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R&D AND INNOVATION  
FOR TODAY’S AND TOMORROW’S 
NUCLEAR SECTOR
With a fleet of 58 reactors generating more than 75% of France's electricity, the nuclear power 
industry has given the country a significant leading edge. It is among the European countries 
that emit the least amount of CO2 produced per kilowatt hour. The nuclear industry also  
emits a very low level of atmospheric pollution.

W ithin this context, the CEA Nuclear Energy 
Division (DEN) provides the French government 

and industry with technical expertise and innovation in 
nuclear power generation systems to develop sustai-
nable nuclear energy that is both safe and economically 
competitive in a demanding environment with increasin-
gly higher regulatory and cost constraints. To rise to this 
challenge, the DEN is operating on several time scales. 

On the one hand, it supports the nuclear industry not only 
in the field of reactors, but also in the fuel cycle sector. This 
mainly concerns EDF and AREVA, together with several 
French and international partners, for whom the DEN pro-
vides its expertise and R&D programmes to support their 
current fleet of nuclear reactors and new build.

On the other hand, the DEN is working with its industry 
partners on the future generations of nuclear reactors 
and related fuel cycles within a longer-term perspective. 
The DEN is helping EDF to optimise its pressurised water 
reactors like the EPR, while contributing to discussions 
on Small Modular Reactors (SMR). At the same time, it is 
studying fourth-generation reactors with specific focus 
on sodium-cooled fast reactors. For this reason, it is 

leading the design studies for an integrated technology 
demonstrator called Astrid, while keeping up its techno-
logy watch and R&D on other relevant concepts for this 
next generation.

Its duties involve managing a broad range of R&D pro-
grammes devoted to key nuclear issues such as fuels, 
recycling, materials, etc. This requires a number of highly 
specific experimental devices and simulation tools. This is 
why the DEN is the project owner of a new experimental 
device called the Jules Horowitz Reactor (JHR) currently 
being built at Cadarache.

The clean-up and dismantling operations, together with 
the related R&D programmes, represent yet another 
important area of activity at the DEN. Historically spea-
king, the CEA has operated a great number of nuclear 
facilities. As operator, it is responsible for the clean-up and 
dismantling of those facilities that will soon be shut down. 

The CEA's key issues and programmes in the field of civil 
nuclear energy will be developed in the different feature 
articles of this special issue. 
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ASTRID, AN OPTION FOR  
THE FOURTH GENERATION

Modelling the nominal behaviour of a 4th generation fast reactor (view of the core and its cooling system).
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Energy independence and security of supplies, improved safety standards, sustainably optimised 
material management, minimal waste production – all without greenhouse gas emissions.  
These are the Generation IV International Forum specifications for nuclear energy of the future.
The CEA is responsible for designing Astrid, an integrated technology demonstrator for the 4th 
generation of sodium-cooled fast reactors, in accordance with the French Sustainable Nuclear Materials 
and Waste Management Act of June 28, 2006, and funded as part of the Investments for the Future 
programme enacted by the French parliament in 2010. 
Special report prepared by Vahé Ter Minassian

PREPARING THE FUTURE  
OF NUCLEAR ENERGY

SUSTAINABLY OPTIMISING  
RESOURCES

Artwork

SODIUM-COOLED FAST REACTOR

DEFINING TECHNOLOGICAL 
OPTIONS
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PREPARING THE FUTURE OF 
NUCLEAR ENERGY
Energy management – a vital need and a factor of economic growth – is a major challenge  
for the world of tomorrow. The nuclear industry has significant advantages in this regard, 
although it faces safety, resource sustainability, and waste management issues that must  
be met through continuing technological innovation.

Some figures speak for themselves: in 2030 the world-
wide demand for energy will have doubled under the 

combined effects of population growth — to 9 or 10 billion 
by 2050 — and the development of emerging countries. 
At a time when resources are becoming scarce and it 
is increasingly urgent to combat climate change, it has 
become indispensable to ensure competitive low- carbon 
energy sources.
The advantages of nuclear energy — electricity production 
without greenhouse gas emissions — make it a promising 
solution. However, this industry, like others, is confronted 
with problems of supply security and the scarcity of raw 
materials. In 2014, the estimated uranium resources 

amounted to 69 billion metric tonnes of oil equivalent, 
compared with 160 and 240 for gas and oil.
The issues of reducing the plutonium inventory, dispo-
sing of long-lived waste such as the minor actinides• and 
controlling nuclear proliferation• oblige us to innovate 
in nuclear technology.

France involved in two projects of fast 
reactors
Initiated in 2000 following a proposal by the United States, 
the Generation IV International Forum is intended to pro-
mote nuclear energy for the future by recommending the 
development of six reactor concepts (see sidebar). Heavily 

• Minor actinides: heavy 
nuclei other than plutonium 

(neptunium, americium, 
curium) formed in a reactor 

through successive  
neutron captures by uranium 

nuclei in the fuel.

• Nuclear proliferation: 
diversion of plutonium  

or other fissionable materials 
for military purposes.
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Overhead view  
of the Phénix reactor  

at the CEA Marcoule centre.
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OBJECTIVES OF THE GENERATION IV 
INTERNATIONAL FORUM

In 2001, the partners of the Generation IV International Forum established an official charter launching 
the activity of this forum for cooperation on R&D to establish the feasibility and performance of future 
reactors. Its objective: develop reactors with enhanced safety that are sustainable (e.g. saving uranium), 
economically competitive compared with other sources of energy, nonproliferating, resistant to terrorist 
attacks, and produce only small amounts of ultimate wasteforms.
Six reactor concepts were selected at the end of 2002. Three are fast reactors: gas-cooled fast reactor (GFR), 
sodium-cooled fast reactor (SFR) and lead-cooled fast reactor (LFR). The other concepts are based on the 
use of thermal neutrons: supercritical water-cooled reactor (SCWR), very high-temperature reactor (VHTR), 
and molten salt reactor (MSR).

involved in this initiative, the CEA is leading the design 
studies for Astrid, the integrated technology demonstra-
tor for the 4th generation of sodium-cooled fast reactors 
(SFRs). At the same time, it is keeping tabs and pursuing 
its own R&D programmes on the other 4th generation 
technologies. The Astrid project is completely different 
from the fast reactors of previous generations although 
they benefit from the experience acquired during earlier 
programmes such as Phénix and Superphénix.
Why focus on fast reactors? This choice is driven by their 
many advantages, especially their low impact on the 
state of world’s uranium resources in the case of their 
deployment. This technology is designed to “burn” any 
type of uranium (current systems are only able to exploit 
the minority isotope uranium-235), including depleted 
uranium recovered from spent fuel produced by existing 
nuclear power plants. This choice also offers the possi-
bility of multi-recycling the plutonium produced by the 
current fleet of light-water reactors. And yet another rea-
son is that fast reactors contribute to the management 
and reduction of long-lived radioactive waste volumes 
through the  transmutation• of minor actinides. Lastly 
and thanks to these advantages, fast reactors also pro-
vide a good means of defence against nuclear prolifera-
tion since they eliminate the need to enrich uranium and 
they even burn the plutonium they produce.

Cutaway view of the core of the SFR demonstrator, Astrid.
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The 14 partners: South Africa, Argentina, Australia, Brasil, Canada, South Korea, China, the United States, France, Japan, 
the United Kingdom, Russia, Switzerland, in association with EURATOM.

•Transmutation: 
transformation of one  
element into another.  
In this case, minor actinides 
would be fissioned  
to obtain other elements  
that are still radioactive,  
but with shorter half-lives.
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ASTRID PROJECT PARTNERS

For the R&D and engineering studies, which currently involve more than 500 people, the CEA Nuclear 
Energy Division is working with various French and foreign industrial firms.
•  CEA: project leader responsible for designing the core;
•  CNIM: exploiting heat  to optimise the efficiency of the gas power conversion system;
•  Airbus Defence and Space: reliability and dependability aspects;
•  Alcen: hot cells;
•  AREVA: nuclear steam supply system, instrumentation & control, and nuclear auxiliaries;
•  Bouygues: civil engineering and ventilation systems;
•  EDF: project management assistance, operational feedback, core design and safety studies, in-service 

inspection and materials lifetime inspection;
•  General Electric: water-steam and gas energy conversion system;
•  Jacobs France: shared resources and infrastructure;
•  JAEA, MHI et MFBR: design of Astrid safety systems and contribution to R&D in support of Astrid design 

options qualification;
•  Onet Technologies: innovation in robotics and handling;
•  Rolls-Royce: compact sodium-gas heat exchangers and fuel handling;
•  Technetics: developing innovative leaktight solutions for slab penetrations and robotics;
•  Toshiba: large electromagnetic pumps;
•  Velan: designing and developing sodium isolation valves for the secondary loop.

On the critical path to the Astrid  
integrated technology demonstrator 
The challenge now is to develop this new reactor type. 
Together with public and private partners (see sidebar), 
the CEA has been working in this direction since 2010 
within the scope of the SFR project known as Astrid. This 
600 MWe integrated technology demonstrator is cur-
rently in conceptual design phase. The design options, 
based on past experience, include a number of signifi-
cant improvements to guarantee that this reactor meets 

the stringent specifications for the fourth generation. 
The goal is to pursue these innovations – particularly 
regarding safety, for which the integrated technology 
demonstrator will mark a sea change with respect to its 
predecessors. The conceptual design phase was com-
pleted in late 2015. The CEA  then launched the basic 
design phase in early 2016. These studies benefit from 
a 625 million euros help from the Investments for the 
Future programme (out of a total of 1 billion euros allo-
cated for the future of nuclear energy).●

Cross-sectional view  
of Astrid’s nuclear island 

and turbine hall.
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France currently imports 8,000 metric tonnes of natu-
ral uranium each year that allow the manufacturing 

of 1,000 tonnes of enriched uranium which feed power 
plants; the remaining 7,000 tonnes of depleted uranium are 
placed in interim storage. This depleted uranium (consis-
ting mainly of uranium-238) cannot be used as fuel in the  
pressurised water reactors (PWRs) operated by EDF. It 
has been progressively stored in interim facilities across 
France and today represents a total stockpile of 270,000 
metric tonnes.
Another material to manage sustainably: the plutonium 
recovered from spent fuel (10 metric tonnes year). In 
France, it is treated to fabricate MOX•fuel. However, this 
fuel produced at a rate of 120 tonnes a year can be used 
efficiently only once in current reactors. After removal from 
the reactor it is stored in pools, even though it still contains 
plutonium. Is there not a way to reuse it?

Diminishing the existing stocks  
without constituting new ones
Fast reactors can provide solutions. With fuel containing 80% 
uranium-238 (U238) and 20% plutonium, they  produce energy 
by burning plutonium while also transforming  uranium into 
plutonium – sometimes in equal amounts if (as in the case of 
Astrid) they are operated in   isogeneration• mode.
The advantages? “There are two,” said Bernard Boullis, 
director of the “back-end” of the fuel cycle at CEA 
Nuclear Energy Division. “Fast reactors would avoid stock-
piling plutonium by completely ‘burning it up’ and could 
reuse practically all the U238 contained in the fuel.” In a 
conventional PWR, only the tiny fraction of the raw mate-
rial – uranium-235 – is extracted to produce energy. In 
a fast reactor, all 99% of U238 can be used to produce 
energy.
For this reason, the uranium does not need to be enriched 
prior to being loaded into a fast reactor, which is a consi-
derable advantage with respect to nuclear proliferation. 
Since U238 is naturally more abundant than U235, and 
since huge quantities are available in France, this option 
could ensure electricity production for thousands of years.

Recovering the plutonium  
from spent MOX fuel
Plutonium will be necessary for the startup of the first 
reactors, however. It could be recovered from spent MOX 
fuel stored in pools at La Hague reprocessing plant in 
quantities sufficient for the startup of ten power plants. 
Fast reactors could also be used to eliminate certain 
problematic waste forms within the nuclear industry. 
They would be able to “burn” (transmute) the minor acti-
nides. The processes necessary to separate them from 
spent fuel are also known, and are being developed at 
CEA Marcoule. ●

SUSTAINABLY OPTIMISING  
RESOURCES
Fast reactors are also of interest to the nuclear industry because their recycling capability would 
solve a number of problems related to the stockpiles of uranium and plutonium.

• Isogeneration: a process  
that produces as much  
fissile fuel as it consumes.

• MOX (Mixed OXydes):  
nuclear fuel consisting  
of a mixture of uranium  
and plutonium oxides.

Spent fuel storage pool at 
the AREVA La Hague site.

©
 E

.L
ar

ra
ya

d
ie

u
/I

n
te

rl
in

k
s 

Im
ag

e

High-level pulsed column  
in the Atalante facility  
at Marcoule which  
is used to perform uranium-
plutonium multiple 
recycling experiments.
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DEFINING TECHNOLOGICAL 
OPTIONS
After the resumption of R&D work with EDF and AREVA in 2006, the Astrid design studies 
began in 2010. The CEA, as owner and contracting authority for this programme, is now  
in a position to define the broad outlines of the demonstrator 4th generation reactor that  
could be commissioned during the next decade.

“A  reactor complying with the highest current safety 
standards and capable of optimising material mana-

gement.” This is how Nicolas Devictor, CEA director of 
research programmes in this area, defines a 4th gene-
ration reactor. “Maximum safety” because it should be 
at least the equal of the EPR and will incorporate the 
lessons learned from safety assessments carried out in 
French power plants following the Fukushima accident. 
‘Optimisation capability’ because this futuristic techno-
logy will be able to produce “a hundred times more energy 
than the reactors currently installed in France”. These cha-
racteristics reflect the main technological choices by 
CEA Nuclear Energy Division teams for the Astrid pro-
ject, in partnership with industrial firms.
It will be a ‘fast neutron’ reactor because under the 
laws of physics this is the only process capable of using 
almost all of the natural uranium to produce energy, and 
also capable of using the huge stockpile of uranium-238 
accumulated by decades of operation of EDF power reac-
tors as well as the plutonium contained in spent fuel. It 
will also mark a technological breakthrough so its level of 
safety exceeds that of all the other fast reactors that have 
been built to date, including Phénix and Superphénix.
Finally, it will be a 600 MWe reactor connected to the 
power grid because, as explained by Nicolas Devictor, 
“its role will be to demonstrate that the technical options 
selected for Astrid can be extrapolated to electricity-pro-
ducing reactors thanks to progress in reactor operability.” 
In commercial operation, a future reactor must be avai-
lable to produce energy at least 90% of the time. The 
goal is therefore to demonstrate to the industry, through 
the gradual development of suitable procedures, that 
the technology of sodium-cooled fast reactor (SFR) is 
capable of meeting this objective.

Sodium for fast neutrons
The technological options and main areas of research 
for this project can be justified in a similar manner. The 
decision to use fast reactors determines the nature of 
the heat transport fluid used to cool the reactor core. 
The coolant must not slow down the neutrons in the 
core, and therefore cannot be water as in a conventio-
nal pressurised water reactor. Other criteria such as 
its viscosity, corrosivity and thermal properties must 
also be taken into consideration. Finally, said Nicolas 
Devictor: “Although we could use gas, the best possible 
choice is liquid sodium heated to temperatures between 
200 and 550°C.”
The drawbacks of sodium must be mitigated, however, 
from the initial reactor design stage. In reactors such 

Assembly of a test section 
for magnetohydrodynamic 

studies.

Assembly of a mockup  
of a SFR secondary cooling 

system for leak detection 
system testing.
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as Superphénix, for example, a sodium void resulted in 
higher core reactivity, which CEA research engineers 
now seek to avoid by developing an enhanced-safety 
core (CFV, low void effect core) for Astrid. To limit the 
consequences of accidental contact between the liquid 
metal and water, they also plan to replace the steam 
generator by a heat exchanger and turbine operating 
with pressurised nitrogen to produce electricity.
Finally, the fire hazard arising from sodium leakage in 
the building will be limited by progress on leak detection 
as well as by bunkering or inerting the most exposed 
zones. High-temperature ultrasonic sensors (see side-
bar) or high heat-resistant robots will also be used 
during inspections, which will be more complex in a 
SFR because sodium is naturally opaque.

Pursuing innovation
This presentation of the facts does not mean that all the 
technical options have already been decided. It is essen-
tial to give priority to innovation, and a major R&D effort 
is still necessary in support of the engineering studies 
cofinanced by the CEA and its industrial partners.
Nor does this survey necessarily reflect the date on 
which the first Generation IV power plants will reach 
the market, since Astrid is not a commercial project. Its 
objective is simply “to prepare for the future and ensure 
that a 4th generation reactor technology will reach techni-
cal maturity sometime in the second half of this century 
in France.” In order to meet this objective at that time, 
some fifteen years of operation must have been logged 
while conducting a series of experiments to demonstrate 
its capabilities: operability tests, material ageing tests, 
transmutation tests, etc. ●
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Experimentation in a 
sodium glove box.

ULTRASOUNDS TO SEE THROUGH OPAQUE LIQUID 
SODIUM

Among the innovations prompted by the Astrid project, the development of instrumentation capable  
of visualising objects in liquid sodium is a key issue. The objective is to improve the safety case of these 
new inspection and monitoring techniques.
How can we possibly see through hot sodium, an opaque substance that looks much like molten alumi-
nium? Exploiting feedback available from fast reactors having operated across the world, the CEA/List1 and 
a CEA Nuclear Energy Division (CEA/DEN) team were able to develop two non-destructive inspection tech-
niques using ultrasounds. These techniques use electromagnetic and piezoelectric  transducers• immer-
sed in liquid sodium, as explained by Olivier Gastaldi, a head of service2 at the DEN. “They emit ultrasounds 
and record the echoes that bounce back. The data is then analysed by signal processing algorithms to generate 
an image which allows us to visualise the object or surface encountered in 3D. In this way, we can detect any 
cracks in a component or even identify a fuel sub-assembly in the core.” This is an amazing feat considering 
the restrictive reactor conditions: high temperatures (200 to 600°C depending on the application), irradia-
tion, chemical compatibility of materials with liquid sodium, etc.
Once these techniques have been developed, they are tested in water since it behaves similarly to sodium 
in terms of ultrasonic wave transfers. They are then tested in liquid sodium. Scientists are currently inves-
tigating the possibility of improving these techniques to allow for the electronic deviation of the ultrasonic 
beam. For an object to be seen by a single-element transducer, it must fall on the transducer's diffusion axis, 
which is rather restrictive when trying to produce an image. At the same time, work is also being continued 
to develop algorithms to better process information so as to produce an optimal image.

• Transducer:  
device that converts  
a physical signal into  
a mechanical signal.

Notes:

1. CEA Tech Institute, 
specialised in interactive 
systems, onboard systems, 
sensors and signal processing.

2. Service of component and 
process technology at the CEA/
DEN.
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OPERATION

The nuclear fission reaction
SFR fuel is a blend of about 80% uranium-238 (U238) and 20% plutonium-239 (Pu239). 
In the reactor core, neutrons split Pu239 atoms, which not only release energy and heat 
and generate fission products (FP), but also emit more neutrons which in turn fission 
other atoms, and so on, resulting in a chain reaction. At the same time, fertile (non- fissile) 
U238 atoms capture neutrons and are transformed into fissile Pu239. The Pu239 atoms 
consumed are thus offset by those produced from U238. U238 (the raw material of a fast 
reactor) accounts for 99% of natural uranium, while U235 (the fissile material used in 
existing nuclear reactors) represents only 1%.

Heat transport system
Unlike existing reactors in which the heat transport fluid is water, SFRs use sodium for 
this purpose because it has the advantage of remaining liquid up to 900°C. In the core, 
cold (400°C) sodium is pumped between the fuel assemblies to recover the thermal 
energy produced by fission reactions. The sodium flows out from the core at a tempe-
rature of 550°C. Its heat is removed from the primary system by the intermediate heat 
exchanger of a second system that also uses sodium as the heat transfer medium. The 
heated sodium in the secondary system is directed to a device that recovers the heat to 
operate a turbine generator and produce electricity.

SODIUM-COOLED 
FAST REACTOR
A sodium-cooled fast reactor (SFR) operates in the same 
way as a conventional nuclear reactor: fission reactions 
in the atoms of fuel in the core generate heat, which  
is conveyed to a turbine generator to produce electricity.  
In the context of 4th generation technology, SFRs 
represent an innovative solution for optimising the use  
of raw materials as well as for enhancing safety.  
Here are a few ideas advanced by the CEA.

Neutron

Control rods

CFV, low void 
effect core

Primary pump

Core catcher

Steel 
vessel

Secondary 
heat exchanger

Pu239

FP

FP

Pu239

U238

Pu239
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MAIN INNOVATIONS

 An enhanced-safety core
A new core concept is being developed to improve safety 
in the event of a total loss-of-coolant accident. The objec-
tive is to prevent sodium boiling by implementing a “low 
void effect core” that maximises neutron leakage from the 
core in the event of an accident and thereby reduces the 
core reactivity in case of sodium temperature increase.

 Core catcher
In a postulated meltdown situation, the fuel and metal 
clads would form a very hot magma (over 2,000°C) known 
as “corium”. An innovation is to recover the corium in a 
device placed at the bottom of the reactor vessel in order 
to spread it out and cool it, by preventing the radioactivity 
from escaping in the environment.

 Sodium-gas heat exchanger
Because sodium is chemically reactive with water, the 
water-steam generator driving the turbine is replaced by 
a gas conversion system. The heat from the secondary 
sodium is transferred to pressurised nitrogen, which is 
allowed to expand in order to drive the turbines and pro-
duce electricity.

...as well as
Devices designed to detect sodium micro-leaks early are 
being developed, as have various redundant systems to 
remove decay heat, even in the case of a loss of power or 
cooling water source. Inspections and maintenance may 
also be carried out during reactor operation.

Reactor

Concrete slab

Steel 
vessel

Sodium-gas 
heat exchanger

Turbine generator

Cold gas Hot gas

Cold  
sodium outlet

Hot sodium 
inlet



Artwork: Fabrice Mathé - Text: Aude Ganier
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NUCLEAR FUEL  
MAKES THE ROUNDS

Interior of the CBP shielded process line in the Atalante complex at CEA Marcoule.

.
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France has opted for a policy of processing and recycling spent fuel. This option has already been 
deployed commercially since the 1990s, but will reach its full potential with the fourth generation. The 
CEA developed the processes in use today, and is pursuing research to improve, extend, and adapt 
these technologies to tomorrow’s challenges. 
Special report prepared by Patrick Philippon

FRONT-END OF THE FUEL CYCLE: 
FROM CRUDE ORE  

TO ENRICHED URANIUM

BACK-END OF THE FUEL 
CYCLE: THE SECOND LIFE 

OF NUCLEAR FUEL

AND TOMORROW: MULTIPLE RECYCLING 
WHILE GENERATING INCREASINGLY LESS WASTE

CHOOSING A 
CLOSED FUEL CYCLE
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NUCLEAR FUEL 
CYCLE PROCESSES
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CHOOSING A CLOSED 
FUEL CYCLE
France has opted for a “closed cycle” to recycle the reusable materials in spent fuel (uranium 
and plutonium) and optimise ultimate waste management.

“France’s strategy is built on a sustainable approach to 
nuclear energy, leading to the choice of recycling,”  says 

Bernard Boullis, director of the programme on the “back-
end of the nuclear fuel cycle” in the CEA Nuclear Energy 
Division (CEA-DEN). It is therefore important to provide the 
best responses to the issues related to the availability of 
natural uranium resources and the management of ulti-
mate waste. For a better understanding of these issues, 
it is of interest to review what goes in and what comes 
out of our existing nuclear reactors, or PWRs•. “Normal” 
fresh fuel contains about 4% fissile1, uranium-235 (235U), 
with the remainder being uranium-238 (238U). On removal 
from the reactor, the fuel still contains most of the 238U and 
part of the initial 235U, together with fission products• that 
are highly radioactive with a lifetime of about a century. It 

also includes 1% of plutonium and 0.1% minor actinides•. 
However, these radioactive elements will still be present 
after tens of thousands of years. What, then, can be done 
with the reusable materials (uranium and plutonium) and 
the unwanted toxic elements?

The closed cycle option
Countries that have decided to abandon nuclear power in 
the near future have logically opted for a “once-through 
fuel cycle”. In plain language, this means that spent fuel 
is considered entirely as waste and destined for perma-
nent disposal in a deep geological repository. This was 
the option in Sweden, for example, after its decision not 
to build any new reactors. Conversely, the “closed fuel 
cycle” (with recycling of spent nuclear fuel) makes sence 

• PWR: pressurised water 
reactor, the principal type 
of power reactor currently 

operating in France.

• Fission products:  
nuclides resulting from  

the fission of 235U  
or from the decay  

of fission fragments.

• Minor actinides:  
heavy nuclei (neptunium, 

americium, curium) formed  
in a reactor through 
successive neutron  

captures by uranium nuclei  
in the fuel.
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Spent fuel storage  
pool at La Hague.
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in countries such as France or Japan, and tomorrow China 
and India, that wish to ensure sustainable nuclear energy. 
Uranium and plutonium are therefore extracted from the 
spent fuel to be recycled in fresh fuel assemblies. Only the 
fission products and minor actinides, considered as ulti-
mate wasteforms, are vitrified• for disposal2. The result: 
a much smaller waste volume with a radioactive impact 
divided by ten because the plutonium has been removed. 
France had a pioneering role in this area: the CEA-DEN 
developed the reprocessing technologies that are used 
today in La Hague plant. China is now following a similar 
route and is interested in French technology.

MOX: the first step in recycling
In current practice, the closed fuel cycle consists in blen-
ding the recovered plutonium with depleted uranium3 to 
obtain MOX•, which will then be supplied to reactors as 
fuel. Unfortunately, this only works once: spent MOX fuel 
contains plutonium isotopes4 that are difficult to reuse in 
existing PWRs. In addition, this option does not resolve 
the long-term problem of resources because the perfor-
mance of MOX is comparable to that of conventional fuel: 
only 1% of the potential energy contained in natural ura-
nium was actually “burned”. If nuclear energy is to achieve 
sustainable development, the “easily” exploitable natural 
resources may be unable to meet the need beyond a few 
decades. The solution is to find a way to use 238U (99.3% of 
natural uranium). Recycling as MOX in light water reactors 
must therefore be considered as a first step intended to 
make the best use of available resources in existing reac-
tors, and to condition the ultimate wasteforms as well as 
possible, while preparing for the future. “Once through a 
MOX reactor lasts about fifteen years, then it will be up to 4th-
generation fast reactors,” adds Bernard Boullis.

Fast reactors: the path toward nuclear energy 
for the future
These reactors are capable of using all the isotopes of plu-
tonium, which allows the fuel to be recycled repeatedly. The 
plutonium burned in the process can also be directly rege-
nerated in the reactors through the capture of fast neu-
trons by 238U. The production rate can even be adjusted: the 
reactors can produce more than they consume (“breeding” 
mode); or they can “burn” the excess (“burner” mode); or 
they can produce as much as they consume (“isogene-
rator” mode). CEA-DEN is developing the third option. In 
this case, after initially fueling the reactor with plutonium 
recovered by reprocessing MOX, the operating fast reac-
tor fleet will then produce their own fissile material until 
depletion of all the initial 238U. Fast reactors are capable 
of generating 100 to 150 times more energy from natu-
ral uranium than existing reactors. The known uranium 
reserves would then become the largest natural energy 
resource – well ahead of fossil hydrocarbons. “Over the very 
long term, France could even dispense with mines, since the 
depleted uranium already stockpiled in the country would be 
sufficient for several thousand years of electricity produc-
tion,” remarks Christophe Poinssot, head of the CEA-DEN 
Radiochemistry and Processes Department at Marcoule.
Another advantage:  fast reactors generate about four 
times less minor actinides than thermal neutron reac-
tors, while producing the same amount of electricity. Above 
all, they can “burn” these elements to obtain fission pro-
ducts with much shorter half-lives (see p. 23). This process, 
known as transmutation•, has been a subject of extensive 
research in the last two decades in France by the CEA, 
as well as in Japan and the United States. The radioacti-
vity of the ultimate waste — consisting mainly fission pro-
ducts without minor actinides — would decrease to a level 

comparable with that of uranium ore within three centuries 
instead of tens of thousands of years: “This brings us back 
to a time scale compatible with history and human memory,” 
notes Christophe Poinssot.
Meanwhile, the CEA, which developed all the current 
reprocessing technologies before transferring them to 
Cogema (now AREVA), continues to improve the processes 
implemented at La Hague. At the same time, teams at 
Saclay, Marcoule and Cadarache are now developing the 
fuel cycle of the future. ●

Notes :

1. The nucleus of a fissile  
atom can be split in a neutron 
flux, releasing a large amount 
of energy. 235U is the only 
natural fissile element. On 
the contrary, 238U – by far the 
most abundant – is not fissile 
but fertile: it can form fissile 
elements after neutron capture.

2. Many countries have  
not yet formulated a national 
policy, and store spent fuel  
in a reversible manner.  
This is the case of the USA,  
for example.

3. Residual uranium  
after enrichment, containing 
practically no 235U, which  
was extracted to fabricate 
nuclear fuel (“enriched” in 235U).

4. The nuclei of the different 
isotopes of an element all have 
the same number of protons 
(characteristic of that element) 
but not the same number  
of neutrons: 235U and 238U  
are uranium isotopes,  
for example.

• Vitrification: incorporation 
of radioactive waste  
in a glass matrix to form  
a stable package.

• MOX (Mixed OXydes): 
nuclear fuel consisting  
of a mixture of uranium  
and plutonium oxides.

• Transmutation : 
transformation of one 
element into another. In 
this case, minor actinides 
would be fissioned to obtain 
other elements that are still 
radioactive, but with shorter 
half-lives.

The Atalante complex  
at Marcoule is dedicated  
to fuel cycle research.
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FRONT-END OF THE FUEL CYCLE

➊ Mining and conversion
Uranium-bearing ore is extracted 
from underground or surface mines 
to obtain the resources necessary for 
fuel fabrication. Ore containing from 1 
to 200 kg of uranium per metric tonne 
is dissolved in an alkaline or acidic 
medium and treated to obtain a yellow 
powder known as yellowcake. The iso-
topic composition of this natural ura-
nium consists of 99.27% uranium-238 
(U238) and 0.7% uranium-235 (U235). 
It is then converted to gaseous ura-
nium hexafluoride (UF6).

➋ Enrichment
Only the uranium-235 isotope is fissile 
(i.e. releasing energy when its nucleus 
is split by a neutron), but it is present 
as only a very small fraction (0.7%) of 
natural uranium. Enrichment involves 
a gas centrifugation process desig-
ned to increases this proportion to 
between 3 and 5%.

➌ Fuel fabrication
Enriched gaseous UF6 is conver-
ted to uranium oxide (UOX) powder, 
which is compressed into pellets 
weighing 7 grams each. The pel-
lets are stacked in zirconium alloy 
cladding tubes to obtain “fuel rods”. 
The rods are combined in bundles 
inside “fuel assemblies” that can be 
loaded in the reactor. For example, a 
900 MWe reactor (PWR) contains 157 
assemblies, each of which includes 
264 rods.

NUCLEAR FUEL 
CYCLE PROCESSES
France has opted for a “closed” nuclear fuel cycle. Spent fuel is processed 
to recover the reusable materials: uranium and plutonium. The remaining 
components (fission products and minor actinides) are the ultimate waste.  
This infographic shows the main steps in the fuel cycle currently implemented 
commercially in France.

➊

➋

➌

Ore

Yellowcake

UF6

Depleted uranium

Enriched 
 UF6 

238U

235U
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BACK-END OF THE FUEL CYCLE

➍ Separation
After four years of electricity produc-
tion in the reactor, spent fuel consists 
of 96% reusable materials (95% ura-
nium and 1% plutonium) and 4% 
unrecyclable ultimate waste (mainly 
fission products and about 0.1% 
minor actinides).The spent fuel is dis-
solved in a nitric acid solution, which is 
then mixed with a solution containing 
specific extractant molecules capable 
of separating the reusable materials 
from the ultimate waste.

➎ Material recycling
The recovered plutonium (1%) is 
recycled in mixed uranium and 
plutonium oxide (MOX) fuel cur-
rently used in 24 of the 58 reactors 
in France, while the uranium (95%, 
including slightly less than 1% 235U) 
is recycled in enriched reprocessed 
uranium (ERU) fuel. However, after 
being reused once in an existing ther-
mal neutron reactor, spent MOX and 
ERU fuel can no longer be recycled 
and are then stored pending sub-
sequent use in fast reactors.

➏ Conditioning of ultimate 
waste
The ultimate waste materials are 
immobilised in a glass matrix by the 
vitrification process developed by the 
CEA and currently implemented at 
industrial scale in the AREVA plants at 
La Hague. The vitrified waste is then 
poured into stainless steel canisters 
and stored in underground shafts pen-
ding the availability of a deep geologi-
cal repository.

UOX FUEL

SPENT ERU

ERU FUEL

SPENT MOX

SPENT UOX

MOX FUEL

1% plutonium

95% uranium

4 % fission products  
and minor actinides

DID YOU KNOW?
Fuel cycles for future nuclear systems
The French strategy of reprocessing and recycling 
spent fuel will reach its full potential with “fourth-
generation” fast nuclear systems. Fast reactors 
capable of multi-recycling plutonium make it possible 
to fully exploit all the uranium resources (including 
depleted and reprocessed uranium). This simpli-
fies the front-end of the fuel cycle by eliminating the 
mining, conversion and enrichment operations. Over 
the longer term, fast reactors will also allow recy-
cling of some minor actinides, reducing the long-term 
radiotoxicity of nuclear waste.

➍

➎ ➏

Artwork: Fabrice Mathé - Text: Aude Ganier 
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FRONT-END OF THE FUEL CYCLE: FROM 
CRUDE ORE TO ENRICHED URANIUM
From the mine to the reactor, a vast industrial system ensures the conversion  
of uranium contained in the ore to obtain uranium oxide (UOX) fuel pellets.  
Selective extraction, purification, enrichment — key scientific and technical challenges  
for the teams in the Nuclear Energy Division (DEN).

The operation of nuclear reactors requires uranium 
of high purity, which is a significant challenge for 

chemistry because the uranium must be purified of all 
the other elements present in the ore. Romain Grastien, 
head of the CEA-DEN programme on the “front-end of 
the fuel cycle”, sums up the situation this way: “Uranium 
accounts for no more than a few weight percent of the 
ore. In addition, natural uranium contains only 0.7% fis-
sile 235U (the remainder being 238U), whereas pressurised 
water reactor fuel must contain 4% 235U.” In the 1950s and 
1960s, CEA-DEN designed and implemented the entire 
industrial chain from crude ore1 to enriched uranium.
Today nearly 55,000 tonnes of uranium are mined 
annually compared with a consumption of 65,000 tonnes2. 
“Eventually, with the depletion of existing mines, we will 
have to learn to exploit poorer deposits at reasonable cost 
under the best environmental conditions,” cautions Romain 
Grastien. R&D on the entire front-end of the fuel cycle has 
adapted to the situation.

Uranium extraction and purification
Everything begins at the mine where uranium is extrac-
ted. The ore is crushed, ground, and then impregnated 
with an oxidising acid solution to dissolve the uranium to 
a few grams per litre. Uranium is then selectively extrac-
ted from solution by a specific molecule that has been 
used since the 1970s. This is followed by several puri-
fication steps to obtain a uranium concentrate called 
yellowcake. “We want to eliminate the final steps, which 
consume large amounts of water and reagents, by deve-
loping a new extractant molecule to obtain a sufficiently 
purified solution after the first operation,” explains Romain 

Grastien. Over the longer term, the chemists seek to 
further diminish water consumption by rethinking the 
extraction phase itself.
Another mode of operation is also use: in situ leaching3. 
With favorable geology, excavation is unnecessary: ura-
nium is recovered directly by injecting an oxidising acid 
solution into the deposit and then pumping the solution. 
Here again, the researchers seek to eliminate the puri-
fication steps by improving the method of extraction4.

From yellowcake to enriched uranium
At the Comurhex Malvési conversion plant, yellowcake 
undergoes further purification before being converted 
to uranium tetrafluoride, which is then converted at the 
Comurhex Pierrelatte plant to uranium hexafluoride by 
fluorination. As this is a very expensive product, CEA-
DEN experts are working on recycling it. Then comes 
enrichment. During this operation, gaseous uranium is 
injected into the centrifuges where it is separated into 
two flows: one enriched in 235U (between 3 and 5%) and 
the other depleted in 235U (0.1 to 0.3%). The first enrich-
ment plant, named after Georges Besse, used gaseous 
diffusion – the only mature technology at the time it was 
commissioned (1978). Today, the Georges Besse II plant 
uses gas ultracentrifuge technology, which consumes 
40 to 50 times less energy. The enriched hexafluoride 
is once again converted to solid uranium oxide for fuel 
fabrication. Chemists are now attempting to recover the 
valuable fluoride during this operation for reuse it during 
the preceding enrichment step – while keeping an eye on 
emerging processes, such as laser-based systems, that 
could supplant ultracentrifugation. ●

Notes :

1. The CEA was initially 
responsible for mining 

exploration before this activity 
was transferred to Cogema 

in 1976.

2. 2014 data.  
WNA source.

3. An increasingly used method 
– especially at Kazakhstan – 

also known as in situ recovery.  
It represents 50% of the 
uranium that is mined.

4. Extraction occurs when the 
solution from the well is filtered 

on an ion exchange resin.
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Yellow cake:  
uranium concentrate 

obtained after dissolution  
of uranium ore in acid.
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BACK-END OF THE FUEL CYCLE: 
THE SECOND LIFE OF NUCLEAR 
FUEL
The back-end stages of the fuel cycle for recycling the reusable materials in spent fuel  
and conditioning the final wasteforms have reached maturity. CEA teams are pursuing  
their research in support of industry to optimise these processes.

S ince 1987, EDF has supplied about twenty reactors 
with MOX in fuel assemblies containing one-third 

MOX and two-thirds UOX•. Plutonium thus generates 
about 10% of the nuclear electricity in France. “By adop-
ting the closed fuel cycle•, France no longer stockpiles plu-
tonium in the final waste: it is all recycled as MOX,” says 
Christophe Poinssot. Each year, French nuclear power 
plants thus generate only 50 tonnes of ultimate waste 
– compared with 1,200 tonnes for a once-through fuel 
cycle; the 200 tonnes of spent fuel (MOX and ERU) are 
stored temporarily before its subsequent use. In France, 
the back-end of the nuclear fuel cycle – extraction of ura-
nium and plutonium from spent UOX fuel, MOX fabrica-
tion with the recovered plutonium, vitrification of ultimate 
waste – is fully operational in La Hague and Melox plants, 
based on technologies created mainly by CEA Nuclear 
Energy Division (CEA-DEN)1. The processes are so effi-
cient that more than 99.9% of the plutonium is currently 
recovered. Contaminants represent only a millionth or 
even a billionth of the initial amount. Does this mean 
that all the processes have been finalised?

Optimising waste vitrification processes
“The performance is already outstanding, but CEA-DEN is 
pursuing its R&D in close cooperation with AREVA. The objec-
tive is to adapt the processes to new fuel developments. We 
also want to optimise them in order to obtain the same results 
at lower cost and further optimise ultimate waste manage-
ment,” adds Bernard Boullis. Most of this work is carried 
out at Marcoule. For example, the extraction and purifi-
cation of plutonium and uranium – as effective as they are 
now – are performed in three steps in three different faci-
lities. “We are working on a new approach that would allow 
everything to be accomplished in a single step, in a single faci-
lity, with smaller amounts of chemicals that would diminish 
plant discharges,” explains Christophe Poinssot.
Once the plutonium and uranium have been recovered, the 
ultimate waste – fission products and minor actinides – is 
calcined, vitrified, and poured into “packages” intended for 
deep geological disposal (see sidebar on p. 22). Although the 
packages themselves are fully defined, optimisation of the 
processes is still possible. The molten glass containing the 
waste is typically produced at temperatures above 1,000°C 
in metal melting pots that are damaged by corrosion 

• UOX (Uranium OXides) : 
nuclear fuel containing 
uranium oxide commonly used 
in reactors.

• Closed fuel cycle: 
technical option in which 
spent fuel is processed for 
recycling, as opposed to a 
once-through fuel cycle in 
which all the elements in the 
spent fuel (including uranium 
and plutonium) are considered 
as waste.

Reconfigurable vitrification 
prototype of the nuclearised 
cold crucible melter at 
Marcoule.
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and heat, and must regularly be replaced, resulting in tech-
nological waste that must then be managed. Marcoule 
has developed a new technique that was implemented in 
2010 on one of the six vitrification lines at La Hague: the 
“cold crucible melter.” In this process, the metal wall of 
the melting pot is water-cooled. The crucible is filled with 
glass that is melted by induction before the waste is added. 
A thin layer of solid glass forms in contact with the cold 
wall, separating the melter wall from the molten glass 
and radioactive waste. The crucible is protected from the 
heat and radiation, and thus lasts much longer and can 
be used to melt more corrosive materials.

A new process for MOX production waste
Another development project is being conducted by the 
CEA2, in liaison with Andra3 and AREVA: the treatment 
and conditioning of solid technological waste, a mixture 
of metals and organic matter (vinyl, polyethylene, poly-
mer gloves) from the Melox plant, which produces MOX. 
Although much less radioactive than spent fuel waste, it 
must nevertheless be stored in suitable packages. This is 
where an innovative process, called Pivic, could be used to 
treat and condition the waste in a single step. The waste is 
introduced in a furnace and incinerated by a plasma torch 
on a molten glass bath; the ashes are incorporated into 
the glass and the molten metal sinks to the bottom of the 
crucible, which constitutes the primary waste container. 
“This process, now under developed, draws on all our skills 
and knowledge: incineration by plasma torches, vitrification, 
induction melting, off-gas treatment, etc.” says Luc Paradis, 
head of the CEA-DEN Waste Treatment and Conditioning 
Research Department. Development work on Pivic , which 
is expected to begin operating at La Hague during the next 
decade, now mobilises about fifteen people at Marcoule. 
In general, CEA-DEN teams provide ongoing support to 
AREVA for upgrading La Hague plant. These experts regu-
larly intervene on the site — often using numerical simula-
tion codes of the plant developed by the DEN — to examine 
issues such as shutdown and restarting, or equipment 
ageing. “This plant will be here for a long time, but we are 
already working on innovative processes for future plants,” 
adds Christophe Poinssot. ●

Notes :

1. Today, AREVA is the only 
producer of MOX fuel in the 

world.

2. Under France’s government 
borrowing initiative sponsored 
by the Prime Minister through 

the Environment and Energy 
Management Agency.

3. French National Radioactive 
Waste Management Agency.

In 2006 Andra was assigned the task of designing and implementing an industrial geological repository site 
(Cigeo). The waste will be shipped to the site in “packages”. The CEA has largely contributed to their design, 
and continues to conduct studies in liaison with the industrial partners that produce the packages in order 
to provide Andra with extensive data on their long-term behaviour, and especially their evolution during the 
coming millennia under repository conditions. The CEA carries out accelerated ageing experiments on inac-
tive and radioactive glass samples (at Marcoule in the 
Atalante complex) to identify the physical and chemi-
cal alteration mechanisms. As these experiments 
alone are not sufficient to extrapolate the long-term 
behaviour of the glass in a geological waste reposi-
tory, other studies are conducted on natural analo-
gues (volcanic rocks) and archaeological analogues 
(ancient glass specimens found on the Mediterranean 
sea bed). The results are used to develop and qua-
lify mathematical models describing the evolution of 
the packages. “They show that the package lifetime 
in an underground repository of the type currently 
envisaged for the Cigeo project should exceed seve-
ral hundred thousand years,” concludes Luc Paradis.

THE END OF THE FUEL CYCLE:
WASTE STORAGE AND DISPOSAL 

Pouring a sample 
of radioactive waste 

containment glass at 
Marcoule.
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Corrosion products formed on the surface of a steel sample 
corroded in situ at 85°C for 19 months in the clay tunnels 
of Andra's deep geological repository laboratory in the 
Meuse/ Haute-Marne.
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AND TOMORROW: MULTIPLE 
RECYCLING WHILE GENERATING 
INCREASINGLY LESS WASTE
Multi-recycle plutonium, make even better use of uranium resources and, over the longer 
term, explore the possibility of transmuting the most highly radioactive waste: these are the 
challenges facing future nuclear systems.

“The fuel cycle of the future first implies multiple recy-
cling of plutonium and uranium in an installed reactor 

base that includes fast reactors1. Transmutation of the minor 
actinides and other features will then follow,” says Bernard 
Boullis. If France decides to deploy this technology, spent 
fuel reprocessing will have to be adapted. Initially, the issue 
will be to extract the plutonium from spent MOX currently 
in storage, and blend it (about 25%) with depleted 238U for 
the first cycle in fast reactors. “Reprocessing MOX fuel does 
not raise any serious problems: AREVA has already repro-
cessed more than 70 tonnes of spent MOX fuel in its La Hague 
plants. The main difficulty is due to the higher proportion of 
plutonium,” says Christophe Poinssot. This requires upgra-
ding the plant to handle the plutonium flow, but the basics 
of the process remain essentially the same.

Repeated plutonium recycling
When all the plutonium from spent MOX fuel has been 
exhausted, the fast reactors will begin to “burn” the pluto-
nium they have themselves created by irradiating 238U. It will 
then be necessary to reprocess their spent fuel. “The basic 
principle is the same: dissolve the fuel in acid and extract the 
plutonium with very specific molecules,” explains Bernard 
Boullis. However, fast reactor fuel assemblies have nei-
ther the same geometry, nor the same cladding material 
(they will be made of steel instead of zirconium) as exis-
ting fuel assemblies. This will require modifying the plant 
“head-end” facilities in which the assemblies are cut up. 
Christophe Poinssot is nevertheless optimistic: “We have 
demonstrated that we have the necessary technical expertise, 
since we have already reprocessed 25 tonnes of spent fuel 
from Phénix and Rapsodie, at Marcoule and at La Hague. The 
task is mainly to adapt these processes to industrial scale.” At 

this point, a series of fast reactors with a total power rating 
equivalent to the current PWRs, operating in a closed cycle, 
would consume 50 tonnes of depleted 238U each year from 
the existing stockpile – without requiring any natural ura-
nium – and would produce 50 tonnes of ultimate waste2.

Separation and transmutation:  
reducing the activity of future waste
Another problem remains: the minor actinides — radiotoxic 
elements that are currently confined in the glass with the 
fission products and are the principal source of responsible 
of very long-term radioactivity in the ultimate wasteforms. 
Legislative Act 2006-739 dated June 28, 2006, called on the 
CEA to “coordinate research on partitioning and transmuta-
tion• of long-lived radioactive elements.” Fast reactors are 
capable of consuming these nuclides — provided they can 
be satisfactorily extracted from the spent fuel and reinjec-
ted in the cycle, and their transmutation in the fast reactor 
core can be mastered. 
Teams at Marcoule have been working on these issues 
for the last two decades. First they had to find a molecule 
resistant to radiation and capable of specifically extracting 
these elements from the acidic solution in which the spent 
fuel was dissolved. “We identified molecules and tested them 
in the laboratory with 15 kg of actual fuel. We demonstra-
ted that we could recover more than 99% of the minor acti-
nides,” says Christophe Poinssot. Transmutation can only 
be tested in an operating fast reactor core. Since the shu-
tdown of Phénix in 2009, no more research facilities are 
available in France. “To move forward in this area we must 
count on international cooperation until the demonstration 
capability of the Astrid project becomes available,” (pages 6 
to 9) says Bernard Boullis. ●

Notes :

1. CEA-DEN is now developing 
a 4th-generation sodium-cooled 
fast reactor. A demonstrator 
project, Astrid, is currently at 
design phase. CEA-DEN is the 
contracting authority.

2. In fact, both types of reactors 
can coexist for many years.

• Transmutation : 
transformation of one 
element into another. In 
this case, minor actinides 
would be fissioned to obtain 
other elements that are still 
radioactive, but with shorter 
half-lives.

Enhanced separation 
tests are conducted in 
the Atalante complex at 
Marcoule.
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REPOSITORY OF INNOVATIONS 
FOR NUCLEAR FUEL

Making fuel in glove boxes in the LEFCA facility at the CEA Cadarache centre.
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Though it is a well-defined industrial product that has been duly tested over several decades, 
nuclear fuel nonetheless remains the focus of numerous innovations. It needs to be optimised 
on a regular basis not only to meet economic and industrial imperatives, but also to prepare for 
the future and any emerging issues. And for good reason, since nuclear fuel is a complex and 
complicated product to use, which requires reconciling ever-increasing performance and safety 
requirements. Researchers at the CEA Nuclear Energy Division (DEN) are rising to this challenge, 
by bettering our control over the knowledge and skills accumulated in all fields from design to post-
irradiation characterisation and numerical simulation.

Special report prepared by Patrick Philippon

NUMERICAL SIMULATION:  
“A MUST”

A HIGHLY INNOVATIVE 
PRODUCTION LINE

FOCUS ON 
IRRADIATED FUEL

TAILOR-MADE 
NUCLEAR FUEL

Artwork

NUCLEAR FUEL
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NUCLEAR FUEL
Placed in the centre of the nuclear reactor, nuclear 
fuel undergoes fission to produce large quantities of 
energy. This energy is transferred to a coolant which 
then generates steam to power a turbine and generate 
electricity.
The type, shape and behaviour of the nuclear fuels are 
determined by the type of reactor and applications. This 
material and the related research issues for pressurised 
nuclear reactors (PWRs) are explained herein.

NEED TO KNOW
Fuel assemblies remain in the core for about three 
years depending on the reactor type. As the fuel 
is burned, the fissile material becomes depleted 
and fission products are generated, which slow 
down the fission reactions. This is why the spent 
fuel needs to be replaced by fresh fuel. To avoid 
extended periods of reactor shutdown, a third of 
the fuel assemblies are replaced every year. The 
newest assemblies are placed on the outside of 
the reactor core.

Fuel 
assembly

Its shape in the centre of the reactor
Nuclear fuel comes in the form of ceramic pellets stacked in 
metal cladding. As such, we talk about fuel rods which are 
grouped into fuel assemblies whose square or hexagonal 
layout comprises the reactor core.
The pellets are composed of chemical compounds - often an 
oxide - which contains the fissile material. UO2 fuel contains 
the uranium isotope 235 (235U), while MOX fuel contains both 
235U and the plutonium isotope 239 (239U).

Key figures 
For a 900 MW pressurised water reactor (PWR)

3.66 metres of UO2 pellets per rod

x 264 rods per fuel assembly

x 157 fuel assemblies in the core

=152 km of pellets, i.e. 72 t for fuel

Rod

Fuel pellet
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Artwork: Fabrice Mathé - Text: Amélie Lorec

Pellet

Uranium 235

Fission products

Reactor  
vessel

Control rods

Cladding

Neutron

α, β et ϒ radiation

Additional neutron

Coolant (water)

Its behaviour under a neutron flux 
Fission reactions occur when the fuel is bombarded with neutrons. These reactions 
are responsible for the fuel’s consumption and the production of heat inside the 
reactor.
•  Fission: when heavy atoms of 235U or 239Pu absorb a neutron, they split into two 

main nuclei (fission products) and produce two or three additional neutrons 
along with radiation (α, β et ϒ).

•  Chain reaction: the additional neutrons provoke new fission reactions and thus 
produce more neutrons, which in turn become available to split more nuclei. 
This chain reaction is kept in check by a moderating environment that slows 
down the neutrons. The reaction is also controlled by control rods inserted into 
the core to prevent the uncontrolled multiplication of neutrons.

•  Heat production: kinetic energy is carried by the fission products and neutrons 
with every fission reaction that occurs. This energy is transformed into heat 
when the particles are slowed down by the surrounding materials. This means 
that the pellet heats up, the heat moves into the cladding and then into the 
coolant (pressurised water in this case) whose temperature rises (~ 300°C).

Research issues 
To guarantee the performance and safety of nuclear fuel regardless of its appli-
cations, it is important to understand and predict its behaviour under the extreme 
conditions existing in the reactor core. This means taking into account numerous 
physical phenomena: 
• Neutronics: variations in the fuel power profile
•  Thermal conditions: temperature of the fuel and the cladding, as well as heat 

transfers into the coolant
•  Mechanical conditions: geometric changes in the fuel; fuel displacement,  

fuel pellet cracking and swelling caused by fission products; stresses  
on the cladding caused by the pellets, irradiation and water movement

•  Physical and chemical conditions: production, migration and release  
of gases generated by the fission reactions; pressure increases in the cladding

Core
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TAILOR-MADE NUCLEAR FUEL
Though the small-sized pellets of uranium oxide have hardly changed shape since the 1970s, 
their composition and behaviour are still the subject of in-depth research at the CEA. Nuclear fuel 
needs to be optimised according to the different applications: power generation, propulsion, test 
reactors, or fourth generation reactors. Yet the overriding aim is to constantly improve its safety 
and performance requirements.

For decades now, the French nuclear fleet has been 
using the same fuel material: uranium oxide (UOX) 

in the shape of small cylindrical pellets1, stacked in 
metal cladding called rods and grouped in devices 
called assemblies. All of these objects have more or 
less retained their original geometry from the start of 

pressurised water reactors (PWRs) in the 1970s. The fuel 
used in nuclear power plants is therefore a well-defined 
and highly proven industrial product, as is that used in 
nuclear propulsion submarines and aircraft carriers. Yet 
at the CEA Cadarache centre, researchers working for 
the Nuclear Energy Division (DEN) are still relentlessly 
studying the subject, whether this be the fuel itself at 
the Fuel Studies Department (DEC), or the behaviour of 
fuel assemblies, which is one of the specialities of the 
Nuclear Technology Department (DTN)2. Why?

Optimising nuclear fuel behaviour 
regardless of the challenges
Even for well-established technologies, the fuel is still 
modified to improve its performance. "Our industrial 
partners are always turning to us for help since the exact 
composition of the material depends on the economic 
context. We can adjust the quantity of plutonium or change 
the uranium enrichment level according to the fluctuating 
costs of raw materials, or even add additives to further 
improve its performance. We have to study the behaviour of 
the new fuel before implementing the change, to make sure 
the safety requirements are met, which is one of our primary 
tasks (see text box). Compared with the 1980s, this approach 
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First fuel pellets  
for the Astrid integrated 

technology demonstrator. 
Their specificity: a central 

hole to prevent excessive 
heating in the middle.

Leca-Star facility  
at Cadarache where fuels 

that are being manufactured 
are analysed.

Notes :

1. Several hundred thousand 
pellets are produced every 

day in the Franco-Belgian fuel 
fabrication plant (FBFC,  

a subsidiary of AREVA)  
in Romans-en-Isère.

2. The DMN (nuclear materials) 
and DPC (physical chemistry) 

departments are also involved 
in this research  

(see article on p.30).
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has allowed us to double the residence time of PWR fuel, 
and especially to increase the energy produced by each fuel 
assembly in the reactor by a factor of two", said Philippe 
Prené, head of the DEC department at the CEA. Another 
example: instead of operating reactors continuously 
at their rated power, EDF decided to implement load 
following in some of its reactors, i.e. adjusting their power 
to meet demand thanks to the reactor's control rods•. 
These rods are usually brought down during the night 
and raised again to meet the morning peak demand, 
though even faster manoeuvres can be used to quickly 
balance the grid. "This practice saves fuel but it puts extra 
stress on the material which, instead of working under 
stable conditions, is subjected to varying temperature and 
irradiation cycles. We must therefore make sure that the 
fuel retains all its characteristics" stressed Bruno Collard, 
head of laboratory at the DEC. 
The DEN's fuel research activities at the CEA can 
also be oriented with respect to strategic choices. For 
instance, when France decided to recycle the plutonium 
in spent fuel using about twenty EDF reactors fuelled3 
with a mixture of uranium and plutonium oxide (MOX), 
this new fuel material had to be tested, characterised 
and validated by the French Nuclear Safety Authority 
(ASN). The CEA is also responsible for designing and 
developing fuels for future reactors like the JHR4 or the 
fourth generation of fast reactors including the Astrid5 
integrated technology demonstrator. And if we decide to 
deploy the transmutation of minor actinides• in Astrid, 
we will need to know how to incorporate it into the fuel 
for future fast reactors.

Controlling the resistance of nuclear fuels  
in extreme and complex environments
In all cases, the issue is all the more complex since 
nuclear fuel has to operate in difficult conditions. "Its 
standard properties - shape, microscopic structure and basic 
composition - vary dramatically under normal operating 
conditions" pointed out Philippe Prené. Designed to 
release energy, the fuel does indeed reach extremely high 
temperatures: in the case of PWRs, the centre of the pellet 
reaches 1,100°C whereas the water around the cladding is 
at about 300°C. Under the effect of stress due to greater 
thermal expansion in the centre of the pellet compared 
with its periphery, the pellets end up fragmenting and 
taking on an hour-glass shape. Furthermore, irradiation• 
not only changes the composition of the fuel, but also its 
microstructure: the fission products• generated by the 
fission reactions in turn provoke swelling in the pellet and 
a pressure increase inside the cladding. The cladding 
material - just like that of the fuel assemblies - must 
also resist this very aggressive irradiating environment 
and mechanical stresses generated by the fuel itself, 
the pressure and the movement of water. 
To understand all these phenomena, the teams at the 
DEC have established a comprehensive approach to the 

entire value chain when requested by the industry or to 
meet the needs of long-term research products. The 
designers are the first to step up to the block; they have 
to define the fuel material, the fuel assembly geometry 
and the operating rules by using simulation codes (see 
article on p. 30). Next are the manufacturers who must 
make what the designers have developed, followed by 
those who must test what has been made (see article 
on p. 31-32). Lastly come those who characterise it on 
all scales (see article on p. 33). All this data is amassed 
in the knowledge database needed to better understand 
and simulate the behaviour of fuels. The process has 
thus come full circle. ●

Beyond those irradiation levels considered to be normal, extreme experiments are also performed on small 
quantities of radioactive materials. Issue: to determine the limits of the material so as to apply suitable safety 
margins. Before it can be validated by the French Nuclear Safety Authority (ASN), a fuel must have proven its 
capacity to operate under normal conditions and have shown that it will not release radionuclides into the 
environment in the case of an accident.
Among the main risks tested in specifically designed facilities1: runaway fission reactions (reactivity insertion 
accident, RIA) which can be caused by the inadvertent ejection of the control rods, or core meltdown following 
the loss of primary coolant (case of the Three Mile Island accident in 1979 in the US).

RESISTING ACCIDENTS

Notes :

3. From 2000 onwards.

4. Jules Horowitz reactor being 
built at Cadarache.

5. Industrial-scale 
demonstrator that has reached 
conceptual design phase which 
was entrusted to the CEA.

Experimental furnace  
used in a shielded cell  
to heat the fuel to 
temperatures of about 
2,000°C to study its 
behaviour under extreme 
conditions.

Fuel sample prepared  
for metallographic 
examination in a shielded 
cell at the Leca-Star facility.©
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1. Cabri and Phebus reactors 
respectively.

• Control rod: the mobile 
part (also called rod cluster 
control assembly, RCCA) 
inserted into the reactor 
core to reduce the neutron 
multiplication factor and 
thereby control the nuclear 
fission chain reactions. 

• Transmutation  
of minor actinides:  
the transformation of 
actinides (other than uranium 
and plutonium) into fission 
products using a nuclear 
reaction. 

• Irradiation: the emission 
of ionising radiation,  
e.g. during a nuclear fission 
reaction. 

• Fission products: nuclides 
generated by the fission of 
a heavy atom (235U or 239Pu) 
which splits into two new 
lighter atoms.
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”M odelling and simulation plays a role in all stages 
of R&D on fuel: design, fabrication, preparation 

and interpretation of experiments, and the use of 
characterisation results. A great deal of physics and 
experimental data is needed to build a good model which 
has the desired prediction capacities […]” explained 
Carole Valot, an engineer working for the DEC at the 
CEA-DEN. This emphasises the continuous interplay 
between experimentation and simulation, as each ”feed” 
into the other.
Understanding, modelling and simulating fuel behaviour is 
an undertaking just as complex as the subject itself which 
involves the expertise of the DMN and the DPC, in addition 
to that of the teams working at the DEC. We need to be 
capable of predicting a wide range of phenomena: creation 
of new elements (e.g. fission products), formation of cavi-
ties and bubbles in the material, cracking pellets, migra-
tion of material1, deformation of the pellet, cladding, and 
assemblies. To achieve this, the CEA-DEN has an unri-
valled simulation platform (see text box) which is used to 
develop a whole range of models for time periods ranging 
from a picosecond to a year, and scales of size ranging 
from the electron cloud to the pellet or even the assembly. 

”Our aim is for all these scales to communicate. However, 
they require the involvement of experts from very different 
fields2 who can sometimes struggle to understand one ano-
ther. This is one of the challenges of multi-scale simulation!” 
says the researcher.

From the scale of an atom to that of a grain 
in order to connect the fundamental physical 
phenomena and experimental data
In practical terms, two complementary approaches 
are used. The first is dedicated to understanding the 
basic physical phenomena, starting with the scale of 
an atom and gradually building up to the grain3. Basic 
research uses models of the material physics and 
codes developed by university teams, although these 
need to be adapted because they do not necessarily 
take account of the problems specific to nuclear fuels. 
”We do not have the resources to develop everything. To 
keep up to date, we use the best technology from other 
sources and we collaborate with other researchers at the 
CEA and in the academic world.” The second approach 
looks at the problem the other way round. It involves 
developing - with EDF and AREVA - performance codes 
which simulate pellet or rod behaviour under irradiation 
(relying on the numerical methods developed within the 
scope of academic collaborations) and enriching them 
with observation data. ”These two simulation approaches 
coincide at grain level, which is at the end of the day a key 
scale, a receptacle for a vast amount of information”, said 
Carole Valot. ●

NUMERICAL SIMULATION:  
“A MUST”
Involved from the design phase right through to fuel characterisation, numerical simulation 
is an essential tool. In tandem with experimentation, it helps us understand how fuel behaves 
under irradiation from the scale of an atom to that of the whole fuel assembly, and guides 
researchers throughout the process of producing the precious product.

Notes :

1. Formation of a hole  
in the centre of irradiated 

pellets in fast reactors.

2. Physics, chemistry, 
temperature control, 

thermodynamics, mechanics.

3. The material consists  
of a fine powder (grains  

of a few microns) 
agglomerated by sintering.
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At Cadarache, the PLEIADES platform for simulating 
fuel behaviour combines performance codes from 
all reactor technologies, especially two major codes: 
Alcyone for PWRs and Germinal for fast reactors. It 
contains all the physical models and the CEA-DEN 
databases, along with those of its partners. «One of 
the CEA's strongest assets» concluded Carole Valot.

A MULTITUDE OF 
MODELS AND DATA

Simulation of the behaviour 
of a pellet subjected to a 

rapid increase in reactor 
power, causing it to fracture 
in the centre and leading to 

pressure on the cladding.
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A HIGHLY INNOVATIVE 
PRODUCTION LINE
Design, fabrication, experimentation and characterisation: each of the stages in research  
on fuel is a testing ground of innovation for the teams at the CEA-DEN. 

I ts all starts with someone expressing a need. First of 
all, we must ask ourselves what will be the purpose of 

the reactor? If it is to produce electricity, the fuel will be 
working continuously and we will need to focus on the 
power and compactness of the core. If it is intended for 
research, requiring a succession of stops and starts and 
therefore a good level of heat exchanges, the fuel should 
ideally be made in plates rather than rods. For example, 
the future JHR will use curved plates assembled into 
concentric cylinders. Similarly, the design of future fast 
reactor fuels involves significant innovation. To meet the 
requirements of the Advanced Sodium Technological 
Reactor for Industrial Demonstration called Astrid, an 
integrated design-sizing-simulation approach allowed 
the CEA-DEN to recommend highly innovative patented 
objects, especially in terms of passive safety1.

Numerous à la carte recipes
In the case of fuels in the existing PWR fleet, the material 
is also mature for innovation, as Bruno Collard, head of 
laboratory at the CEA-DEN, explained: ”Manufacturers 
are asking us to improve performance while increasing 
safety margins.” So, to increase the proportion of fissile 
uranium, and hence the lifespan, researchers thought 
of implanting atoms of boron or gadolinium2 capable 
of absorbing surplus neutrons in the new fuel. This 
means maintaining the balance between the power 
released and neutron absorption for as long as possible. 
Another challenge is to reduce unwanted emissions 
of fission gases, mainly by increasing the size of the 
grains so the gases have to travel further to escape. 
To do this, researchers suggested incorporating 
additional elements such as chromium or niobium which 
can, in addition, offer the advantage of reducing the 
corrosiveness of certain fission products. ”Conversely, 
it is more complicated to make, and therefore more 

expensive. We therefore need to be sure that innovation 
is worthwhile. As a general rule, the final concept always 
ends up being a compromise” admitted Bruno Collard. 
Thus uranium oxide was chosen because, although its 
thermal conductivity is not the highest, it demonstrates 
excellent stability under irradiation, hardly swells at all 
and has proven easy to produce.

Traditional fabrication processes  
that are nonetheless suited to specific 
environments
Regardless, once the concept has been defined, the fuel 
has to be made so it can be tested. The CEA-DEN teams 
have specialist know-how in this field: ”Our aim is not 
just to manufacture the fuel, but also to characterise it at 
all stages of the process” summarises Meryl Brothier, 
head of service at the DTEC at the CEA-DEN. 

Notes :

1. Which acts simply due 
to the natural effects of the 
process (gravity, thermal 
expansion), and does not need 
I&C or a power supply.

2. Burnable poisons.

Manufacturing uranium 
and plutonium carbides  
in a high-temperature 
graphite furnace, inside  
a Lefca glove box.

Weighing powders in a glove 
box in the UO2 laboratory  
at Cadarache.
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”We can go from a few grams to several hundred, 
which is the lower limit on an industrial scale” says he, 
emphasising the need to develop fabrication processes 
on an industrial scale. Even more so given the fact that 
the handling conditions are not the same depending 
on the type of fuel: ”working with plutonium calls for 
careful management and additional precautions, that of 
uranium”.
In both cases, operations proceed in the same way: 
preparation of the initial powders (grinding, mixing, 
sieving), press forming (to obtain pellets), sintering in 
a furnace with a controlled atmosphere, and geometric 
grinding if necessary. In short, the traditional way 
ceramics are made! ”Several people here have studied 
ceramics in Limoges” said Philippe Prené, director of 
the DEC at the CEA-DEN.

Characterisation tools for optimised  
quality checks
From the raw material to the end product, everything 
must be precisely characterised. Researchers 
therefore have a whole battery of sophisticated tools, 
which differentiate the laboratory from an industrial-
scale facility: differential thermogravimetric analyses, 
dilatometers, ceramography. There is also an X-ray 
diffraction device which is unique in Europe and can 
determine the crystalline structure of a material at 
temperatures up to 1,800°C-2,000°C depending on the 
atmosphere under consideration.
Fuel fabrication is then complete. It still needs to be qualified, 
by irradiating pellets in a device (see text box), and the results 
of this experiment written up (read article on p.33). ●

Different approaches coexist for testing the effects of irradiation on fuels. One of them consists in placing 
pellets or even rods in a real reactor (an experimental one such as Cabri, Phébus and soon the JHR1, or from 

the nuclear power plant fleet). This will improve our 
overall knowledge of how the fuel behaves in a typical 
situation (required by the nuclear safety authorities). Yet 
as it is also important to be able to explain the cause of 
effects, other instrumented experiments are required.
A complementary approach uses «separate effect» 
experiments. These involve subjecting fresh fuel to ion 
implantation/irradiation2 to reproduce the presence of 
fission products and irradiation effects, or placing it in 
a furnace to explore the specific temperature effects. 
Combined with cutting-edge characterisation tools, 
such as synchrotron radiation3, these experiments can 
be used to survey the core of the material.

FUEL DESIGNED TO WITHSTAND IRRADIATION

Notes :

1. Irradiation reactor that 
will replace the CEA's Osiris 

reactor at Saclay which is 
scheduled for shutdown at the 

end of 2015.

2. On accelerators such as 
JANNuS at Saclay or Ganil 

in Caen.

3. One of the Soleil 
synchrotron lines at Saclay, 

called Mars, is now dedicated 
to nuclear materials and fuels.

X-ray diffraction  
machine, unique  

in Europe, has taken five 
years to develop  

and characterise  
the actinide materials.

Phébus reactor at 
Cadarache.
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FOCUS ON IRRADIATED FUEL

To qualify a fuel, researchers study its behaviour under irradiation. To do this, they are 
equipped with powerful experimental and microanalysis equipment. This dictates whether or 
not innovations to improve its performance and safety are worthwhile.

“I rradiated fuels contain extremely radiotoxic products, 
there's no point in denying it. Our laboratory is designed 

accordingly: the whole characterisation chain takes place in 
shielded cells with concrete walls one metre thick with even 
thicker lead glass windows. And everything is handled remo-
tely.” warned Jean Noirot, an engineer working for the 
DEC1 at the CEA-DEN. Numerous innovations depend on 
this “post-irradiation” characterisation. For example, the 
teams developed a fuel for the JHR by imagining a mate-
rial based on uranium-molybdenum (UMo). They irradia-
ted this material in Osiris reactor at Saclay then returned 
for analysis to Cadarache: “We then discovered the pheno-
menon of interdiffusion between the matrix and the fuel, as 
well as the formation of cavities at certain interfaces which 
caused the fuel to tear. Although this had been noticed in the 
initial tests in situ in Osiris, our analysis confirmed that the 
initial decision should be overturned, and therefore a more 
conventional fuel was chosen to start up the JHR. However, 
research is continuing into innovative fuel on an internatio-
nal level” Jean Noirot clarified.

Microscopic observations of fuel resistance
To collect such detailed information in this extreme 
environment, the CEA-DEN teams have sophisticated 
resources. In the first place, optical microscopes adap-
ted for testing radioactive objects are capable of collec-
ting metallo-ceramographic data which highlights cracks 
and porosity in the irradiated material, as well as the exis-
tence of fission product precipitates. “Porosity is an impor-
tant phenomenon, both for fuel life, its behaviour in accident 
conditions and how it is stored before reprocessing” explains 
the researcher.
Microanalyses are also conducted with devices such as 
an electron probe (EPMA). It focuses an electron beam 
on the sample, which reacts by emitting X-rays. These 
are analysed by a spectrometer to reveal the nature of the 
elements present. A local analysis of the fuel composition 

is then possible. “We can then break up the pellet to see 
the surface of the grains, the joints or bubbles without the 
modification caused by polishing”, Jean Noirot continued. 
“Seeing” actually means observing with a scanning elec-
tron microscope. In the coming months, the DEC will also 
gain a transmission electron microscope, a tool very com-
monly used to characterise materials which have already 
demonstrated their usefulness on non-irradiated fuels. 
Thanks to this, information will be accessible down to the 
scale of a nanometre.
All this and plenty of other data, both quantitative and quali-
tative, can thus help us assess the mechanisms controlling 
the fuel behaviour more accurately, and give comparison 
points for the models reproducing them. So there we are, 
having come full circle once again! ●

Leca-Star shielded  
cells housing 
microstructural analysis 
equipment for irradiated 
fuels.

Observation of the gas 
bubbles from fission of 
the grains of irradiated 
uranium oxides.

Crater formed artificially  
in order to analyse the gases 
contained in the bubbles.

Note:

1. Active fuel examination 
laboratory (LECA).
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MATERIALS MADE 
TO LAST!

Composite material made of braided silicon carbon fibres which is currently being 
developed by the CEA for the fabrication of new fuel cladding.
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High temperatures, irradiation, mechanical stresses, corrosive environments, etc.  
The materials used in nuclear power plants are subjected to extreme conditions. Guaranteeing  
the safety, lifespan and performance levels of current reactors, while designing and qualifying  
new materials capable of resisting the specific constraints of future nuclear systems, are the main 
issues investigated at the CEA/DEN in the field of nuclear materials. To meet these requirements, 
researchers at the CEA have access to a wealth of feedback, skills and unparalleled experimental 
facilities. 
Special report prepared by Vahé Ter Minassian

MATERIALS PUT TO THE TEST 
IN NUCLEAR ENVIRONMENTS

AGEING UNDER  
CLOSE WATCH  

A STEEL CORE FOR TOMORROW’S 
NUCLEAR POWER PLANTS  
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MATERIALS PUT TO THE TEST IN 
NUCLEAR ENVIRONMENTS
How can we describe materials? They play a vital role in civil nuclear engineering.  
The safety of nuclear power plants, not to mention their lifespan and their performance depend 
on materials! Researchers at the Nuclear Energy Division (DEN) in Saclay are able to study, 
develop and qualify a broad range of materials (metal alloys, composite materials, oxides, 
etc.) intended for both current and future reactors, thanks to the CEA's unique set  
of equipment.

C ladding for containing fuel pellets, internal structures 
for holding the cladding in place, and reactor vessel 

structures hold no secrets for the highly specialised teams 
at the DEN. Their job involves much more than straight-
forward industrial development. As explained by Pascal 
Yvon, deputy-director of nuclear activities at Saclay: “A 
reactor core is a facility unlike any other. The parts inside a 
reactor core are not only subjected to mechanical, thermal 
and chemical loads like in conventional industrial plants, but 
they are also irradiated by neutrons emitted by the fuel during 
fission reactions. These neutrons change the composition and 
internal structure of the materials. Neutrons are therefore 

capable of deforming the core components and rendering 
them less resistant to impact and corrosion. In any case, they 
can completely modify the inherent properties of materials!”

Predicting the behaviour of alloys
This explains the DEN's ambitious objective to develop a 
science that is capable of predicting the behaviour of metal 
alloys placed in such environments. And this over periods 
of time covering several decades for steels used to make 
reactor vessels, as it is impossible to replace this compo-
nent once installed. Succeeding in this task thus requires 
proceeding carefully step by step since the safety and 

The CEA/DEN has a number of research facilities which are 
constantly being upgraded to maintain the high quality of 
their experiments. As for materials, the skills and facilities 
are grouped together at the  MINOS1 centre of excellence. 
When it comes to investigating the behaviour of materials, 
the JANNuS2 platform is used to irradiate materials with 
charged particle fluxes produced by its accelerators. The 
ballistic damage and creation of helium and hydrogen are 
thus reproduced simultaneously. Similarly, the hot labora-
tory LECI3 receives samples of irradiated metal structures4 
directly from industrial and research reactors in order to test 
and appraise them. Such tests are possible thanks to the 
hot cells•, the last of which were commissioned in 2005. As 
part of studies on Generation IV reactors and especially the 
Astrid integrated technology demonstrator, two dedicated 
facilities – CORRONa and CORRONa2 5 – are used to conduct 
tests in which materials are exposed to liquid sodium at typi-
cal, strictly controlled temperatures, flow rates and sodium 
chemistries.

ONE-OF-THE-KIND EXPERIMENTAL PLATFORMS AND 
HOT LABORATORIES

• Hot cells: shielded 
concrete rooms designed  

for the safe handling  
of irradiated materials  

using robotic arms together 
with protective lead screens 

and lead glass windows 70 to 
80 cm thick.

Notes :

1. Materials Innovation for 
Nuclear Optimised Systems.

2. At the DMN on the Saclay 
centre and at the Centre  

for Nuclear Spectrometry  
and Mass Spectrometry  

(UMR CEA/CNRS/ 
Université Paris-Sud).

3. In service at the CEA Saclay 
Centre since 1959.

4. Fuel rod cladding is first  
sent to the CEA Atalante 

laboratory in Marcoule  
to be separated  

from the fuel.

5. Designed by the CEA  
in 2011 and 2013.

Remote control handling in the hot cells  
of the M line at the LECI laboratory.
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operation of power plants depends on it. This first involves 
collecting as much information as possible on the proper-
ties of the materials used, such as their microstructure, 
resistance, ductility• and corrosion. Any changes to these 
steels, zirconium alloys and other composites resulting 
from their exposure to neutrons must then be identified 
by means of test campaigns in large experimental tools 
capable of simulating material ageing due to irradiation. 
Neutrons modify the chemical composition of materials 
through the transmutation or generation of helium and 
hydrogen via nuclear reactions. They can also cause some 
atoms to be ejected from the material by a ballistic effect, 
thus considerably agitating the atoms. Lastly, researchers 
must also be able to model all of these phenomena, ran-
ging from events on an atomic scale right through to asses-
sing their effects on the facility itself.

The key issues of today’s reactors…
The DEN's actions in this field have a dual-fold purpose. 
The first is to support the current reactor fleet when 
requested by the industry, e.g. within the scope of wri-
ting regulatory documents that EDF must provide to the 
ASN1 every ten years to extend the operating life of their 
nuclear power plants. This may involve conducting studies 
on the ageing of vessel steels in standard areas or in spe-
cific areas (welds, thermally loaded areas, etc.), or collec-
ting data to better plan lengthy and complex maintenance 
operations, such as changing baffle assembly screws in 
the core at regular intervals. “Another example concerns 
the fuel cladding, which is the first containment barrier• 
in a reactor. Our objective is to increase their lifespan under 
normal operating conditions and to improve their safety fea-
tures in the event of an accident, such as a loss-of-coolant 
accident following the failure of the reactor's primary system”, 
explained Pascal Yvon.

… and those of tomorrow
The second has the CEA/DEN looking firmly into the future. 
The DEN is leading France's research on the fourth gene-
ration of nuclear systems and is focusing its efforts on two 
reactor technologies: sodium-cooled fast reactors in the near 
term and gas-cooled fast reactors in the longer term. Yet the 
conditions found in the core of these types of facilities are 
very different to those existing in pressurised water reactors 

which comprise the current fleet. Higher temperatures, coo-
lants with different chemical properties, and neutrons with 
different energy levels. At the end of the day, the scientists 
working at the DMN2 and the DPC3 are faced with entirely dif-
ferent issues though they can rely on the experience collected 
on fast reactors having operated across the world (almost 
400 reactor years, including 100 years of industrial opera-
tions). On the one hand, the teams are focused on precisely 
assessing the resistance and ageing of structural materials 
with the goal of being able to validate an operational lifes-
pan of 60 years for these future facilities. On the other hand, 
they are trying to develop new fuel cladding adapted to these 
reactors, while getting ready to test them in the integrated 
technology demonstrator called Astrid which is currently in 
design phase and for which the DEN is the project owner. To 
resolve these issues, the materials need to be qualified on 
special instrumented experimental platforms and modelling 
must be developed to accurately predict their behaviour. This 
is indeed a long-term ambition, but nonetheless a prerequi-
site for the DEN's missions to be successful. ●
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• Ductility: ability of a 
material to resist plastic strain 
before it leads to failure.

• Containment barrier :  
the radioactivity of a nuclear 
reactor is contained by 
three physical barriers: the 
fuel cladding, the primary 
system (primary coolant 
pipes and vessel), and the 
reactor containment (concrete 
building housing all the 
reactor components).

Notes :

1. French Nuclear Safety 
Authority.

2. Nuclear Materials 
Department.

3. Physical Chemistry 
Department.

Test specimens used to 
assess the mechanical 
behaviour of a steel tube.

©
 P

.S
tr

op
p

a/
C

E
A

Portion of the fuel assembly.
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AGEING UNDER CLOSE WATCH  
Ensuring that the materials used to make the non-moving parts of reactors age correctly  
and improving the safety and performance of other materials, such as fuel cladding: this is  
the aim of research conducted by the CEA/DEN on second-generation power plants  
which make up EDF’s current nuclear fleet.

“This core of a nuclear facility is composed of countless 
parts and equipment, with each representing an area 

of investigation for material specialists” said Benoit Tanguy,  
DMN1 project manager at the CEA/DEN. First of all, there is 
the cladding, which is composed of long tubes with closed 
ends in which the fuel pellets are inserted. “They are made 
of zirconium• alloy”. Next come the “internal structures” 
comprising metal parts, partitions, reinforcements and 
various screws which hold them in place. “These are made 
of austenitic stainless steel•”. Finally, there is the reac-
tor vessel, weighing 330 to 450 tonnes depending on the 
plant series: “this is made of a low-alloy ferritic steel• but 
is protected against corrosion on the inside by a coating of 
austenitic stainless steel”. Of these three core components, 
EDF only changes the fuel assemblies on a regular basis 
when the spent fuel is removed and replaced with new 
fuel. Apart from some of the screws, the internal struc-
tures and vessels - installed at the time of the building’s 
construction - are designed to stay there permanently. In 

the first 900 MWe PWRs, some of these parts have been 
in place for 37 years!

Speeding up the ageing process  
of materials to better model it
But are they able to withstand the possible extension of 
the plant's operating life? One of DMN’s tasks is to help 
build up the scientific information which will allow us to 
answer this question. As part of their ten-yearly inspec-
tion, each reactor is the subject of a file submitted to the 
ASN to justify its operation for a further decade. “The CEA 
is called in to help operators provide the necessary techni-
cal arguments for the vessel and internal structures”. This 
involves collecting material data on the ageing of these 
parts, for example by conducting experimental irradiations, 
in order to assess their properties after fifty years. At EDF’s 
request, the CEA teams have already started collecting 
information to meet the next ten-yearly inspection dead-
line: the sixty-year one! It is then a question of checking 

Metallography analyses on 
irradiated materials using 
the Isidore line at the LECI 

laboratory.

• Zirconium: metal  
that is highly transparent  

to thermal neutrons, with good 
resistance to oxidation  

in the presence of water.

• Austenitic stainless steel: 
family of steels containing 
18% chromium (element 

which improves resistance to 
corrosion) and nickel (8 to 10%), 

which has great deformation 
capacity and excellent 

resistance to corrosion.

• Low-alloy ferritic steel: 
family of steels with low carbon 

content (less than 0.1%), 
containing 11 to 14% chromium 

and no nickel, which is highly 
resistant to corrosion and 

oxidation at high temperatures.
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that the vessel’s material properties do not evolve to the 
point where the vessel’s integrity is called into question in 
the event of an accident. “We need to produce models des-
cribing how the properties of irradiated steel will evolve over 
the course of these 60 years”.  How? By experimenting! To 
reproduce the stress experienced by the material inside a 
core, researchers age the material rapidly by subjecting it 
to a neutron flux in research reactors which is higher than 
in reality. They then characterise the mechanical proper-
ties and microstructures of these samples at the LECI 
laboratory (see box on page 36). “Added to this are a whole 
battery of tests conducted on metals that are not irradiated 
by neutrons. These can be conducted on the DMN JANNuS 
facility, or in collaboration with colleagues from other CEA-
DEN departments2. The aim being to resolve a particular 
problem such as the mechanical strength of steels or their 
resistance to corrosion”.

Foreseeing the normal wear of materials
Over and above its contribution to the regulatory files drawn 
up by power plant operators, the DMN conducts other 
research. This may consist in checking that the ageing of 
samples in experimental reactors is typical of what would 
happen over the long term in a PWR. Or to supply data 
which will facilitate the replacement of internal screws 
which may fail due to a combination of mechanical stress, 
corrosion and neutron embrittlement. This is why EDF has 
launched regular campaigns to replace some of them, and 
conducted other research in order to better understand the 
phenomenon and anticipate when they are likely to fail. 
Finally, the DMN is also interested in the problem of swel-
ling. “We need to look at whether irradiation over more than 
40 years can result in swelling inside PWRs, as has occurred 
in fast reactors, and find out how to minimise this phenome-
non where necessary.”

Studying cladding behaviour  
in accident conditions
Research on cladding focuses on improving the perfor-
mance and operability of reactors. It also analyses how 
they behave in the event of an accident to make sure that 
nuclear safety is at its best. “One of the objectives is to find 
solutions to minimise the damage caused to the reactor by 
loss of coolant after a break in the primary system”, explai-
ned Jean-Christophe Brachet, international expert at the 

CEA/DEN, giving as an illustration the nuclear accident at 
the Fukushima Daiichi NPP when the cladding was unable 
to withstand the core temperature rising to 1,000°C within 
the space of a few minutes. “The cladding’s internal pres-
sure suddenly increases. It can explode and then, if the cooling 
systems are not working (which was unfortunately the case 
at Fukushima), it can shatter and form, together with the fuel 
it contains, a radioactive magma which is extremely difficult 
to cool: corium. Moreover, the zirconium alloy of cladding 
oxidises and releases hydrogen, which increases the risk of 
explosion. Hence the idea of ensuring that the cladding can 
maintain its integrity for several more hours or even days, 
and also that it oxidises as slowly as possible” the expert 
concluded. The CEA/DEN has examined two types of solu-
tions which have led to the registering of patents. The first 
consists in coating the existing zirconium alloy cladding 
with a chromium-based substance to reduce its oxida-
tion rate in this type of environment by a factor of 10 to 20. 
The second, which is even more of a technological break-
through and will therefore take longer to implement, aims 
at manufacturing new cladding using a material originally 
designed for Generation IV reactors: a composite material 
based on braided silicon carbide fibres, interspersed with 
a metal layer to ensure leaktightness. ●

Notes:

1. Department of Nuclear 
Materials.

2. Physical Chemistry 
Department (DPC) and 
Department for Modelling 
Systems and Structures 
(DM2S).

Braiding operation on a 
spool for the fabrication of 
composite-based cladding.
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Cladding corrosion  
failure test under induced 
stress due to iodine (top) 
and cladding burst test 
(bottom) performed  
in the LECI hot cells.

©
 P

.F
. G

ro
sj

ea
n

/C
E

A

39June 2016   Special issue



A STEEL CORE FOR 
TOMORROW’S NUCLEAR POWER 
PLANTS    
Developing materials for future fast reactors is the other challenge facing the researchers  
at the CEA/DEN, who already have the benefit of feedback1. It is a question of designing  
high-performance materials which are totally reliable and safe, especially those containing 
fuel or in contact with the sodium coolant. ODS steels appear to be excellent candidates.

Sodium-cooled fast reactors (SFRs) are the refe-
rence technology for Generation IV fast reactors. In 

this context, the CEA/DEN is the owner of a technology 
demonstrator project, called Astrid, which is currently in its 
design phase. Yet, Jean-Luc Béchade (head of service) and 
Yann de Carlan (research director on high-performance 
steels) at the CEA/DEN are keen to emphasise:  “The imple-
mentation of this new technology, incorporating Generation 
IV criteria, is a challenge for material science”. The coolant 
has different chemical properties (liquid sodium rather 
than water as in the existing fleet of PWRs), high core 
temperatures (400 to 650°C, as opposed to 325°C), and 
more energetic neutrons. In future reactors, materials will 
be subjected to more severe stress than they face in cur-
rent facilities. In the majority of cases, new materials will 

need to be used! This is driving the “upstream” research by 
various CEA teams which aims at identifying new metals 
and ceramics, while validating the need to performance-
test them on purpose-built experimental platforms.

New and even more resistant alloys
Shall we give you an example? The cladding enclosing the 
fuel pellets! These days in PWRs, the cladding is made of 
zirconium alloy. The first sub-assemblies used in the Astrid 
reactor will be made of austenitic steel. Except that Jean-
Luc Bechade and Yann de Carlan had this to say:  “We know 
that fast neutrons produced by SFRs can create cavities in 
these alloys, which end up swelling or increasing in volume”. 
Astrid’s austenitic steel cladding needs to be changed every 
“100/120 dpa•” even though the fuel inside this cladding 

Hot extrusion of ODS steel 
cladding on the CEA/DEN 

fabrication line at the Saclay 
centre.

©
 P

.S
tr

op
p

a/
C

E
A

40 Les défis du CEA - The magazine of research and its applications For more information : www.cea.fr

NUCLEAR MATERIALS



will not have been completely spent. In 2007 and using this 
fact as a starting point, researchers set about developing a 
new material for this reactor technology that would be able 
to better withstand the cumulative effects of irradiation and 
high temperature: ODS steel2. First developed in the 1960s, 
this family of alloys based on iron, carbon, chromium and 
other minor elements is better able to withstand this type 
of stress because of the yttrium oxide nano-particles dis-
persed in it. Today, the team will need not only to identify the 
reference grade• for the studies, but also to evaluate some 
of its characteristics on the JANNuS facility (see page 36). 
This is an essential stage before being able to continue to 
the next phase: developing a manufacturing process which 
is transferable to a manufacturer and performance-testing 
the material under neutron irradiation. Only once this has 
been achieved will ODS steels replace austenitic steels.

Manufactured, assembled  
and tested by the CEA
To achieve these objectives, the CEA has installed a 
complete facility to manufacture these ODS steels, just 
like would be found in a real powder metallurgy plant. 
Mechano-synthesis by grinding powder in an attritor•, 
consolidation at 1,100°C by 'hot extrusion' or 'isostatic 
compaction', drilling tubes, and hot and cold conversion: 
all these processes allow researchers to produce around 
ten of these cladding assemblies a year. This cladding will 
need to be 1.5 times more resistant to irradiation by fast 
neutrons than cladding made of austenitic steel!
Since the microstructure of these new materials is very 
specific3 extremely high-tech analytical tools need to be 
used to characterise them. For these reasons, the CEA/
DEN has contributed to the development of the MARS 
beamline at the Soleil synchrotron facility at Saclay4 which 
is used for detailed characterisations prior to, but espe-
cially after irradiation. This involves checking that the nano-
oxides remain stable after time in the reactor and that, even 
with a strong neutron flux, they can still strengthen the 
material. The current experiments have been very conclu-
sive. Finally, since these materials cannot be welded using 

conventional methods5, new assembly techniques using 
resistance welding or friction welding have been deve-
loped by researchers6.

Corrosion under the microscope
In addition to the stress of irradiation and high tempera-
tures, the materials used in SFRs must also resist cor-
rosion. Undoubtedly, liquid sodium is a much less harsh 
fluid compared with water which is still used as the coo-
lant in PWRs. “Added to this is the fact that in practice, it still 
contains impurities, carbon or dissolved oxygen which can, 
as a result of oxidation and carburation phenomena, damage 
the surfaces of the core equipment and in the end affect the 
lifespan of the facility”, explained Fabrice Legendre and 
Raphael Robin, service manager and laboratory mana-
ger respectively at the CEA/DEN. Scientists would like to 
performance-test the materials so as to quantify the risk 
and determine which products are created from their cor-
rosion, among others in order to determine the best size 
for the 'cold traps' designed to filter the liquid sodium 
in the future reactors. To this end, two R&D platforms 
were built at Saclay: the “CORRONa” loops, consisting of 
a series of glove boxes, placed in an inert argon atmos-
phere and connected to 'pots' containing several litres of 
liquid sodium heated to 650°C. By exposing samples in 
this hot fluid for several thousand hours and accurately 
characterising them with special optical tools, the team 
can perform all sorts of static, hydrodynamic and  tribo-
logical• experiments. Used in models or to refine them, 
these results can be used to predict how these alloys will 
age due to corrosion over a number of decades and esta-
blish the correct component size accordingly. A dozen 
metal grades, involving hundreds of samples, have the-
refore already been tested. One material, 316 LN steel, 
has in fact been chosen as a 'reference material' for the 
tanks and internals of future Generation IV sodium-coo-
led fast reactors. ●

Studies on the corrosion 
of materials in sodium 
environments using the 
CORRONa2 platform 
belonging to the CEA/DEN 
at the Saclay centre.

Notes :

1. See article p 28-29.

2. Oxide Dispersion 
Strengthened.

3. Deformation at high 
temperature is lower and the 
recombination of irradiation 
defects is higher.

4. Facility designed and 
financed in part by the CEA.

5. If materials were to 
become liquid during welding, 
this would destroy their 
nanostructure.

6. These techniques make it 
possible to weld these steels 
while solid. They have been 
developed and used in the 
Department for Modelling 
Systems and Structures 
(DM2S).

• dpa, displacement per 
atom: unit used to quantify 
irradiation damage.

• Grade: term describing the 
proportion of different metals 
which make up a type of stee.

• Attritor: device in which the 
material is ground by crushing 
particles between moving 
balls.

• Tribology: science 
which studies the friction 
phenomena likely to occur 
between two material 
systems in contact, immobile 
or animated by relative 
movement . 
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WELL-EQUIPPED 
RESEARCH

JHR: meshing of the cell (central part), the reflector (blocks) and the pool (outdoor area) using 
Salomé.

42 Les défis du CEA - The magazine of research and its applications For more information : www.cea.fr

R&D RESOURCES



Research on current or future nuclear systems requires specific experimental and simulation tools. 
For this reason, the DEN is developing and making use of a comprehensive, coherent fleet of 
experimental facilities, preparing for the replacement of ageing facilities and building new facilities, 
such as the Jules Horowitz Reactor (JHR) at Cadarache. In the field of simulation, the DEN is developing 
codes in all the main fields of nuclear science (neutronics, thermal-hydraulics, mechanics, thermal 
behaviour, fuel cycle chemistry and materials) in order to model the phenomena involved in a reactor.
Special report prepared by Vahé Ter Minassian and Aude Ganier

Artwork

JHR 

BETTER DESIGN 
THROUGH SIMULATION

JHR: THE EXPERIMENTAL 
REACTOR TAKES SHAPE 
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BETTER DESIGN THROUGH 
SIMULATION
Numerical simulation is an essential component of design and safety studies for nuclear 
facilities. It is used to predict their behaviour in normal, incident or accident situations. 
The codes developed by CEA specialists describe with increasing precision the physical 
phenomena occurring in reactors, for the benefit of the nuclear industry and nuclear research.

S imulation has always played an essential role in the 
design of nuclear facilities. “The need arises from the 

fact that some experiments cannot be performed under rea-
listic conditions, explains Patrick Blanc-Tranchant, head 
of the simulation programme in the CEA Nuclear Energy 
Division (CEA-DEN) at Saclay. Nuclear reactors are not an 
industrial product comparable, say, to an automobile. It is out 
of the question to carry out a ‘crash test’ to evaluate extreme 
situations!” And yet, for obvious reasons of safety and secu-
rity, it is indispensable for approval of their design – and 
even their construction permits – to know what would hap-
pen in a borderline situation. Hence the use of calculation 
codes and methodologies.

Codes for industry and research
These numerical simulations of a particular kind have 
become a specialty of CEA-DEN. In multilateral agree-
ments signed with EDF, AREVA and the IRSN – as well as 
to address its own internal requirements – it now mobi-
lises 400 people to develop codes for the nuclear industry 
and nuclear research. Their activity includes modelling the 
phenomena they are attempting to describe, writing the 
code, validating the calculation tools, conducting experi-
ments in support of modelling and validation, and develo-
ping computational methods based on these codes. 
The objective is no less ambitious than the efforts under-
taken: to simulate, with as much detail as possible using 

a computer, the physical phenomena involved in the ope-
ration of a portion of a reactor or of any other nuclear 
facility, in order to continually improve our knowledge and 
control of the facilities. This is a crucial point: the calcula-
tion codes and methodologies build on the system model-
ling knowledge accumulated over time.

Comparison with experimental results
Although each case is different, with its own particular 
constraints and characteristics, the code development pro-
cess basically involves three stages. At the modelling stage 
the researchers address a given problem by first iden-
tifying the most pertinent elementary physical phenomena 
that should be taken into account in the form of mathe-
matical equations. The development stage concerns the 
actual programming of the code and its software imple-
mentation. In the final validation phase, the satisfactory 
operation of the code is verified by comparing its results 
with those of other numerical tools and most importantly 
with experimental results. CEA-DEN facilities available 
for this purpose include thermal-hydraulics loops at 
Grenoble, zero-power reactors at Cadarache, mechani-
cal test facilities Saclay, and fuel cycle chemistry labora-
tories at Marcoule. These comparisons are used to assess 
the validity of the code within a given range of values. The 
design of large-scale calculation software is much more 
complex and time-consuming than this simplistic overview 

Apollo and Cathare are complementary calculation codes developed in the 1980s for the design of nuclear 
facilities. Apollo, one of the key components of the CEA-DEN “neutronics” platform, is used to calculate the 
resulting neutron flux generated by fission reactions in order to determine the power distribution around 
the fuel assemblies and their level of activity. Cathare is dedi-
cated to thermal-hydraulics phenomena, and in particular to 
calculating “two-phase” flows in accident situations arising 
from the failure of a cooling system line. 
In the coming years a new generation of these simulation 
codes will become available. Apollo 3 — which will be opera-
tional before the end of the decade — will provide extremely 
detailed 3D numerical simulations (instead of 2D today) of the 
phenomena occurring inside fuel assemblies. It will also be 
capable of simulating these phenomena in any type of ins-
tallation, including a sodium-cooled fast reactor. Cathare 3, 
which will become available in 2019, will also be a “multisys-
tem” tool and will take additional phenomena into account, 
such as transport of coolant droplets or films from the core 
in the event of an accident.

EXPERT CALCULATIONS BY APOLLO AND CATHARE

Note:

1. When the heat-transfer  
fluid becomes a mixture  

of vapor and liquid.

Cathare3: modelling a CP1 reactor vessel with 
Cathare2 (left: a single 3D module) and with 

Cathare3 (right: seven 3D modules).
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suggests, and requires a wide range of skills and expertise 
by physicists, experimenters, numerical analysts, compu-
ter scientists, mathematicians, etc. 
“It is important to know that the main codes used by the CEA 
or its industrial partners to design and operate nuclear reac-
tors contain up to 1 million lines of Fortran or C++ instruc-
tions,” explains Patrick Blanc-Tranchant. “It required ten 
years of development work according to procedures appro-
ved by the French nuclear safety authority (ASN). The opera-
tor of a nuclear installation is required to submit to the ASN 
a report proving that the digital software has been properly 
validated over its approved range”.
Considering the time necessary to develop these codes 
and their period of use — twenty or thirty years — it is 
vital to anticipate the needs they are designed to cover, 
and the variety of computer equipment that will be used 
to run them. “That is why the major CEA-DEN codes should 
be considered as long-term investments in the same way as 
experimental facilities.”

Pushing the limits
A full set of codes has been developed specifically for the 
nuclear industry: neutronics codes to calculate the level of 
radiation and the power distribution inside a reactor core; 
thermal-hydraulics codes to determine reactor cooling 
behaviour in normal operation or in an accident situation; 

mechanics codes to calculate structural behaviour, for 
example in the event of an earthquake. Some codes are 
used to meet the internal needs of the CEA, such as desi-
gning the future Jules Horowitz research reactor (JHR) 
now under construction at Cadarache or nuclear steam 
supply systems for the submarines and aircraft carrier1 
of the French Navy. The same codes are used by the CEA’s 
industrial partners in design and safety studies for their 
facilities. CEA-DEN has also developed other simulation 
tools specifically for the liquid-liquid extraction processes 
implemented by AREVA in the reprocessing plant at La 
Hague, or for the vitrification of nuclear waste. Some 
codes are also used to train operating personnel in plant 
simulators. These codes are widely distributed abroad 
through licence agreements.
For the future, CEA researchers seek to progress further 
in the fine description of basic physical phenomena. For 
example, the progress of data-intensive computing means 
that some fundamental simplifications will no longer be 
necessary. Similarly, closer coupling of different physi-
cal disciplines — made possible by the use of GENCI2, 
supercomputers — will allow the development of “digital 
reactors” or “digital plants” for an extremely rapid assess-
ment of the impact of design changes or input data on the 
operation of a facility. ●

Boasting 15 m2 and 7 million pixels, this “video wall” acquired by the CEA Nuclear Energy Division (DEN) 
has been set up in a 40-seat auditorium at the Saclay centre. This facilitating tool is used to visualise and 
analyse data. It provides a simple overall visualisation capability for the complex and detailed numerical 
simulations carried out by the CEA in the field of nuclear energy. Using the best projection and collaborative 
work technologies, it is capable of displaying three-dimensional models of the physical phenomena occur-
ring in operating reactors from the scale of an atomic crystal lattice in the reactor materials up to full-scale 
fluid flows in the reactor.

3D VISUALISATION ON A WIDE SCREEN

Notes :

1. These reactors are 
developed under the 
responsibility of the CEA 
Military Applications Division 
(DAM).

2. National data-intensive 
supercomputer project (GENCI: 
Grand Équipement National de 
Calcul Intensif).

Modelling fuel behaviour  
in a nuclear reactor at atomic 
scale on the DEN video wall.
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JHR: THE EXPERIMENTAL 
REACTOR TAKES SHAPE
The Jules Horowitz Reactor (JHR), a unique experimental irradiation device in Europe, will be 
used to investigate materials and fuels under irradiation to support both current and future 
nuclear reactors. It will also be used to produce radio-isotopes for medical purposes.

Currently under construction at the Cadarache centre 
(see box), the JHR will consolidate the experimental 

means that are essential for research on current and future 
nuclear technologies. Its objectives are multiple: 
1. support reactor operation and lifetime management of 

both existing and pending reactors; 
2. enable water reactor designs to evolve during their ser-

vice life covering the best part of this century; 
3. help improve the performance and safety margins of 

nuclear fuels;
4. deliver behaviour studies on fuels under incident and 

accident conditions;
5. take part in developing innovative materials and fuels to 

support the fourth generation of nuclear reactor concepts
 "Furthermore, the JHR will be producing radioelements for 
the medical industry with the goal of providing 25% of the 
European Union's average annual requirements, which may 
reach 50% on occasion", said Xavier Bravo, head of the JHR 
programme at the CEA-DEN.

Irradiation device at the forefront  
of innovation 
Once commissioned, which is planned before the end of the 
decade, the JHR will provide a broad experimental irradia-
tion capacity and a level of high performance to meet the 
stakes at hand: high neutron fluxes; different environmental 

conditions (pressure, temperature, flux, coolant chemistry) 
to reproduce the operating situations of power reactors 
(water reactors, gas-cooled fast reactors, sodium-coo-
led fast reactors, etc.); improved online measurements• 
in consistency with the state of the art in modelling and 
numerical simulation; safety baseline• in compliance with 
current design requirements, which have changed signifi-
cantly compared with those stipulated for existing reactors 
designed in the sixties.

An international consortium rallying  
around the CEA
The JHR project is backed by an international consor-
tium led by the CEA who is the project owner, nuclear 
operator and contracting authority of this facility. The 
consortium agreement for the construction and ope-
ration of the JHR was signed in March 2007, thereby 
uniting the very first consortium partners of the project. 
The consortium includes AREVA and EDF for France, as 
well as CIEMAT (Spain), NRI (Czech Republic), SCK.CEN 
(Belgium), VTT (Finland) and the European Commission. 
The consortium expanded in 2009 when it was joined by 
the DAE (India), followed by the IAEC (Israel) in 2011, NNL 
(Great Britain) in 2014, and VATTENFALL (Sweden) in 
2015. The JAEA (Japan) also joined the JHR programme 
at the same time. ●

• Online measurements: 
measuring physical 

parameters (radioactivity,  
pH, etc.) in real time using 
a device that is connected 

directly to the circuit. 

• Safety baseline: all 
the rules authorising the 

operation  
of a regulated nuclear facility.
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Arial view of the JHR 
construction site at the CEA 

Cadarache centre in May 
2015.

46 Les défis du CEA - The magazine of research and its applications For more information : www.cea.fr

R&D RESOURCES



The concrete dome for the reactor building was finalised at the CEA Cadarache centre on 7 and 8 January 2015. 
This entire operation took more than 20 hours and 730 m3 of self-consolidating concrete (SCC). Here below are a few key figures that 
illustrate the sheer size of this construction site (see photos opposite):
  In 2009, 200 aseismic pads were installed on the foundations of the JHR.
    In 2010, the reactor building started to take shape when the formwork for the reactor pool was positioned in the centre.  

This is where the reactor core will be submerged.
  The reactor pool shell was progressively installed throughout 2011.
 This shell was practically finished in 2012.
  At the same time, the reactor dome was assembled on the ground next to the reactor building.
  The metal liner for the reactor pool and the polar crane (in yellow) were installed just before the reactor building was sealed by the 

dome in December 2013. Around 80% of the civil engineering work has been completed thus far.
  In early January 2015, the reactor building dome was poured in a single operation using self-consolidating concrete.

PHOTO HIGHLIGHTS OF THE CONSTRUCTION SITE
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JHR
The Jules Horowitz Reactor (JHR) now under construction 
at the CEA Cadarache centre, is a research reactor. In 
this nuclear facility, a chain reaction will be created and 
sustained to produce a neutron flux, which in turn will 
be used to investigate the behaviour under irradiation 
of the materials and fuel of existing and future nuclear 
reactors. Its high level of performance will also allow JHR 
to produce medical radio-isotopes for diagnostics and 
radiation therapy.

A technological irradiation reactor…
JHR includes a reactor zone and an analysis zone. The reactor 
core, contained in an enclosure 70 cm in diametre, will have a 100 
MW thermal power rating. It will produce a neutron flux of up to  
5 × 1014 n/cm2·s, comprising thermal neutrons (with an energy of 
less than 0.625 eV) to study the behaviour of current nuclear fuel, 
and fast neutrons (with an energy exceeding 0.9 MeV) to study 
future reactor materials. JHR is a pool reactor design: the reactor 
block is immersed in a pool 7 m in diametre and 12 m deep to allow 
easier accessibility for experimentation (water has a radiation 
shielding effect). It will allow several experiments to be conduc-
ted concurrently.

… for investigating nuclear reactor materials
The materials in a reactor are subjected to severe conditions: ther-
momechanical and chemical stresses, neutron irradiation, etc. JHR 
will reproduce the conditions found in different types and genera-
tions of nuclear reactors to extend our knowledge of material pro-
perties. The subjects of research include material strength, ageing, 
corrosion, etc. Objectives: acquire a better understanding of the life-
time of existing power plants, assess safety margins, and contri-
bute to the development of materials and fuels for future reactors.

Shielded cells

Analysis zoneArtwork: Fabrice Mathé - Text: Aude Ganier 
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Experiments
The test materials and fuels are loaded in experimental devices 
that are lowered into the reactor block by means of extension poles 
and inserted into the core. Some experimental devices are placed 
in the reflector, a beryllium structure surrounding the core and 
designed to confine neutrons within the core. For a few days or a 
few months, the materials are subjected to neutron irradiation. The 
devices include sensors that transmit in situ measurements. After 
irradiation, they are sent via a transfer channel to shielded cells 
for further analyses.

Production of medical radio-isotopes
About 80% of medical diagnostic procedures are performed using 
technetium-99m (99mTc). This isotope is produced by irradiating ura-
nium plates in the reflector: neutron bombardment of uranium 
creates fission products, including 99Mo, which decays to form 99mTc. 
The irradiated plates are transferred to a hot cell where they are 
placed in a transport cask docked to the cell. They are then ship-
ped to a target processing plant where the elements are separa-
ted from the plates and 99mTc is sent to medical treatment centres.

Reflector

Interim storage pools

Reactor zone

Experimental device transfer channel

Seismic plinths

Reactor block

Core

Experiments

JRH fuel

Production of radio-isotopes for medical applications
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DISMANTLING: LEGACY OF THE 
PAST, PROSPECTS FOR THE FUTURE

Final state of work after surfaces peeling and radiological 
controls in a hot laboratory at the CEA Grenoble site.
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RESEARCH AND 
INNOVATION DEDICATED 

TO DISMANTLING

CEA, A PIONEER IN 
THE DISMANTLING 

PROCESS  

France – a world leader in the whole nuclear power cycle – is also responsible for the clean-up and 
dismantling of its end-of-life nuclear facilities. Here, the CEA is considered to be a pioneer both in 
the project ownership of worksites and in the R&D for optimising the timescales, costs and safety of 
those worksites. Its responsibilities range from defining the most appropriate scenario, characterising 
the radiological state of equipment and decontaminating premises, carrying out dismantling and 
optimising the resulting waste. With this wide range of skills and the diversity of its facilities, the CEA 
Nuclear Energy Division is developing innovative solutions which are already the subject of industrial 
transfers.
Special report prepared by Amélie Lorec
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CEA, A PIONEER IN THE 
DISMANTLING PROCESS 
Two-thirds of France’s end-of-life nuclear facilities belong to the CEA – a situation connected 
with its history. This implies setting up clean-up and dismantling worksites which have 
unprecedented scientific, human and financial challenges.

The majority of the world’s nuclear facilities were built 
from the 1950s to the 1980s. The oldest have been gra-

dually shut down, making way for new activities. There are 
several reasons for this: completed research or production 
programmes, obsolete equipment, heavy maintenance 
or changes to regulations. What happens next? In short, 
these facilities will be cleaned up and re-used as required, 
or possibly destroyed. This is referred to as clean-up and 
dismantling in the nuclear industry. This activity represents 
a market estimated to be worth 220 billion euros globally 
over the next twenty years1! In France, close to forty nuclear 
facilities are currently concerned.

The CEA has twenty years’ expertise and yet 
it comes across new situations every time!
Once work has started, clean-up and dismantling takes 
several years. It is a real “long haul” in which the CEA has 
a great deal of experience. It has been involved in nuclear 
research in France for many years and has been managing 
end-of-life facilities in its own centres for more than twenty, 
including ‘first generation’ reactors, research reactors, 
laboratories and waste treatment facilities. “For example, 

all the facilities at the Grenoble centre have been dismant-
led. The three reactors - Siloe, Siloette and Melusine - have 
already been decommissioned. The decommissioning of the 
active materials analysis laboratory (LAMA) and two radioac-
tive effluent and waste treatment plants is currently being 
examined by the French Nuclear Safety Authority (ASN);” said 
Bernard Vignau, head of department at the CEA Nuclear 
Energy Division2 (DEN). “This large-scale work, carried out 
for the first time at site level, has cleared the way for tech-
nology research laboratories.”
Twenty-two of the 43 facilities operated by the CEA are 
currently being dismantled. These include the regulated 
nuclear installations (INB3) at the Fontenay-aux-Roses 
centre which is being converted from nuclear engineering 
to biological engineering, the Phénix reactor at Marcoule, 
the Rapsodie reactor at Cadarache, the UP1 fuel reproces-
sing plant and the Marcoule pilot workshop. “Each site is 
different, which means we don’t benefit from a “series effect”. 
Although we have feedback from one operation to another, we 
always have to be inventive to find solutions for situations that 
have never previously been encountered. Every time we learn 
new aspects from the work and research carried out”  said 
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Inside the cleaned and 
dismantled former Melusine 

reactor building at the CEA 
Grenoble site.
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Bernard Vignau. The large diversity of these facilities, due 
to their type, size or specific technical features, gives the 
CEA’s DEN unique project ownership and R&D expertise 
in clean-up and dismantling or in the retrieval and condi-
tioning of legacy radioactive waste. This know-how is also 
very valuable for designing future nuclear facilities; every 
operator is now required to take dismantling into conside-
ration, as is the case with Project ITER – for “International 
Thermonuclear fusion Experimental Reactor” – which is 
currently under construction at Cadarache.

A long haul in a number of stages
But how are such operations carried out in practice? It all 
starts with the definition of the worksite scenario and the 
methods and equipment to be used. This involves collec-
ting the input data on the facility (drawings, equipment, 
etc.) and assessing its radiological state (irradiation rate, 
contaminated areas, etc.). This scenario is drawn up in 
line with the facility’s baseline safety requirements•. 
For a regulated nuclear installation (INB) that has rea-
ched final shutdown, its status changes from “operation” 
to “dismantling”. These baseline requirements therefore 
specify the target final state, analyse the new risks resul-
ting from the operations, and study the resulting waste, 
releases, and dosimetry, etc. A new radiological risk map 
is then drawn up which focuses on the individual workers 
to ensure they are protected against any contamination 
or irradiation during the operations. At the same time, an 
administrative document on waste management is drawn 
up, assessing its environmental impact to ensure that it 
will be accepted by Andra4. Based on the chosen scena-
rio and once the relevant French Nuclear Safety Authority 
(ASN ou ASND5), has given the green light, the prepara-
tion phase starts. This involves marking out the bounda-
ries of the operations, installing a ventilation system to 
protect the work environment and installing the radiation 
protection equipment. Work then starts, firstly to remove 
the materials, then to clean-up, which means cleaning 
and removing the radioactive substances from the equip-
ment and parts of the facilities. This work is carried out 
upstream of the dismantling process which involves disas-
sembling and removing all the equipment prior to final site 
remediation and clean-up of premises. This work can take 
more than ten years. The end-of-work report, detailing 

the radiological, safety and waste conditions, will then be 
used for authorising the total or partial final decommis-
sioning of the facility.

A technical challenge and a financial issue
With regard to the cost of this work, Laurence Piketty, 
Director of Nuclear Clean-Up and Dismantling at the DEN, 
estimates that “over the next few years, the CEA will spend 
around 700 million euros per year on its clean-up/dismant-
ling, operation and waste management programmes. Financed 
by special funds6, our provisions currently stand at 16.7 billion 
euros, 80 to 90% of which will be ploughed back into French 
industry.” It is a real challenge for the CEA teams to complete 
these complex projects while keeping to costs and times-
cales, and above all at every stage complying strictly with 
the ‘facilities’ baseline safety requirements set by the ASN. 
One of the keys for successful compliance with this large 
number of requirements is targeted R&D, in order to opti-
mise the tools and processes (see the article on page 56). ●

• Baseline safety 
requirements: set of rules 
authorising the operation of a 
regulated nuclear installation.

Notes:

1. Estimate by the Arthur D. 
Little strategy, innovation and 
technology consultancy.

2. Department for clean-up 
and dismantling projects.

3. Installation nucléaire 
de base. Also referred to as 
“licensed nuclear facility”.

4. French national radioactive 
waste management agency.

5. French Defence Nuclear 
Safety Authority.

6. The 2006 French Acts 
stipulate that operators in 
France must fund all future 
dismantling expenditure.
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Demolition of the stack of 
the G1 reactor at Marcoule.

Clean-up work on a 
ventilated fume-cupboard 
type glove box at 
Fontenay-aux-Roses.
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NUCLEAR 
DISMANTLING
Every regulated nuclear installation (INB) (nuclear reactors, laboratories, etc.) has a limited 
operating life. When it stops being used, it is first cleaned up (removal of radioactive substances), 
then dismantled (disassembly of components) in accordance with the baseline safety requirements, 
and finally decommissioned so that it can be used for other purposes or be demolished. Clean-
up and dismantling operations concern all the facility's components, such as hot (shielded) cells 
which can be found in some laboratories.

Characterisation
Before any dismantling work 
is started, the baseline safety 
requirements protocol must be 
drawn up and the most appro-
priate scenario defined. The hot 
cell environment is thus inspec-
ted to quantify and qualify its initial 
radiological state. The objective of 
this task is to draw up the radioac-
tive inventory of the equipment, 
categorise the waste that will be 
generated, and determine the 
radiation protection measures to 
be implemented. Characterisation 
is performed using detection and 
measuring tools such as alpha or 
gamma cameras that have been 
developed by the CEA.

Nuclear housekeeping
The work continues with the remo-
val of the contents from the hot 
cell. The various equipment and 
devices used for experiments are 
cut up and placed in a 20-litre 
bin by remote control. This bin is 
then removed, via a leaktight air 
lock opened from the inside by 
the remote-control operator. It is 
placed in a “Padirac” (3-tonne lead 
container) which is docked outside 
of the cell and then transferred for 
conditioning in waste packages.

Clean-up
The hot cell chamber (inner cell 
liner) is now empty but there may 
still be a film of radioactive ele-
ments on its walls. The remote-
control operator applies an 
oxidising decontamination gel to 
the walls and then scrapes them 
to collect the shavings, which are 
placed in the “Padirac”.

Artwork: David Torondel - text: Amélie Lorec
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NUCLEAR 
DISMANTLING Dismantling  

the biological shielding
The uncontaminated biological 
shielding of the cell (outer casing 
generally made of lead to block beta 
and gamma radiation) can be dis-
mantled. To do this, a ventilated vinyl 
airlock is installed around the cell to 
confine it and extract the dust gene-
rated when the operator cuts up the 
components. The operator wears a 
white suit covered by “paper” ove-
ralls, with gloves and a filter mask 
for protection.

DID YOU KNOW?
Baseline safety requirements
The baseline safety requirements correspond to all 
the rules covering the operation of a facility. These 
rules are modified for the clean-up and dismant-
ling phase. The new baseline requirements must 
be approved by the French Nuclear Safety Authority 
(ASN for civil or ASND for defence). It specifies and 
structures the main steps involved in the work, the 
timescales, the target final state, the equipment and 
methods used, the risks involved (releases, dosi-
metry, etc.), the waste produced, and the associated 
treatment solutions.

Dismantling the inner hot 
cell liner
The stainless steel liner, conta-
minated by radioelements, is cut 
up into pieces which are placed 
in packages and removed, in the 
same way as the biological shiel-
ding debris, via an airlock which is 
part of the structure. For this ope-
ration, the worker wears a pressu-
rised vinyl suit with an air supply for 
breathing, to protect against any 
traces of radioactivity remaining 
in the cell’s stainless steel liner. Final clean-up

What is to be dismantled now, still 
in the vinyl airlock, is the concrete 
baseplate which supports the hot 
cell. Once this floor area has been 
destroyed using a pneumatic drill, 
the decontaminated facility can be 
‘decommissioned’ after radiologi-
cal inspection, and the building in 
which it is housed can be demo-
lished or used for other purposes.
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RESEARCH AND INNOVATION 
DEDICATED TO DISMANTLING
As the owner of its clean-up and dismantling projects, the CEA also devotes a significant 
amount of R&D to reducing the timescales, costs and waste from current and future 
programmes, while improving their safety. The resulting innovations often lead to industrial 
transfers.

“O ur developments cover all stages of the clean-up 
and dismantling process so as to achieve optimal 

performance levels” said Christine Georges, programme 
manager1 at the CEA Nuclear Energy Division (DEN). 
This R&D work firstly concerns assessing the radiologi-
cal state of the facilities, from the start of the work then 
throughout all the operations. This means locating hot 
spots•, identifying radioelements and estimating the phy-
sical and radiological activity of materials so that they can 
be sorted according to their categories (see box page 58). 
This task is far from easy, as the architects’ drawings of 
facilities built in the 1960s are not always as accurate as 
nowadays, like omitting the lines of some pipes that must 
be taken into account at all costs. Likewise, there may 
be some uncertainties on the state of some radioactive 
substances contained in the tanks for dozens of years, 

thus delaying the start of operations, which cannot com-
mence without an overall characterisation.

Innovative technologies for quantifying 
radioactivity remotely
To deal with these unforeseen situations, the CEA’s resear-
chers have had to be innovative. This has led to the deve-
lopment of the ‘gamma camera’ technology which can 
identify, locate and quantify hot spots in inaccessible areas, 
a major issue for establishing the plan of dismantling ope-
rations. The gamma camera’s principle involves amplifying 
gamma ray emissions by radioelements in the form of an 
electrical signal which is detected and converted into an 
image. The CEA proved capable of harnessing all of its 
expertise2, from the detector design through to the expert 
use of the final system, to develop a sensitive, compact 

Simulation of a remotely 
controlled operation on 

a hot cell with the hot 
spots highlighted, in 

the ‘immersive room’ at 
Marcoule.

• Hot spot: source at which  
the radioactivity level  

is above a determined 
threshold.
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industrial version of this camera. The DEN’s engineers 
also developed a remote material analysis technology cal-
led Libs3 in partnership with IVEA. Installed on a drone or 
controlled by an operator, its mechanism focuses a pul-
sed laser beam on the material to be analysed to create a 
plasma which, as it cools, emits light radiation characte-
ristic of the material’s elements. An optical system cou-
pled to a spectrometer then collects this light, analyses it 
and provides information on the fundamental composition. 
This new technology was also installed on board NASA’s 
Curiosity rover to determine the composition of the soil on 
Mars. But let’s return to earth now.

Choosing the most appropriate scenario  
by simulating the worksite
Work cannot be started on a clean-up and dismantling site 
without a minimum amount of preparation. Modelling and 
numerical simulation are essential for this, both to validate 
a scenario and to train the operators for the work to be 
performed. In 2008, the CEA set up a virtual reality room 
at Marcoule, called the “immersive room”, equipped with 
a large videowall showing full-size simulations of opera-
tions so users can practise, in a virtual environment, all 
the operations to be performed. For example, the DEN was 
contacted by the start-up company Oreka Sud which mar-
kets a 3D decision-support simulator giving a complete 
overview of a dismantling project. “The Demplus software 
can technically create several work scenarios and assess the 
associated main parameters: waste assessment, dosimetry 
assessment, estimation of the budget and planning. The DEN 
has provided us with feedback so we can incorporate field 
data and provide simulations that are as close as possible to 
reality” said Luc Ardellier, director of Oreka Sud. What is 
the advantage for the CEA? With this tool, the responses 
of industrial companies to the CEA’s invitations to tender 
can be standardised, thus making it easier to compare 
them in order to choose the most suitable tender for the 
requirements.

Cleaning up and dismantling with no 
exposure
“Our R&D also focuses on the radioactive decontamination of 
surfaces, the ground, etc. before dismantling and destruction”  
said Frédéric Charton, R&D project manager. This is how 
new chemical processes have come into being. They take 
the form of foams and gels containing active elements, 
which are injected into complex areas that are difficult 
to access, such as ventilation systems or storage tanks, 
and trap the radioelements in them, liquefying on contact. 
The liquids are then recovered and treated as effluents•. 
This is referred to as the ‘transfer’ method for elimina-
ting radioactivity. Researchers are also working on the 
development of mechanical and laser decontamination 
techniques.
New remote control•tools have also been designed to 
simplify dismantling operations in hostile environments 
and to better protect workers. Robotic systems such as 
the Maestro arm, developed in partnership with Cybernetix 
and commissioned in 2015 at the Marcoule pilot unit (APM), 
“lengthen” the operator’s reach. The scientists at Saclay 
have also created DELIA, a platform for developing laser 
cutting processes which are performed either in air or 
immersed.

Facilities for treating the resulting  
waste and effluents 
All this work produces waste, in addition to that from the 
CEA’s past nuclear activities. Here again R&D comes into 
its own, to minimise the volume and toxicity of this waste, 
optimise its treatment and conditioning, and understand 
and demonstrate the long-term behaviour mechanisms 
involved, while ensuring that there will be a disposal solu-
tion for final waste packages at Andra. Facilities specially 
adapted for the type of waste have been developed, inclu-
ding the vitrification workshop which was built in 1978 
to specifically treat high-level fission product solutions 
from Marcoule (AVM). Before it was closed in 2012, 
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Development of chemical 
decontamination foams 
and gels.

Notes :

1. R&D programme for clean-up 
and dismantling.

2. Collaboration between 
the nuclear energy, physical 
sciences and technology 
research divisions.

3. Laser-Induced Breakdown 
Spectroscopy.

• Effluent: polluted or 
contaminated waste liquid.

• Remote control 
operation: work carried 
out remotely, with no direct 
contact with the elements to 
be dismantled.
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this workshop was used to vitrify decontamination rin-
sing effluents from the UP1 factory. Since 1966, on the 
same site, the liquid effluent treatment plant (STEL4) has 
been used for bituminising (embedding in bitumen) inter-
mediate- and low-level effluents from spent fuel treat-
ment operations. This organic matrix does however have 
a drawback, as under the influence of radiation, bitumen 
changes by radiolysis and generates gaseous hydrogen 
in the storage facility.

R&D programmes are also under way to confirm the safety 
cases which demonstrate that the behaviour of such pac-
kages can be controlled, in particular in view of their future 
disposal in deep geological repositories under control-
led safety conditions. “The STEL has now become ‘STEMA’, 
replacing bitumen with a mineral matrix, cement" explained 
Thierry Advocat, programme manager5 at the DEN. CEA 
researchers determined the optimum formula for phy-
sico-chemical compatibility between the waste and this 
new type of embedding and then assessed the ageing of 
the final product. Another technique has been developed 

for low-level organic effluents, which is to mineralise them 
by hydrothermal oxidation, subjecting them to supercritical 
temperature and pressure conditions so that the “meta-
morphosis” occurs.

Older waste, a legacy of the CEA’s past, occasionally has 
to be reconditioned. At Marcoule, this operation began in 
the early 2000s, on 60,000 legacy bituminised waste drums 
stored in pits and vaults•. To date, 10,000 drums have 
already been repackaged and placed in multi-purpose 
interim storage facilities (IEP). The aim is to charac-
terise them in order to ascertain their nature and the 
amount of fissile material they contain, before clas-
sifying them into categories for acceptance by Andra 
in view of their transfer to the Cigeo disposal facility. To 
do this, the CEA uses the same non-destructive ana-
lysis methods as those used for the radiological map-
ping of a worksite, and also destructive analyses such 
as nuclear measurement techniques for long-lived beta 
emitters. ●

There are five main categories of radioactive waste, depending on their level of radioactivity and their lifespan:
- VLLW, very-low-level waste (27% of the volume of radioactive waste produced in France);
- LILW-SL, short-lived, low- and intermediate-level waste (63% of this volume);
- LLW–LL, long-lived, low-level waste (7%);
- ILW–LL, long-lived, intermediate-level waste (3%);
- HLW-LL, long-lived, high-level waste, which represents 96% of the total radioactivity of the waste but 
only 0.2% of the volume.
The vast majority of the waste generated by a dismantling worksite is VLLW. For example, the waste from 
the INBs at the CEA Grenoble centre produced 96.1% of VLLW, 3.7% of LLW, 0.1% of ILW and 0.03% of HL.

FIVE CATEGORIES OF RADIOACTIVE WASTE

Maestro arm for carrying 
out remotely controlled 

cutting operations.

• Vault : underground storage 
area, often made of concrete.

Notes:

4. Station de traitement des 
effluents liquides.

5. Programme for 
the management of waste  

and material flows.
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