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Abstract - As a result of an early technology roadmap performed at the end of 2000, the CEA selected a 
sequenced development of advanced gas cooled high temperature nuclear systems as main focus for its R&D 
programme on future nuclear energy systems.  
The selection of this research objectives originates both from the significance of fast neutrons and high 
temperature for nuclear energy to meet the needs anticipated beyond 2020/2030, and from the significant 
common R&D pathway that supports both medium term industrial projects and more advanced versions of gas 
cooled reactors.  
The first step of the “Gas Technology Path” aims to support the development of a modular HTR likely to meet 
international market needs around 2020. The second step is a Very High Temperature Reactor (> 950 °C) to 
efficiently produce, among others, hydrogen though thermo-chemical water splitting or to generate electricity 
with an efficiency above 50%.  
The third step of the Path is a Gas Fast Reactor that features a fast-spectrum helium-cooled reactor and closed 
fuel cycle, with a direct-cycle helium turbine for electricity production and full recycle of actinides.  
The paper succinctly presents the R&D program launched in 2001 by the CEA with industrial partners on the 
“Gas Technology Path”, which is destined to become the contribution of France to the development of the 
VHTR and the GFR within the next phase of the Generation IV Forum. 
 
 

INTRODUCTION: THE INTERNATIONAL 
AND THE NATIONAL CONTEXT 

Research and Development work on future nuclear 
energy systems in France applies to innovative 
reactor, fuel and the fuel cycle technologies, 
beyond the options developed for current industrial 
projects.  These researches are organized in two 
major strategic axes: 
•  4th generation nuclear energy systems with a 

main focus on the development of gas-cooled 
systems, and more prospective activities on 
other candidate technologies; 

•  Innovations for fuels and systems of 
pressurized water reactors. 

Companion studies on scenarios of electronuclear 
development and on techno-economic evaluations, 
participate in the orientation of these researches for 
innovations and ensures the global coherence. 
Since 2000, the CEA led an internal reflection on 
the most promising technical options for systems 
(i.e. reactors and fuel cycles) of the 4th generation 
allowing a sustainable energy development, and 
likely to meet the following criteria, widely shared 
internationally: a strengthened economic 
competitiveness (notably by the reduction of capital 
costs); an increased security as well as an increased 
safety during the plant operation, in accidental 
situations, and regarding risks of proliferation; a 
reduced impact on the environment: by a flexible 
and effective use of nuclear fuel and available 
resources and by a considerable reduction of the 
long-lived radioactive elements in the ultimate  
 

waste; a capacity for other applications than the 
production of electricity, such as the production of  
hydrogen or the desalination of seawater. 
Given the significance of fast neutrons systems, 
closed fuel cycles and high temperature to meet 
these goals, the CEA developed a specific interest 
in a consistent set of gas cooled systems supported 
by a significant common R&D pathway and 
offering opportunities for a sequenced development 
in three stages: a modular reactor with high 
temperature (850 °C) for the international market 
around 2020, an up-graded version to very high 
temperature (> 950 °C) for the massive production 
of hydrogen, and a system with fast neutrons with 
full recycling as a vision of sustainable nuclear 
technology. 
The assets of this set of gas cooled nuclear systems 
have been confirmed by the Technology Roadmap 
of the Generation IV International Forum in 2001-
2002, which led to select the VHTR and the GFR 
among the six Generation IV systems to be 
developed internationally in the next phase of the 
Forum. A budget of 30 MEuros is being allotted to 
this program in 2004, with a forecast to about 
double the effort by 2012. 
The activity of the CEA on other 4th generation 
systems aims to share the past expertise acquired in 
France on sodium cooled reactors in the Generation 
IV Sodium Fast Reactor (SFR), as well as to further 
assess the viability and the potentialities of more 
prospective Generation IV systems such as the 
Supercritical Water cooled  Reactor (SCWR) and 
the Molten Salt Reactor (MSR).  
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HIGH TEMPERATURE GAS COOLED 
REACTORS: A PATHWAY OF PRIVILEGED 
DEVELOPMENT 

The use of helium allows to reach high conversion 
efficiencies, while enabling to make use of gas 
turbines, which made considerable progress and 
constitute today the most efficient conversion 
technology.  
Gas cooled reactors benefit from a number of 
attractive features:  
•  In terms of security and safety: the conductive, 

refractory and highly confining fuel form 
allows for a very robust behaviour in 
accidental situations; 

•  In terms of economic competitiveness: a high 
potential is afforded by a high energy 
conversion efficiency, a simple design of the 
primary system (with direct conversion), a 
probable short duration of construction, that 
should result in a reduced investment. 

The main steps of the envisaged gas cooled systems 
sequenced development path are the following: 
•  By 2015-2020, the development of a modular 

reactor of 300 MWe cooled by high  
 
temperature helium (850 °C), including the 
realization of an industrial prototype by 2015;  

•  The domain of the very high temperatures 
(greater than 950°C with the VHTR) opens a 
field of applications beyond the production of 
electricity such as hydrogen generation to 
produce synthetic hydro-carbide fuels to 
replace oil in a few decades; furthermore, co-
generation contributes to improving the 
competitiveness of nuclear power;  

•  Besides, a technical and economic evaluation 
of seawater desalination processes likely to be 
coupled with high temperature reactors was 
conducted within the framework of the 
European project Eurodesal; 

•  Beyond the development of a modular HTR 
and that of the VHTR, the investigation of a 
gas cooled fast neutron system (GFR) with 
innovative refractory fuel and integral 
recycling of transuranic elements has been 
launched to re-assess by 2030 the potential of 
gas as an alternative to liquid metals to cool 
fast neutron cores.   
Figure: The “Gas Technology Path” for a 
sequenced development of high temperature 
gas cooled reactors.  

 

Development of a consistent portfolio of gas 
cooled systems  
The selection of a set of gas cooled systems as 
guideline for the development of future nuclear 
energy systems is simultaneously motivated by the 
support to the strategy of Framatome-ANP to 
widen the range of commercialised reactors through 
the development of a high temperature gas cooled 
reactor of 300 MWe, and the interest of the CEA - 
confirmed by the Forum Generation IV - to study 
the possible adaptations of this system either 
towards very high temperatures for the production 
of hydrogen, or towards fast neutrons to attain 
essential features of sustainable nuclear systems 
such as breeding fertile fuels and burning all 
actinides. 
 
PARTICIPATION IN THE DEVELOPMENT 
OF A MODULAR HIGH TEMPERATURE 
REACTOR LIKELY TO MEET 
INTERNATIONAL MARKET NEEDS BY 2020  

The current R&D program led in partnership with 
Framatome-ANP and EDF to support the 
development of a modular high temperature reactor 
likely to meet international market needs by 2020 
includes the main following items: 
Core, fuel and cycle 
•  The re-manufacturing of standard TRISO fuel 

particles (2004), with first irradiation tests 
within the Osiris reactor in the year 2005 and 
the objective of a validation by 2010 for an 
industrial use; 

•  The development of innovative technologies 
for the management of the waste generated by 
the operation of HTR reactors (2006) with the 
objective of a validation before 2012 for 
industrial applications; 

Design and safety   
•  The exploitation of the experience gained on 

the HTR technology through the CEA 
documentary base from the years 1980s and 
sharing the European experience through the 
network HTR-TN set up within the framework 
of the 5th European R&D Framework 
Program; 

•  The development of a validated platform 
(2006) of computational tools and procedures 
for the design studies of gas cooled reactors; 

•  Economical data assessment leading to 
electricity and hydrogen production costs. 

Technology and components  
•  The selection and the validation before 2006 of 

the best materials for a technologically updated 
HTR; 

•  The deployment from 2003 to 2006 of a set of 
helium benches and test loops, to experiment 
the important technological aspects of high 
temperature helium systems and for simulating 
normal or accidental operating conditions; 

R & D
• Fuel particles
• Materials
• He systems technology (850°C)
• Computer codes
• Fuel cycle

R & D
•VHT materials
• IHX for heat process
• ZrC coated fuel
• I-S cycle H2 production

PMR
R & D

• Fast neutron fuel
• Fuel cycle processes
• Safety systems

GFR

> 950°C for VHT
heat process

VHTR
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PARTICIPATION IN THE DEVELOPMENT 
OF THE VHTR SYSTEM WITHIN THE 
FRAMEWORK OF THE GENERATION IV 
INTERNATIONAL FORUM 

The CEA is a partner of the United States, Japan 
and other member countries of the Generation IV 
Forum for the development of the Very High 
Temperature Reactor (VHTR). The R&D plan aims 
to resolve viability issues by 2010 and to confirm 
the performances in 2015.  
The main axes of R&D for the VHTR are the 
production of hydrogen by the sulfur/iodine 
thermo-chemical cycle, the technology of very high 
temperature materials and components (1000°C) 
required by this process and the intermediate heat 
exchanger, and the development of fuels offering 
increased margins for operation at very high 
temperature. The contributions of the CEA in these 
fields will be the following: 
Design and Safety 
•  Support to the design studies of the VHTR 

system, both in terms of supply of validated 
procedures of calculation and direct 
participation in the studies; specific 
contributions are expected to the studies of 
coupling modes of the reactor to the hydrogen 
production processes by thermo-chemical 
cycle or high temperature electrolysis; 

•  Participation in the assessment and 
development of the hydrogen generation 
processes with the objective to compare around 
2006 the performances, the co-generation 
modes and the coupling features of the 
sulfur/iodine (S/I) cycle process with those of 
the high temperature electrolysis (HTE);   

•  For the HTE, a programme of development is 
launched within the 6th European Framework 
Programme. 

Core, fuel and fuel cycle 
•  Development of fuel particle with ZrC coating 

optimised for the VHTR with the objective of a 
validation by 2013 for an industrial 
application; 

•  Continuation, beyond the objectives retained 
for the medium term modular project, of the 
R&D effort to develop a process for the 
treatment of spent fuel particles and to develop 
a technology for the management of the waste 
generated by gas cooled reactors, with the 
objective of a validation before 2012 for 
industrial applications.  . 

Technology and components 
•  The R&D on materials for the gas technology 

represent a key contribution of the CEA to the 
Generation IV Forum. The material 
technologies to be investigated are those of 
medium temperature (~ 450-650°C) for vessel 
structures and cold internals, high temperature 
(~ 650-950°C) for primary circuit, recuperator, 

intermediate heat exchanger, turbine 
component and very high temperature (~ 1000-
1650°C) for core and hot gas facing 
components. For the different reactor 
components, the current work on material can 
be summarized as follows: 
o Reactor pressure vessel – The studies 

carried-out on this material are currently 
oriented to collect preliminary 
metallurgical data required to demonstrate 
that the modified 9Cr-1Mo can be 
considered as the prime reference material 
for an industrial feasibility (manufacturing 
and welding) of a full dimension vessel. 
Then, a more advanced creep resistant 
variant will be defined to reach higher 
operating temperatures as well as an 
extended lifetime of base metal and welds; 

o Internals, recuperator, IHX and 
Turbine – Regarding materials to be used 
for all these applications, CEA has 
launched feasibility studies of a 
commercial high strength Ni-base alloy, 
the Haynes 230 alloy, or coatings on more 
conventional alloy (alloy 800H), as 
alternative solutions in the 900-1000°C 
temperature range; 

o Core structural components – In the 
VHTR, the core structural elements are 
made of graphite. The graphite 
components are the fuel elements, the 
replaceable reflector, the permanent side 
reflector and the core supports. Carbon-
carbon composite materials could be used 
as control rod and insulator blocks 
materials.  

 
Hydrogen production technologies 
The assessment and the development of hydrogen 
production processes including the iodine/sulfur 
thermo-chemical cycle and high temperature 
electrolysis. 
R & D program and Task schedule 
Other essential contributions in this domain will be 
the following: Participation in the development of 
compact high temperature heat exchangers; 
Participation in the development of a conversion 
system using a gas turbine adapted to the conditions 
of the VHTR for the co-generation of electricity 
and hydrogen, and for the production of electricity 
only; Realization of tests of key technologies for 
very high temperature helium systems in 
representative conditions on helium test benches 
and test loops. 
In parallel to the development of the system VHTR 
dedicated to the production of hydrogen and 
electricity, various studies, likely to induce specific 
technology developments, assess the potentialities 
of this system for other applications like 
desalination and deep-burning of transuranic 
elements. 
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PARTICIPATION IN THE DEVELOPMENT 
OF THE GFR SYSTEM WITHIN THE 
FRAMEWORK OF THE GENERATION IV 
INTERNATIONAL FORUM 

The CEA is a partner of the United States, Japan 
and other member countries of the Forum 
Generation IV for the development of the Gas Fast 
Reactor ( GFR ) featured by fast neutrons and 
integral recycling of the fuel. The R&D plan of the 
GFR aims to resolve viability issues by 2015 and to 
confirm its performances by 2020. 
Beyond the developments of high temperature 
materials, components and conversion systems, 
which are also necessary for the VHTR, the 
viability and the performances of the GFR is based:  
•  On the development of new fuels capable of 

transposing into the fast neutron spectrum the 
attractive features of the particle fuels (high 
temperature resistance, confinement of fission 
products, reasonable thermal conductivity);  

•  On the development of processes for the 
treatment of these peculiar fuels and their re-
fabrication with sufficient potential to be 
economic, compact and optionally set-up on 
the production site;  

•  On the development of a set of redundant and 
diversified safety systems capable of managing 
all the accidents conditions, and in particular 
the accident of depressurisation. 

Design and safety 
•  Design studies to select the design options and 

operating parameters of a reference GFR 
system (2003);  

•  Participation in GFR system studies to resolve 
technological showstoppers (2015), to confirm 
the performances of the system (2020) and to 
prepare the decision for an international 
demonstrator of GFR; 

•  Development and validation of the 
computational tools for the design of the GFR, 
beyond the needs identified for the VHTR;  

•  Study of GFR's demonstrator international 
project (reactor and fuel cycle plant) on the 
horizon 2022 according to the following 
schedule: selection of options (2008-2010), 
pre-conceptual design studies ( 2011-2012 ), 
conceptual studies (2013-2014), then final 
design studies (2015-2017). 

After the completion of one year of parallel 
exploratory studies within the framework of the 
France-US I-NERI Project on the GFR, an 
agreement has been reached on the design goals 
and criteria, and a number of design and safety 
options have already been selected for: 
•  fuels and materials: an innovative block/plate 

type dispersed fuels (carbide fuel dispersed in a 
SiC matrix, with also the use of SiC as in-core 
structural material) was selected as reference; 

•  core design: based on common neutronics and 
thermohydraulics characterization, it is found 

that the block/plate core design can be 
optimized in the range of parameters 50/50 to 
70/30 (for the dispersed fuel/matrix 
composition) and 50 to 100 MW/m3 for the 
volumetric power with the recommendation to 
be ultimately as close as possible to 100 
MW/m3 (Pu inventory criteria); 

•  decay heat removal function: consensus on a 
well balanced mix between passive and active 
systems; 

•  primary system: French studies achieve 
completion of a preliminary design for a small 
size (<300 MWe) reactor system;  

•  balance-of-plant (BOP): the direct cycle 
remains the reference but considerations of 
indirect cycle and hydrogen generation 
schemes remain to be investigated during the 
second year. 

A preliminary definition of the whole system has 
been completed. The proposed reactor concept 
offers attractive characteristics regarding 
Generation IV missions and criteria. It uses a direct 
Brayton cycle and proven HTR technology 
whenever possible. Implementation of GFR-
specific safety systems is proposed, based on a 
consistent safety approach supported by 
preliminary transient analysis. Size studies (300 to 
~1200 MWe) in relation to core design (recovery of 
margins on the fuel design), complementary 
transient analyses and safety studies will be 
performed in the near future. A consistent R&D 
program is being defined to sustain on a long term 
view, the GFR conceptual design and assessment, 
including identification of the technological 
feasibility issues and of the major experimental 
demonstration. 
Core, fuel and cycle  
The orientations retained for the fuel and the fuel 
cycle processes were defined in 2001: 
•  Selection in 2004 of a reference technology for 

the fuel and the core materials to be first 
validated through irradiation tests in 
experimental reactors (Osiris and Phénix 
(2005-2007 )), and then tested after 2014 
within an experimental reactor representative 
the GFR operating conditions (Experimental 
Reactor for Technology Developments 
(REDT)); several activities are led in parallel 
on actinides compounds, inert materials, 
interactions between inert and actinides, and 
development of fuels;  

•  Behaviour of fuels under irradiation: a specific 
program, FUTURIX-Concepts has been 
launched, that aims at assessing the viability of 
several fuel concepts under neutron flux; 

•  Development, on the basis of experiments in 
the Atalante hot laboratory and in the 
Laboratory for advanced fuel development 
(LEFCA), of processes for spent fuel 
treatments and fuel re-manufacturing for 
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recycling, that are sufficiently simple, compact 
to be economical, and likely to be set-up on the 
nuclear site: pre-selection of processes in 2004, 
demonstration of scientific feasibility (2008), 
development of the processes and the 
associated technologies (2008-2020), 
demonstration of treatment/re-fabrication of 1 
kg of GFR fuel (2012);  

•  Report in 2006 on feasibility and safety options 
for the Experimental Reactor for Technology 
Development (REDT (30 MWth)) planned to 
start in 2014. 

Technology and components 
•  Development of materials and specific 

components for the GFR system (internal 
structures of the reactor under fast flux, in and 
out vessel heat exchangers for the systems of 
decay heat removal); 

•  Realization of tests in the conditions of the 
GFR on helium benches and technological 
loops for the helium systems at very high 
temperature; 

•  Validation of the safety principles of the GFR 
on the experimental reactor REDT (2014). 

 
DEVELOPMENT OF FUEL CYCLE 
PROCESSES AND TECHNOLOGIES  

Closing the fuel cycle has for long been an 
objective for nuclear power in France. The first 
industrial scale reprocessing plant was put into 
operation in 1974 (UP2-400 La Hague plant) and 
full maturity was reached with the start of  the large 
scale plants UP3 (1990) and UP2-800 (1994). 
France, indeed fully supported the recommendation 
of a closed fuel cycle for Generation IV systems, to 
afford a sustainable development of nuclear power 
while making an efficient use of the natural 
resources and minimising the production of long-
lived radioactive waste.  These objectives led to 
consider a global recycling of the actinides in 
Generation IV systems with fuel cycle processes 
offering a sufficient resistance to proliferation risks. 
A co-management of all actinides (uranium, 
plutonium and minor actinides) is envisaged to 
avoid separating nuclear materials such as 
plutonium that could be attractive for proliferation. 
To achieve this goals, CEA has launched a 
comprehensive program covering all aspects of fuel 
cycle processes and technologies. Some of these 
technologies are specific to given nuclear systems, 
as being strongly dependent on the fuel concept.  
They are described above in Generation IV systems 
R&D programmes. 
However there exist common issues between 
Generation IV systems, the most important being 
the actinides group separation. Achieving this type 
of separation is a challenge since all technologies 
available today have been purposely developed to 
separate each actinide from the others, especially 
with a view to implementing partitioning and 

transmutation strategies. However, promising 
prospects exist that such group separation processes 
could be derived from currently investigated 
aqueous partitioning processes of minor actinides 
based on the very unique properties of the diamides 
molecules family, and the CEA is presently taking 
advantage of the large technical background 
available on this subject to develop first flow-sheets 
of such group separation processes. If the current 
vision of this process (called GANEX for Group 
Actinides Extraction) is found viable, it could be 
directly sized up to industrial scale since it would 
use liquid-liquid extraction technologies already in 
use today.  Pyrochemical processes are also under 
consideration owing to their potentialities for 
compactness.  In this respect, a sizeable 
background exists from the development carried 
out within the frame of the Integral Fast Reactor 
(IFR) investigated in the United States in the early 
nineties. The main effort planned by the CEA on 
pyrochemical processes for the coming years will 
be focused on improving the yield of actinides 
recovery and assessing the feasibility to treat large 
quantities of fuel. 
The CEA is also evaluating very innovative 
techniques such as volatilisation or separation in 
supercritical CO2 solvent, that will be further 
investigated and developed if proved workable. 
Another important area of work, which is common 
to all nuclear systems, is the minimisation of the 
secondary waste generated by the fuel processing.  
Although the current situation is already quite 
efficient, progress in this field could contribute to 
improve the public acceptance of nuclear power. 
Related activities encompass gaseous radio-
nuclides trapping (14C, 85Kr, ...), deep 
decontamination of liquid effluents, and 
mineralisation of organics. 

 
Figure: The GANEX extraction process. 
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SUMMARY OF THE LARGE 
EXPERIMENTAL FACILITIES PLANNED 
FOR THE “GAS TECHNOLOGY PATH”  

The development of the considered set of gas 
cooled systems (Modular HTR for 2020, VHTR for 
the co-generation of hydrogen, and GFR with fast 
neutrons and integral recycling for enhanced 
sustainability) requires the following large 
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experimental facilities to be developed in the 
international frame of the Forum Generation IV: 
•  The technological helium loop Helite in the 

range of 1 MW planned in 2006 for testing 
components;  

•  The helium system Loop (Hello, 20 MW) 
planned for 2009 to test large components, to 
simulate normal and abnormal operating 
transients of gas cooled systems with direct 
conversion, and to validate code predictions of 
these operating sequences; 

•  The Experimental Reactor for Technology 
Development REDT (30 MWth) intended to 
validate after 2014 GFR fuels and core 
materials in representative conditions, and to 
contribute as much as needed in the 
international context to validate useful 
technologies for other gas cooled systems (first 
selection of REDT options in 2003, conceptual 
design in 2006, final design in 2009); 

•  The hot laboratory ATALANTE to test and 
demonstrate the viability and the performances 
of the main steps of the GFR fuel recycle 
(2012); 

•  GFR demonstration reactor around 2022 to 
conduct representative tests of the reactor, and 
then representative tests of the fuel cycle after 
2025. 

 
PARTICIPATION IN THE DEVELOPMENT 
OF THE OTHER SYSTEMS WITHIN THE 
FRAMEWORK OF THE GENERATION IV 
INTERNATIONAL FORUM 

The CEA participates in the development of the 
Sodium Fast Reactor system (SFR) with the 
objective to share the expertise acquired in France 
on Phenix and Superphenix, to participate in further 
investigations on key issues for sodium cooled 
reactors (in service inspection and maintenance, 
sodium risks, management of severe accidents), as 
well as to contribute to the development of key 
technologies for the Generation IV version of this 
type of system: minor actinides bearing fuels, 
supercritical CO2 gas turbine.  
In parallel, the evaluation of the potentialities of 
reactors cooled with supercritical water and with 
molten salts, which developed within the 
framework of European 5th R&D Framework 
Program, will be extended in 2004 through the 
participation in the evaluation of Generation IV 
Super Critical Water cooled Reactor (SCWR) and 
Molten Salt Reactor (MSR). The CEA will be 
involved particularly in the system and safety 
studies of reactors with supercritical water, as well 
as in system and safety studies, scenarios studies, 

and R&D on salt treatment processes for molten 
salt reactors. 
 
INTERNATIONAL COLLABORATION AS 
MAIN PATH FORWARD TO DEVELOP THE 
GENERATION IV SYSTEMS 

As a consequence of and internal Technology 
Roadmap in 2000 that led it to focus future nuclear 
energy systems studies on a consistent set of gas 
cooled systems, the CEA included R&D items 
relevant to this “Gas technology Path” in renewed 
versions of the collaboration agreements with 
Japan, United-States, Russia and other counties. 
The cooperation in Europe in this field developed 
in the 5th R&D Framework Programme at the 
initiative of the HTR Technology Network. Future 
work on New and Innovative Nuclear Concepts in 
the 6th European R&D Framework Programme is 
currently being structured so as to permit easy 
connections with equivalent activities in the 
Generation IV Forum. 
The R&D work that has been launched in 2001 as a 
national program on gas cooled nuclear systems is 
appealed to further develop within the Generation 
IV International Forum, as the potential of the 
considered set of gas cooled systems to meet 
international market needs in the medium term, to 
enable efficient hydrogen production in the longer 
term (VHTR), and to ultimately afford sustainable 
nuclear production (GFR), was confirmed by the 
technology roadmap conducted by the Forum.  
Besides, CEA will maintain innovative research on 
the mature technology of sodium cooled reactors 
through an active participation in the development 
of the Generation IV Sodium Fast Reactor (SFR). 
With a lower priority, the CEA will proceed with 
the assessment of feasibility and performance of 
more prospective nuclear systems while 
participating to system studies on the Generation 
IV Supercritical Water cooled Reactor (SCWR) and 
Molten Salt Reactor (MSR). 
Finally, as an active Member of the Generation IV 
International Forum, the CEA also contributes to 
set up an organisation of the multilateral 
collaborative work within the Forum which is 
likely to maximise the benefit of such a broad 
international collaboration and to secure best 
prospects of successful development of key 
technologies for nuclear power to meet 21st century 
energy needs.   
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