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T he word energy only entered the scientific 
vocabulary just three centuries ago, thanks 
to Jean Bernoulli. In a letter to Pierre 
Varignon dated 26 January 1717, he defined 

energy as being “the product of force by displacement”. 
However, this first scientific definition of energy, 
restricted to mechanical work alone, was too limited for 
application to physics in its entirety.

Energy therefore only became a central concept in 
physics a century and a half later, once it was proven 
that it obeyed an implacable law of conservation. When 
two systems interact, they exchange energy: during the 
course of the interaction, the sum of the energy 
variations in the first system is always the opposite of 
the sum of the energy variations in the second, so that 
the overall energy is conserved. For example, a ball 
which falls through the atmosphere transforms its 
gravity energy into heat, transmitted to the air through 
the forces of friction: there is total conversion of the 
potential energy of the ball’s gravitational force into the 
kinetic energy of the air molecules.

Max Planck (the future founding father of quantum 
physics) was the first to understand that this law 
allowed the essential definition of energy. In a work 
published in 1887 and entitled Das Prinzip der 
Erhaltung der Energie (The Principle of the 
conservation of energy), he wrote: “I will only deal with 
the concept of energy insofar as it can be linked to the 
principle which gives its title to this essay, assuming 
therefore that the concept of energy in physics derives 
its meaning above all from the principle of conservation 
which concerns it.”

Earlier on, this discovery had required lengthy 
conceptual clarification work on the part of a large 
number of thinkers, thereby proving that the notion of 
energy, when stripped of its empirical manifestations, 

is not as intuitive as one might believe. Moreover, the 
way we normally talk of energy hardly does justice to 
the findings of the physicists. For example, given that 
the energy of an isolated system remains constant, it is 
misleading to speak of “energy production”, because 
this expression implies that energy could come from 
nothing, arise out of nowhere. In reality, it is nothing 
more than a change in the form of the energy already 
present, never a creation ex nihilo.

To better understand this, another concept can be used, 
that of entropy. This parameter characterises the ability 
of a physical system to undergo spontaneous 
transformations: the greater the entropy value, the less 
the system’s ability to transform. In changing, a system 
increases its entropy, in other words reduces its 
tendency to change: the more it changes, the less it 
has a tendency to continue to change, until with 
maximum entropy reached, it remains in a state of 
equilibrium. This is the sense of the second principle of 
thermodynamics.

Entropy thus measures the “quality” of energy available 
within a system. Good quality energy is ordered energy, 
that is with low entropy, which it will be easy to recover 
by increasing its entropy. A good example is a waterfall 
which, owing to its overall descending motion, is easily 
transferable to mechanical energy by means of a 
turbine. 

In the same way, we should not really talk of “energy 
consumption”, because consuming a kilojoule of energy 
does not mean making it disappear: it means taking a 
kilojoule of energy in a low entropy form (electricity for 
example) and converting it into an exactly equal 
quantity of energy in another form, generally with far 
greater entropy (hot air or hot water for example). In 
short, consuming energy is not really energy 
consumption, it is really creating entropy.  

What Exactly is Energy?
In common parlance, the word energy refers to force and power, to vigour and 
impetus, to dynamism and willpower. Because of the very ancient Greek sound 
to it (Energeia), it is easy to imagine that it has always been a part of the scientific 
vocabulary. Not so…

DEFINITION

•
BY 
ÉTIENNE KLEIN
(Fundamental Research Division)

Étienne Klein is a physicist and 
head of the physical sciences 
research laboratory (CEA’s Institute 
of research into the fundamental 
laws of the universe).
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“Today’s energy transition will 
necessarily be the transition from a 
system “without limits” to a highly 
constrained system. This is an 
enormous challenge and one which 
we must accomplish in just a few 
decades if we are to hope to avoid 
irreparable damage…”

A Few Millennia  
of Energy Transition 

VIEWPOINT CONTEXT

Energy transition! This could basically have been the 
slogan of almost any monarch, clan chieftain or president 
since humans have been on the Earth, because as far 
back as we can tell, mastering energy has been one of the 

main driving forces of human endeavour.

This is hardly surprising when one considers that by its very 
definition, energy is the transformation of everything. Bringing a 
new energy within our sphere of influence therefore means 
increasing our ability to modify the environment, to a greater or 
lesser extent, and thus our ability to shape our own fate.
The domestication of combustion, about a million years ago, gave 
us our first decisive advantage over our environment and more 
particularly over our predators (who do not like fire) and our prey 
(sometimes hunted using fire).

Then, 10,000 years ago, we domesticated photosynthesis and 
agriculture spawned a whole series of factors which today continue 
to influence our lives: the transition from a nomadic life to 
settlements, land ownership, trade, cities, administrations, taxes, 
accounting, etc.

The exploitation of the mechanical energies already present around 
us (wind, water) constituted an additional step forward for industry 
and trade and then combustion was once again at the centre of the 
most significant progress made in recent centuries: the steam 
machine and the internal combustion engine. 
Fossil fuels, which are the food supply for these very special 
exoskeletons, have enabled us to multiply the strength of our arms 
and legs several hundred-fold. Consuming energy is in fact a 
misleading use of terms – we do not drink oil (any more than we 

eat coal or uranium) - and should always be replaced by “mobilising 
machines for our own benefit”.

The greater the presence of this energy in the environment in a 
dense and ready-to-use form – oil represents the best example of 
these two combined factors – the more access to this energy will 
make it possible to actuate a large number of machines per 
individual… and thus increase the transformed resources, in other 
words their buying power. This is why the supply of energy in a 
country is now one of the leading factors in its economic output in 
terms of GDP.

However, with 7 billion humans on Earth, there are too many of us 
for there to be enough oil, gas and coal to allow unbridled 
consumption for centuries, with too much emission of greenhouse 
gases to avoid large-scale destabilisation of the climate system, 
whose 10,000 years of stability have precisely enabled the 
sedentary civilisations to reach the point in which they now find 
themselves. We are even too numerous to be able to maintain our 
standard of living just with renewables and too uncertain with 
regard to the hierarchy of risks to see nuclear energy as offering us 
considerable room for manoeuvre.

Today’s energy transition is therefore different: it will not – as has 
always been the case so far – make it possible to go from one 
system to a higher-performance system. It will necessarily be the 
transition from a system “without limits” to a highly constrained 
system. This is an enormous challenge and one which we must 
accomplish in just a few decades if we are to hope to avoid 
irreparable damage… 

Some Data 
About 
EnergyBy Jean-Marc Jancovici,  

Climate change & energy consultant

European Union:  
CO2 emissions  
per capita from  
fossil fuels in 2014

Source :  
CO2 emissions from fuel 
combustion, AIE éd 2016

Data obtained from the Energy handbook 2017 : 
www.cea.fr/english/Pages/resources/scientific-and-economic-publications.aspx
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“P rediction is very difficult, especially 
about the future” is a famous quote 
by Niels Bohr, Nobel Prize for 
Physics in 1922. An energy scenario 

is anything but a prediction. 

There are two types: the forecasters try to imagine 
future developments on the basis of emerging 
technological advances; while the prescribers 
determine the destination point – for example a 
world without CO2 – and look for a way of getting 
there. 

Fifteen energy transition scenarios were drawn up by 
various public or private organisations between 2012 
and 2014 [1]. They all aim to divide CO2 emissions by 
4 for the 2050 time-frame, but they differ in the role 
of nuclear energy in the future energy mix and in the 
final energy consumption trends (Figure 1).

The Energy Transition for Green Growth Act 
(LTECV) was adopted in July 2015 by the French 
Parliament and its main objectives are: to achieve a 
40% reduction in GHG emissions by 2030 as 
compared with 1990; to achieve a 30% reduction in 
fossil energy consumption by 2030 as compared with 
2012; to achieve a 50% cut in final energy 
consumption by 2050 as compared with 2012; to 
achieve an increase in the share of renewables in 
2030 to 32% of final energy consumption and 40% of 
electricity production and to reduce the nuclear share 
in electricity production to 50% by 2025.

A gradual reduction in the share of nuclear power for 
reasonable introduction of renewable energies could 
be acceptable, provided that the carbon balance of 
electricity is not excessively affected. It must be 
remembered that these new energies are intermittent 
and require use of a back-up by fossil fuel power 
plants, as has proven to be the case in Germany.

In France, with nuclear and hydro-power (Figure 2), 
greenhouse gas emissions from electricity generation 
are very low (Figure 3). Priority must therefore be 
given to reducing the share of fossil energies in the 
other sectors, primarily transport and heating.

To reduce the use of oil in transport, one could 
imagine a future automobile fleet split between 
electric vehicles for short journeys and thermal 
engine vehicles consuming less than 2 litres/100 km 
for longer journeys (see p. 24). 

To reduce the use of gas in heating, one could recover 
the very large quantities of heat – referred to as waste 
heat – dissipated into the biosphere by industrial 
production plants and electricity power plants to heat 
an urban district or large commercial and industrial 
units. Technical-economic studies recently conducted 
at CEA [3] show a considerable energy savings 
potential associated with the recovery of this waste 
heat. This recovery will require studies to adapt PWR 
nuclear reactors for operation in cogeneration mode. 
New types of reactors, more suited to the supply of 
heat, could be studied, such as the  SMR .

A true, progressive and sustainable energy transition 
using innovative and energy efficient technologies for 
transport and heating, could place France at the 
forefront of the fight against global warming. 

•
BY HENRI SAFA
(CEA)

Henri Safa is deputy Director of the 
International Institute of Nuclear Energy (IE2N).

How Should We Envisage  
the Energy Future?
The energy transition is seen as a move towards a future world which is destined 
to be better than the one in which we today live. Major incentives and innovations 
will be necessary for this transition. Technological research and development 
must play a primordial role to open up alternative avenues, including the use 
of new energy carriers, notably for transport and heating. 

CONTEXTCONTEXT

“In France, with nuclear 
and hydro-power, 
greenhouse gas emissions 
from electricity generation 
are very low. Priority must 
therefore be given to 
reducing the share of 
fossil energies in the other 
sectors, primarily 
transport and heating.”

 SMR 
Small and Modular Reactor

[1] These 15 scenarios are as follows:  
ADEME, ANCRE SOB, ANCRE ELE, ANCRE DIV, 
CIRED Encilowcarb, GRDF, Enerdata-CITE-
PA-DGEC, Global Chance, GrDF, Greenpeace, 
NégaWatt, WWF, RTE, Négatep, UFE.  
All can be downloaded on-line. Some deal 
only with electricity, rather than all energies.

[2] In 2013, average emissions in the EU  
with 28 Member States were 347 gCO2/kWh, 
as against 62 gCO2/kWh for France alone 
(source: AIE, October 2015).

[3] These studies include the thesis  
by Martin Leurent (CEA Paris-Saclay)  
on “The conditions for the development  
of nuclear cogeneration in France and in 
Europe”.
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Fig. 2: Production of electricity in France for 2015 [Source RTE, 
2015 electrical summary]. Fossil fuels (gas, coal, oil), which are 
sources of CO2 only represent 34.1 TWh of the 546 TWh generated, 
or 6.2%. More than 93% of the electricity is thus produced with 
decarbonised sources, primarily nuclear (76.3%).

Fig. 3: Comparison of CO2 emissions per kWh of electrical energy in several European countries. 
France emits 8 times less than Germany and 5 times less than the EU average [2].

Source: RTE, Bilan électrique 2015 Source : Agence internationale de l’énergie, octobre 2011
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Fig. 1: Final energy consumption trends according to the various 
scenarios. The low scenarios predict a halving of consumption by 
2050, while the others predict a more moderate drop, stability, or 
even an increase.
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CONTEXTCONTEXT

« Electric and rechargeable 
hybrid engines; clean 
production of hydrogen; 
stationary batteries; 
multiple applications  
for digital technologies; 
cybersecurity of networks 
and grids; nuclear reactors  
of tomorrow...  
More than 70% of the 
world’s R&D challenges  
can clearly be found  
in the field of energy. »

One difficulty has for a long time marked the 
energy transition debate, everywhere: are we 
aware of the changes vital for a lasting future for 
the world or do we tend to focus more on a purely 
national view? This duality is not simply 
intellectual or theoretical, because we talk of 
multiplying the size of the economy by 2 or 3 
within the next 40 years, while at the same time 
dividing CO2 emissions by 3. Never has the planet 
been faced with such a challenge and never has 
it envisaged or discussed truly taking up this 
challenge.

In recent years, the analyses of all the experts or 
institutions have concluded that the priority 
changes must come about on a global scale: 
transition to less polluting electricity; progress 

in transport technologies (see p. 24), notably through 
the use of far cleaner solutions for long distances 
(airplanes, ships, trucks); industrial transition to 
electricity; commitment to reforestation… But also 
through the design of less polluting buildings in the 
developing economies (see p. 28) or progress in food 
production.

These priorities show the – scientific – avenues to be 
explored: electric and rechargeable hybrid engines, 
very high performance thermal engines; 3rd 
generation bio-fuels and CO2 recycling; clean 
production of hydrogen by high-temperature 

Energy Transition, a National 
and Global Challenge

•
BY
ALAIN BUCAILLE

Alain Bucaille is advisor to the CEA Chairman.

electrolysis or co-electrolysis of CO2 and water, more 
particularly for clean cement works; stationary 
batteries; multiple applications for digital 
technologies; cybersecurity of networks and grids; 
nuclear reactors of tomorrow (see p. 11).

More than 70% of the world’s R&D challenges can 
clearly be found in the field of energy.

If climate change is thus accepted as being inevitable, 
partnerships will need to be set up on these various 
subjects with industry and with governments. The 
coming years should enable CEA to carve out a place 
for itself: on virtually all of these subjects, it has 
developed skills and projects as well as programmes, 
which should expand as ad hoc cooperative ventures 
are set up.

Studies carried out in 2012 at Imperial College, 
London, showed that these changes could represent 
less than 1.5% of global GDP, all the more so as they 
would be accompanied by a drop in the oil bill. The 
challenge is thus one that can be met without 
compromising economic growth.

The French industry and economy, and therefore CEA 
whose role is to help them develop, must answer a 
number of questions. Without including the nuclear 
reactors of the future, dealt with later on in this issue, 
we must mention a few… First of all, the batteries 
challenge is in the process of changing and the 
development of giant factories for automobile 
batteries is already under way. Various roads could 
lead to this. Stationary batteries are less clearly 
identified at present as a critical issue – because 
nobody knows which operators would be in charge of 
stationary storage. But the time is closer than one might 
think when they will prove to be the key R&D subjects 
enabling India and China to enter global climate 
negotiations without hesitation. Within the next 5 to 6 
years it will in particular be critical to achieve costs of 
less than 150€/MWh, or even 120€/MWh.

The competitiveness of clean production of hydrogen 
will also need to be validated/qualified, in particular 

high-temperature electrolysis, or the co-electrolysis of 
water and CO2. It will more particularly be interesting 
to see whether the first is competitive with the 
solution of methane cracking plus a CO2 tax of about 
50€/TCO2. The consequences of this progress will be 
major for the energy balance. It will then be possible 
to imagine whether or not hydrogen can play a role in 
stabilising energy grids (see p. 41).

Even if Chinese solar photovoltaic equipment has 
swamped the Western world, there are still many 
reasons for continuing to carry out R&D (see p. 19). 
First of all, the knowledge accumulated in the digital 
sector now makes it possible to develop solar-based 
auto-consumption and auto-production. Secondly, 
competition continues between all solar equipment 
manufacturers for packages intended for the emerging 
countries. Thirdly, all the technological building 
blocks exist for designing combined electricity 
generation and seawater desalination solutions. In 
addition, infrastructures covering large surface areas 
also have much to gain from maximising production 
per square metre available. And finally: the 
combination of solar energy and insulating materials 
for the homes of tomorrow.

Even if the political debate tends to shun this type of 
subject, nuclear power plants have nonetheless 
proven to be more flexible than initially believed. This 
can be reinforced if the hydro resource is used at the 
same time to compensate for any intermittence. The 
subject is perhaps more economic than technical, but 
is of very real importance in the French context.

Finally, and without wishing to stray too far from the 
subject, I cannot close without mentioning power 
electronics. The connection of production and storage 
components will require power electronics and 
converters with higher performance in terms of speed, 
robustness and power level, with efficient interfaces. 
The subject of energy transition is thus a multi-faceted 
one. However, it would be a mistake to see it as a maze 
in which becoming lost is inevitable.   
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MEANS OF PRODUCING ENERGY MEANS OF PRODUCING ENERGY 

Nuclear and renewables can work together to decarbonise our energy consumption, 
by increased electrification of certain sectors and adaptation to the supply of 
heat, or even hydrogen or synthesised hydrocarbons to vreplace gas and oil.

 The outlook for nuclear energy 11 

 The outlook for renewable energies 19

•
CONTRIBUTORS
(Nuclear Energy Division)

Frank Carré is the scientific director  
at CEA’s Nuclear Energy Division (DEN).

Joël Guidez (DEN) is the science manager  
for the “Generation IV”  
programme segment at CEA.

A Major Advantage for  
Energy Transition in France

T he first objective is thus to maintain an 
extensively decarbonised electrical 
kilowatt-hour (about 57 g CO2/kWh as 
against nearly 400 g in Germany), or even 

further reduce its carbon footprint. A second 
objective, enshrined in the Energy Transition for 
Green Growth Act, is to diversify the means of 
electricity production by introducing an increasing 
share of renewables (solar and wind), which will help 

bring down our CO2 emissions provided that 
electricity is able to replace fossil energies: gas to 
supply heat (domestic or industrial) and oil for 
transports.

Finally, significant progress in energy efficiency 
(building insulation, industrial processes, etc.) and 
the use of thermal renewable energies are also 
required in order to reduce the share of fossil 
energies. 

The main goal of the energy transition is to limit climate change by a drastic 
reduction in greenhouse gas emissions. The first target is therefore to decarbonise 
our energy consumption by reducing our use of fossil energies. In this respect, 
France is already in a remarkable situation with electricity production that is almost 
totally decarbonised, to a large extent accounted for by its nuclear power plant 
(NPP) fleet (72% in 2016) and by renewables (19%), including 12% hydropower. 

“The existing NPP  
fleet offers a two-fold 
advantage, because  
it is competitive and 
still potentially has a 
long life ahead of it.”

THE OUTLOOK FOR NUCLEAR ENERGY

Simulation of a hypothetic accidental situation in  
a PWR, coupling neutronics and thermohydraulics.

MEANS  
OF PRODUCING 
ENERGY 

©
 CE

A

NUCLEAR POWER
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Supporting the current fleet 
in the energy transition context
In this context, the existing NPP fleet thus offers a 
two-fold advantage, because it is competitive and still 
potentially has a long life ahead of it, subject to the 
decisions of the French nuclear safety regulator 
(ASN) on the case of each reactor: 

 the manoeuvrability of the French NPP fleet, used 
since the 1980s in “load following” mode, to adapt to 
variations in demand, must facilitate the deployment 
of renewables by making it possible to compensate 
the variable nature of their production with no 
penalty in terms of CO2 emissions. It should be noted 
that some countries, such as Germany, carry out this 
adjustment using thermal power plants, thus 
reducing the efforts made on renewables.

 by limiting the cost of the electrical system as a 

whole, the continued operation of the NPP fleet 
makes it easier to gradually replace fossil energies for 
usages of electric vehicles and heat pumps, among 
others. 

The challenge for nuclear fission concerns thus 
maintaining the NPP fleet at the highest level of 
safety and performance (for example high separation 
of spent fuel) and examination of the applications 
submitted for extension of the operating life beyond 
40 years (and potentially up to 60 years as with most 
reactors in the United States).

In the medium and long terms, nuclear and 
renewable energies should thus work together to 
reduce the use of fossil energies, by increased 
electrification of certain sectors and adaptation of 
these low-carbon energies to the supply of heat, or 
even hydrogen or synthesised hydrocarbons to 
replace gas and oil.

Complementarity between Nuclear 
and Renewables
The rapid development of variable energies such as 
solar and wind power will eventually require “greater 
manoeuvrability” of the fleet. But addressing this 
increased need of flexibility simply by lowering the 
load on the NPPs is not the best solution, because one 
decarbonised energy is replaced by another, with an 
economic penalty linked to under-used means of 
production.

This flexibility could also be obtained by cogeneration 
operation for new usages. Cogeneration means that 
final production other than electricity must be 
considered during those periods when nuclear power 
has to give way to priority solar and/or wind 
production (because produced with a virtually nil 

marginal cost, once the investment has been made). 
One could imagine the production of hydrogen 
(power to gas) by electrolysis (see p. 41) for direct 
(transports, injection into the natural gas network, 
storage in a tank, etc.) or indirect use (conversion of 
hydrocarbons synthesised from biomass, see p. 21).

Nuclear power can also contribute to the supply of 
industrial heat, currently produced from fossil 
energies (mainly gas),  either through the 
cogeneration of electricity and heat (with the 
accumulated experience of 1800 reactors x year), or 
by the dedicated supply of heat. 

Technical progresses in grid management (smart 
grids, demand response, micro grids… See p. 34) and 
storage technologies (see p. 37) will help smooth both 
electricity demand and production, which should 
reduce the need for real-time adjustment and the 
resulting power fluctuations.

THE OUTLOOK FOR NUCLEAR ENERGY

High separation  
of spent nuclear fuel
High separation aims at ensuring the 
triage of the components of spent 
nuclear fuel, some of them being 
recoverable and others convertible.

©
 S.
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Thanks to DEN’s video wall, at CEA 
Paris-Saclay centre, it is possible to 
visualise in 3D immersion simulation 
results of functioning or processes linked 
to nuclear power plants.

Industrial feasibility
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GENERATION 1
“Addressing this increased 
need of flexibility simply by 
lowering the load on the 
NPPs is not the best solution, 
because one decarbonised 
energy is replaced by another, 
with an economic penalty 
linked to under-used means 
of production.”

© P. Stroppa / CEA

“In the medium and long terms, nuclear and renewable energies  
should thus work together to reduce the use of fossil energies,  

by increased electrification of certain sectors.”

MEANS OF PRODUCING ENERGY MEANS OF PRODUCING ENERGY THE OUTLOOK FOR NUCLEAR ENERGY
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Generation IV reactors 
and energy transition 
Nuclear power will remain a significant component 
of the electricity supply, to a large extent using a fleet 
of pressurised water reactors (2nd and 3rd 
generations)  with proven technology and 
considerable operating experience feedback. The 
fourth generation reactors today offer potential 
benefits for the long term, justifying the ongoing 
international efforts being coordinated by the 
Generation-IV International Forum (GIF). Their 
benefits are mainly far more efficient use of uranium 
and production of less ultimate radioactive waste, 
with safety targets at least equal to those of 
contemporary pressurised water reactors (PWR).

France is one of the very few countries to reprocess 
the fuel from its PWR reactors, which minimises the 
production of high level, long-lived radioactive waste: 
4% of spent fuel, or about 40 metric tons/year. This 
enables the recovered uranium and plutonium to be 
reused, or about 250 t/year and 10 t/year 
respectively. However, after passing a second time 
through a PWR, this uranium and plutonium can no 
longer be used in existing reactors, for neutronic 
reasons. Only fast neutron reactors (FNR) are capable 

of reusing these materials in full, with no limit and 
multiple recycling to close the cycle. In addition, 
these same fast neutron reactors are, if necessary, 
capable of burning the minor actinides remaining in 
the 4% of waste, to further reduce the residual power 
and radiotoxicity of the vitrified waste intended for 
geological disposal. Of the six types of generation IV 
reactors studied by the GIF, four are fast neutron, of 
which only the FNR-Na has reached a pre-industrial 
development stage (see box). 

With regard to durability, the price of uranium is 
currently very low, because the revival of the nuclear 
sector envisaged until 2011, was significantly 
hampered by a number of factors: Fukushima 
accident ,  abandonment  of  nuclear  power 
programmed in several countries, availability of 
inexpensive shale gas in the United States, etc. 
However, as France imports its uranium, it is always 
of interest, including for the long-term, to protect 
against future scarcity and the corresponding rise in 
prices. A fast neutron reactor works with a fuel 
comprising 20% recycled plutonium and 80% 
depleted uranium from the PWR cycle. As it can if so 
required act as a breeder, this type of reactor could 
meet our electricity needs for thousands of years 
using only the depleted uranium currently disposed 
of and available in France.

With regard to safety, the targets are at least 
equivalent to those of the third generation PWR 
reactors, but with a stronger safety case owing to the 
use of passive, or forgiving systems.

In this context, CEA carries out R&D studies for 
enhancing knowledge in these fields, in particular 
with the demonstrator project, Astrid. For example, 
they concern tests of ultrasonic sensors in sodium for 
better inspections in the reactor, of new plate 
modules for taking energy from secondary sodium or 
even water of models for a better understanding of 
hydraulics of collectors… All these tests are associated 
to developments and validations of codes leading to 
all the necessary applications and knowledge 
capitalisation. 

In conclusion, to tackle challenges of climate change, 
nuclear fission is a major and sustainable component 
of electricity mix, which will include proactive 
development of renewable energies. The closing of 
the fuel cycle, made possible with FNR reactors, is an 
essential condition for a sustainable nuclear 

production, regardless of proportion. For preparing 
the longer term, CEA’s R&D challenges consist in 
maintaining its expertise at the highest international 
level in conception and development of FNR-Na of 
Generation IV. For our country, the challenge is to 
ensure that this essential asset will remain a long-
term component of decarbonised mass generation of 
electricity. 

“For our country, the 
challenge is to ensure 
that this essential asset 
will remain a long-term 
component of 
decarbonised mass 
generation of electricity.”

Astrid for the Generation IV
Studies are currently under way on a new generation FNR-Na 
technology demonstrator, Astrid. They are being carried out 
with EDF, Areva and an industrial consortium and should lead 
to a future design/construction proposal being ready by the end 
of 2019.

CEA’s installation Diademo for validating 
Astrid’s sodium-gas exchanger.
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72 % 
electricity of nuclear origin

19 %  
electricity production from renewable energies

Of which 

12 % 
hydroelectricity

Nuclear fuel rods designed for Astrid: 
preparation phase of “sertisso”, the device  
that helps the isostatic crimping of the spacer 
(that lets fission gas pass and preserve  
a propellant gas under a stack of pellets).

Primary circuit of the technology demonstrator Astrid.

© DR © P. Stroppa / CEA

View of the Russian BN 800 
fast sodium reactor, 
coupled to the grid in 2017.

Multiphysics (neutronics  
and thermohydraulics)  

coupling for simulating fast 
neutron reactors at CEA.
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The Case of  
Energy Fusion

The prodigious potential of fusion
The CASE for fusion energy is self-explanatory: “C” 
stands for Clean – no CO2 emissions, no long-lived 
radioactive waste, low environmental impact, “A” 
for Abundant – a virtually inexhaustible supply of 
fuel present in seawater, “S” for Safe – no risk of 
chain reaction – and “E” for Economical – an 
expensive reactor but very cheap fuel (although this 
has yet to be proven!). Fusion energy is what causes 
the stars to shine and what has been heating us and 
illuminating our Earth for several billion years and 
will continue to do so for a few billion more. It is an 
extraordinarily concentrated form of energy, 
because half a litre of water can produce enough 
energy to power an electric car for more than 
30,000 km. From this viewpoint, it is an ideal 
complement to highly diffuse renewable energy 
sources such as solar and wind power, themselves 
derived from the fusion energy given off by our Sun!

Fusion is an energy source that is as promising as it 
is hard to control on Earth. Although gravitational 
attraction allows the extreme conditions necessary 
for fusion of hydrogen nuclei inside the stars, other 
solutions must be found on Earth. Since the 1950s, 
hundreds of fusion machines have been proposed, 
built and operated. 
The most advanced solution today is based on the 
use of intense magnetic fields, in the  « tokamak »  
configuration. It aims to confine a plasma of 
deuterium and tritium (isotopes of hydrogen with 
the highest fusion reaction cross-section) heated to 
some 150 mil l ion degrees.  The European 
tokamak  JET , located in Culham, Great Britain, 
already achieved an exploit in producing 16 MW of 
fusion power at the end of the 1990s and enabled 
the  ITER  project to be launched in 2007 in 

•
BY JÉRÔME BUCALOSSI
(Fundamental Research Division)

Jérôme Bucalossi is head of the WEST  
project at CEA’s Institute for research  
on magnetic confinement fusion (IRFM)  
and science manager of the “Nuclear fusion” 
segment.

Cadarache. ITER is the world’s most ambitious 
energy project and aims to demonstrate the 
feasibility of fusion as a source of energy. ITER 
should notably be able to produce 500 MW of fusion 
power for 400 seconds!

The challenges of magnetic 
confinement fusion 
Controlling the “burning” plasma 

In the deuterium-tritium experiments conducted in 
JET, the power given off by the fusion reactions 
played a modest role in maintaining the plasma in 
fusion conditions: as 20% of the fusion energy was 
carried by the alpha particles emitted at 3.5 MeV, 
the thermalisation of these charged particles in the 
plasma provided some 3 MW as compared with the 
24 MW supplied by external heating systems using 
injection of microwaves and energetic deuterium or 
tritium atom beams. In ITER, for the first time, the 
plasma will be heated primarily by the fusion 
reactions: 100 MW of heating by alpha particles as 
opposed to 50 MW of heating by the external 
s y s t e m s .  I T E R  w i l l  u s h e r  i n  t h e  e r a  o f 
experimentation with burning plasmas. The effects 
of alpha particles on the turbulence and the 
magnetohydrodynamic stability of the plasma and 
the transport of these particles to the heart of the 
plasma until evacuated in the form of neutral helium 
in the divertor, located in the lower part of the 
tokamak’s vacuum containment, will be compared 

with numerous simulations during the development 
process and surprises cannot be ruled out. The 
primary challenge of ITER is to show that such 
plasmas can be controlled for long periods of time.

Evacuating heat and particles

Recent progress in infrared thermography in the 
tokamaks has revealed considerable concentrations 
of heat flux and particles on the components facing 
the plasma. The empirical laws giving the width of 
the heat deposits according to the size of the reactor 
are currently being called into question, with the 
potential consequence being a higher than antici-
pated flux in the ITER divertor and more generally 
a limitation of the power accessible by means of fu-
sion machines based on the tokamak configuration. 
This discovery led to the initiation of a European 
research programme in which CEA, with its  WEST  
tokamak (see figure 1), is one of the key players 
alongside 5 other European institutes. The aim is to 
gain a clearer understanding of the mechanisms go-
verning the particle and heat flux deposits (see fi-
gure 2), to find plasma regimes and divertor geome-
tries able to spread out these heat fluxes and, finally, 
to develop innovative components facing the plasma 
capable of withstanding intense particle and heat 
fluxes in excess of 10 MW/m2 (as compared with 60 
MW/m2 on the surface of the Sun!). The material 
today preferred for these very high-flux components 
is tungsten which, in addition to its fusion tempera-
ture which is the highest of the elements, offers very 
low erosion and tritium retention rates.

Fig. 2: Digital simulation of the plasma edge in 
a tokamak with axisymmetrical divertor.  
The separatrix is the virtual limit between the 
confined plasma, a region in which the lines of 
the magnetic field wrap around on themselves, 
and the unconfined plasma, a region in which 
the field lines intercept a wall. The divertor 
region is located below the X-point, where the 
poloidal magnetic field is nil. The heat flux 
which crosses the separatrix is conducted in 
the divertor region in a boundary layer a few 
millimetres thick, before impacting the target 
components of the divertor.
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Energy fusion, and that of the stars, is complementary with renewable energy 
sources such as solar and wind power, themselves derived from the fusion 
energy given off by the Sun. As promising as hard to control on Earth, fusion 
energy offers a number of advantages, more specifically low environmental 
impact and virtually inexhaustible supplies of fuel, which is present in seawater.

“Fusion is an energy 
source that is as 
promising as it is hard 
to control on Earth.” 

ENERGY FUSION

Fig. 1: Inside the WEST tokamak. WEST is the new name 
for the Tore Supra tokamak, operated by CEA in Cadarache, 
after its transformation into a tokamak with divertor 
configuration with point-X and the transition from  
carbon to tungsten for reinforcement of the components 
facing the plasma. Prototypes of the ITER divertor 
components are integrated into its (floor of the torus) and 
will be exposed to intense heat and particle fluxes similar 
to those anticipated in ITER. 
These experiments will make it possible to optimise the 
detailed geometry of its components, anticipate their 
operation in normal and accident operating situations and 
predict their lifetimes.

 Tokamak 
Russian acronym for a torus-shaped  
magnetic confinement chamber

 JET 
Joint European Torus

 ITER 
International Thermonuclear  
Experimental Reactor

 WEST 
Tungsten (W) Environment 
in Steady-state Tokamak

 IFMIF 
International Fusion Materials  
Irradiation FacilityFitting the housing of the low coil of West divertor
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Exploiting the 14.1 MeV neutrons 

Although the energy of the alpha particles produced 
by the fusion reactions is confined in the core 
plasma by the magnetic field and enables the 
burning plasma to be maintained, that carried by 
the neutrons must be recovered in the walls, not 
only to heat the water to turn the electricity 
generating turbines, but also to produce the tritium 
(by reaction with the lithium), one of the two fuels 
of fusion and not naturally available. The difficulty 
lies in the very high kinetic energy of these neutrons: 
14.1 MeV or about 7 times higher than that of the 
“fast” neutrons produced by fission reactions. These 
energetic neutrons would lead to in-depth damage 
of the materials of the first wall by displacement of 
atoms in the crystalline array (dpa) and producing 
gas within them by nuclear transmutation (hydrogen 

or helium). The consequence of these transmutation 
reactions is also nuclear activation of the materials. 
It is considered that a fusion reactor could produce 
more than 30 dpa/year (as compared with the 80 
dpa for the entire lifetime of a fission NPP). Only 
materials with a specially designed chemical and 
structural composition would be able to withstand 
this. The validation and qualification of such 
materials must be carried out in a dedicated 
irradiation facility capable of generating an intense 
neutron flux of 14 MeV. This is why, since 2007, 
under the “Broader Approach”, Europe and Japan 
have been carrying out the engineering studies of 
the  IFMIF  project. CEA is involved in the 
accelerator part, which is to produce two deuton 
beams of 40 MeV with an intensity of 125 mA each. 
The final report is expected very shortly, as is the 
siting choice and the construction green light.

What is the place of fusion 
in energy transition?
Fusion will be available “when humanity needs it, 
maybe slightly earlier”. This at least was the answer 
given nearly 50 years ago by Soviet Academician Lev 
Artsimovitch (1909-1973), father of the tokamak, to 
the question of its availability. At global level, China, 
Korea, the United States, Europe, India and Russia 
- all partners of ITER - are developing electricity 

generating reactor designs for the 2050 time-frame, 
on the basis of the tokamak under construction at 
Cadarache. Private initiatives have been set up in 
recent years in America, with the aim of finding a 
faster means than ITER of tapping into this energy 
source. Google is expressing an interest... But several 
decades will no doubt be needed before we can 
benefit from fusion electricity. The international energy 
challenges are such that it is essential to support 
research into this new source of energy.    

To find out more 
About JET
www.euro-fusion.org/

About ITER
www.iter.org/fr/accueil

About WEST
west.cea.fr/en/index.php

About IFMIF
www.ifmif.org/

Artistic view of plasma in a cross 
section of ITER tokamak.
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Innovations  
in Force
Between 2005 and 2017, photovoltaic (PV) capacity 
installed worldwide has risen from 1 to 310  GWp . 
Over the same period, the price of PV modules has 
dropped from 4 €/ Wp  to less than 0.4 €/Wp. In 
terms of performance, module efficiency has risen 
from 14% to 18% for so-called standard technologies. 
The more advanced technologies are reaching 23% 
and rising sharply (here we will not discuss the 
technologies used for space applications, where 
record efficiency levels of more than 40% are being 
reached). This mass market paves the way for 
further innovations, from those concerning 
materials to integration into grids, through cells, 
modules and systems. 

The major challenges concern the performance and 
cost of the modules. CEA’s R&D studies carried out 
at the national institute for solar energy (INES) are 
focused on new PV usages and thus the technologies 
of tomorrow. The stakeholders in the building, 
public works, transport (cars, boats, trains, etc.), 

agriculture, aerospace, defence, luxury goods, 
networks and energy sectors are all looking to 
“solarise” their products and/or services. What they 
need is to make the module lighter, more robust 
(road uses, noise abatement wall, etc.), more 
aesthetically pleasing (even invisible), more flexible, 
more recyclable, with higher voltage, safer, more 
connected, etc. On the electricity grid side, the 
production systems must no longer be considered 
as a disruption but must take part in grid control 
through system services. 

For example, we could mention the production of 
PV modules (made of polycrystalline silicon) of less 
than 3 kg/m² (as opposed to the standard 12kg/m²) 
for defence applications, the design of modules able 
to withstand being run over by trucks millions of 
times, the demonstration of two-faced modules 
which, in the best cases, can produce 20% extra 
energy owing to light reflected on the rear face. Very 
soon, a first module based on recycled silicon will be 

In the photovoltaic field, a mass market has been created in just a few years 
and is paving the way for further innovations. The CEA staff at INES are making 
an active contribution to this.

PHOTOVOLTAIC

 Wp / GWp / MWp 

Watt peak, gigawatt peak and megawatt 
peak. Maximum power of a device in standard 
test conditions (1000W/m² at 25°C).

Between 2005  
and 2017, 
photovoltaic 
capacity  
installed worldwide 
has risen from  
1 to 310 GWp.

Fusion will be  
available “when 
humanity  
needs it, maybe  
slightly earlier”. 
Lev Artsimovitch  
(1909-1973), father of the tokamak

JET plasma observed in 
the visible radiation bandwidth.
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Franck Barruel is assistant head  
of the Solar Technologies Department 
(DTS) at CEA / Liten.

New generation of CPV module equipped with 
cell, secondary optics and integrated lens.
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built. One should also remember the “mini modules”, of all 
shapes and colours, based on organic technologies and 
which are attracting the textile world, among others. To 
improve performance monitoring, electronic systems are 
embedded into the modules to allow real-time connected 
monitoring. To help certain plants protect themselves from 
the sun, modules are being tested on trackers to create 
shade and avoid competing for agricultural land; the word 
agrivoltaic now exists! To avoid competing with valuable 
land, PV power plants are being stretched out and becoming 
linear, so that it will soon be possible to integrate them along 
roads, rail lines and canals. Solar carports coupled with 
smart algorithms are enabling electric vehicle fleets to be 
recharged while minimising the need to draw from the grid 
(see p. 34). 

We will soon be carrying out a world’s first, using the power 
of several PV power plants (100 MWp) to take part in 
adjusting the frequency of the grid and thus generate value 
on the electricity markets. The “Feed In Tariff” period will 

soon be over and solar power will have access to self-
sustaining, subsidy-free markets. 

Another example is concentrator photovoltaics (CPV) that 
helps to significantly increase the efficiency of PV systems. 
This technology is based on the use of optics capable of 
concentrating the sun’s rays onto very-high-conversion-
yield PV cells. To further increase the intensity of the light 
captured, CPV modules are installed on trackers that follow 
the course of the sun. CPV yields are much higher than those 
of traditional PV solar panels (35% compared to 18% on 
average). However, the sticker price is also higher: this is 
due in part to the very low penetration of CPV in current 
production systems (less than 1% of the total worldwide 
current energy production fleet).

As we can see, there is no shortage of innovation examples. 
Industry and research in the solar sector are relative 
newcomers and this promises many more years of 
incremental and disruptive research. 

The Potential of the Heterojunction

F or more than ten years now, the teams at 
C E A / L i t e n  h a v e  b e e n  w o r k i n g  o n 
heterojunctions (HET) one of the best options 
for high-efficiency technology. This solution 

combines two different semiconductor materials (whereas 
a homojunction associates two zones of the same material): 
they opted to combine a layer of crystalline silicon with a 
layer of amorphous silicon. Even though chemically 
identical, these two forms have very different electronic 
behaviours. Assembling them thus creates a considerable 
potential difference encouraging the output of high voltages, 
helping to increase conversion efficiency.

Through a number of industrial partnerships, CEA has 
constantly improved the efficiency of its HET cells in the 
laboratory and this rose from 18% in 2009 to 21% in 2011. 
These performance levels allowed operation on a pilot line 
called LabFab which today has a theoretical annual 
production capacity of 80 MW. The cells/modules 
manufactured are tested in the INES experimentation sites 
and reduced scale or actual solar power plants. After 
achieving efficiency of better than 22.8% in 2017 (and 21.5% 
in industrial production with a module power of 310 W), the 
next target is to exceed 24%. 

FOCUS
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Guillaume Boissonnet  is a senior expert, 
specialising in evaluating biomass processes 
and energy systems at CEA / Liten.

Eric Maréchal is research director at CNRS, 
head of the Plant cellular physiology  
laboratory (Institute of biotechnologies and 
biosciences at the CEA Fundamental Research 
Division) in Grenoble.

 BIOMASS 

Biomass said to be lignocellulosic  
consists of wood and green waste,  
straw, sugar cane bagasse and forage.

To find out more 
Presentation of the GENEPI platform 
(Gasification Equipment for New Energy 
dedicated to a Platform of Innovation) :  
http://www.cea.fr/cea-tech/liten/
genepi/Pages/Accueil.aspx

Biomass forms a source that could ultimately replace dwindling fossil resources 
(coal, oil and natural gas). In order to make this happen, CEA develops improvement, 
production and transformation methods for this complex raw material for the 
bioenergies of tomorrow.

Taking advantage of the energy potential 
offered by the different types of biomass 
is a major challenge in terms of energy 
independence. Even if we now have 

comprehensive experience of wood combustion or 
the production of 1st generation biofuels, the 2nd and 
3rd generations need further development.

 Biomass  corresponds to living organic matter, be it 
plant, animal, bacterial or fungal (mushrooms). At 
first it comes from the capture of atmospheric CO2 
by the plants and algae (see box p. 22). Biomass is 
solid, wet or liquid - and can be produced by 
agricultural, forestry, biotechnology activities or 
collected as a by-product or a waste from these 
activities. Biomass, or we should say biomasses, 
thus form a source that could ultimately replace 
dwindling fossil resources; coal, oil and natural gas. 
CEA develops improvement, production and 
transformation methods for this complex raw 
material for the bioenergies of tomorrow. 

The 2nd generation biomass correspond to 
lignocellulosic biomass and its thermochemical 

transformations at medium and high temperature 
(roasting, pyrolysis, gasification, combustion). Each 
of these transformations can produce solid, liquid 
or gaseous intermediate products which can be 
converted into energy carriers (fuel, electricity, heat) 
intended for residential or transport applications. 
This type of conversion can also produce molecules 
of interest for chemistry. The thermochemical 
conversion of biomass is based on processes that are 
comparable to those of the petrochemical or coal 
industry. The resource changes and the technologies 
must therefore adapt. This is the purpose of the 
research being carried out by the biomass team in 
Grenoble (LITEN/DTBH). It is focusing on the 
development of roasting, pyrolysis and gasification 
processes, calling on process engineering know-how 
(chemical reaction, thermal aspects, flow, analyses, 
etc.). Lignocellulosic biomass is a variable resource, 
so CEA is looking at its mobilisation potential, as 
well as the correspondence between the type of 
resource and the processes, including with respect 
to the level and composition of the ash. One possible 
avenue consists in obtaining a synthesis gas, a 
mixture of hydrogen and carbon monoxide, to 

Seeing a Potential Future

After achieving 
efficiency of 
better than 
22.8% in 2017, 
the next 
target is to 
exceed 24%.

BIOMASS

HET solar panel Focus on the electroplating of a biface HET cell
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PhotosynthesisPhotosynthesis

1 kg of dry biomass 200-500 mL of oil

> 3000 m3 air

or

15
 m

13
 cm

~ 3.5 t air (1.11.2 kg.m-3)~ 2 kg CO2 (300-400 ppm) 

produce fuels. This is in particular being explored by 
the BioTfueL demonstrator project, in which CEA is 
taking part. The technical and economic evaluations 
show that in the near future it will be possible to 
produce between 20% and 40% of fuels in this way, at 
a cost of between 1.0 and 1.6 €/l, which represents a 
reasonable difference with the cost of fossil fuel. 

The 3rd generation is oil-rich biomass, molecules 
formed by the assembly of 3 fatty acids and a glycerol. 
The variety of fatty acids enables fuels to be produced, 
covering the full range of octane ratings, combustion 
properties and melting points that can be obtained 
with refined petroleum. The challenge is to identify the 
bio-resource which produces the required oil quality, 
with economically viable quantities and efficiency. 

To avoid impacting agricultural land, the research 
being carried out in Grenoble and Cadarache is 
focusing on micro-algae from the immense marine 
biodiversity. It concerns the selection of appropriate 
species, their domestication, the production of oil and 
all cultivation, extraction and refining processes (see 
references). These two laboratories are developing 
partnerships with firms in the sector. This research is 
also assessing the potential of algae-sourced oils for 
green chemistry, as a complement to petro-chemistry, 
or algae by-products for other nutrition or health 
applications. 

ENERGY EFFICIENCY AND PERFORMANCE 

Maréchal E. (2015) Carburants à base d’algues oléagineuses - Principes, filières, verrous. In Techniques de l’Ingénieur. IN 186, 2015, 1-19    Lupette J., Maréchal E. (2017) Potentiel des microalgues 
pour la chimie verte et les bioénergies. In: Microdiversité. (L. Kalpa ed) Éditions Matériologiques, Paris, France, In press.    Lupette J., Maréchal E. (2017) Phytoplankton glycerolipids, challenging 
but promising prospects from biomedicine to green chemistry and biofuels. In: Blue Tecnologies: production and uses of marine molecules in a changing world. (S La Barre and S. Bates Eds.) Wiley 
VCH, Weinheim, Germany, In press    Boissonnet G. (2017) Bio-raffinerie, Chimie verte et Bio-économie. Récents Progrès en Génie des Procédés, N° 110, Ed. SFGP, Paris, France    Boissonnet G. 
(2017) Etude de systèmes énergétiques complexes : moyens et enjeux. Enseignements tirés de l’évaluation de procédés biomasse, La lettre de l’I-tésé (CEA) – N° 30 Printemps 2017    Peduzzi E., Guillaume 
B., Haarlemmer G., Maréchal F. (2017) Thermo-economic analysis and multi-objective optimization of lignocellulosic biomass conversion to Fischer-Tropsch fuels. Submitted to Energy & Environmental 
Science – The Royal Society of Chemistry    Boissonnet G. (2017) De l’apport et des contraintes d’une démarche multi-échelle et multicritère dans l’évaluation des procédés application aux procédés 
et filières énergétiques de transformation des biomasses”. Habilitation à Diriger les Recherches, I-MEP2, Université Grenoble Alpes

The building and transport sectors are the leading energy consumers in 
France. Reducing their environmental impact is thus a key challenge of energy 
transition.

ENERGY EFFICIENCY 
AND PERFORMANCE

 Mobility  24 

 Buildings 28

FOCUS

A Quick Calculation

REFERENCES

C onsidering that a plant or an 
a lgae  captures  CO2 from 
photosynthesis and loses part 
via respiration, it is estimated 

that about 2 kg of CO2 is needed for 
producing 1 kg of dry biomass (equivalent 
to a cube of wood of 13 cm a side, or to 
200 to 500 mL of oil, depending on the 
performance that can be achieved with an 
oleaginous body). CO2 representing 300 
to 400 parts per million (ppm) of the 
atmosphere, one can thus consider that it 
is contained in around 3.5 tons of air. 
With a density from 1.1 to 1.2 kg/m3, an 
air volume of 15 m a side contains the CO2 
capable of producing 1 kg of dry biomass. 
All the living matter comes from this 
mechanism, specific to plants and algae 

that capture CO2 and then produce a 
carbonaceous solid full of energy. Plants 
and l iving bodies accumulated in 
sediments for hundreds of millions years 
form a stock of carbonaceous fossil fuels. 
When we burn hydrocarbons or fossil coal, 
we emit atmospheric CO2 that had been 
slowly sequestered throughout the ages; the 
atmosphere is augmented with CO2 from 
Carboniferous, Jurassic or Cretaceous 
periods, which adds to other industrial CO2 
sources (such as cement factories) and 
contributes by accumulation to climate 
change. However, when it comes to 
exploiting recently produced wood or oil, 
the emitted CO2 offsets this one captured a 
short time before from photosynthesis and 
it is then considered carbon-neutral. 
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Moving in the 
Right Direction
Transport solutions
The diversity of needs (daily home/work journeys, 
exceptional journey: week-ends, holidays) implies a 
variety of technical solutions. 
The “individual car” solution with internal 
combustion engine and fossil fuel is currently the 
undisputed answer, but two limiting factors are 
emerging: urban concentration, traffic congestion, 

environmental and climatic constraints.

The observations are similar for freight transport. 
Transport time is less critical for freight than for 
passengers, but direct road journeys remain the 
most rational solution, despite certain routes which 
are heavily congested, primarily owing to the 
complexity of collection and distribution logistics: 
“first and last miles”.

Individual versus collective transport 
For the less demanding daily journeys (an average 
of 50km even though 50% of people in France do 
less than 20km/day), the range of electric vehicles 
would be sufficient, provided that it would be 
possible to switch exceptionally to another solution: 
extension of the vehicle’s range, second vehicle or 
shared vehicle, a sector in which fleets are 
developing but which are not simple to manage. As 
this concerns a very specific, voluntary fraction of 
the population, widespread adoption has yet to be 
proven.

As an average for the French fleet, a private vehicle 
with an internal combustion engine consumes about 
1.4l/100km per passenger as compared with 0.4 to 
0.6l/ 100km/passenger for coaches. The TGV high-

speed train - being full - consumes less than 
5kWh/100km/passenger and regional trains 15kWh. 
1 litre of gasoline representing almost the same 
energy as 11kWh, the consumption per passenger is 
therefore three times less than this of a passenger in 
a vehicle and roughly this of a passenger in coach. 

Even if these figures are similar for freight, with the 
equivalence being 1 passenger = approximately 
500kg of freight,  there are however slight 
differences. The occupancy of the vehicles is on 
average about 20 to 30% in all solutions (cars, 
coaches, trains), but the variations depend to a large 
extent on the organisation and represent an 
essential factor in consumption per passenger. Any 
lengthening of the journey by comparison with a 
direct route penalises the energy balance. 

As a factor in economic development and personal freedom, mobility is today 
increasing faster than the population. How does one meet this growing need in 
regard with the objective of drastic reduction of greenhouse gas emissions? 

•
BY  
DAVID FRABOULET 
(Technological Research Division)

David Fraboulet works in the Scientific 
Division of CEA’s Technological Research 
Division (DRT). He is a member of the Office of 
the High Commissioner for Atomic Energy.
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Electric vehicle (foreground) and hybrid battery/hydrogen vehicle (background)
© Dominique Guillaudin / CEA (Malverpix No Comment Studio)

Private transport

Daily Total  
and per vehicle 5 to 15 kWh

Number of vehicles per home

≥ 210

Passenger/vehicle

Distance per day

Median 16 Average 52

To and from work Km / day

30 à 70 km/day/vehicle
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Thermal energy versus electrical energy
Given the conversion efficiency, the average 
efficiency of a conventional thermal engine in a 
private vehicle barely exceeds 15% in a mixed 
driving cycle, most of the rest being lost as non-
recoverable heat. This efficiency can reach just 
over 30% at optimum engine running and 
stabilised speed, for example on a motorway, or 
by means of an electric hybrid system which 
activates the thermal engine part at optimum 
engine speeds and also allows partial energy 
recovery at deceleration, which is frequent in an 
urban driving cycle.

For reducing the fossil energy fraction in 
transport, it is possible to use synthetic fuels and 
biofuels (see p. 22). The overall environmental 
balance, for example in terms of GHG emissions, 
will however require a very close assessment.

If not reconverted into gaseous or liquid fuel, 
electrolytic hydrogen is a means of going from 

electrical power (possibly unavoidable) to lasting 
chemical storage, which is well-suited to mobility 
(see p. 41). The maturity, cost and efficiency of 
this solution do however need to be examined in 
relation to the actual advantages.

Finally, another solution would be to dispense 
with on-board energy: for example, might it not 
be possible to copy the catenary rail systems for 
road transport? Or over a fraction of the routes? 
Of course, depending on the applications and 
usages, the technologies mentioned above can be 
combined: electrical / hydrogen / thermal/ 
catenaries, etc.

Electrical mobility and grid problems
The electrification of transport is not completely 
free from the problems of the actual electricity 
grid, which is itself undergoing widespread 
change owing to the gradual integration of 
intermittent renewable energies (see p. 34). The 
recharging needs of vehicles represent a 
constraint, but the potential availability of energy 
in stopped vehicles (more than 4/5 of the time for 
private vehicles) could be a means of smoothing 
out over-consumption. 

2 million connected hybrid vehicles (10kWh) 
would smooth out the evening consumption peak 
at 7.00 pm. With the 10GW dip in French 
consumption at night, it would be possible to 
recharge 12 million battery powered vehicles (1/3 
of the total fleet of vehicles) to enable them to 
cover 30km/day. The quantitative space-time 
analysis necessary for stability of the grid will 
therefore also have to integrate detailed mobility 
usages and technologies.
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Ultra-urban and intermodal mobility
In an urban environment, the space constraints 
militate against automobile traffic and parking. Even 
public transport will have difficulty in absorbing 
additional traffic, such as in Paris. A significant 
reduction in vehicle size is thus desirable. New 
solutions for sizes even smaller than that of a 
bicycle, which are in fact already visible in the 
streets. The electric solution, which becomes easier, 
the smaller the machine, is then ideal. 

Once electrified and optimised, individual transport 
will become acceptable in energy terms and this 
should coincide with the arrival of autonomous 
vehicles. 

Recharging a Nissan Leaf vehicle on INES’ solar parking.View of the solar parking at INES that is designed for recharging simultaneously 12 vehicles.

“Once electrified and optimised,  
individual transport will become  
acceptable in energy terms  
and this should coincide with  
the arrival of autonomous vehicles.”

Private vehicle 
1,4l. / 100km / passenger

Coach 
0,4 to 0,6l. / 100km / passenger

Train 
Train < 0,5l. / 100km / passenger
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BEPOS, passive buildings, Zero Energy Buildings, BBC, Effinergie, Minergie, 
BREEAM, LEED… Labels, certifications, classifications and even registered 
trademarks have blossomed in recent years, leading to the idea that a building 
can produce as much energy as it consumes over the course of a year. 
This is actually true, because today new technological solutions exist, which 
are capable of minimising consumption and offsetting the remainder by local 
and often renewable production.

The building sector represents a key energy 
management challenge. In France, it is by 
far the leading energy consumer (44%), 
ahead of transports (32%), industry (21%) 

and agriculture (3%). At the top of the list is heating, 
which is the main energy expense (65% of the final 
energy consumed in homes). The progress made 
over the past 40 years in insulation, glazing, solar 

thermal and photovoltaic energy and lighting 
solutions is such that new buildings need very little 
energy and can even become net contributors. Will 
this however enable us to meet the goals of the 
Kyoto protocol? Nothing could be less certain.

Let’s imagine that you are at the wheel of your car, 
running on reserve, and you are trying to save as 

much energy as possible so as to be able to reach the next 
filling station. Do you think that switching off the car 
radio makes much of a difference? By switching if off, you 
will save 100W of the engine’s 60KW, or 0.2%.

If we consider that new buildings represent 1% of the 
existing building stock and that they are on average 5 
times more energy-efficient, that makes a saving of 0.2%. 
In other words, an additional effort on the energy 
efficiency of new buildings is the same as turning off your 
car radio to save fuel!

This is clearly an extreme position, of course. However, if 
we concentrate on new-build and on smart cities, this will 
only have a marginal effect, forgetting that most of the 
consumption and thus most of the potential sources of 
energy efficiency, are in old buildings.

An existing building consumes on average 240 kWh/m², 
primarily for heating. A new building meeting passive 
standards consumes less than 15. So is it better to focus 
the attention and the efforts of the public authorities on 
the happy few who consume 15 kWh/m² or the remaining 
mass who consume 240 kWh/m² or even 450 kWh/m²?

The refurbishment challenge
The quantity of energy needed for all the buildings put up 
over the past few centuries is such that it would not be 
reasonable to destroy everything and start again. We 
would have neither the time nor the money. This is 
particularly true in Western Europe, where the buildings 
are primarily made of stone or concrete, with a very long 
lifetime and a sometimes high intrinsic energy.

Addressing the building refurbishment challenge is more 
complicated than simply adding constraints or standards 
to the construction of new buildings. First of all because 
to date, energy refurbishment has not been very 
profitable. Apart from a few operations such as loft 
insulation or replacing single glazing by more efficient 
windows, your investments take a minimum of twenty 
years to pay for themselves, owing to the low price of 
energy. Government incentives can improve this 
profitability but very often are not sufficient to trigger the 
decision to refurbish. Most energy refurbishment 
operations are usually only undertaken in conjunction 
with an extension, redecoration or repair of a major part 
of a building (roof, façade, etc.). Not only is energy alone 

Preparing Tomorrow

Energy consumption  
by activity  
type in France 

Building 
44 % 

Transport
32 % 

Industry  
21 % 

Agriculture  
3 %

Olivier Fléchon is head of the Building and 
thermal systems department at CEA / Liten.

•
BY 
OLIVIER FLÉCHON 
(Technological Research Division)

HeliosLite improves the track of the Sun in order to produce an optimised electric flux.

[1] The UFC-Que Choisir survey: 
www.quechoisir.org/action-ufc-que-choi-
sir-renovation-energetique-performance-ze-
ro-des-professionnels-n23361/

[2] Virtual visit to the INCAS platform: 
http://portail.cea.fr/multimedia/Lists/
StaticFiles/visites-virtuelles/labos/index_
ines.html
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“An additional  
effort on the energy 
efficiency  
of new buildings  
is the same  
as turning off 
your car radio to  
save fuel!”
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rarely a trigger, but the technical solutions chosen 
are often far from being efficient [1].

Energy labelling is gradually taking effect and can, 
by the difference in value between “green” and more 
“energy-hungry” buildings” approach the cost of 
energy refurbishment. Finally, the third option is to 
impose refurbishment work on the owners, for 
example when selling buildings, but this measure 
increases real estate prices.

CEA’s R&D studies are looking for technological 
solutions specific to the refurbishment issues. 
However, the task is not an easy one, because R&D, 
which only represents 0.1% of turnover in 
construction, or one tenth of the rest of industry, is 
virtually absent from the refurbishment sector. 

Numerous technological topics need to be dealt 
with. They primarily concern methods for insulating 
buildings, with the goal of making them less 
intrusive, lighter, more robust, slimmer and, above 
all, more profitable. We have been working in this 
direction for several years, with the integration of 
super-insulators (such as aerogels) into the actual 
shell of the buildings, insulating coatings or panels, 
in parallel with efforts to reduce the industrial costs 
concerned. 

We are also exploring the industrialisation of 
refurbishment methods,  by designing and 
experimenting with technological mixes combining 
insulation of the shell and thermal systems 
(ventilation, production of heat or cooling) for 
residential and service sector buildings. Finally, we 
believe firmly in the benefits of developing digital 
means to facilitate the analyses of existing buildings 
(dimensional surveys, performance diagnostic), 
increasing the pertinence of the refurbishment 
methods chosen and guaranteeing performance, 
once the building has been refurbished.

Subsequently and as is being done for the new-build 
sector, means of collecting and storing energy on the 
very shell of the building, with a strong solar 
component are implemented. This is why we are 
working on easier integration of photovoltaic or 
thermal sensors, or even hybrids, on roofs, facades, 
cladding or even glazing.

Finally, it is paramount to develop an overall 
approach to a building’s energy performance, 
including air quality and thermal comfort.

Our objective is to find the means of ensuring that 
once efficiently refurbished, the house of our 
grandparents can solve the future energy problems 
of our children.  

The INCAS experimental platform 
located on the INES in Chambéry, is 
unique in France [2]. Buildings and 
equipment manufacturers can develop 
and test energy performance solutions 
there in real-life conditions: new 
building methods, opaque and glazed 
walls, materials, coatings, specific 
openings, innovative ventilation 
systems, solar sensors, heat storage, 
etc.

These solutions are validated in four 
instrumented buildings of 100 m² 
where the presence of occupants is 
simulated using scenarios which 
reproduce the human metabolism, 
activate the heating, open the windows, 
draw water, etc.

These buildings are made of wood, 
poured concrete, concrete blocks and 
bricks respectively. They are fitted with 
more than 1000 sensors, from which 

the data are analysed using special 
modelling methods.

The platform comprises more than 
twenty industrial partners, including 
intervnational groups. The projects 
carried out, which last on average from 
two to three years, aim to achieve the 
optimum trade-off between energy 
performance and indoor environment 
quality objectives.  

INCAS,  
a Unique Tool in France

FOCUS

Sensors installed in test houses for measuring 
air leakage from the inside to the outside.
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Inside a house equipped with clay bricks  
and aerogel-based insulating coating.

©
 Gi

lle
s R

oll
e /

 RE
A (

Ag
en

ce
 Ré

a)

“CEA’s R&D studies 
are looking for 
technological 
solutions specific  
to the refurbishment 
issues.”
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Assessing the performance of an electricity 
mix is a difficult exercise: the system is 
complex owing both to the fluctuating 
nature of demand and source availability 

and non-linear owing to the priority mobilisation of 
certain sources. 

The MIXOPTIM software, developed within the 
framework of the  ANCRE  via a CEA-CNRS-IRSN 
collaboration [1], is a tool for calculating the perfor-
mance and cost of a mix of electrical power sources, 
using Monte-Carlo simulation of source manage-
ment across a country. The source utilisation coeffi-
cients are determined by simulation. This shows 
that, for a given mix, there is a minimum cost and 
production of CO2 associated with meeting demand 
for a given installed power level in each source cate-
gory. It can be shown that these cost functions vary 
highly non-linearly versus demand, contrary to an 
assumption frequently made in the economic assess-
ment of energy scenarios 

The MIXOPTIM software can be applied to mul-
ti-criteria optimisation of the mix, according to 

three main criteria: the cost of the mix; its CO2 pro-
duction and the degree of energy independence it 
gives to a country. 

Using spectral analysis of the load fluctuations, one 
can deduce viability criteria for an electrical mix: 
this must contain enough controllable installed 
power to follow the imposed fluctuations in demand 
and the renewable sources. MIXOPTIM incorpo-
rates these criteria and thus determines the physical 
limits for the introduction of unavoidable renewable 
sources into the mix. These limits naturally depend 
on the composition of the mix, but also the inter-
connection capacity of the country and the quantity 
of energy that can be stored/released and liable to 
help smooth out load fluctuations.

The calculation to assess a given mix takes a few 
seconds using a version accessible on the Internet. 
As the energy transition debate continues, MIXOP-
TIM could be of interest not only for scenario desi-
gners, but also any curious citizen looking to unders-
tand the energy policy of their country.  

To find out more 
To try out MIXOPTIM, go to: 
mixoptim.org/app

DYNAMICALLY MATCHING SUPPLY AND DEMAND DYNAMICALLY MATCHING SUPPLY AND DEMANDTHE ELECTRICITY MIX

Increasing the extent to which intermittent renewable energy production 
sources are integrated into the electricity grid will make it more complex 
to balance production and consumption, which is essential to the correct 
working of the grid.

DYNAMICALLY 
MATCHING  
SUPPLY AND DEMAND

The electricity mix 33

Smart grids 34

Energy storage 37

The hydrogen carrier 41

Testing Equilibrium
The intermittent nature of wind and solar electricity generation means that there 
are physical limits to their introduction into an electricity mix, which must retain 
enough controllable sources to compensate for load fluctuations. The MIXOPTIM 
simulation software enables these limits to be explored.

•
BY 
BERNARD BONIN
(Nuclear Energy Division)

Bernard Bonin was deputy  
scientific director at CEA’s  
Nuclear Energy Division (DEN). 
© F. Bleuze - Service archives / CEA

The work on MIXOPTIM was carried out by a team 
comprising Bernard Bonin, Henri Safa (IE2N), Axel 
Laureau and Guillaume Krivchik (DEN/DER), Elsa 
Merle-Lucotte (Grenoble INP/PHELMA and CNRS/
IN2P3/LPSC), Joachim Miss and Yann Richet (IRSN)

[1] B. Bonin et al, “MIXOPTIM: a tool for the evaluation 
and the optimization of the electricity mix in a 
territory”, European Physical Journal Plus, (2014) 129

 ANCRE 

Alliance nationale de coordination  
de la recherche pour l’énergie  
(national alliance for coordination  
of research on energy)
www.allianceenergie.fr

Performance indicators of the mix depending on its dimensioning between pilotable and renewable sources (installed power from 
pilotable and renewable sources, regarding the average demand). The cross-hatch area of diagrams correspond to mixes unable to 
monitor the load fluctuations.

a – the cost of MWh (euros/MWh). It can be seen on the figure that oversizing of the mix is expensive.
b – The level of “energy independence” of a country, on which the mix is operated (average proportion of imported power).
c – The quantity of CO2 produced by the mix (kgCO2/MWh). Oversizing the mix with renewable sources  
is harmful for carbon balance, if the overall carbon balance of each source on its total lifecycle is integrated.
d - The average period of load-shedding per year.
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there are other options. For example, the grid could be 
utilised close to its limits taking account of information 
such as cable temperature to optimise power transit 
capacity calculations or reconfigure the topology of the 
grid.

The third service provided is extensive, multiple 
activation of flexibility of all types and at all scales, to 
ensure a balance between production and consumption. 
At present, we mainly adjust production to meet the 
supply/demand balance. Smart-grid technologies are 
now able to provide coordinated control of various 
producers, consumers and storage means.

All these technologies are and will be essential for 
running the electrical system with a view to the energy 
transition. In association with storage, they are the 
cornerstone of a low-carbon electricity system including 
a high proportion of intermittent renewable energy at a 
competitive cost.

At CEA/Liten, R&D studies concern architecture, 
dimensioning, control and optimisation of complex 
energy systems combining multiple sources, storage 
means and users. Sales models of energy are developed, 
as well as monitoring software tools, for using always 
the least polluting and expensive energy source. With 
the “smart-grid” system platform, architecture, 
dimensioning, control and optimisation of electrical 
systems can be tested at the level of a house, of a 
building, of a neighbourhood, even of a country. R&D 
studies include modelling, tests on virtual or real 
components, software developments, qualifications of 
material, etc.

This platform builds on a system simulator in real-time, 
converters, photovoltaic roof panels, various storage 
means (batteries, inertia flywheel, and hydrogen). It 
helps test different network configurations, define 
control strategies and optimise their efficiency. It is 
done in partnership with major industrials such as 
RTER, Alstom, Alcen, SRD, SOREA, or Urbasolar.

At a local level, an example of matching production and 
consumption can be shown with the maximisation of 
self-consumption (for example photovoltaic energy) 
locally generated. This can be done by moving 
consumption to production periods or by the use of a 
storage mean for shifting energy from high production 
periods towards those of high consumption: solar 
mobility (see box), of which management algorithms 
and information system are developed at CEA, 
illustrates these different opportunities.  

DYNAMICALLY MATCHING SUPPLY AND DEMAND DYNAMICALLY MATCHING SUPPLY AND DEMANDSMART GRIDS SMART GRIDS

Smart Grids  
for Energy Transition
Increasing the extent to which intermittent renewable energy production sources 
are integrated into the electricity grid will make it more complex to balance 
production and consumption. The digital transition in this respect offers real 
opportunities for supporting energy transition.

The electricity grid is at a crossroads: in 
parallel with the deployment of renewable 
energies, changing consumer habits such as 
the appearance of the electric vehicle, need 

to be taken into account in a way that guarantees the 
functioning of our electrical system in optimum 
conditions of cost, quality and security of supply. The 
energy transition is in fact a “power transition” which 
requires the provision and large-scale activation of 
flexibility to be able to guarantee that supply meets 
demand at best cost, at all times. The challenge is to 
ensure that energy is always available at the right time 
and in the right place. 

At the same time, the digital transition is creating 
profound change in the energy sectors and represents a 
considerable asset for accelerating this energy 
transition. The digitisation of grid management tools 
enables the energy stakeholders to overcome the 
integration stumbling blocks through closer links 
between consumers, producers, storage facilities and 

grid managers. This link now seems all the more 
possible thanks to digital technologies - what is known 
as smart grids.

The first service provided is grid observability. The flow 
through the electricity system has hitherto only been 
measured up to the source stations (power of several 
tens of megawatts) whereas it will now be possible to 
access measurements at all electricity/energy delivery 
points by means of communicating meters. This will 
give a clearer picture of the flows and thus allow 
improved scheduling of medium/long-term needs 
(from several months to several years) in terms of 
production means and electricity grids.

The second service provided is dynamic electricity grid 
management. The aim is to reduce the need for 
infrastructures (lines in particular) to distribute energy 
around the country. The conventional solution is to size 
the grid statically to accommodate the power hyper-
peak. If one uses the information available in real-time, 

•
CONTRIBUTORS
(Technological Research Division)

Nicolas Martin is head of the 
smart electrical systems  
laboratory (LSEI) at CEA / Liten.

Marion Perrin is head of the 
electrical and storage system 
department (S3E) at CEA / Liten.

 INES 
French National Institute for Solar Energy

Solar Mobility

S olar mobility is possible thanks to smart manage-
ment of electric vehicle recharging: the surface area 
of a parking space (about 12m2) equipped with 
photovoltaic panels (solar carport) produces 

enough energy to travel 15,000km per year, or the equivalent 
of the annual distance covered by a private vehicle.

Without smart management, a photovoltaic solar carport can 
only self-produce 40% of the energy needed by an electric 
vehicle. Studies carried out by CEA teams at INES show that 
optimised management of the recharging periods significant-

ly increases this self-production and helps bring down mass 
consumption of electrical energy from sources emitting CO2.

In the Driv’Eco project, the Corsica Sole company, in colla-
boration with CEA, is developing management and coordi-
nation programmes for recharging electric vehicles. The 
concept of nationwide multi-stations management and the 
use of stationary batteries enables 80% solar coverage to be 
achieved (see p. 37). It is currently being deployed in Corsica 
and has already contributed to achieving thousands of re-
charges. 

FOCUS

“The energy transition is in 
fact a “power transition” 
which requires the provision 
and large-scale activation  
of flexibility to be able  
to guarantee that supply 
meets demand at best cost, 
at all times.”

Control room of the different projects supplied 
with intermittent energy sources  

and provided with electrical storage means.
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Solutions under study
•
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Hélène Burlet is deputy director  
of CEA / Liten, in charge of institutional 
programmes and relations.

Sébastien Patoux is head of the Battery 
Technologies Department (STB) at CEA / Liten.

Franck Barruel is deputy head  
of the Solar Technologies Department  
(DTS) at CEA / Liten.

Cyril Bourasseau is a research engineer  
at CEA / Liten.

Jean-François Fourmigué  
is a research engineer at CEA / Liten.

Mathias Gérard is head of the multi-scale 
modelling and performance monitoring 
laboratory (LMP) at CEA / Liten.

Arnaud Delaille is head of the Electrochemical 
Storage Laboratory (LSEC) at CEA / Liten.

Electricity storage is essential to the correct working of the grid as it 
progressively integrates higher rate of intermittent energy sources. Various 
technologies are today being studied for short and medium-term applications: 
electrochemical, chemical (hydrogen) and thermal storage solutions.

Various means of storage are used to make the grid more flexible:  
the electricity is stored during periods of excess production and output to meet consumption needs.  

These means include:

Hydraulic storage  
by STEP* 

Electrochemical  
storage

Chemical 
storage

Mechanical storage  
by inertia flywheel 

Storage  
by heat

Superconducting 
inductance storage
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ELECTRICAL ENERGY STORAGE

In the case of electricity grids, the energy transition is accompanied by a gradual 
change in their overall architecture. The structure has so far been hierarchical, 
for efficient management of flows between production and consumption. 
The introduction of new sources from intermittent renewable energies and 
the appearance of operators are posing new management problems. 

Digital Technology for  
Managing Energy Systems

Frédéric Suard is head of the Artificial 
intelligence applied to new energies laboratory 
(List / Liten) at CEA.

•
BY 
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In order to guarantee satisfactory overall 
operation, the aim now is to coordinate a 
multitude of stakeholders involved at different 
levels on the electricity grid, of different types 

and reacting in response to different time constants. A 
new paradigm is appearing in this transition from 
management of a centralised system to the coordination 
of decentralised systems. 

Our electricity grid modelling work aims to resolve the 
problems of daily planning by meeting the constraints 
inherent in balancing production and consumption 
using distributed optimisation approaches. These 
approaches are inspired by Multi-Agent modelling 
methods, the benefit of which lies in the ability to 
represent complex systems by breaking the initial 
problem down into local problems which can 
correspond to physical components (i.e. branches of the 
grid) or sets of systems (i.e. virtual aggregators of 
photovoltaic farms) which will separately resolve their 

own problems using a local optimisation approach. The 
aim is to anticipate energy needs and production 
capacity, which implies familiarity with future needs or 
the ability to predict them by modelling, for example 
using statistical learning mechanisms, expert systems 
or physical models. In addition, to guarantee the correct 
control of the production systems for what was planned 
during the course of the day, additional constraints are 
added to take account of the uncertainty in the real 
needs or production capacity, as when predicting 
renewable energy production. 

These approaches also make it possible to tackle 
problems of different sizes and are naturally scalable at 
full size. The crucial point for guaranteeing the correct 
overall solution lies in the exchange of the information 
needed locally by each stakeholder. These notions of 
information exchange and communication are a key 
factor in distributed problems; they will require digital 
tools in order to facilitate the energy transition process.  

“A new paradigm is appearing 
in this transition from  
management of a centralised 
system to the coordination  
of decentralised systems.” 

Hydraulic storage is the most widespread solution. 
However, few sites are available in France to 
accommodate new capacity. 

Inertia flywheels are used to meet high power 
demands for short periods. These two solutions are 
mature and are no longer the subject of major 
research work. Magnetic inductance storage which 

consists in storing energy in magnetic form thanks 
to the use of superconducting coils is still at the pre-
industrial demonstration stage and little research is 
being carried out. 
The most closely examined technologies today for 
s h o r t  t o  m e d i u m  t e r m  a p p l i c a t i o n s  a r e 
electrochemical, chemical (hydrogen) and thermal 
storage solutions.

SMART GRIDS
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Electrochemical storage
Stationary storage of electricity in batteries is a 
solution already deployed in certain countries. This 
relies to a very large extent on lithium-ion battery 
technology, owing to its rapidly falling sale price and 
the growing demand from electric vehicles. France 
has an ambitious road map with the target of 
installing 1GW/1.5GWh of storage capacity by 2023. 

For several years now, CEA has 
been involved in a programme of 
research into stationary battery 
storage which comprises several 
a s p e c t s :  d e v e l o p i n g  t h e 
integration of Li-ion cells into a 
pack equipped with a smart 
management system for the short-
term; looking for an alternative to 
Li-ion offering improved power 
performance and cyclability, for 
the medium-term; preparing 
d i s r u p t i v e  t e c h n o l o g i e s  t o 
considerably increase energy 
densities, for the long-term.

Smart pack 
A large number of off-the-shelf 
cells have been tested in recent 
years on test benches at INES, 
i n  o r d e r  t o  m e a s u r e  t h e i r 
performance losses in various 
conditions: calendar ageing (at 
rest), during operation, at various 
charge/discharge levels ,  at 
various temperatures or with 
different operating charge states 
(fig 1). The cells are “autopsied” 
after the tests to determine the 
mechanisms responsible for their 
deterioration. We identified the formation of lithium 
metal during calendar ageing of charged cells at a 
temperature of 45°C, following the appearance of 
bubbles resulting from the decomposition of a 
component of the electrolyte (fig. 2). The component 
responsible for this degradation was identified and 
the manufacturer is seeking to replace it by a more 
stable additive.

Another use of these tests: determine an optimum 
operating range (temperatures, charge state 
window, etc.). By developing sensors to measure the 
state  of  heal th  of  the  battery  during use 
(temperature, impedance, etc.), it is possible to 
monitor it via a battery management system, 
or  BMS . This is a complete system comprising 
measurement and balancing functions, battery 

status and safety algorithm and also active control. 
Research is  focusing more specif ical ly  on 
management algorithms and power electronics. The 
BMS can also contribute to improving the safety of 
the packs, as the batteries entail a risk of thermal 
runaway. With (real or virtual) sensors capable of 
detecting temperature rises or early warning signs 
of runaway (internal short-circuit by dendrite 
growth) at an early stage, it is then possible to 
bypass the defective cell or activate a cooling system.

The alternatives to conventional Li-ion 
One of the technologies currently being studied 
concerns the use of sodium ions and the  NVPF /
Hard Carbon electrochemical pairing. It is 
interesting in terms of power and cyclability, 
potentially for stationary applications. CEA is 
working on its development in close collaboration 
with the academic partners of RS2E network. 
Industrial format storage cells have already been 
produced (fig 4) and the first results are promising. 
Other technologies are envisaged, such as the 
lithium – metal family which offers far greater 
energy densities but which runs the risk of short-
circuits owing to the formation of metal dendrite 
during prolonged cycling, especially if the charge 
regime is high.
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Fig. 4: Sodium-ion storage cell.
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Fig. 1: Illustration of endurance performance 
tests showing the evolution of the state of health 
(SOH) of several families of Li-ion batteries 
during ageing with cycling at 1C/1C, 45°C, 100% 
discharge depth.

Fig. 2: Observation of deposits of lithium  
metal located around concentric zones.
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Fig. 3 : assembling a battery pack Fig. 5: Parasol station in Bastia, collaboration with Driveco.

Mobility-stationary convergence 
Electrical recharging stations covered with solar 
panels have been installed in Corsica (fig. 5). The 
advantage is to allow 100% solar recharging of 
vehicles. To manage in an independently manner 
t h e  t i m e  d e l a y  b e t w e e n  p r o d u c t i o n  a n d 
consumption, the choice was made to opt for low-
capacity batteries and connect the stations to the 
existing electricity grid. A smart management 
system runs the network of stations, making the 
decision between injection into the grid and storage 
in the stationary batteries, so that in the end, the 
100% goal is achievable with a sufficient number of 
stations.

Chemical storage with hydrogen
CEA is a partner in several projects for testing the use 
of hydrogen as an energy carrier (see p. 41). 

For example, JUPITER 1000, the aim of which is to 
demonstrate the economic viability of the complete 
“Power To Gas” concept at  MWe  scale: production of 
hydrogen in its electrolysers supplied with electricity 
of 100% renewable origin, transformation into 
synthesized methane and combination with the CO2 
in the smoke from the nearby plant, with injection of 
this methane into the natural gas network.

Fig. 6: Mock-up of the JUPITER 1000 site.

 BMS 
Battery Management System

 NVPF 
sodium vanadium fluorophosphates

 MWe 
megawatt electrical
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Promises  
From Hydrogen
There is at present only very limited use of hydrogen as an energy carrier. 
However the fight against climate change, allied with a transition to carbon-free 
primary energies requires more widespread use of versatile, safe and 
environmentally friendly energy carriers.

Hydrogen, a very widespread gas, 
produced from renewable energies, 
would appear to be an essential 
s o l u t i o n  t o  c o m p l e m e n t  m o r e 

widespread energy carriers, such as electricity and 
heat. It can be used to link the various energy sectors 
(electricity, heat, liquid and gaseous fuels) and 
transport networks and distribution grids [1]. This 
leads to increased operational flexibility and the 
resilience of future low-carbon energy systems.

Hydrogen in the energy transition 
Hydrogen has seven roles to play in the process of 
energy transition, distributed between support for 
integration of renewable energy systems and 

decarbonising usages (Figure 1).

1. Promote the large-scale integration  
of renewables and production of energy
Hydrogen encourages an increase in the share of 
renewables in energy systems. The electrolysis of 
water (alkaline or PEM) or steam (SOE type) 
produces hydrogen by consuming surplus electricity. 
This hydrogen can then be used in other sectors (§ 
4 to 7), or stored in bulk before being converted back 
into electricity to absorb an imbalance between 
energy production and demand. 

Off-the-shelf alkaline, or PEM electrolysers consume 
from 50 to 60 kWh/kg H2 [2]. With a view to achieving 

•
BY  
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Obtain the full version of the article at: 
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Fig. 7: Heat storage tank  
and materials envisaged.

THE HYDROGEN CARRIER
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Storage through heat
This storage solution has for a long time been 
envisaged as a secondary input or main carrier. Its 
advantage is its simplicity (the heat is stored in the 
form of a hot liquid or solid), but the efficiency of 
converting heat to electricity is low (about 30% with 
considerable dependence on the temperature level). 
Two approaches are possible: improve the overall 
efficiency of the process or bring down the cost of 
the equipment to make low efficiency acceptable 
(figure 7).

With the aim of limiting costs, rock bed sensible 
heat storage is developing by CEA under a 
partnership with the Babcock Watson Company. 
This concept is based on a thermal oil as the heat 
transfer fluid at 350°C, a storage tank of 10Mh (fig. 
7), exchangers to vaporise water under pressure and 
a steam turbine. The efficiency achieved is then 
about 25%.

To improve efficiency, another concept is being 
examined, using the principle of a very high 
temperature heat pump (800°C) combined with a 
gas turbine. In this case, it is possible to achieve 
efficiency of 65%. This is a reversible closed cycle 
with higher power turbomachines (100MW) and the 
working fluid is a neutral gas at several bars of 

pressure. Heat storage is via two chambers storing 
the hot point and the cold point of the cycle 
respectively. It is obviously the highest temperature, 
800°C, which determines the choice of the solid 
material filling the chambers, here basalt.

Dimensioning of a storage solution 
As seen, various solutions can be used to bring 
flexibility to the electricity grid. The choice of the 
technologies and their dimensioning (power, 
capacity) are the result of multi-criteria optimisation: 
technical, economic and user satisfaction. CEA has 
developed tools allowing modelling and simulation 
of the operation of micro-grids integrating 
renewable production sources, batteries, a hydrogen 
line and the users. 

We thus dealt with the case of a port facility in 
Corsica, for which the advantages of storage were 
evaluated to maximise self-consumption of 
photovoltaic energy and minimise the use of the 
electricity grid at peak hours. The economic viability 
expressed as updated energy costs for solutions 
using batteries alone or battery/hydrogen hybrids 
was assessed for various PV fields and a maximum 
withdrawal from the main distribution grid of 10kW. 
The technical/economic advantages of hybridisation 
become apparent when the grid withdrawal 
constraint is high (fig. 8).  

Focus on the hydrogen option 
of the travelling showroom

Fig. 8: Results of technical/economic analyses with different 
storage solutions (lead battery, lithium battery, hybridisation with  
a hydrogen chain).

Maximum withdrawal: 10 kW
Standard scale

Increasing PV deployment
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4. Decarbonising transports
Fuel-cell (hydrogen) electric vehicles (FCEV) have a 
major role to play. The combination of electrical 
vehicles with battery and hydrogen is a means of 
reconciling “zero emissions”, “driver comfort” and 
“usage flexibility”. FCEV will be pertinent for highly 
intensive energy usages such as traction or the 
supply of on-board electricity (high mileage drivers, 
trucks, buses, coaches, boats, trains, etc.) and 
requiring refuelling speeds comparable to existing 
thermal vehicles. An elegant combination of 
electrical vehicles with battery and hydrogen will 
reduce the infrastructure investment costs for 
vehicle recharging. Even if hydrogen mobility is not 
the only solution for meeting the three-fold 
challenge of pollution, greenhouse gases and energy 
transition, it is an effective tool for addressing them 
simultaneously [5].

5. Decarbonising energy of use for industry
The renewable hydrogen carrier is an advantage for 
decarbonising industry by providing on the one 
hand hydrogen for industrial processes (notably for 
refineries, the leading consumers of hydrogen) and 
on the other hand electricity and heat with power 
fuel cells or with burners, in particular for sites 
producing hydrogen as a by-product. 

High-temperature electrolysis (§ 1) also enables 
industrial heat to be utilised by producing high value 
added hydrogen, with efficiency improvements 
thanks to this input of heat

DYNAMICALLY MATCHING SUPPLY AND DEMAND DYNAMICALLY MATCHING SUPPLY AND DEMANDTHE HYDROGEN CARRIER THE HYDROGEN CARRIER
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Fig. 1: The various roles of hydrogen  
as a zero-emissions energy carrier  
in the energy transition process (according  
to the H2 Council).

large-scale production of hydrogen, CEA has focused 
in recent years on the highly promising high-
temperature solid oxide electrolyser (SOE) 
technology which only consumes 35 to 40 kWh/kg 
H2 and, with the same reactor, enables synthesised 
gases to be produced by co-electrolysis of steam and 
CO2. The first systems (Figure 2) have been 
validated in the laboratory [3].

2. Distribute energy between various  
sectors and regions

As energy is not necessarily produced and consumed 
at the same place, the infrastructures must be 
adapted to the integration of renewables to ensure 
the security of energy supply. The need for 
transboundary transfer of energy will continue with 
countries which have different levels of renewables 
production or variable electricity storage capacity. 
The emergence of a new mix of centralised and 
decentralised power plants will also require regional 
and local adjustment of the infrastructures. The 
various modes of hydrogen storage (gas, liquid, 
solid) and transport (grids, sea or road) will enable 
the energy to be redistributed efficiently and 
sustainably over long distances, or locally.

3. Use buffer storage to improve the resilience 
of energy systems

The mismatch between demand and the intermittent 
production of energy requires adaptation of the 
storage capacity for energy carriers to guarantee the 
stability of the systems. As a complement to 
electricity, hydrogen has the advantage of being 
storable in large quantities, without loss, in tanks or 
caverns and over long periods of time, as a buffer or 
strategic reserve. Connecting electrolysers to the 
grid also offers a grid stabilisation service which 
leads to a 40% to 60% reduction in the return on 
investment time.

In this new context, the definition and dimensioning 
of energy systems appear to be increasingly 
complex. CEA has developed Odyssey, a modelling-
simulation tool (Figure 3) for optimising energy 
systems on the basis of a multi-scale decision-
making aid (components, systems, site or country), 
which is multi-criteria (technical, economic, 
regulatory, environmental) and multi-energy 
(hydrogen/gas, electrical, thermal). In terms of 
storage, a battery/hydrogen chain coupling 
generally constitutes the best solution [4].Fig. 2: High-temperature  

electrolysis system.

Fig. 3: Decision-making aid for energy management – ODYSSEY platform

Integration of renewable energy systems Decarbonising usages
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“The renewable 
hydrogen carrier is an 
advantage for 
decarbonising industry 
by providing on the one 
hand hydrogen for 
industrial processes , 
notably for refineries.”

Les voix de la recherche - #65 - Clefs Clefs - #65 - Les voix de la recherche42 - Energy transition Energy transition - 43



AFTERWORD

For several years now, the international 
community has been scaling up its efforts in 
energy R&D, in order to address the major issues 
related to climate change. Large-scale 

deployment of new energy technologies will indeed be 
necessary to speed up the energy transition in all countries, 
whether industrialised or developing. From a technical 
standpoint, the goal is to achieve a very significant 
reduction in atmospheric releases of greenhouse gases, in 
particular carbon dioxide, especially by reducing the share 
of fossil energies in industry, transport and the service and 
residential sectors, replacing them with “low-carbon” 
energies.

France has adopted an ambitious  
energy transition policy

In the light of its influence and international role, France 
decided to adopt an exemplary approach in the fight 
against climate change. This took the form of the August 
17th, 2015 Energy Transition for Green Growth Act 
(LTECV), targeting primarily greenhouse gas emissions 
through reducing the use of high-carbon energies. The law 
provides a range of technical measures designed to both 
further reduce energy consumption and promote the 
development of new low-carbon energy technologies.

Because of its missions, CEA is in a position to make a 
significant contribution to the success of this policy. CEA 
statutes were revised on March 17th, 2016, consolidating its 
role in the field of energy. They more specifically 
commission CEA to develop its research on nuclear and  
renewable energies, as well as to transfer the results of this 
research to industry, in order to ensure their broadest 
possible dissemination.

In the nuclear sector, CEA must maintain 
a world-class scientific and technical expertise
Having conducted an analysis of the LTECV, CEA 
considers that the share of nuclear power in the national 
“energy mix” must be assessed in the light of its 
contribution to the fight against climate change, as well as 
to our country’s economy, energy independence and 
energy sufficiency. This is why this energy source will 
remain essential until a better solution is found with 
respect to all these criteria.

France therefore needs CEA’s world-class nuclear expertise 
to inform the Government’s choices and to support our 
industry, in particular EDF, Framatome, Orano and 
TechnicAtome. CEA must be the driving force in France 
behind the development of knowledge and technological 
progress, in order to improve the safety as well as the 

To find out more 
The H2 Council website: www.hydrogencouncil.com

66. Contributing  
to decarbonising buildings
In Japan, more than 200,000 micro-
cogeneration fuel cell systems operating on 
natural gas have been installed in homes since 
2010 and 5.3 million are expected by 2030.

With renewables, many new buildings are 
designed to limit their energy consumption, 
produce some of their own energy or even 
more than they actually consume (see p. 
28). They however remain dependent on the 
electricity grid because, owing to the 
intermittent nature of renewables, they 
need it in real time either for their own 
supply, or to inject the surplus electricity. A 
hydrogen chain would be a means of 
countering this intermittence by storing the 
surplus and reusing it as necessary. A 
building can thus be continuously supplied 
with locally produced energy. On the basis 
of CEA/Liten research on fuel cells and 
high-temperature reversible electrolysis, the 
Sylfen start-up has developed a hybrid 

solution called Smart Energy Hub, initially 
scaled for a building and then for district or 
region scales [6]. The system comprises a 
permanent reserve and can thus switch 
instantly from charge to discharge and deal 
with consumption peaks (Figure 4).

7. Use as a raw material  
consuming sequestered CO2 

Crude oil and its derivatives are currently 
used as a raw material in the chemical 
i n d u s t r y ,  f o r  f u e l s ,  p l a s t i c s  a n d 
p h a r m a c e u t i c a l  p r o d u c t s .  I f  C O 2 
sequestration (CCS) or utilisation (CCU) 
technologies are deployed, they will require 
renewable hydrogen in a circular economy 
to convert the captured CO2 into basic 
chemical products such as methanol, 
methane, formic acid or urea. Other 
industries such as cement works or 
steelmaking could also benefit.

There are pilot projects, such as that in 
Iceland, to produce methanol. The high-

temperature electrolysis technology 
developed at CEA has been successfully 
tested in steam and CO2 co-electrolysis 
mode to produce an H2+CO syngas, the 
precursor of the synthesis of the molecules 
previously mentioned. This confirms the 
considerable potential of this technological 
building block.

8. Potential of the hydrogen carrier  
for the 2050 time-frame
As an energy carrier, hydrogen is a key 
technological brock of energy transition 
towards a low-carbon economy.

Hydrogen technologies are now mature and 
ready for deployment in numerous energy 
and transport applications.

By 2050, hydrogen could therefore meet 
13% of total energy demand (as compared 
with less than 2% at present), leading to an 
annual reduction of 7.5 Gt of CO2e on a global 
market worth 4,000 billion dollars [7].  

DYNAMICALLY MATCHING SUPPLY AND DEMAND

Fig. 4: Hybridisation principle of the Smart Energy Hub reversible system from Sylfen.

CEA, contributor  
to the energy transition

When the  
building does  
not produce 

enough energy

When the  
building  

produces too 
much energy

 The batteries recharge
  The surplus is transformed into hydrogen  
and stored in a tank

 The batteries provide electricity
  The hydrogen is used  
to produce electricity and heat
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« Through CEA,  
France must possess  
the world class nuclear 
expertise that is  
essential to enable the 
Government to make 
informed choices and to 
support our industry. »

THE HYDROGEN CARRIER
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AFTERWORD

economic efficiency of currently operating nuclear 
power plants, of future facilities and of the 
decommissioning phase after a facility’s final 
shutdown.

While industry’s time-scale is limited to just a few 
decades, CEA has the duty to propose long-term 
solutions, which will enable our country to preserve 
its capacity, regardless of any future geostrategic 
disruptions: the primary goal underpinning CEA’s 
approach to generation IV reactors is to achieve, at an 
industrial scale, a closed fuel cycle in less than ten 
years.

This closed cycle would bring other benefits, in 
particular for the environment, as it will open the door 
to “sustainable nuclear energy”. In France, a closed 
fuel cycle will eliminate the need for natural uranium 
for several thousand years: multi-recycling will make 
an energy resource of depleted uranium stocks, which 
are the by-products of enrichment processes, through 
their transformation into plutonium.

For renewables, CEA must propose easy to 
industrialise technologies, which will benefit 
the greatest numbers in france and in all 
countries that need them
CEA is today one of the leading French public research 
organisations in the field of renewable energies. It is 
heavily involved in developing new technologies for 

their production and storage, while making a major 
contribution to their deployment nationwide, thanks 
to its recognised expertise in digital technologies.

With the ramp-up of renewable energies, the main 
challenge for the electricity sector is to be able to 
introduce a large quantity of these energies into the 
grid, without destabilising it because of their 
“intermittent” nature. This stability control entails 
demand-side management, stationary storage and the 
existence of controllable, low-carbon energy sources.

Owing to its unique position in France as an expert 
research organisation, in the fields of nuclear and 
renewable energies as well as digital technologies, 
CEA is in the best position to study the coexistence of 
these energies. 

A “collector’s” issue of the CEA Clefs magazine
The issue of CEA Clefs magazine that you have just 
finished reading presents all of CEA’s skills and 
expertise – in short, CEA’s assets – in numerous low-
carbon technologies. This issue shows the dynamic 
and proactive attitude of our teams and our desire to 
provide our Government with technical solutions 
which will contribute to the success of the LTECV. Our 
goal is to keep climate change under control, of 
course, but also to ensure that the major investments 
our country makes to implement this policy are 
converted into jobs in France.  

« Owing to its unique 
position in France  
as an expert research 
organisation, in the  
fields of both  
nuclear/renewable 
energies and digital 
technologies, CEA is 
best-placed to study  
the coexistence  
of these energies. »
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