT related to failure modes of electrical-driven 
components. 

Reliability data acquisition is of major concern due to the lack of feedback for new reactor concepts 
(Table 2). Most of components failure rates were issued from common databases: EIREDA (feedback 
of French PWRs), T-BOOK 6 (Scandinavian LWRs), and EG&G-gas-cooled reactors database. 
According to their scope, a methodology was based on similar environment assumption. Components 
belonging to GFR gaseous circuits (i.e. from primary and secondary circuits, nitrogen or helium gas 
tanks included) are affected by failure rates consistent with the EG&G-gas database, whereas for GFR 
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water circuits (secondary and ternary circuits of DHR), the EIREDA database is preferred. When 
databases do not provide a value for GFR components, reachable data are used: 1E-3/d and 1E-6/h. 
Components with high confidence in data have EF 3, other components have EF 10, the latter 
correspond to less or no feedback or operating conditions different from those encountered in the GFR 
(Saignes, 2008). 

Table 2. Components failure rates in GFR PSA 
 

 Component fail to run
λ (/h) EF fail to start   

γ (/d) EF 
P/Q  sensors + transmitters 7.40E-6 3

Reactivity sensors + transmitters 2.00E-6 10
Close-containment pressure sensors + transmitters 3.40E-6 3

Trip sensors + transmitters 2.00E-6 10
Tempe rature sensors + trannmitters 1.53E-6 10
Electronic 2 out of 3 voting device 1.20E-6 10

Control rod + electromagnet 1.27E-3 10 
Trip breakers 5.00E-4 10 

Optical cross link 1.00E-7 10
Blower + motor (RHP/RLP systems) 1.10E-4 10 6.00E-4 3 

RLP - Turbofan (RLP system) 2.00E-4 10 2.00E-3 10 
Helium- water heat exchanger (RHP/RLP systems) 3.00E-5 10
Water-water heat exchanger (RHP/RLP systems) 8.30E-7 10
Water tank (tertiary circuit of RHP/RLP systems) 9.30E-7 10 
Normal and DHR loops isolating valve + motor 1.30E-3 10 

Helium check valve 1.00E-4 10 
Helium relief + motor-operated valve 3.00E-4 10 

Pressurizer 6.40E-7 10
Nitrogen or helium tank 1.00E-8 10

Nitrogen or helium tank isolating valve 1.00E-3 10 
Battery + converter 7.40E-6 3 2.14E-3 3 

Emergency Diesel Generator 3.12E-3 3 1.72E-3 3 
380V circuit breakers 3.40E-7 3 5.00E-4 3 

380V electrical switchboard 7.60E-7 10
6.6kV circuit breakers 4.60E-7 3 2.60E-4 3 

6.6kV electrical switchboard 6.70E-7 10
Ternary circulation pump 1.00E-5 3 1.00E-5 3 

Ternary or secondary isolation valve 4.20E-6 3 1.10E-4 3 
 

The Multiple Greek Letters CCF factors are generic derived from operational feedback of french and 
german LWRs, supplemented by the EG&G generic reliability database: 
β(2)=0.05, β(3)=0.08, γ(3)=0.25, β(4)=0.10, γ(4)=0.40, δ(4)=0.25. 

In a conservative manner, no human action is accounted for in the L1PSA model (except maintenance 
errors), due to the early design stage. We designed automatic response of the reactor following an IE 
and put the effort in depiction of I&C and in definition of fail-safe logic for specific components. A 
future possible step would be to introduce some generic elements regarding post-accidental 
management by operators (e.g. confirmation of scram orders, specific actions to improve DHR 
performance). As to the different sources of uncertainty for basic events and assumptions, it appears 
important to provide a general traceable treatment in the PSA built at a design phase. We mention here 
4 kinds of uncertainty described in previous articles (Bassi 2008a, b): Reliability Method for Passive 
Systems (RMPS), Technological uncertainties (risk of being unable to conceive a component), 
Physical uncertainties (risk of not being able to prove the performance of a system for mission it was 
not initially designed for), Data uncertainties. 

3. Insights from the preliminary L1PSA 

In the preliminary L1PSA, all selected representative IEs use only RHP or RLP systems for DHR. 
Lessons were erected through preponderant minimal cut-sets screening (Bassi 2008a). Starting from 
the configuration or architecture of support systems, successive modifications were performed in the 
probabilistic model (Figure 6 on a relative scale). 
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Figure 6. Design improvements through the relative preliminary PSA results screening 

 
An important insight was to make the DHR function more reliable for pressurized situations 
representing 98% of the overall CDF. A few dependencies exist through heat exchangers and isolating 
EDVs of the RHP system (this was exhibited by their CCFs). This dependency is increased owing to 
the dual convection scheme: these components are common for forced and natural convection mode. 
For technological constraints regarding the diversification of such components, the option was 
preferred to use normal loops as first provision (figure 7): 

· The Auxiliary Feed Water takes benefit from the thermal inertia of water at tertiary side of SGs. 
This system is inspired from those retained in Rankine thermodynamic cycles (at secondary for PWR, 
at tertiary for SFR). Note that heat exchange from the primary to the tertiary circuit, is provided after 
the stop of TM by NC of the gaseous mixture in the secondary circuit. 

· The Intermediate Loop Cooling system (isolated in normal operating state, or when AFW is in 
operation) is mainly based on cooling towers, one per secondary circuit, in which a sufficient heat 
exchange is provided by air FC. The gaseous secondary mixture operates in NC with an elevation of 
about 20 meters between the main IHX mid-plane and the cooling tower. In order to enhance the NC 
performance through the ILC system, a set of EDVs is implemented at TM boundaries in order to 
avoid the potential SG cold spot. 
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Figure 7. Implementation of AFW and ILC systems for DHR in pressurized situations 

 

For this final L1PSA, in order to define the success criteria of these two additional systems, thermal- 
pressurized transients (partial or total loss of flow, secondary or tertiary initiators) were calculated with 
CATHARE2 (GFR dataset version 2007). A fuel temperature limit of 1600°C was taken as decoupling 
criterion of the deterministic categorization of PCC4, and 1 out-of 3 AFW train or 1 out-of 3 ILC train 
satisfies this criterion.  

The layout of DHR systems is then redefined to include a gradual depending on: the availability of 
electrical supplies (AFW being not supplied by DGs), and on the reliability of the AFW and ILC 
systems themselves. Figure 8 shows the progressiveness of DHR provisions settled for pressurized 
situations in order to cope with the combination of them with partial or total loss of electrical supplies. 
For frequent situations, all active systems provide the highest level of diversifications to reduce the 
CDF (through AFW, ILC and RHP/RLP systems). In case of long LOOP or when a frequent IE is 
combined with a short LOOP, the AFW system is not operating and the DHR strategy relies on ILC as 
the first line of provision (with a redundancy level depending on the IE, i.e. 0, 2 or 3) and finally on 
the RHP/RLP systems. For infrequent situations (station black-out or complex sequences), NC through 
the two RHP dedicated loops becomes required. 
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Figure 8. Progressiveness of DHR active / passive provisions regarding electricity for pressurized situations 

 
In addition, the fail-safe concept is implemented for all EDVs: normal or DHR isolating valves, turbo-
machine (TM) bypass valves or for ILC isolating valves, in case of the combination of a pressurized 
initiator with a short LOOP (after a time to be refined, e.g. consistent with the main blowers inertia), a 
long LOOP, a Station Blackout (SBO), a loss of one electrical switchboard train. If a loss of helium 
occurs (detected by a low primary pressure in the circuit), possibly combined with a loss of electrical 
supplies (partial or total), the safe state for normal loops EDVs is closed in order to enhance the 
RHP/RLP operation (EDVs of the dedicated loops being opened in case of the failure of electrical 
supplies). 

TMs in secondary circuits, may cause missile following a blade rupture. This requires to control TM 
speed and stop after generator disconnection from grid, by two TM bypass lines connecting the 
compressor to the turbine outlet volumes, and then decreasing the respective compression or 
expansion ratios when opened. In case TM bypass EDVs fail to open, we assume missile emission 
(cond. proba. 1) potentially breaking the secondary envelope (cond. prob.0.5). The fast 
depressurization of the secondary circuit (6.5 to about 0.1 MPa) would induce unacceptable thermo-
mechanical constraints on the main IHX of the affected loop (cond. prob.1E-3). To avoid a close 
containment bypass (secondary circuit induced break combined with a main IHX induced tubes 
rupture), the strategy requires to isolate the affected loop by closing dedicated EDVs at IHX secondary 
boundaries, thanks to appropriate measurements (TM over-speed or secondary depressurization). As 
ultimate provision, the RLP-M loop would be started. 

For each IE, two redundant reactor trip signals have been identified, based on either global measures 
for events on primary circuit or on local measures for events on separated secondary and tertiary 
loops. This latter case allows appropriate local protection actions or reconfigurations (TM rundown, 
secondary circuit isolation…). Control rods in low position (fully inserted) or negative reactivity 
detect success of the reactor trip and launches all generic actions on the circuits, including DHR 
configurations. According to the IEs, representative signals are defined for DHR systems 
reconfigurations. For instance, AFW is always started even for LOHS (SGs temperature increase or 
low flow rate will start ILC), or for LOCA (IE signal will override by emitting a primary loops 
isolation signal and RHP/RLP starting signal). 

4. Second step in the building process of the L1PSA model 

The first work was initiators identification, grouping and frequency estimation. IAEA presents several 
approaches to identify the set of IEs. Finally for the GFR design in progress, the MLD approach was 
followed (Cadwallader 1998, Papazoglou 2003), selecting the IEs by looking at the phenomena able to 
disturb the physics of the reactor concerning each safety function. According to the assumptions 
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sustaining the GFR L1PSA (radioactive release coming from reactor core, internal events and power 
state), only the related part of the MLD is developed. At the end, according to the combined Brayton 
thermodynamic cycle and related components involved in the GFR, a total of 53 representative IEs are 
defined. A fault schedule approach, based on usable systems and missions, is applied for grouping in 
14 representative families of IEs. Their frequencies are chosen by screening former PSAs related to 
various concepts: Pressurized Water Reactors like AP1000 (Lutz 2009) and EPR (Areva 2007), 
Sodium-cooled Fast Reactors like SPX (Nuclear Europe issue No.11) and EFR (Framatome 1991), 
Gas-cooled reactors especially High-Temperature Reactors, like HTGR (General Atomics 1986) and 
Pebble Bed Modular Reactor (Koster 2003). 

The compliance with the representative technologies involved in the GFR is appreciated by expert 
judgment including operating feedback (French PWRs, SFRs, US HTRs). For specific events initiated 
by a partial failure of component (e.g. spurious opening or closure of an EDV in gaseous 
environment), failure rates reported in Table 2 are employed. For a total failure of such components, a 
generic beta-factor of 5% is retained for the assessment of IE frequency (assuming an availability of 
85% at full power). The perimeter covers 6.2 events/y leading to reactor trip, with frequencies given in 
Table 5, except for the initial total LOCAs taken at 0.12/y, as described hereafter. The primary 
breaches are initially defined through HTGR frequencies spectrum and CATHARE2 calculations. 

For a break over 3 inches, the NC of helium through the RHP loops is not sufficient to avoid 1600°C 
in the core, even with the improvement of NC by discharge of the nitrogen tanks. This defines the 
lower limit of LB-LOCAs. Owing to the Helium Supply System (HSS), with an initial helium 
inventory of 8000 kg, and to the duration of reaching a safe cold depressurized shutdown state for 
GFR ( around 10 h), it is assumed that RCS breaches that could be compensated by the HSS belong to 
the very SB-LOCA domain. Therefore, the upper limit of the vSB-LOCA domain is calculated to cope 
with RCS breaches below 0.4 inch in diameter. So, the SB-LOCA domain is defined for break sizes 
ranging from 0.4 to 3 inches. 

With a frequency of 0.12/y was in HTGR PRA, the vSB-LOCA domain represents around 87% of this 
total, then leading to around 0.1 event/y. The SB-LOCA represents 12%, so that the frequency retained 
for GFR L1PSA is 1.46E- 2/y. The complement goes for LB-LOCA with a frequency of 1.19E-3/y. 
This significant increase of LOCA frequencies, by comparison with those defined during the 
preliminary L1PSA building will have a relative importance for CDF assessment, and will be subject 
at the end to Sensitivity Analyses. 

The second work was re-using representative situations of the preliminary PSA, basically unchanged 
when extending to all initiators. However, the SB-LOCA event tree is now generic for losses of 
helium, compensated or not by HSS (new top event). For pressurized situations, the reactor trip and 
the LOOP transients were defined as prototypical in the preliminary L1PSA, and belong to 1st rank ET 
category. Now, ETs previously built and involving the RHP/RLP operating modes in pressurized 
situations, are defined as ultimate rank ETs (downstream). They are considered as generic of 
RHP/RLP missions that cope with all situations (e.g. LOF transient, inadvertent valve opening or 
closure, LOHS, turbine trip…). The additional provisions for DHR through the NL are now modeled 
by a generic 2nd rank ET. Figure 9 presents the ETs arrangement and transfers for the LOOP family. 
This step-by-step approach for scenarios includes a total of 50 sequences in a dense arrangement of 
modular ETs. This provides an extension of the preliminary L1PSA without intrusive modifications. At 
the end, 14 first rank ETs (one per IE family) are implemented in the L1PSA. 

An intermediate ET describes the double-break sequences (i.e. induced breaches on a secondary loop 
and by consequence on the main IHX). This is performed through conditional probabilities of turbine 
deblading following an uncontrolled TM over-speed and of unacceptable thermo-mechanical 
constraints on the IHX of the affected loop. In this case, the loop with the induced break on secondary 
circuit is considered out of operation for DHR. 
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Figure 9. Arrangement of ETs for the LOOP 

 
For the final L1PSA, the assessment of consequences and success criteria have benefited from 
physical studies for the safety demonstration of GFR with CATHARE2 based on best-estimate 
calculations (Bertrand 2008). A future could be to account for conservatisms versus uncertainties in 
the consequence assessment (e.g. RMPS uncertainties would quantify safety margins for the 
deterministic analysis). For LOCA, rods insertion failure is assumed to be unacceptable. For other IEs, 
the success of both three normal loops, (AFW or ILC), is sufficient to avoid core damage, thanks to 
transient assessment. For DHR systems, the failure to maintain vital components at low temperature 
for a long mission time (i.e. 168 h) is defined consistently with the design safety limits for the PCC4. 
These limits are 1600°C for fissile core (fuel integrity), and 1250°C for helium temperature in upper 
plenum (internal structures integrity). 

5. Insights and improvements for GFR 

To assess the benefit of additional AFW and ILC provisions 4 situations of CDF are distinguished 
(Figure 10). Note that High-Pressure scenarios mean Helium boundary intact (7.0 MPa), MP scenarios 
range from 0.5 to 1.5 Mpa, depending on the depressurization kinetic (or break size) and the thermal 
exchange of the CC with environment, LP scenarios (0.5 Mpa) follow concomitant loss of RCS and 
CC integrities (handled by RLP-M sub-system only). 

HP scenarios only represent 1% of the overall CDF, instead of 98% in the preliminary model, in spite 
of the extension to all initiators, mostly at high pressure. This is correlated to the implementation of 
three lines of provisions (AFW, ILC, RHP/RLP) to cope with these frequent situations.  
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Figure 10. Contribution of typical situations to CDF 

 
The high contribution of core reactivity scenarios (66%) is linked to the Control Rod Absorber 
withdrawal initiator (2E-2/y). The contribution of DHR failure at MP is 22% of the CDF (9.7E-6/y). 
This is attributed to LOCA frequencies increase taken from the HTGR PSA. The above results and the 
Sensitivity Analysises lead to GFR modifications: (1) additional Stroke Limitation Device to cope with 
the CRA withdrawal. This device has a failure rate of 6.2E-3/d from the Superphenix feedback. (2) 
Trip breakers diversification (simulated by deleting CCFs between the two CRA groups). (3) 
Replacement of the RLP-T sub-system by another RLP-M one. (4) Elimination of the RHP#3 loop. 
This point (4) is an optimization of DHR provisions leading from a “3RHP+2RLP” configuration 
considered as reference for GFR to an alternative one featuring “2RHP+2RLP-M”. This first step of 
GFR design improvement lead to a slight CDF increase compared to the former result, but stay around 
values ranging from around 4.8E-5/y to 4.6E-5/y, depending on the refinement of success criteria for 
reactivity control (Figure 11). 
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Figure 11. Design improvements through the final PSA results screening 

 

In a second step, some conservatisms of the L1PSA are reduced according to: 
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· The design of the RLP-M loop and the relaxing of its blower physical constraints. Appropriate T-H 
calculations showed that FC at very low pressure can cope with substantial core decay heat (up to 24 
h) that finally keeps temperature under 1600°C. Therefore, the Physical uncertainty related to this 
RLP-M loop was reduced to 0.1, resulting in a CDF of 1.6E-5/y. 

· The decrease of one order of magnitude applied to the probability of an induced rupture of a RHP 
loop following a breach on another RHP loop (1E-2 in the reference, 1E-3 in this SA) leads to a CDF 
of 1.1E-5/y (Figure 11). This modification can be obtained for instance by implementing shielding 
around these loops. 

The third step for GFR design improvement is obtained by implementing redundant isolating EDVs on 
DHR secondary circuit (at IHX inlet and outlet) in order to avoid a large water ingress in the core 
region (following a HX tube rupture in the DHR loop). The lack of reliable transient calculations, lead 
to consider that even a small water ingress in the core is unacceptable. This point should be clarified 
by coupling neutronics and T-H calculations. The redundancy increase of these EDVs leads to a CDF 
reduction from 1.1E-5/y to 7.9E-6/y. 

Another SA is presented in Figure 11 that relates to LOCA frequencies and to mission times. For 
reference L1PSA, LOCA frequencies are derived from the HTGR PRA that retained high values (0.12 
events/y, based on HTRs operating feedback). For SA, these frequencies are now fixed to 5E-2/y for 
very SB-LOCA (mean deterministic PCC2), 5E-4/y for SB (PCC3) and 5E-6/y for LB-LOCA (PCC4), 
with an EF 3. These low values can be faced with those of PWRs (Table 3), that are first based on a 
synthesis on U.S nuclear power plants (Poloski 1999) or re-assessed for the Standardized Plant 
Analysis Risk (SPAR) models (Eide 2008). Note that the “low” frequencies retained for this SA are 
greater by one or two order of magnitude than values reported in Table 3. 

Table 3. LOCA frequencies for U.S. PWRs 
 

Poloski et al, 1999
Mean Freq. (/y) NUREG/CR-5750 method 1 method 2

LLOCA (> 6 in. dia.) 5.00E-06 2.70E-06 1.78E-05
MLOCA (2 - 6 in. dia.) 4.00E-05 1.35E-04 3.26E-04
SLOCA (< 2 in. dia.) 5.00E-04 8.54E-04 7.61E-04
total 5.45E-04 9.92E-04 1.10E-03

Eide et al, 2008

 
As a result of this SA on LOCAs frequencies, an overall CDF of 1.8E-6/y is obtained for the GFR. For 
example, by accounting for maximum values reported in Table 3, new results can be obtained (see 
SA#2 results in Table 43). 

Table 4. Sensitivity Analysis upon the LOCA frequencies for the CDF of GFR 
 

GFR L1PSA model Reference SA #1 SA #2
LB-LOCA located on RCS 1,19E-03 5,00E-06 1,78E-05
SB-LOCA located on RCS 1,46E-02 5,00E-04 3,26E-04
vSB-LOCA located on RCS 1,04E-01 5,00E-02 8,54E-04
LOCA located on secondary 0,318 0,318 1.20E-03 [1]

CDF 7,90E-06 1,47E-06 9,30E-07  
 

In comparison with the previous optimization of the GFR (i.e. CDF=7.9E-6/y), the SA#2 exhibits the 
weight of the LOCA data. Note that depressurized situations are to date only handled by RHP/RLP 
systems. So if LOCAs frequencies were to be evaluated at high values (as for HTGR), other provisions 
should be implemented to cope with these situations (e.g. by isolating the broken loop and removing 
decay heat thanks to the 2 remaining normal loops through AFW or ILC). This work would constitute 
a further step for the GFR safety improvement. Finally, by reducing the mission time of DHR systems 
to 24 h (instead of 168 h), the SA#1 furnishes an overall CDF of 1.5E-6/y. The observation of the 
slight decrease of the overall CDF (i.e. from 1.8 to around 1.5E-6/y) clearly exhibits the weight of 
failure to start compared to the failure to run for a long time (7 days). This is explained by gamma 

                                                      
3 For SA #2, LOCAs on secondary circuits are affected by a frequency = the sum of maximum frequencies obtained from 
Table 8 



NEA/CSNI/R(2012)2 

276 
 

parameters (Table 2) being 3 orders of magnitude greater than lambda parameters. Table 5 furnishes 
the absolute contributions of IEs for CDF, and their normalized contributions (division by frequency). 

Table 5. Summary of Initiators, CDFs and normalized CDF 
 

Initiating Event Fq. (/y) CDF (/y) CDF/Fq
LB-LOCA on Reactor Coolant System 5.00E-06 5.41E-09 1.08E-03
SB-LOCA on Reactor Cooling System 5.00E-04 3.35E-07 6.70E-04
RHP/RLP HX Interfacing LOCA 1.20E-02 2.20E-07 1.83E-05
Main IHX Interfacing LOCA 3.00E-03 1.71E-08 5.70E-06
Very SB-LOCA on RCS 5.00E-02 1.63E-07 3.26E-06
SB-LOCA on secondary circuit 3.18E-01 2.81E-07 8.84E-07
Safeguard switchboard loss 1.00E-02 6.96E-09 6.96E-07
CRA Withdrawal AND failure of SLD 1.24E-04 4.54E-11 3.66E-07
Generator or Main Turbine trip or fault 1 2.76E-07 2.76E-07
LOOP (<24 h, or >24h) 1.00E-02 9.05E-10 9.05E-08
Loss Of primary Flow 4.66E-01 3.82E-08 8.20E-08
Steam Generator Tube Rupture 2.50E-01 9.63E-09 3.85E-08
Main Steam Line Break 7.70E-02 2.92E-09 3.79E-08
Loss Of Heat Sink 2.57E+00 8.53E-08 3.32E-08
Inadvertent TM rundown 0.229 6.73E-09 2.94E-08
Inadvertent Reactor trip 1.1 2.49E-08 2.26E-08
total 6.10 1.47E-06 2.42E-07  

6. Conclusion 

This paper demonstrates the benefit of a L1PSA for the design of new reactors. The building approach 
allows to cope with design modifications all along a project life, through flexibility for new periods 
definition or for systems integration. The PSA model was developed according to expected and 
unavoidable design evolutions. Modularity is provided by event trees and fault trees structure for the 
integration of new or redundant front line systems. Support Systems (electrical supply, I&C) located at 
low level for modularity concern and adjustment easiness (architecture modification, redundancy, 
future adding of component cooling systems). Regarding methodology, the L1PSA provides the design 
team with a set of possible modifications, which lead to a safer architecture. While the design team 
was focusing on the hard points of feasibility or technology, the exchanges between PSA and design 
teams resulted in complements in the architecture (e.g. power supplies, signals).  

For the safety demonstration, the L1PSA furnishes complementary and independent insights along 
with the deterministic safety approach. In a global approach, the PSA leads to check the design 
assumptions as to dependencies, uncertainties and exhaustive scenarios screening. Moreover the 
evolutionary feature of probabilistic models appears as one major advantage.  For situations not 
associated to well-defined quantitative criteria (e.g. instantaneous total blockage of a sub-assembly) 
the PSA may convince that they are “practically eliminated”, which is an issue in Generation IV 
roadmap. The L1PSA furnishes also valuable insights for Severe Accidents R&D prioritization. 
Furthermore, the slight effort in developing a L1PSA at pre-design phase should be appreciated with 
regards to the amount and deepness of insights gained, which are also accounting for all kind of 
dependencies (e.g. support systems, common materials or CCFs) that are inherent in a sophisticated 
system like a nuclear reactor. 

Lessons learnt from the two successive models were of different nature depending on their respective 
perimeters. The preliminary L1PSA only dealt with IEs used for the deterministic design of RHP/RLP 
systems, and pointed that more reliable DHR systems were suitable for reducing the so far major 
contribution of pressurized situations for CDF. In a second step, when all representative IEs of the 
GFR were handled in model, successive improvements were proposed as additional provisions for 
reactivity control and for DHR. Finally, reducing conservatism regarding LOCA frequencies, lead to a 
CDF ranging between 1.0 and 1.8E-6/y (for mission times set to 24 and 168 h).The reach of the 
probabilistic target assigned to 3rd generation reactors (i.e. less than 1E-6/y) is then nearly guaranteed. 
In the near future, it could be decided to build L1PSA models to support the design and the 
preliminary safety demonstration of other reactor concepts such as the 4th generation SFR that is at 
pre-design phase (Rouault 2009). 
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