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ABSTRACT

A brief account is given of the way in which nuclear energy has developed in France and elsewhere over the last
fifty years: options developed by the French Atomic Energy Commission (CEA), naval propulsion, development
of pressurised water reactors, MOX and thorium fuels. Afterwards, the prospectives for the 21st century will be
discussed. Considering that natural resources are depleting while releases of both greenhouse gases and world
population are increasing, an active energy policy will have to be implemented with due consideration for social
equity and solidarity. It is in this context that the developed countries will have to give preference, beyond
savings, to renewable sources of energy, including, of course, nuclear energy. Nuclear energy can continue to
develop in the long term, provided fast breeder technology is deployed at some point. As far as transport is
concerned, hydrogen technology, which is clean and renewable, is promising, provided it is generated by
nuclear energy.

1 - INTRODUCTION

It is May 2001 and I am at the helm of my yacht, with the wind full and by, entering the channel of La Trinite-
sur-Mer, South Brittany, in the West of France. The sun is shining, the sea is calm and it is rather cool, with a
Force 4 north-easterly wind. I am thoroughly enjoying my first few months of retirement after a long career at
the French Atomic Energy Commission.

Ever keen to preserve the environment, I particularly appreciate the power of the wind, which is driving the
yacht along at a steady 5 to 6 knots. There is practically no sound to be heard and no pollution.

And yet I cannot help thinking about how much material, energy and hours of work were required to build this
yacht: the hull and the deck are made of plastic (fibres, resins etc.), the sails are of nylon and polyester, the
sheets and halyards are of Tergal, the mast and boom are of aluminium, the chains and anchors are of galvanised
steel, there are auxiliary diesel engine, batteries, electronics and so forth.

Energy, that mythical word that is synonymous with progress and well-being, but also with pollution, waste and
the depletion of natural resources, is omnipresent, no matter what we do. I was born in a farm in Brittany and
witnessed the installation of electricity in 1950. It was nothing short of a revolution: we suddenly had bright light
in all the rooms, running water, heating and a refrigerator and were able to listen to the radio (transistor radios
were not available at the time). What relief this meant for our parents with the appearance of washing and
milking machines !

And yet, we must not forget that two billion people still have no electricity. If everyone had legitimate access to
energy and was able to enjoy progress, tensions between the different peoples would be reduced. In 2020, the
world will have a population of 8.5 billion. The World Energy Council predicts an increase of 50% in the
consumption of primary energy, and electricity consumption is expected to double. The energy policy must be
balanced and varied, but nuclear power has to keep its significant role in the industrialised countries. This will
lead to savings in fossil resources and help to preserve man and the environment.

To provide input for the collective memory, I shall first provide a non-exhaustive list of personal recollections. I
shall continue with some considerations on the prospectives for sustainable development, in other words, the
rational management of natural resources with minimised pollution and optimised operation of new technologies
in a continuous quest for global social equity and solidarity with future generations.

2-OUR HERITAGE.

As Goethe said, "the heritage received from one's parents has to be earned and put to good use if it is to become
one's own". Without wishing in any way to deny the current potential for innovation, I was aware, at the end of
my career, when some activities such as gas-cooled reactors, second generation fast breeder reactors, molten salt
reactors, plutonium recycling, advanced fuels, ADS etc. were revived, that the collective memory is indeed very
short. How many of you know that the first fast reactor, Clementine, using plutonium fuel and mercury cooling,
was built at Los Alamos in 1946, that the second American nuclear submarine, Seawolf, launched in 1958, was



cooled by sodium, or that spallation was a topic of conversation at Los Alamos as far back as the forties? That a
molten salt reactor, the MSRE, was in service at Oak Ridge thirty years ago? That cermets were being fabricated
at Saclay in 1970? That a dozen or so water or gas-cooled power reactors ran on thorium/ uranium fuels ?

I started work at the French Atomic Energy Commission (CEA) in 1967 and had the privilege of being employed
in a Nuclear Propulsion laboratory which was a hive of activity at the time. The first nuclear ballistic missile
submarine, Le Redoutable, was launched a few weeks later, followed by others at intervals of approximately two
years. At the end of my career, I had the pleasure of being actively involved in the Global conferences, the first
being in Seattle in 1993.

2.1 - The ups and downs of CEA technology

The French Atomic Energy Commission was created by General de Gaulle in October 1945, to develop peaceful
uses of nuclear energy. Since France had no enriched uranium, the first choice was to use heavy water as a
moderator (supplied by Norway) and natural uranium (supplied by the Belgian company: Union Miniere, before
the war). The ZOE reactor, otherwise known as ELI, went critical in 1948 at Fort de Chatillon, near Paris. It was
followed by the reactors EL2, EL3, Aquilon etc. in the CEA centre in Saclay, created in the early fifties. A
70MWe heavy water reactor, known as EL4, went critical in 1968 at Brennilis in Brittany and continued to
operate until 1985 under the responsibility of CEA and Electricite de France.

In the early fifties, gas-cooled, graphite-moderated reactors using natural uranium fuel were being developed.
They were well suited to the production of weapons grade plutonium. The Gl reactor went critical in 1956 at
Marcoule in the south east of France. It was followed by G2 (1958) and G3 (1959), which produced plutonium
and electricity respectively. The first commercial reactor in this series, EDF-1, started up at Chinon in 1963. Five
others were built in France, Chinon A2 and A3, Saint-Laurent Al and A2 and Bugey 1 and one in Spain,
Vandellos 1. As far as graphite-moderated technology was concerned, General Atomics (GA) developed a High
Temperature Reactor cooled by helium in the United States. The CEA signed with GA cooperation agreements
in the early seventies. A technical and commercial proposal was submitted to Switzerland but the Verbois
Nuclear Power Plant was never built. France also contributed to the construction of the THTR-300 in Germany
(by manufacturing the steam generator and reactor housing). It used fuel balls (90% TI1O2, 10% UO2) and was
shut down in 1988 for political reasons. The scientific design of these reactors was provided by the Pile Design
Department, headed by Jules Horowitz. All these reactors have been shut down now and some are in the process
of dismantling.

In the mid-fifties, work began in France on sodium-cooled fast neutron reactors. Between 1965 and 1967, the
Cadarache site, created in 1959, witnessed the construction of the Harmonie reactor (in association with
Euratom), the Masurca reactor (still in operation) and the Rapsodie reactor (24 then 40 MWth). Rapsodie used
mixed fuel: plutonium oxide supplied by the United Kingdom and uranium enriched to 60% supplied by the
United States. The first reactor in this series to generate electricity, the 250 MWe Phenix reactor (with a standard
turbogenerator), started up in 1973 on the Marcoule site. It was built by a joint team: CEA, EDF and GAAA.
The objective was to built a demonstration power plant for this promising reactor type (breeding due to the
presence of natural or depleted uranium blankets, with a high conversion efficiency) and to help us stay in the
international run with the USA, the USSR, the UK and Germany. The fuel was reprocessed at Marcoule, later at
La Hague. To date, significant quantities of plutonium have circulated in the reactor several times. As a result of
four scrams caused by negative reactivity, for which no explanation has yet been found, the plant is shut down
since 1990. It is currently undergoing significant renovation work and is set to restart operation soon , pending
approval by the Safety Authority. In Phenix the irradiation of minor actinides and long-lived fission products is
foreseen in the frame of the French 1991 law on nuclear waste management.

As a result of a multilateral agreement between France, Germany and Italy and after the creation of the NERSA
group (51% EDF, 33% ENEL and 16% RWE), the decision was taken in 1976 to build Super Phenix. At the
time, the demand for energy was expected to increase sharply and there were fears of uranium shortage. Full
power was reached in 1986. Super Phenix was a 1200 MWe fast breeder reactor with the same power rating as a
pressurised water reactor, so that the two could be compared from a technical, industrial and commercial point of
view. The reactor remained in operation for ten years, not without a number of incidents, since it was a prototype
and was constantly criticised by the media. The decision to abandon it once and for all was taken in 1998. It was
a political decision that was not based on democratic debate, and it came as a great shock to the nuclear
community in France and abroad. Many of those taking part in this exciting adventure were thrown into despair.
At this point, we should acknowledge the achievements of Georges Vendryes, a leading figure of the time, who
continues to vigorously defend fast breeder technology.

However, the demonstration of the closed fuel cycle required for the implementation of breeder reactors
remained incomplete: all plans for reprocessing were abandoned (ISA! and TOR). Considerable developments



still have to be made. The capital cost, which is now higher than that of pressurised water reactors because there
are three cooling systems instead of two, has to be reduced and the fuel currently being used has to be optimised
since its structural part makes up 75% by mass as opposed to 25% for pressurised water reactors, hence a larger
amount of waste and increased transport problems. The liquid metal coolant poses numerous safety and
operating problems (a new way could be fast neutron gas-cooled reactors, like those intended for space flight and
tested in the USA in 1970 under the NERVA programme), the spent fuel assemblies release high amounts of
decay heat, posing handling problems, the amount of americium formed per TWh is twice as high as in
pressurised water reactors and the plutonium produced in the blankets is of excellent quality so the risk of
proliferation is high.

After the 1973 oil crisis, France embarked on a vast nuclear programme. For reasons that were essentially
economic, the licensee, EDF, abandoned the technology developed by CEA and opted for that developed in the
USA by Westinghouse, under licence to Framatome. Fifty-eight pressurised water reactors were built and today
they account for about 80% of the electricity generated in France. CEA found this choice hard to accept.
However, thanks to the pugnacity of its General Administrator, Andre Giraud, who went on to become the
minister for industry and then the minister for defence, CEA continued to occupy an important position in the
nuclear industry, with its work on the fuel cycle. An enrichment plant, managed by Georges Besse, was built at
Tricastin. It uses the gas diffusion process developed by the CEA. Thereafter, the reprocessing plants were built
at La Hague on the basis of the experience gained at Marcoule. The Chemistry Division changed its name to
Cogema and the Pile Construction and Nuclear Propulsion departments merged to become Technicatome, under
the direction of Remy Carle. Thanks to the efforts of Jean Bourgeois nuclear safety skills were developed and the
Institute for Nuclear Safety and Protection was created.

2.2 - Nuclear propulsion

Let us shortly recall the nuclear propulsion adventure in France. The Coelacanthe project led to an engine design
codenamed Q 244, cooled by heavy water and fuelled by natural uranium. It was a complete fiasco, both
because of its size and the impossibility to rapidly overcome the xenon peak after a shutdown. In 1958, the USA
agreed to supply 200 kg of highly enriched uranium, provided it was not used to design weapons or to equip
submarines. This decision was taken despite the reluctance expressed by Admiral Rickover, a brilliant but ill-
natured engineer to whom the French and the Bolsheviks were one and the same. This gift enabled us to build
the AZUR reactor (1963) and PAT (Land Prototype), a one to one scale model of the future on-board reactor that
was commissioned in 1964. There can be no denying that our American friends helped us build our first light
water reactors, a reactor type that was completely unknown in France in the late Fifties. The 1958 Geneva
conference, "Atoms for Peace", provided an opportunity for obtaining numerous publications, particularly the
very comprehensive one on the Shippingport reactor (60 MWe): 400 pages for only three dollars! The handbook
written by Alvin Radkovsky subsequently became available and was the bible for all naval propulsion physicists.
In 1975 I had the honour of participating in the nuclear startup tests of the 4th Missile Launcher Nuclear
Submarine, the "Indomptable", which was the first an oxide core, designed by the Mathematics and Physics
Department. The success of the nuclear propulsion programme was largely due to the work of a considerable
number of exceptionally skilled engineers, including Jacques Chevallier, Jean-Louis Andrieu and Yves Bonnet.

2.3 - Other activities

Pressurised Water Reactors

Through naval propulsion, and with the support of the operator, CEA sharpened its skills in Pressurised Water
Reactor technology. The 35 MWth experimental reactor SILOE was built at Grenoble and 1966 saw the
construction of the 70 MWth OSIRIS reactor at Saclay, both of which were used to study pressurised water
reactor fuels and materials (irradiation, power ramps etc.). Plans were made to supply developing countries with
low power reactors known as Mass-produced Advanced Heating Systems, with an output of a few hundred
MWth. France also took part in the Canadian Icebreaker project. Technicatome was given preference over Rolls
Royce and Babcock, but the project was abandoned due to the domestic politics in Canada. For a number of
years, CEA, in association with Belgonucleaire and RBU (Germany), was involved in supplying fuel for the
SENA reactor (the first French pressurised water reactor at Chooz in the Ardennes region). With our Belgian
friends, who analysed the temperature of the water at the outlets of the closed fuel assemblies, we brought to
light a fuel loading error (permutation of three fuel assemblies) in 1979. The complex neutronics codes
developed by CEA were used for a brilliant interpretation of the anomaly during the startup tests of the ninth fuel
cycle. Since then, a video is made of fuel loading operations in all nuclear power plants in France, to show the
numbering of the fuel assemblies. In 1983, CEA was invited to participate in the startup of the first 1300 MWe



pressurised water reactor at Paluel. CEA successfully interpreted low power azimuthal flux changes caused by
peripheral water strips using three-dimensional codes it had developed, including thermal-hydraulic feedback.

MOXfuel

First, we should briefly recall the achievements of our Belgian colleagues, particularly Hubert Bairiot, who, in
1963, loaded the first MOX fuel assembly fabricated by Belgonucleaire into the BR3 reactor at Mol. The core
was subsequently loaded with up to 50% MOX fuel assemblies. In 1968, the boiling water reactor at Garigliano
in Italy was entirely reloaded with MOX fuel.

Towards the mid-seventies, a joint research programme was set up under the aegis of Euratom. Criticality
experiments were carried out in the Minerve and Eole reactors operated by CEA to determine the physical
parameters. Four MOX fuel assemblies, two of which consisted entirely of plutonium, supplied by Framatome
and two islet-units supplied by BCR (Belgonucleaire, CEA and RBU) were irradiated in the SENA reactor over
three fuel cycles. Load following tests were carried out in the CAP facility at CEA Cadarache on two batches of
MOX fuel rods supplied by Belgonucleaire (MIMAS process) and the CEA (COCA process). The knowledge
gained enabled to start MOX recycling in Saint-Laurent Bl in 1987. In France there are currently twenty
reactors in which MOX fuel is recycled constituting 30% of the total fuel.

We should not forget that the way was paved by the work carried out on mixed oxides in fast breeder reactors,
allowing to test fabrication and plutonium handling techniques, identify the properties of the oxides, determine
how they reacted when irradiated and the extent to which they could be reprocessed (solubility).

The thorium cycle

The first reactor to use mixed thorium/uranium fuel (7% uranium enriched to 93%) was at Indian Point in New
York State. It was a 165 MWe reactor that was started up in 1962. Subsequently, more than a dozen water or
gas-cooled power reactors operated with thorium-based fuel. All of them are shut down now, with the exception
of the KAMINI research reactor in India which went critical in 1996 and uses 233U/thorium fuel. In the seventies,
France ( CEA, EDF and Pechiney) carried out a considerable amount of research into the HTR (High
Temperature Reactor), PWR (Pressurized Water Reactor) and MSR (Molten Salt Reactor) with thorium-based
fuel. The theoretical studies resulted in numerous PhD theses. Irradiation experiments were carried out in the
MARIUS reactor. Spent thorium in metal form (2800 kg) was reprocessed at Marcoule using tributylphosphate.
233U fuel for HTRs was fabricated using the sol-gel process. It should also be remembered that the feasibility of
breeding in a water reactor had been demonstrated at Shippingport in the years between 1977 and 1982, under
the direction of Alvin Radkowsky, using a 232Th/233U fuel (Fissile Inventory Ratio: 1.0139). However, the
thorium cycle will remain of limited interest as long as uranium is in cheap, plentiful supply (except in India
which has an abundance of thorium but very little uranium). A technology watch continues to be kept at
European Community level (Fifth Framework Programme) and is coordinated by NRG/Petten.

3 - OUTLOOK

Thefacts

During the 21st century, we shall witness:

- a gradual depletion of our natural resources, i.e. fossil fuels and uranium, but also, if no immediate steps are
taken, a decrease in the number of marine species due to intensive fishing and pollution, in our forests and in our
arable land, due to desertification and urbanisation. Drinking water supplies and the quality of the air are already
posing problems.

- an increase in the releases of greenhouse gases due to industry and transport systems. Today, scientists are
quite categorical about the role these gases have to play in global warming. The IPCC report (Intergovernmental
Panel on Climate Change) published on 19 February 2001 in Geneva states that if governments do not start
taking action, catastrophes are likely to occur throughout the world: melting glaciers, floods, famines, epidemics
and others. Let us hope that the next United Nations conference on climate change to be held in Rio de Janeiro in
2002 will result in firm decisions and that the nuclear industry will be given a mention.

- an increase in the world population (developing countries and third world) which is set to reach 8.5 billion by
2020.



- a spectacular increase in means of communication: internet and telephones. This is a double-edged weapon
since it can help people to get to know each other better but it can also be used to propagate certain dangerous
ideologies and advertising.

- an increase in the tensions between north and south and in the number of religious and ethnic wars, often
triggered by underlying economic problems.

The uncertainties

Today, the Reasonably Assured Resources of oil will last another 40 years and our gas reserves 60 years. It is
true that the experts agree that new offshore deposits will be found and that the oil shales and sand of the
Athabaska (Canada) will be exploited but almost 70% of the liquid oil that can be easily exploited on land has
already been used up. Offshore oil represents almost 75% of current worldwide production, but is 5 to 10 times
more expensive than that found on land. It is absurd to burn oil, a non-renewable raw material, that is
indispensable for the pharmaceutical and chemical industries (paints, plastics, etc.).
The consequences of global market liberalisation are not always positive, neither for producers nor consumers
and cause problems for our society.

Potential
During this century, nuclear energy can be expected to maintain a significant role in a number of countries
(France, Japan, South Korea, Taiwan etc.) and is set to develop in others (China, India, South Africa, Russia, the
Ukraine etc.). Water reactors will continue to dominate for several decades. Progress will be made with high
burnup, advanced fuels, plutonium recycling, waste management, nuclear safety, costs and anti-proliferation
inspections.

Renewable forms of energy will also be developed: biomass, wind power, solar energy, geothermal energy and
small hydroelectric systems. All these energy sources result directly or indirectly from the sun. They are
dispersed and are therefore of limited power.

With biomass, wood, rape, soya, beet cereals and organic refuse, the CO2 balance is nil, provided the crops are
continually regenerated. But intensive development of this source of energy will lead to disastrous deforestation
(erosion) and soil damage.

The most powerful wind turbines envisaged today would have a maximum output of 2.5 MWe. They are
machines whose blades span 80 m at the top of a 100 m high mast. Given a load factor of around 25%, 1200
wind turbines of this impressive size would be required to generate the same amount of electricity as one
1000 MWe unit. Furthermore, wind turbines have a service life of 15 to 20 years compared to 40 to 60 years for
nuclear reactors in the to-day technology. It is easy to see what the effect would be on landscape, wildlife, noise
levels and safety (resistance to storms, corroding).

Ecologically-generated power will continue to be more expensive than conventional power for a long time to
come. Even if "green electricity" represented 20% of domestic production in a developed country (which is a
vain hope), other means would have to be found to cover the rest. Gas seems to be a highly thought of alternative
nowadays, but it releases CO2 and is not renewable: Norway has announced that its supplies will start to run out
in 2015 and in France, the price of gas rose by 13% last December.

An energy savings plan has been set in place in France at the request of the Prime Minister. The potential will
not last forever and is already highly exploited, even though technological progress gives some hope for further
efficiency gains. Progress has been made in transport systems, household appliances, boiler efficiency, thermal
insulation etc. Between 1973 and 1986, a gain of 15% was obtained in France, but the situation has not changed
since. Can we do better without using stick (taxes) and carrot (bonuses) tactics? In a well-off country like our
own, a certain amount of waste is synonymous with a high standard of living.

The reasonably assured and estimated additional resources of uranium amount to 7 million tonnes. Given that
around 60,000 tonnes are used annually, the life of the nuclear industry would be limited to one century. We
could, of course, start prospecting again, or even extract uranium from seawater (even though the energy balance
is dubious); we could also implement the thorium cycle which would add another hundred years to nuclear life.

Would it not be wiser to boost fast breeder technology? This alone is compatible with sustainable development
since it multiplies the reserves of natural uranium by a factor of at least 60 (accounting for losses during mining,
reprocessing and fabrication). A considerable amount of research and development work has been done in this
field and a number of physical achievements made. We should not throw away our heritage! This means that our
reprocessing potential should be kept intact, despite the fact that it is reviled by the ecologists. They know



perfectly well that choking this industry in France would be tantamount to abandoning the nuclear industry in the
long term since we do not have unlimited storage capacity for spent fuel.

Another promising if not inevitable energy source in the long term is thermonuclear fusion based on the fusion
of deuterium and tritium, other theoretically possible reactions being much more stringent in terms of technology
requirements. The fuel is deuterium and lithium, tritium is produced in-situ by irradiation of lithium bearing
blankets with 14 MeV neutrons. Deuterium and lithium are widely available as deuterium is present in water and
lithium is an abundant element and equally distributed in the earth's crust. Experimental machines are operated
throughout the world investigating either inertial or magnetic confinement (tokamaks and stellerators), which is
currently the more advanced technique. ITER, a tokamak, and the necessary stepstone towards a prototype
power reactor, is planned to start operation by 2015 and France has proposed the Cadarache site to host this
machine. Fusion does not produce fission products, but a significant mass of activation products of relatively
short life.

Apart from fuels produced from biomass, which would inexorably exhaust the soil if used on a wide scale, there
is only one solution for transport: hydrogen. A certain amount of experience has been gained in hydrogen
propulsion, thanks to space programmes. It is an inexhaustible source of energy and causes very little pollution.
It can be used to power internal combustion engines, turbines or fuel cells. It is a dangerous gas to handle: it
would probably have to be diluted with a less explosive gas, a process that is not unlike the stabilisation of nitro-
glycerine to produce dynamite. Furthermore, considerable development is still required for safe storage and
distribution of compressed hydrogen, with minimum losses through diffusion. Lastly, mass production
techniques for hydrogen are to be envisaged using processes requiring the cheapest energy possible and releasing
few or no greenhouse gases. Cogeneration by renewable energy sources, particularly nuclear energy, is the way
ahead and CEA has already set up programmes to study the possibilities (electrolysis, thermal-chemical
dissociation at 800 to 900°C without using carbon). This confirms the value of high temperatures for the nuclear
industry (High Temperature Reactors, Fast Breeder Reactors), with increased thermal efficiency and conversion
factors (fissile isotopes created in situ). A huge amount of research and development work is still required and
the genius and enthusiasm of mankind will have to be mobilised. Hydrogen technology will surely be a kind of
"race to the moon".

4-CONCLUSION

What can be done to ensure sustainable development for our world? What can be done to ensure that people live
for a long time in harmony with each other and with nature? Progress is inextricably linked to the sufficient
supply of energy at acceptable cost. The greatest problem will arise in areas with rapidly increasing populations:
developing countries and the third world, where people tend to congregate in huge sprawling cities, which
become potential time bombs. If they are to develop, an inevitable increase in the consumption of fossil
resources will be required. Developed countries, on the other hand, have the choice: solidarity could take the
form of an energy mix, comprising renewable energy sources and nuclear energy, associated with savings policy.
Uranium consumption, unlike that of oil or gas, poses no threat for the future. Our nuclear heritage is vast and is
just waiting to be invested.

To those in charge, I would say: the past was glorious, the present is moody but the future is in your hands. You
must succeed: if you do not, the consequences will be enormous and you will have a heavy responsibility to bear
as regards future generations.

However, I had a dream: the nuclear vessel, with all its sails hoisted, was preparing to change its point tack and
after having sailed close hauled in a heavy swell for a long time, was setting off in the free wind towards certain
victory. I dreamt that men and women had regained their enthusiasm and faith in their mission which is
essentially to provide future generations with a safe, clean, economic, independent and renewable energy supply.
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