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Abstract 

The integration of safety issues in the early phase of the design of a 4th generation reactor of the 
concepts is expected. For this purpose, probabilistic insights are increasingly employed in the 
safety demonstration in combination with the deterministic approach in the frame of a so-called risk 
informed approach. The present paper deals with the safety assessment of the preliminary design of 
the GFR2400 developed by CEA and how it has been improved in order to fulfil deterministic 
criteria as well as to reach a risk level comparable to the generation III reactors. Considering the 
results obtained with a preliminary level 1 PSA (L1PSA) model, it emerged that an increased 
reliability of the DHR function in high pressure conditions (not corresponding to a LOCA) was 
suitable to reduce the overall core damage frequency. On the other hand, some small break LOCA 
situations were not adequately mitigated according to the line of protection deterministic method. 
Both issues have been solved by design improvements. In addition, this final L1PSA model, 
characterized by success criteria based on transient calculations performed with the CATHARE2 
code and performed in a perimeter extended to all representative internal initiating events (IEs) at 
full operating power, permitted to propose design evolutions that did not increase significantly the 
CDF. In the same time, those evolutions enabled the DHR system to increase its redundancy level 
as required in the deterministic approach. Finally, a modified design has been reached implying a 
more extended covering of various accidental situations by means of a progressive DHR operating 
strategy. 
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1.  Introduction 

The present paper is aimed at underlining in what the risk-informed analysis carried out on the 2400 
MWth french gas-Cooled Fast Reactor developed at a pre-conceptual design stage by the CEA has 
permitted to improve the safety design of the reactor. After a brief presentation of the Gas cooled 
Fast Reactor (GFR) as designed at the end of 2007 and taken as the reference in the first step of the 
studies presented here (initial design), the safety approach adopted is then presented. The following 
part of the paper is dedicated to the deterministic study insights provided by the line of protection 
method (LOP) and the transient analysis. Then, the main results of the level 1 PSA (L1PSA) 
elaborated to support the reactor design are presented. Finally the design evolution retained 
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(according to the conclusions of both the PSA and the deterministic analysis) and their benefits in 
term of safety case and in terms of design (advanced design) are analyzed in the last part of the 
paper.  

2.  Elements on initial reactor design and its DHR strategy  

The detailed GFR design is presented for instance in reference (Malo et al., 2008), and only the 
useful features to the understanding of this paper are presented here. 

2.1  Main design options 

The initial design options presented here result from a pre-viability design report released at the end 
of 2007. The operating point of the 3-loops reactor at full nominal power enables to convert the 
2400 MWth delivered by the core in 1100 MWe, partly by secondary circuit turbomachineries 
(auxiliary alternators: 3 x 130 MWe) and partly by a steam turbine (main alternator: 1 x 730 MWe) 
settled in the ternary circuit (Fig 1). The resulting cycle efficiency is very close to 45 %. The 
secondary circuit is filled with a mixture of helium (to favour the heat exchanges) and nitrogen (to 
favour the efficiency and the design of the turbomachineries); the ternary circuit is filled with water, 
vaporized in 3 steam generators according to a classical Rankine cycle. The primary system 
arrangement (Fig 2) includes the reactor vessel, the 3 main primary loops (PCS loops) and their heat 
exchangers (IHX) as well as the DHR loops permitting to cool the core in accidental situations. 
Actually, there are three loops, so-called, Reactor High Pressure cooling system (RHP) and a loop 
for the low pressure situations (RLP). The secondary side of the DHR loops, each one being able to 
remove 100 % of the decay heat after the reactor scram, is filled with water pressurized at 10 bars. 
These secondary DHR loops are cooled via an exchanger immersed in a pool. Each pool associated 
to a loop can remove the residual power during 24 hours without being refilled. Moreover, all the 
previous components are enclosed in a close containment (CC) which keeps the primary inventory 
in case of Loss Of Coolant Accident (LOCA).  

H2O  
150 bar 

He-N2 
 65 bar He 

70 bar 

850°C 

400°C 

820°C 535°C 

32°C 178°C 
362°C 

565°C 

Electrical grid  

Figure 1: Nominal operating point of the GFR 

At the hot spot of the core, the clad temperature is equal to 1000°C and the fuel temperature is about 
1380°C in nominal conditions. The fuel plates are arranged in baskets superposed in hexagonal 
tubes (TH) permitting to differentiate the flow rate depending on the power factor distribution 
within the core. The height of the core is of 2,35 m and its diameter is of 3,8 m, thus corresponding 
to a power density of about 90 MW/m3. The head loss across the core has been minimized at a 
value of 1,4 bars at the nominal regime in order to favour natural circulation in DHR regime. 
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Figure  2:  Arrangement of the primary circuit components (from Bassi et al., 2010) 

2.2  Initial strategy for the decay heat removal (DHR)  

Considering the power density of the GFR core and its low thermal inertia (compared to the HTR) 
and that of the coolant as well (compared to the SFR), the decay heat removal relies on a gas 
circulation (natural circulation as far as possible) across the core but not on solutions based on 
thermal inertia plus conduction/radiation. The DHR operating depends on the accidental situation to 
face (Fig 3). The selected combination of systems takes into account the two main accidental 
situation families: the pressurized situations (intact primary boundary) and the depressurization 
situations resulting from a LOCA. In addition, the situation related to a primary pressure reaching 
around 0.1 Mpa, corresponding to a combination of LOCA and a leak of the CC, has been 
considered only after 24 hours.    

  

 

 

 

 

 

 

Figure 3: Sketch of the initial DHR operation (from Malo et al., 2007)) 

 

 

3.  Risk-informed approach retained for the GFR2400 

Beyond a fundamental set of safety objectives defined by IAEA (IAEA Safety Standards Series NS-
R-1) for all nuclear plants, as fourth generation reactors, the GFR must include specific qualitative 
objectives aimed to increase public confidence in their safety (IAEA Safety Report Series No. 46). 
Among others, the need of minimal emergency protection action of the population around the site is 
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aimed. The general safety objectives can be declined as release targets according to different 
operating conditions as well as in term of probabilistic targets (p.e, core damage frequency, CDF). 

3.1.  Governing principles 

The governing principles of the safety approach are grounded on the defense in depth principle 
(DiD), the existence of physical barriers, the safety functions aimed at protecting these barriers and 
the ALARA principle regarding the radiation protection of the facility's staff. The physical barriers 
enabling the fission product to be confined are, successively, the cladding of the fuel assembly, the 
primary circuit boundary and finally the containment.  

3.2.  Safety analysis methodology 

The adequacy of the provisions retained in the design can be judged using a variety of deterministic 
and probabilistic methods and this is further discussed in this section. In general terms, the plant is 
deterministically designed against the identified list of the operating conditions using well-
established design criteria to ensure suitable safety margins. These margins are built thanks to 
various pessimistic assumptions regarding the availability of the safety components/systems (p.e, 
single aggravating failure, reactor initial state and lack of power) and  regarding the physical 
uncertainties. L1PSA has also been performed to verify that there are no vulnerable areas in the 
design with the potential for high-risk sequences (Bassi et al., 2010). In this way, L1PSA can 
identify any requirement for additional preventative or mitigative design features. PSA enables 
weak points in the design of the reactor to be identified, due to its broad framework and its 
exhaustive purpose. As a result, a homogenous safety design should result from a valuable use of 
PSA results avoiding a family of sequences contributing too greatly to the overall risk number. This 
study has been performed using an iterative process with the design. Finally, the PSA could help to 
locate the IEs and the resulting sequences in the risk domain for IEs which are questionable and/or 
difficult to categorize. The development and the integration of the PSA results alongside the 
deterministic safety analysis has begun in the conceptual phase, once the basic design have been 
defined even if the knowledge of reliability data implied to pay a particular attention to the 
uncertainties on data. However, valuable results without respect to absolute quantification can be 
used by differentiating relative results in order to prioritize the design studies and improvements of 
the reactor. A particular point of interest is also that it contributes to the demonstration that 
sequences leading to important and/or early releases are practically eliminated. Moreover, regarding 
severe accidents, it provides a preliminary assessment of the safety improvement resulting from the 
planned mitigation measures as well to prioritize the R&D efforts. 

3.3.  Interactions between safety assessment and design process 

The classical methodology and rules used in the deterministic safety analysis briefly described in 
the previous sub-section are usually used and presented in the safety case. Regarding the GFR2400, 
the design was not yet consolidated (especially at its initial stage) and the reference architecture and 
dimensionning of the system could be revised on the basis of the results of the safety studies. 
Moreover, the performance of the safety systems has been assessed first with simplified transient 
calculations and simplified deterministic rules. By the way, the safety studies carried out by taking 
into account an adequate set of transients and combination of deterministic and probabilistic criteria 
was use to provide improvments, simplifications and verification of the reactor design according to 
the process described on Figure 4 (Devictor et al., 2005).  
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Figure 4: Sketch of the interaction between design process and safety insights  

 

4.  Feedback of safety preliminary analysis on initial DHR system design and operation  

The preliminary analysis performed on the initial stage of the design and with the DHR strategy 
presented above are already presented in a detailed way by Bertrand et al. (2008) and Malo et al. 
(2009) regarding the overall approach and results ; moreover, detailed results of the first version of 
the GFR2400 PSA dedicated to the initial design are available in (Bassi et al., 2008). Therefore, 
only specific insights that permitted to point out the features to improve in the design are reported 
here. 

4.1  Deterministic approach insights 

The transient analysis, performed thanks to the CATHARE2 code permitted to assess the provisions 
foreseen in order to cope with the acceptance criteria of the reactor (on the fuel, the cladding and on 
the vessel and the IHX) as well as to assess the performance of the DHR loops. Several single 
aggravating failures have been considered in the calculations. A static qualitative approach of the 
initial strategy proposed in Figure 3 indicates that the core can not be cooled by any system if the 
CC is not tight within the first 24 hours after a LOCA because the systems foresseen in this 
situation are not dimensionned for the residual power level of the first 24 hours after the occurence 
of the break. In an intermediate stage of the design presented by Bassi et al. (2010), a single loop 
operating in forced convection was foreseen. However, in case of break located on this loop 
combined with the tightness failure of the CC, the system could not fulfil the acceptance criteria in 
case of an aggravating event associated to the failure of the intact RLP loop (Fig. 3). However, 
transient calculations have shown that as soon as the depressurisation transient is over, even a loop 
affected by a LOCA can cool efficiently the core. Whatever the level of pressure (high or low), the 
single failure criterion is respected with only 2 loops as soon as only the cold-duct is broken ; the 
double-ended breach of the cross-duct (cold and hot ducts) belongs to the beyond design domain 
whose situation are not subject to any additional aggravating event. Moreover, the LOP application 
has indicated that the control of a small break LOCA classified in the 3rd category of operating 
conditions combined with the failure of the forced convection (complex sequence of 4th category)  is 
not enough protected by the systems. The CATHARE2 calculations have confirmed that this 4th 
category situation would induce a core degradation. As a conseqence, in case of failure of the forced 
convection means, it is proposed to cool the core with a natural convection flow driven, thanks to a 
gas release from three nitrogen accumulators (Bertrand et al., 2008). In this illustration (Fig. 5), 
those accumulators are triggered when the primary pressure reaches 20 bars and a final pressure in 
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the close containment around 10 bar is sufficient if the accumulators are filled with nitrogen. This 
gas being more dense, the mass flow rate is higher than with helium assuming the same mole 
number of gas.  

 

 

 

 

 

 

 

Figure 5: Control of a 2 in LOCA in natural circulation by means of nitrogen injection 

Moreover, the study of the bounding large break LOCA equal to 10 inches combined with the 
failure of the starting of a DHR blower (aggravating event) would lead to a core degradation if the 
valve of the loop associated to the blower that does not work stays open. Such a flow path 
configuration would lead to a large by-pass of the core by a reverse flow in the open DHR loop. The 
feedback on design is to foresee that the blower and the valve are not supplied on by the same 
Diesel generator. The PSA enabled the reliability of such an additional provision to be checked.  

4.2  PSA insights on the initial design 

The main benefits of the use of PSA during the design process are related to the identification of 
plant vulnerabilities, of inter-systems dependencies and potential Common Cause Failures (CCFs), 
and to the examination of risk benefits from different design options. The probabilistic insights will 
help with the design optimization of safety systems (particularly in terms of redundancy and 
diversification), and with the checking of the design homogeneity from safety standpoint and, in the 
near future, from cost to safety benefit concern. The IEs and their occurrence frequencies, 
considered in this fist version of the PSA (Bassi et al., 2008) are consistent with those investigated 
in the deterministic approach presented before; an inadvertent reactor trip which is a category 2 IE 
has also been studied. The failure of the various systems have been modelled with fault trees 
connected to event trees modelling the accidental sequences, thus permitting the whole 
quantification of the Core Damage Frequency (CDF) as usual in a L1PSA. When support 
calculations of the sequences were not performed, the final state leading to core damage was 
considered to be the loss of a main safety function. The various sources of uncertainties were taken 
into account as follows : 

- the reliability of natural convection thanks to a specific methodology based on uncertainties 
propagation in thermalhydraulic calculations ; 

- the technological uncertainties on very innovative components thanks to a risk factor taking into 
the possible unability to design or to manufacture the component ;  

- the physical uncertainties due to the risk for a component to not fulfill its mission. 

Thanks to its large scope, the PSA permitted to screen all the combination of flow-path 
configurations leading to a core by-pass. As a result, it enabled the configuration aforementionned 
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to be identified and to be corrected by a design provision. Moreover, starting from a reference 
configuration (large core by-pass) or architecture of support systems, successive modifications were 
performed in the probabilistic model according to the preponderant minimal cut-sets (MCs) 
screening. In the light of the MCs set, it appears that (Fig. 6): 

•  the increase of voting systems redundancy (impact on scram and DHR actuation) 
leads to a CDF reduction by a factor of 2 (case#1 vs. reference design); 

•  the diversification of the signal leading to the DHR actuation enables a factor of 9 to 
be gained, compared to the first alternative design (i.e. case #1); in the model, a triple 
instrumentation for core inlet temperature measurement is added; 

•  a slight decrease of CDF (case#3 vs. case#2) with a redundancy implementation for 
electrical supply of the DHR isolating valve in order to avoid a failure to close when 
an electrical train is lost.  

The first lessons emerging for the design and for the demonstration of safety robustness are that 
DHR systems for pressurized situations should be made more robust. However, some kinds of 
dependencies for ensuring the mission success of the DHR system still exist, demonstrated by the 
contribution of common cause failures for primary to secondary DHR circuits exchangers and 
isolating valves. This dependency is increased due to the dual convection scheme through these 
dedicated loops (i.e. valves and exchangers are common for the forced and natural convection 
modes). Some elementary (i.e. technological) and/or integrated (i.e. strategy improvement) 
solutions could be implemented: respectively increased diversification for valves and exchangers, 
and/or by incorporating the possibility of using the normal loops in the first place in the DHR 
strategy. 
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Figure 6: Risk reduction process implemented thanks to the PSA 

 

5.  Safety assessment of advanced design 

Considering the already significant number of loops connected to the reactor vessel, the need for 
further diversification of the DHR system (underlined by the first version of the L1PSA) has been 
addressed by considering the possibility to use the normal loops as a first line of defence instead of 
adding supplementary loops. The DHR operating depends on the accidental situation to face (Figure 
7 and Figure 8). The selected combination of systems takes into account the two main accidental 
situation families: the pressurized situations (intact primary boundary) and the depressurization 
situations resulting from a LOCA. The means represented in the upper part of the sketch are used in 
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priority if available (depending on the pressure range considered), the means represented below 
being used if those above have failed. In addition, the situation related to a primary pressure 
reaching around 0.1 MPa, corresponding to a combination of LOCA and of a leak of the CC, has 
been considered. It is worth noticing that the DHR based on natural circulation with a heavy gas for 
small breaks relies on the presence of the CC insuring a back-up pressure of about 1 MPa. This CC 
permits also to dimension DHR blowers with a low power, compatible with an emergency electrical 
power supply, delivered by Diesel engines.   

5.1  Deterministic approach insights 

Only one loop being available in the DHR system, both for the powered forced convection as well 
as for a turbine driven blower, there was no redundancy in the RLP system. Especially in case of 
failure to open this loop in case of failure of the CC, no system would remain available to cool the 
core. Therefore, a second loop has been added in the RLP that fulfils the single failure criterion 
knowing that, as soon as the depressurization is over, the flow rate in the loop would be equal to its 
nominal flow rate according to first transient calculations. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Sketch of the DHR operation (DHR#1 in blue on Fig.8,  
DHR#2 in green on fig. 8, DHR#3 (dedicated means in CC) on Fig.8) 

 

 

DHR #1

DHR #2

DHR #3
RHP-FC 3/3)
RHP-NC 2/3)-

DHR #1 

DHR #2

DHR #3

24 h

168 h

DHR #3

- + 3 AQ_N2]

Pressurized
situations

IHX breaks
LOCAs

DHR #3DHR #3

SB-LOCA- φ< 3’’) LB-LOCA (φ> 3’’)

DHR #3

DHR #3
RLP-T

DHR #3

DHR #3
3 AQ_N2]

Close containment isolation

(Isolation of main
loops)

ou

DHR #3
3 AQ_N2]

DHR #3
[RLP + 3 AQ_N2]

Depending on 
the secondary
ciruit integrity

+
isolation of 

the secondary
broken loop

Equivalent to 
pressurized
situations or 
LOCAs with

the failure of the
close containment

DHR #3
RLP-M

Main loops isolation

DHR #3
RLP-M

Close 
containment

broken

RHP-NC 2/3)
RHP-FC 3/3)

RHP-NC 2/3)
RHP-FC 3/3)

RHP-FC 3/3)

RLP-T RLP-T +

RHP-FC 3/3)
RHP-NC 2/3)

RHP-FC 3/3)

RHP-FC 3/3) +

(Isolation of main
loops)

DHR #1

DHR #2

DHR #3
RHP-FC 3/3)
RHP-NC 2/3)-

DHR #1 

DHR #2

DHR #3

24 h

168 h

DHR #3

- + 3 AQ_N2]

Pressurized
situations

IHX breaks
LOCAs

DHR #3DHR #3

SB-LOCA- φ< 3’’) LB-LOCA (φ> 3’’)

DHR #3

DHR #3
RLP-T

DHR #3

DHR #3
3 AQ_N2]

Close containment isolation

(Isolation of main
loops)

ou

DHR #3
3 AQ_N2]

DHR #3
[RLP + 3 AQ_N2]

Depending on 
the secondary
ciruit integrity

+
isolation of 

the secondary
broken loop

Equivalent to 
pressurized
situations or 
LOCAs with

the failure of the
close containment

DHR #3
RLP-M

Main loops isolation

DHR #3
RLP-M

Close 
containment

broken

DHR #1

DHR #2

DHR #3
RHP-FC 3/3)
RHP-NC 2/3)-

DHR #1 

DHR #2

DHR #3

24 h

168 h

DHR #3

- + 3 AQ_N2]

Pressurized
situations

IHX breaks
LOCAs

DHR #3DHR #3

SB-LOCA- φ< 3’’) LB-LOCA (φ> 3’’)

DHR #3

DHR #3
RLP-T

DHR #3

DHR #3
3 AQ_N2]

Close containment isolation

(Isolation of main
loops)

ou

DHR #3
3 AQ_N2]

DHR #3
[RLP + 3 AQ_N2]

Depending on 
the secondary
ciruit integrity

+
isolation of 

the secondary
broken loop

Equivalent to 
pressurized
situations or 
LOCAs with

the failure of the
close containment

DHR #3
RLP-M

Main loops isolation

DHR #3
RLP-M

Close 
containment

broken

RHP-NC 2/3)
RHP-FC 3/3)

RHP-NC 2/3)
RHP-FC 3/3)

RHP-FC 3/3)

RLP-T RLP-T +

RHP-FC 3/3)
RHP-NC 2/3)

RHP-FC 3/3)

RHP-FC 3/3) +

(Isolation of main
loops)



 NEA/CSNI/R(2012)2 

93 
 

 

Secondary circuit

GV1

T C A

pony motor
(sev.100 tr/min ; 1 MW)

Powered by the grid or by EDGs

2 MP “AFW” in // (x3 SGs)
powered by the grid only

HP

To condenserto atmosphere

M

M

G-C

M

AFW tank 
(1 per SG)

M

M

RHP#1#2 
(F/N)

Containment building

RHP3
(F)

FC gas/air HX 
Fan powered 
by the grid or 

by EDGs

AFW system: operating in forced convection at 
water/steam side (1 tank and 2 pumps per SG) + 
steam relief to condenser or atmosphere
Secondary circuit (gas mixture) operating in natural 
convection (after TM rundown) / primary loop 
operating in forced convection (pony motor)

Intermediate Loop Cooling (ILC) system:
operating in forced convection at air side
Secondary circuit (gas mixture) operating in natural 
convection (after TM rundown) / primary loop 
operating in forced convection (pony motor)

AFW system

ILC system

 
 

Figure 8: Sketch of various DHR means    
 

5.2  PSA insights 

 
In order to illustrate the complementarities of the insight mentioned above by considering the level of 
redundancy of a sub-system contributing to the DHR, the possibility to simplify the RHP system and 
to replace the turbine driven blower by a motorized blower has been investigated and quantified from 
a risk impact point of view (Bassi et al., 2010). The reduction of the technological uncertainty 
resulting from the innovative feature of the turbine driven blower compensate the increase of the CDF 
due to CCFs by adding another motorized RLP (Fig. 9). Finally, the gain is about 2 % on the overall 
CDF. On the contrary, the suppression of a loop (the dual loop) on the RHP system has been assessed 
to induce an increase of the CDF of about 26 %; this increase appeared acceptable considering the 
overall risk level and the simplification of the primary circuit. The interest to have a dual operating 
loop able to perform natural and forced convection does only reduce the risk of about 2 %. Finally, the 
overall CDF is of the same order of magnitude of that targeted for generation III reactors ; more 
precisely, the mean reference value of the CFD is around 1.5 10-6 /(y.r) including a well-balanced risk 
contribution of various IE families (Bassi et. Al, 2010) with the heaviest one being the small break 
LOCA reaching 22 % of the whole risk. 
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Figure 9: Design evolution thanks to the risk-informed analysis  
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6.  Conclusions 

The preliminary design of the GFR2400 has been carried out by using a combination of the classical 
deterministic safety approach with a L1PSA performed in order to go with the design process in the 
frame of a so-called risk-informed analysis. The L1PSA has been carried out in order to match with 
the pre-dimensioning process and its associated potential showstoppers. As a consequence, its first 
version was focused on the events affecting the primary circuit, namely the two typical situations 
(LOCA and pressurized situations) already studied in the transient analysis. The main lessons learnt 
from the preliminary risk-informed analysis carried out at this early stage of the design has led to 
reinforce the redundancy in the signal elaboration able to actuate the safety systems and to prevent 
the wrong flow path configurations. In particular, the systematic consideration of all the possible 
sequences leading to core by-pass through the L1PSA enabled the various configurations to be 
investigated by means of transient calculations. Moreover, the lack of progressiveness of the safety 
architecture required improvements in order that the GFR be more protected from frequent events 
than from hypothetic events. The answer provided to this issue has led to retain provisions in order 
to remove the residual heat thanks to the normal loop and to foresee nitrogen injection in the 
primary circuit in order to be able to control the SB-LOCA in a natural convection regime. 

Finally, the extended analysis carried out on the advanced stage of the design of the reactor and its 
evolved DHR strategy, permitted to confirm the design options retained (possibility to remove the 
heat with the normal loops operating in natural convection) but also to simplify some sub-systems 
when possible (suppression of one dedicated RHP loop and suppression of the turbine driven 
blower) and to reinforce some others when necessary (addition of one RLP motorized loop). Some 
points would need further investigations in order to consolidate the safety margins, like the 
possibility to control some unprotected transients with the normal loops and like the actuation of the 
natural circulation in case of LOCA. By assuming that the results obtained up to now will be 
confirmed by more in-depth studies, the CDF obtained for the GFR2400 would close to that of 
EPRTM. The approach briefly presented here has been tested for the GFR2400 and considering its 
interest for design and safety, its application is foreseen for the future SFR prototype under 
development at CEA by roughly following the same principles.        
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