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Le LITEN a l’ambition d’accompagner par ses activités de
recherche et développements technologiques la stratégie française dans la transition énergétique. Il concentre
pour cela ses recherches sur trois grands domaines : les
énergies renouvelables et leur stockage, l’efficacité
énergétique et la baisse des émissions de gaz à effet de
serre, l’économie de la matière.

At Liten, our mission is to support France’s energy transition
strategy through technology research and development.
Our research focuses on three main areas: renewable energy
and energy storage; energy efficiency and greenhouse-gas
emission reduction; and efficient use of materials.

L’année 2015 a été riche en France d’événements majeurs dans le domaine des énergies nouvelles tels que le
vote de la loi sur la transition énergétique pour la croissance verte ou la tenue de la COP21 en décembre à Paris.
Dans ce contexte stimulant, le LITEN a renforcé ses activités partenariales et élargi son périmètre d’actions à de
nouvelles approches telles que le “Power to Gas” par
exemple.
L’année 2015 a également été dense sur le plan scientifique pour le LITEN qui a été évalué, fort honorablement,
par l’HCERES (Haut Conseil de l’Évaluation de la Recherche
et de l’Enseignement Supérieur) et a soumis, avec succès, sa candidature à une troisième labellisation Carnot
en collaboration étroite avec dix laboratoires académiques régionaux.
Avec 28 thèses soutenues et 5 nouvelles habilitations à
diriger les recherches (HDR), 144 publications de rang A,
80 actes de congrès et 230 brevets déposés au cours
des 6 derniers mois de l’année 2015 et des 6 premiers
mois de 2016, le LITEN cultive l’excellence scientifique
et technologique sur toute la chaîne de la valeur, depuis
la recherche amont et la validation de preuves de
concepts jusqu’au transfert technologique.
Vous découvrirez dans ce rapport scientifique 2015-2016
un florilège des meilleurs résultats obtenus avec nos partenaires académiques et industriels, qui vous incitera,
je l’espère, à collaborer avec nous.

Florence Lambert,
Directrice du LITEN
Head of Liten
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The year 2015 was marked by several major events in
France that shaped the new-energy landscape. The French
government passed its Energy Transition for Sustainable
Growth Act and the United Nations COP21 conference on
climate change was held in Paris in December. These
events provided Liten with opportunities to strengthen our
partnership-building activities and broaden our scope to
new fields like power-to-gas.
The year also brought a number of scientific achievements.
Liten came through the HCERES (France’s national higher
education and research assessment agency) evaluation
with flying colors and was granted its third Instituts Carnot
seal in close partnership with ten university research labs
across the region.
Liten also hosted 28 Ph.D. dissertations that were defended
in 2015 and five Liten scientists earned the distinction of
Research Director, a French-state accreditation. Our researchers also published 144 articles in top-tier journals and
80 papers in conference proceedings over the course of the
year. Finally, Liten filed for 230 patents in the second half
of 2015 and the first half of 2016.
Together, these achievements are evidence of Liten’s excellence in science and technology across the entire value chain, from early-stage research to proof-of-concept
testing and tech transfer.
Liten’s 2015-2016 Scientific Report provides a detailed
overview of some of the outstanding results we achieved
with our R&D partners from both industry and academia.
It is our sincere hope that the past year’s successes will
convince you to take advantage of all Liten has to offer its
R&D partners.
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LE LITEN, ACTEUR
DE L'INNOVATION
POUR LA TRANSITION
ÉNERGÉTIQUE

C

réé en 2004, le Laboratoire d'Innovation pour les
Technologies des Énergies nouvelles et les Nanomatériaux (LITEN) a pour mission le développement de technologies d'avenir au service de la
transition énergétique. En réponse aux priorités nationales de réduction de notre dépendance aux énergies
fossiles et de limitation des émissions de gaz à effet de
serre, le LITEN œuvre dans trois grands domaines : les
énergies renouvelables et leur stockage, l’efficacité
énergétique et la limitation des émissions de CO2, la synthèse, la mise en œuvre et le recyclage des matériaux en
favorisant des procédés économes en matières premières, voire même une logique d’économie circulaire.
Au plan national, l’année 2015 a été riche en événements
marquants pour le développement des énergies nouvelles.
On peut citer notamment le plan “Mobilité Écologique” de la
Nouvelle France Industrielle ou la publication de la loi relative à la transition énergétique pour la croissance verte,
sans oublier la COP 21 qui s’est tenue à Paris en décembre.
Depuis, 2016 a vu la concrétisation de ces initiatives avec
par exemple, l’adoption des accords de Paris ratifiés par
une majorité d’états ou le lancement d’un grand programme national pour le déploiement de l’hydrogène dans
les territoires. Dans ce contexte porteur, le LITEN a, sur la
période 2015-2016, amplifié ses recherches et élargi son
périmètre à de nouveaux domaines tels le “Power to Gas”
ou la fabrication additive.
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LITEN, KEY INNOVATOR
FOR THE ENERGY
TRANSITION

L

iten, institute for inovation in new energy technologies and nanomaterials, was established in 2004
to develop the technological advances that will
drive the energy transition. The institute’s R&D programs respond to France’s national policies to reduce dependency on fossil-fuel-based energy sources and curb
greenhouse gas emissions. Liten’s programs focus on
three major areas: renewable energy and storage; energy
efficiency and lowering CO2 emissions; and materials implementation and recycling to promote raw-materials-efficient processes and, ultimately, support the circular
economy.
In France, 2015 was a busy year in the field of renewable
energy R&D. The French government unveiled its industrial renewal policy, which includes an environmentallyfriendly mobility plan; the Energy Transition for Sustainable Growth Act was passed; and, to end the year, the
United Nations COP21 conference on climate change was
held in Paris in December. Progress on these initiatives
continued as we moved into 2016. The COP21 Paris Agreement was adopted by the majority of countries; and
France initiated a far-reaching program to spur the development of hydrogen-energy across the nation. Liten
echoed these major shifts in the renewable-energy
landscape by stepping up its R&D activities and making
forays into new energy-related fields like power-to-gas
and additive manufacturing.

Liten is Europe’s only research organization to cover the
entire new-energy-technology value chain. Our R&D
starts with materials synthesis and continues right up to
demonstrator systems and prototypes for industrial
scale-up. Liten also brings a multidisciplinary, multi-scale approach that covers the development process
from beginning to end, from early-stage applied research
to technology transfer. At the time this report was published, Liten had 990 employees (720 permanent), fifteen
technology platforms, and an annual R&D budget of more
than €140 million (70% funded by non-CEA resources).
Most of Liten’s research is situated on the continuum
between basic research and technology transfer; mainly
at Technology Readiness Levels (TRL) 3-6. Our research
rounds out what is taking place at university research
labs and creates opportunities to work with these labs.
One example is our membership in Institut Carnot Energies du Futur with three partners: CNRS (the French National Center for Scientific Research), Grenoble Institute of
Technology, and Grenoble-Alpes University. Virtually all
of the research and development in new energy technologies taking place in Grenoble and Chambéry is being
done by Liten and its partners in Institut Carnot Energies
du Futur (see page 6 on Liten’s first decade as a member
of Institut Carnot Energies du Futur).
Research and development at Liten includes a large number of projects at the resourcing stage. The purpose of
these projects, many of which are conducted under Institut Carnot Energies du Futur, is to assess breakthrough
concepts. Partners from academic research and industry
can also participate in these resourcing research projects
through financing from France’s National Research Agency (ANR) or through projects backed by the European
Union Horizon 2020 Framework Program for Research
and Innovation. Liten also hosts on average more than
90 Ph.D. research projects on resourcing topics, most of
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Rare institut de recherche en Europe à couvrir toute la
chaîne de valeur, de la synthèse de matériaux à la démonstration de prototypes préindustriels, le LITEN poursuit une approche pluridisciplinaire et multi-échelle, qui
couvre l'ensemble de la chaîne de développement, depuis
la recherche appliquée en phase préliminaire jusqu'aux
transferts technologiques. À ce jour, le LITEN peut compter sur ses 990 collaborateurs dont 720 permanents,
quinze plateformes expérimentales et un budget de R&D
de plus de 140 M€ dont plus de 70 % proviennent de ressources externes au CEA.
Positionné entre recherche amont et transfert technologique, le LITEN concentre l’essentiel de ses recherches
sur les niveaux de maturité technologique (TRL) 3 à 6,
complétant ainsi l'apport des laboratoires académiques
et offrant la possibilité de collaborations fructueuses.
Ainsi, le LITEN est membre de l’institut Carnot Énergies
du Futur qui regroupe quatre établissements partenaires couvrant à eux seuls la quasi-totalité des recherches dans le domaine des nouvelles technologies
de l’énergie à Grenoble et Chambéry : le CNRS, Grenoble
INP, le CEA-LITEN, l’université Grenoble-Alpes et le CNRS
(voir page 6 le paragraphe sur les dix ans de labellisation
de l’institut Carnot Énergies du Futur).
Les activités de recherche et développement conduites
au LITEN intègrent de nombreux projets dits “de ressourcement” dont l’objectif est d’évaluer des concepts en
rupture. Un grand nombre de ces projets est réalisé dans
le cadre de l’institut Carnot. Ils peuvent également être
conduits en collaboration avec des partenaires de la recherche académique et du monde industriel au niveau
national grâce à des financements ANR ou au niveau européen via le programme H2020. Le LITEN accueille en
moyenne sur des sujets de ressourcement plus de
90 thèses dont la plupart sont codirigées et une vingtaine de post doctorants. Un certain nombre de sujets
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de thèses ou de post-doc du LITEN sont par ailleurs positionnés sur des recherches en lien avec les équipes
amont de la Direction de la Recherche Fondamentale du
CEA dans le cadre d’activités favorisant la transversalité
entre différentes équipes de recherche.
Ces projets de ressourcement permettent de faire germer des idées en rupture ou de valider des concepts ou
des usages innovants susceptibles de donner lieu
quelque cinq à dix années plus tard à des transferts industriels. La recherche est ainsi constitutive du processus d’innovation nécessaire à la compétitivité des
entreprises.
Plusieurs exemples de transferts vers l’industrie réalisés durant la période 2015-2016 sont issus de projets
de ressourcement antérieurs et illustrent ce rôle fondateur de la recherche :
• Après 6 ans de recherches financées notamment par
des actions Carnot et deux thèses, les électrodes
transparentes flexibles intégrant des nanofils d’argent
ont ouvert de nouvelles applications industrielles en
tant que films chauffants pour la vision ou film transparent conducteur pour les dispositifs optroniques.
Cette activité, rendue visible par 10 publications, a fait
l’objet du dépôt de 15 brevets.
• Initiée par un projet Carnot en 2010, et soutenue ensuite par un projet européen et une thèse, l’activité de
recyclage des batteries au lithium (2 publications et 6
brevets) est désormais au cœur d’un partenariat industriel structurant et de la mise en service d’un pilote
de recyclage d’une capacité de 1 000 t/an.
• À la croisée de ses compétences historiques sur la production d’hydrogène et le génie de procédés sur les
échangeurs-réacteurs, le LITEN a initié en 2010 des
travaux sur la méthanation du CO2. Suite à 2 projets
ANR, 3 projets H2020, 1 projet Carnot et 2 thèses, le
LITEN est aujourd’hui impliqué dans l’ambitieux programme “Jupiter 1000” piloté par GRTgaz qui vise à développer une plateforme “Power to Gas” expérimentale
à grande échelle sur le site de Fos-sur-Mer.
• Après 10 années de recherche, 6 projets ANR, 4 projets
européens, 1 projet Carnot, deux projets en partenariat industriels et 6 thèses, l’électrolyse de l’eau à
haute température est au cœur de la création de la
start-up Sylfen qui vise à commercialiser un électrolyseur réversible (capable de produire de l’hydrogène ou
de l’électricité suivant le profil de demande énergétique) à destination des bâtiments à énergie positive
et des éco-quartiers.
Ainsi, fort de ses activités de recherche dans le domaine
des nouvelles énergies, le LITEN se positionne comme
acteur privilégié de l’innovation pour répondre aux enjeux scientifiques de la transition énergétique.
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which are co-supervised with other institutions, and
around 20 postdocs. A substantial number of Liten Ph.D.
and postdoc research projects align with work being done
at CEA’s basic research division under programs to promote cooperation across laboratory and disciplinary borders.
Resourcing research is crucial to investigating new or
breakthrough ideas and testing innovative concepts and
applications with a tech-transfer horizon of five to ten
years. In 2015-2016 several Liten technologies developed from earlier resourcing research were successfully
transferred to industry, evidence that this type of research is a crucial part of the innovation process businesses need to remain competitive. Here are a few
examples of how resourcing research feeds the innovation pipeline:
• The flexible transparent electrodes made with silver
nanowires developed over six years of research funded
by the Institut Carnot and two Ph.D. projects reached the
necessary level of readiness for transfer to industrial
applications (heating films for vision systems and
transparent conductive films for optronics). The research also generated ten journal articles and fifteen
patent applications.
• The lithium-battery recycling research initiated in 2010
as an Institut Carnot project and later supported by an
EU project and Ph.D. dissertation resulted in a groundbreaking partnership with an industrial-scale recycling company and the commissioning of a test
recycling line with a capacity of 1,000 tons/year. The
research also generated two journal articles and six patent applications.
• In 2010 Liten expanded into research on the methanation of CO2, a topic at the crossroads of the institute’s
long-standing expertise in two areas: hydrogen production and exchanger-reactor process engineering. The
methanation research was the result of two projects
funded by the French National Research Agency (ANR),
three projects funded by the EU H2020 program, one
Institut Carnot program, and two Ph.D. dissertations. Today, Liten is engaged in the major Jupiter 1000 program spearheaded by GRTgaz with the goal of
developing a large-scale experimental power-to-gas
platform at the utility’s facility in Fos-sur-mer in southern France.
• And, after a decade of high-temperature water electrolysis research backed by six ANR projects, four EU projects, one Carnot project, two projects with industrial
R&D partners, and six Ph.D. dissertations, a startup
called Sylfen has been founded to commercialize a reversible electrolyzer (that can produce either hydrogen
or electricity depending on the type of energy demand)
for energy-plus buildings and eco-neighborhoods.
Liten’s R&D in the field of new energy technologies positions the institute as a key innovator and driver of the
scientific advances that will shape the energy transition.

LE LITEN, MEMBRE
DE L’INSTITUT CARNOT
ÉNERGIES DU FUTUR :
BILAN SCIENTIFIQUE
DE 10 ANS DE LABELLISATION

L

e label Carnot, créé en 2006, est attribué à des structures de recherche publique qui conjuguent des activités de recherche amont, propres à renouveler leurs
compétences scientifiques et technologiques, avec
une démarche volontariste de recherche partenariale au
profit du monde socioéconomique. Le label Carnot permet
aux structures labellisées, les instituts Carnot, de recevoir
un abondement financier de l’État calculé en fonction du
volume des contrats de R&D partenariale réalisés l’année
précédente avec les entreprises.

1) Technology Readiness Level

LITEN, MEMBER OF THE
INSTITUT CARNOT ÉNERGIES DU
FUTUR: THE SCIENTIFIC
BENEFITS OF 10 YEARS
OF ACCREDITATION

T

he French government created the Carnot Label in
2006. The label is granted to public-funded research
organizations that conduct basic research to keep
their scientific and technical knowledge at the cutting
edge and that have implemented active R&D partnership
strategies to develop new advances that benefit the economy and society. Each year, research organizations that
have been granted the Carnot label – Instituts Carnot – receive matching funds from the French government based on
their corporate R&D contract revenue from the previous year.
Liten is a founding member of Institut Carnot Energies du Futur along with a consortium that includes a dozen university
research labs in the Grenoble and Chambéry areas. These
labs are affiliated with CNRS (the French National Center for
Scientific Research), Grenoble Institute of Technology, and
Grenoble-Alpes University. Institut Carnot Energies du Futur
focuses on new energy technologies and leverages a truly
original organizational philosophy that combines:
• Excellence in scientific research for all partner labs; the
consortium’s performance was confirmed by a 2015 assessment by HCERES (France’s higher-education and research assessment agency)
• Coverage of a wide range of Technology Readiness Levels
(TRL), with R&D addressing the entire value chain from
concepts and materials through to systems, demonstrators/prototypes, and platforms.

Journée scientifique 2016, Énergies du futur
2016 Institut Carnot,Énergies du Futur scientific meeting
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Le LITEN, associé à une dizaine de laboratoires académiques de la région Grenoble / Chambéry issus du CNRS, de
Grenoble INP et l’université Grenoble-Alpes est membre de
l’institut Carnot Énergies du Futur depuis sa création. La
composition originale de cet institut constitue un atout majeur, associant :
• Une excellence scientifique confirmée lors de la campagne HCERES 2015 pour l’ensemble des laboratoires
partenaires ;
• Une couverture de la recherche sur une gamme étendue
de l’échelle TRL1, des concepts et matériaux aux systèmes, démonstrateurs et plateformes.
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Structuration de l’IC EF en 5 axes stratégiques
The five strategic research areas addressed by Institut Carnot Energies du Futur

Axe 1: Renewable energy resources
Axe 4: Smart
energy grids
and networks
Supervision
Management
of intermittent
production
Operation and
flow-management
Balancing supply
and demand

Biomass,
bioresources

Solar
energy

Hydropower

Axe 2: Energy carriers
Hydrogen/gas
Storage

Heat

Electricity

Distribution/transportation

Axe 5:

Transversal
technologies
Materials
and processes
Modelling
Lifecycle
analysis

Axe 3: New energy-efficient applications
Low-environmental-impact buildings
Efficient industrial processes
Transportation/mobility

La gouvernance de l’institut Carnot Énergies du Futur est
organisée avec Grenoble INP qui en assure la direction et le
LITEN qui contribue à la codirection et la direction opérationnelle.
En totale cohérence avec les thèmes de R&D du LITEN, les
activités de l’institut Carnot Énergies du Futur sont structurées en cinq grands secteurs : 1) Production, 2) Conversion,
3) Usages, 4) Technologies transverses et 5) Réseaux
d’énergies.
Grâce au dynamisme de l’institut Carnot Énergies du Futur,
depuis 10 ans le LITEN a pu disposer d’un abondement annuel de quelques M€ qui lui a permis de conduire une véritable politique de ressourcement scientifique et de financer
un total de 72 projets internes au LITEN ou conduits en partenariat avec les laboratoires académiques de l’institut.
• 50 projets de ressourcement ont été soutenus qui ont
pour objectif d’amorcer de nouveaux sujets, de tester des
concepts ou des idées en rupture ou de permettre l’approfondissement d’approches originales telles que la caractérisation aux grands instruments ou la modélisation
multi-échelle et multi-physique. Ces projets représentent
près de deux tiers de l’abondement. Ils ont été répartis de
façon relativement homogène sur les grandes thématiques R&D du LITEN avec un effort marqué sur la production d’énergies renouvelables.
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Governance is coordinated by Grenoble Institute of Technology, which oversees strategy; Liten participates in governance processes and operational management.
R&D programs at Institut Carnot Energies du Futur align very
closely with Liten’s energy-research roadmap and address:
production, conversion, applications, transversal technologies, and energy grids and networks.
Every year for the past decade, Institut Carnot Energies du
Futur has provided Liten with several million euros in
matching funds to support a strong basic research policy.
These matching funds have helped finance a total of 72 research projects conducted either by Liten alone or by Liten
and other university research labs in the Institut Carnot Energies du Futur consortium.
• 50 basic research projects received support. The purpose
of these projects was to investigate new topics, test breakthrough ideas and concepts, and explore original approaches like characterization on the large scientific
instruments and multi-scale, multi-physics modelling. Basic research benefitted from nearly two-thirds of the
matching funds received, and the projects funded were
fairly evenly spread out over Liten’s major R&D topics with
a marked focus on renewable energy production.

Figure 2:
Assemblages Cu/Ag/Cu (20x20 mm2)
Cu/Ag/Cu Assemblies (20x20 mm2)

• 22 projets de maturation ont visé le passage à l’échelle
d’un procédé, le développement d’un démonstrateur,
l’évaluation d’un transfert industriel ou de la création
d’une start-up. On pourra citer à titre d’illustration le projet
Sidney (2012-2014) qui a permis la réalisation d’un électrolyseur haute température prototype convertissant la
vapeur d’eau avec un rendement supérieur à 95 % ou le
projet Scale up (2015-2016) réunissant le LEPMI (Grenoble INP) et le LITEN-DEHT, dont l’objectif est de transposer à l’échelle du kilogramme le procédé de fabrication de
catalyseurs de platine creux mis au point à l’échelle du
gramme (voir page 44).

Stockage inter-saisonnier pour le chauffage d’une maison individuelle.
Inter-seasonal storage for the heating of a single-family house.

Figure 1 :
Rocking Curve Imaging (RCI) d’un micro faisceau RX (ESRF)
permettant de visualiser les faibles désorientations
(~ 0,01°) dans un échantillon de Silicium “monolike”
(Projet PVESRF).
Rocking Curve Imaging (RCI) of a micro-X-ray beam
(ESRF) used to detect tiny variations (~ 0,01°)
in grain orientation in a sample of monolike silicon
(PVESRF project)

As an example, the PVESRF project, which ran from 2011 to
2014, resulted in the development of an original X-ray-beam
characterization method to observe the very slight variations
in Si grain orientation in ingots that cause defects detrimental to PV cell photoelectric performance (Fig. 1).
Materials R&D also received substantial support. The MatGAN/Gainmat project, which ran from 2014 to 2016, was a
far-reaching, cross-disciplinary project to develop new passive materials for high-voltage and high-frequency power
electronics. The project consortium included Institut Néel
(CNRS), G2eLab (Grenoble Institute of Technology); and two
Liten departments (see page 19, fig. 2).
• 22 technology-readiness projects received support. The
purpose of these projects was to scale new technologies
up to process-level, develop demonstrator systems or prototypes, assess the feasibility of transferring a new technology to industry, or spin off a startup. The Sidney project,
which ran from 2012 to 2014, produced a high-temperature
electrolyzer prototype capable of converting water vapor
with yields higher than 95%. The Scale up project, which ran
in 2015 and 2016, focused on taking a gram-scale process
to make hollow platinum catalysts to the kilogram-scale
(see page 44). This project was completed in partnership
with LEPMI (Grenoble Institute of Technology) and Liten’s
DEHT lab for electricity and hydrogen technology research
for transportation applications.
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On pourra ainsi mentionner à titre d’illustration le projet PV
ESRF (2011-2014) qui a permis la mise au point d’une technique de caractérisation originale par faisceau de RX des
très faibles désorientations entre grains de Si dans les lingots à l’origine de défauts compromettant les performances photoélectriques des cellules (Fig. 1). Les
matériaux font également l’objet d’un soutien continu illustré par le projet structurant transverse MatGAN/Gainmat
(2014-2016) qui vise le développement de nouveaux matériaux passifs pour l’électronique de puissance haute fréquence et haute tension et réunit l’institut Néel (CNRS) le
G2eLab (Grenoble INP) et deux départements du LITEN
(voir page 19, fig. 2).

9

Les 10 ans de l'institut Carnot Énergies du Futur : maquettes hydrogène et piles à combustible.
10 years anniversary of Institut Carnot Énergies du Futur: Hydrogen and Fuel Cell mockups.

Sur ces dix années, l’ensemble des projets de ressourcement du LITEN a été valorisé directement à travers 109 publications et 70 dépôts de brevets. On notera que le nombre
de brevets par millions d’euros de projets financés se situe
à 1,4. Ce bon résultat, significativement supérieur à la
moyenne des laboratoires qui composent l’institut situe
bien les actions de ressourcement de l’institut dans une logique de valorisation vers les acteurs socioéconomiques.

Liten’s basic research has resulted in 109 journal articles
and 70 patent applications over the past ten years. In terms
of patents, Liten is well above the average of the other
partners in the consortium with 1.4 patents per million euros
of project funding. These excellent results are evidence that
Liten’s basic research is indeed part of an effective process
leading to the later-stage research and technology transfer
that benefit the economy and society.

En 2016, la labellisation de l’institut Carnot Énergies du futur a été renouvelée sans limitation de durée a priori et en
conservant le processus d’évaluation périodique.

The Institut Carnot Energies du Futur label was renewed in
2016 for an unlimited term; the periodic assessments
completed over the past decade will continue.

Rapport d'activité 2015
www.energiesdufutur.fr
Annual Report 2015
www.energiesdufutur.eu
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Critical and strategic metals
recovery and recycling
Liten’s Richard Laucournet and his team are
developing innovative hydrometallurgical
processes to limit process costs and environmental impacts; improve materials recovery yields and
purity; and meet or exceed the minimum levels of
performance required by law. They are also using a
novel “closed-loop” recycling method to reinject
recovered materials back into the process that
generated them if no other recycling opportunities
exist.

From letf to right:
Richard Laucournet,
Emmanuel Billy,
Sandrine Barthelemy,
Denis Vincent,
Pierre Feydi,
Nathalie Diaferia

T

oday, a number of metals are considered
“critical” or “strategic.” These materials are
generally widely used in new technologies,
present supply vulnerabilities, and have not yet
been successfully replaced by viable substitute
materials. And, when it comes to overcoming the
challenges of critical and strategic metals, most of
the technologies Liten develops are on the front
lines:
• photovoltaic technologies using materials like
Ag, In, Te, and Ge,
• wind and hydro turbines, whose high-yield
electric generators contain rare-earth magnets,
• hybrid and electric vehicles powered by Li-ion
batteries, which contain nickel and cobalt; NiMH
batteries, which contain rare-earth elements;
and other electrochemical generators like fuel
cells, which contain platinum,
• gas depollution systems that use platinum-group metals.
Plus, the challenges inherent to these materials
are compounded by increasingly stringent
legislation, which is why Liten is making end-of-lifecycle management of the technologies it
develops part of its research and development
work, addressing the specific challenges of critical
and strategic metals recovery and recycling.
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Liten’s Materials Recovery and Recycling Lab is
investigating a broad range of topics, including:
• e xtracting the electrolyte solution from spent
Li-ion batteries and recovering the fluorinated Li
salts with high enough degree of purity so that
they can be reused,
• r ecovering rare-earth elements in spent
magnets dismantled from waste electrical and
electronic equipment (WEEE) with 90%-plus
recovery yields and 99.5% purity,
• c reating Pt solutions from factory-reject or
spent fuel cells for use in new fuel cells,
• d eveloping methods for high-yield selective
recovery of the Ag in PV cells.
Liten researchers are also working on breakthrough innovations – like replacing traditional
aqueous or organic solvents with ionic solutions
– that will provide new opportunities.

Preliminary extraction
of Iron from a leaching
solution of used
rare earths based
magnets.

Magnets without heavy rare-earth
elements for wind turbines

From letf to right:
Stéphane Genevrier, Marc Bohnke,
Gaëlla Frajer, Gérard Delette,
Myriam Dalmasso, Cyril Rado,
Florence Servant, Sorana Luca,
Olivier Tosoni, Michel Bailleux,
Jérôme Fliegans

T

he European Union has set the ambitious
goal of ensuring that at least 32% of all
electricity generated comes from renewable
sources by 2030. Wind turbines have emerged as
one of the primary means of reaching this target:
the technology is mature and production is clean,
generating no waste or greenhouse gas emissions. And, because winds are often highest when
the weather is cold – and people use more
electricity during cold weather – wind turbines
also offer the advantage of generating electricity
at times of peak demand.
Wind turbines convert mechanical energy into
electricity. Increasingly, they are equipped with
NdFeB permanent-magnet-based generators.
These types of generators, which do not require
gear sets, offer compact form factors and good
yields even when wind speeds are low. A one
megawatt wind turbine requires 600 kg to 700 kg

Tightness furnace
for NdFeB alloys
manufacturing by
melting and roll
quenching on the
“Magnet” platform
of CEA-Tech

NdFeB magnets made by
powder metallurgy on
the “Magnet” platform of
CEA-Tech

of magnets; these magnets contain around 25%
neodymium (a light rare-earth element) and 4%
dysprosium (a heavy rare-earth element). Light
rare-earth minerals are distributed uniformly over
the Earth’s crust; heavy rare-earth mineral
resources are concentrated mainly in Central Asia.
And, for various strategic and economic reasons,
most of these rare-earth elements are produced in
China. In addition, the available rare-earth
resources will not be sufficient to meet the new
demand created by forecasted wind-turbine
market growth. Therefore, developing magnets
that contain little or no heavy rare-earth elements
but that offer the same performance as current
rare-earth magnets and that can maintain
performance at high operating temperatures is
becoming a pressing issue.
Researchers in Europe and around the globe are
focusing major efforts on finding a solution to the
rare-earth magnet challenge. Liten’s Florence
Servant and her team are developing processes
and methods to substantially reduce the amount
of rare-earth elements in magnets and to recycle
rare-earth magnets using processes that can be
scaled-up for industrial use. Specifically, by
placing rare-earth minerals only where they are
needed in the microstructures of the material,
Servant’s team successfully produced 6-mm-thick
magnets containing 85% less dysprosium than
traditional magnets and offering state-of-the-art
performance. The researchers also produced
magnets from powders made from grinding spent
magnets, obtaining magnetic properties virtually
identical to the original magnets (with less than
3% losses with a 25%/75% blend of recycled/new
powder). The process remains difficult to control
due to rare-earth metal powders’ affinity with
oxygen, which lowers magnetic performance.
Several R&D projects currently underway at Liten
are investigating ways to improve this process.

NdFeB ribbons ready for the milling
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The path to more environmentallyfriendly organic batteries

From letf to right:
Lionel Picard,
Sophie Chazelle,
Sébastien Solan,
Lionel Dubois (DRF/INAC),
Michel Bardet (DRF/INAC),
Thibaut Gutel

T

oday’s lithium accumulators
– more commonly known as lithium
batteries – are mainly marketed for their
top-notch energy performance. While these
batteries do offer optimal technical properties,
their environmental footprint is substantial.
Lithium battery electrodes include transition
metals, especially cobalt and nickel, which are
costly due to the fact that the synthesis
techniques used to prepare them are
particularly energy-hungry and use expensive,
difficult-to-obtain mineral precursors.

Furthermore, transition metals like
nickel are particularly toxic and
difficult to recycle at the end of the
product’s useful life. Dwindling raw
materials resources and market
pressure to improve performance
and lower costs have shifted the
focus to alternative electrode
materials like organic molecules
and electroactive polymers. These
Pouch cell prototype using organic
electrode material synthetised
materials are more abundantly
at pilot scale (10L Reactor)
available, easier to synthesize
from precursors obtained from biomass
or recycling, and offer a much smaller
environmental footprint than traditional
electrode materials.

14

The broad range of organic molecules available
and the versatility of synthesis techniques
could potentially lead to a virtually-infinite
number of material structures suitable for use
in batteries. Liten researcher Thibaut Gutel
and his team are aligning their work closely
with the basic scientific research being done
by Lionel Dubois at CEA-DRF-INAC.
Together,the researchers are identifying
and synthesizing families of organic molecules
and electroactive polymers and characterizing
them to gain a better understanding of their
properties and find ways to implement them
in battery electrodes so that the materials’
performance can be assessed. Their research
has already led to the development of new
active materials at the lab-testing stage and
the completion of an all-organic Lithium-ion
battery cell prototype, the first-ever of its kind.
The prototype does not yet perform as well as
traditional metal-based batteries, but the
research is ongoing.
Organic materials also offer new technological
opportunities like flexible batteries for
embedded electronics, more aestheticallypleasing batteries that can be easily integrated
into public street fixtures, and biodegradable
or disposable batteries for the smart-packaging
market.

High power organic battery –
EU FP7 ROPAS project

Purification of organic electrode
materials at pilot scale
(10L filtration unit)
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Nanostructured catalyst
architectures for hydrogen-energy
applications
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at DRT/LITEN) and Samuele Galbiati
(post doc at DRT/LITEN)

H

ydrogen is emerging as a viable
alternative to fossil-based fuels.
More than 120,000 hydrogen-powered
home heating and electricity units have been
installed in Japan. Car manufacturers Toyota
and Hyundai have already released hydrogenpowered electric vehicles. Hydrogen is
abundantly available on Earth, but it is
combined mainly with carbon and oxygen.
Therefore, hydrogen as a source of energy
is only as environmentally friendly as the
technologies used to produce it, which must
be energy efficient and low in greenhouse
gas emissions.
One of the top contenders is currently
electrolysis using carbon-free electricity.
To use hydrogen as a source of energy,
you need electrolyzers to produce it and fuel
cells to convert it into electricity and heat.

Liten researcher Arnaud Morin and his team
are investigating ways to lower the amount
of these rare metals needed in fuel cells
and electrolyzers. One of their developments
is a novel process that controls electrode
architectures at the nano-scale to obtain
networks of metal nanotubes that can be
aligned and directed and whose dimensions can
be adjusted as needed. In 2014 the researchers
tested this new architecture in an actual fuel
cell during operation, achieving five times
greater catalytic efficiency than with traditional
solutions. They also proved that it is possible
to create iridium nanotubes for electrolysis.
Their research is paving the way toward
substantial reductions in the rare, expensive
raw materials currently required, while
maintaining the high levels of performance
required of the electrochemical converters that
are the cornerstone of viable hydrogen-energy
systems.
Platinum nanotubes: Proton Exchange Membrane Fuel Cell electrode.
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Today, however, growth of the hydrogen-energy
industry must overcome a major hurdle: the use
of rare, expensive metals (iridium and platinum)
to catalyze the necessary chemical reactions
and ensure high conversion yields (between
50% and 80%).
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Physics of organic printed devices:
characterization, modelling and ageing
From left to right: Clara Haddad, Julie Herrbach,
Alexandre Pereira, Amélie Revaux, Pierre Lienhard,
Vincent Fischer, Sébastien Noel, Julia De Girolamo,
Stéphanie Jacob (missing: Karine Lambert)

Context and approach

These last years, organic printed electronics has attracted
significant interest because of its potential to offer large
area and flexibility for applications such as smart sensing
surfaces including sensors and actuators. LITEN institute
works on the development and optimization of organic devices printed on the PICTIC platform. Our approach includes
process and technology development of printed organic/
inorganic stacks but also the understanding of organic devices physics, their modelling and ageing mechanisms. Regarding the process development, we recently present a
review of our last results on interfacing circuits and sensors
[1]. As part of this ecosystem, our team focuses on organic
printed devices physics. Bringing together device characterization, simulation and ageing studies helps us to understand working mechanisms [2] and to improve the reliability
required for an industrial development and transfer of these
technologies. Most devices are made of an active polymeric
material sandwiched between two conductive electrodes.
Over the past few years, great improvement has been made
in organic devices performances. Unfortunately, problems
with their stabilities still persist, constraining the use of
costly encapsulations. The stability issues can come from
the active layer, the interface and/or contact layers. We investigate here, as model device, organic photodiodes (OPD)
which active layer consists of a blend of the PBDTTT-c
polymer and PC60BM as depicted on fig. 1.

it is crucial to understand the role of each
external factor in the observed degradations. We aim to decorrelate the influence of the different stress effects by
investigating the impact of environment
and light on electrical characteristics of
operating devices in a simple case of a
bias stress in the dark and in a water free
oxygen environment. The competitive and multiplicative
effects occurring in the case of various stresses are thus
limited. In parallel, a measurement performed in a nitrogen
environment is used as a reference, allowing us to discriminate oxygen effect on the electrical characteristics of the
devices.
Electrical measurements as I-V, capacitance and External
Quantum Efficiency (EQE) characteristics are really sensitive to small physical or chemical changes in the device.
Depending on the ageing conditions, different types of electrical characteristic evolution are observed (fig. 2a).
If they are reproducible, these changes help us to determine ageing mechanisms. We show that even in the absence of light, oxygen induces irreversible damages to the
device. In particular it leads to an increase of both direct
current and capacitance in the quasi-static regime in the
dark. An asymmetry of the EQE depending on the illumination side is also exacerbated (fig. 2b). We can explain those
changes thanks to numerical simulation: while acceptor
traps can bend the electrical field and increase the EQE
asymmetry without depending on the energy level, only
a

b

c

Fig. 1: Schematic of the model photodiode investigated
and its constitutive materials.

Active layer investigation

In operating conditions, optoelectronic devices such as
solar-cells, photo-transistors or OPD are exposed to many
stresses: light, water, oxygen, temperature and electrical
bias. These external factors lead to modification and even
deterioration of polymers used in devices inducing performance losses. Hence, unravelling the physics behind
the degradation mechanism is needed. Most importantly,
16

Fig. 2: (a) Summary of electrical evolution depending on ageing atmosphere,
(b) EQE asymmetry increase through ageing,
(c) representation of acceptor states in the polymer gap.
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the traps closer than 0.4eV of the HOMO level (fig. 2c) can
induce direct current and capacitance increase. Thus we
highlight that oxygen induces gap states close to the
polymer HOMO even in the absence of light [3]. This is crucial for us since organic devices are printed under air (without glovebox protection) on PICTIC platform. The effect of
oxygen is even stronger in presence of light with a photo-oxidation of the polymer as proved by FTIR, UV-Vis spectroscopy and XPS measurements [4].

Contact investigation and replacement
by organic semi-conductor doping

High quality organic/metal interfaces are essential to obtain good electrical performances in organic-based devices.
For inorganic semiconductors, carrier injection and extraction can be easily improved by doping the semiconductor at
the interface, but this remains a challenge in printed electronics. Soft-contact transfer lamination, as developed by
Dai et al. [5] offers the opportunity to deposit a doped
polymer layer on top of any organic active layer. We investigate the polymer PBDTTT-c p-doped with the complex
Mo(tfd-COCF3)3 and integrate this layer as an ultra-thin
laminated interface layer in a model OPD [6]. This layer offers an interesting alternative to PEDOT:PSS, widely used as
hole transport layer (HTL) in printed photodetectors and
which plays a role in the relatively poor stability of the devices in the presence of humidity.
Electrical characterizations such as polymer conductivity,
hole hopping transport activation energy and Fermi level
shift towards the polymer HOMO give evidence of effective
doping. Chemical and optical characterizations were also
carried out to demonstrate the coupling between the
polymer and the dopant. The evolution of the hole injection
barrier with the doping concentration shows that the lamination of the doped polymer interlayer leads to a reduction
of the injection barrier through tunnel effect (fig. 3), enabling its integration as interface layer in an OPD.

The resulting device shows improved detection performances compared to the device using PEDOT:PSS,
with a lower dark current density in the reverse bias regime
(fig. 4.a) and similar EQE (fig. 4.b). The homogeneity of the
device processed with lamination is verified using an LBIC
technique to map the sensitivity on the OPD (fig. 4.c).

Perspectives

Our goal is now to extend our expertise in characterization,
modelling and reliability to other organic electronic devices
than photodiodes. We are now working on organic transistors and printed actuators physics [7][8]. For this purpose,
specific characterization tools are in development. As an
example, we are currently developing a bending test bench
in order to investigate the behavior of organic actuators and
piezoelectric sensors (including electrical measurement
while bending) and their mechanical ageing (cycling). The
team is also developing a characterization and ageing
bench for TFT matrices.
b

c

Fig. 4: (a) Current density in the dark and under illumination and EQE at -2V (b) for PEDOT:PSS (red) and the p-doped polymer (blue) as HTL;
(c) Sensitivity map for the OPD with p-doped PBDTTT-c.

[1] S . Jacob et al. Proc. Of IEEE International Electron Devices Meeting (IEDM),
2015, Page(s):19.5.1- 19.5.4.
[2] B
 . Bouthinon et al., Adv. Funct. Mat., vol. 25, no. 7, pp. 1090–1101, 2015.
[3] P . Lienhard et al, International Conference on Hybrid and Organic
Photovoltaics 2016 (HOPV16) and International Symposium
on Flexible Organic Electronics (ISFOE) 2016.
[4] A . Dai et al., Adv. Funct. Mater. 24, 2197 (2014).
[5] J. Jakub Haberko et al., Journal of Vacuum Science & Technology B 34(3).
May 2016.

[6] J . Herrbach, A. Revaux, D. Vuillaume and A. Kahn, Appl. Phys. Lett. 109,
073301 (2016).
[7] A . Valletta et al., IEEE transactions on electron devices, VOL. 61, NO. 12,
DECEMBER 2014.
[8] A . Plihon et al. Proceedings of the 9th IEEE International Conference
on Nano/Micro Engineered and Molecular Systems 2014.
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a

Fig. 3: Evolution of the injection barrier with the molar ratio (MR)
of dopant.
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Thermal properties of perovskites at high temperature

CONTEXT

The perovskite structure presents a rare variety of compounds and a rich phase diagram. It can exhibit many
interesting behaviors, such as high-temperature superconductivity, water-splitting catalysis, piezoelectricity,
negative thermal expansion, multiferroicity, or photovoltaic activity. In order to assess their potential for
thermoelectric applications, we have conducted a largescale study of their thermal conductivity using first-
principle calculations at high temperature.

APPROACH

We have computed the thermal conductivities of oxide and
fluoride perovskites in a high-throughput way. Using the
large data set provided by such computations, we then developed a machine learning technique to accelerate future
studies and deduced global tendencies within the class of
compounds.
At low temperature, perovskites often present distortions
from the ideal cubic structure. This implies that the calculated spectrum of lattice vibrations is unstable in the cubic
phase. We have developed a technique to include the effects of temperature and anharmonicity in the calculation
of this phonon spectrum [1]. This allows us to assess the
mechanical stability of potentially new compounds in the
high-temperature cubic phase and to calculate their thermal conductivities, at an unprecedented scale [2].
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Fig. 1 : Temperature-dependence of the lattice parameter of ScF3
compared to the experimental data. From Ref. [1].

RESULTS

We have been able to reproduce the negative thermal
expansion of ScF3 with a quantitative agreement with the
experimental measurement better than 1 per thousand
(fig. 1). Furthermore, we have screened over 7000 possible
fluoride and oxide perovskites to obtain 92 mechanically
stable semiconductors, 37 of which are potentially new
compounds. Exploring the differences between fluorides
and oxides, we have demonstrated that fluorides generally
exhibit a much smaller thermal conductivity. By computing
correlations in this large data set (fig. 2), we have evidenced
the specificity of substitutions at site A and site B of the perovskites, opening the way for a selective control of their
properties. Finally, we predicted that the thermal conductivity of ScF3 decreases more slowly than the usual 1/T proportionality law and we have shown that this anomalous
behavior is a general feature of the perovskite class.

CONCLUSIONS AND PERSPECTIVES

Fluoride perovskites appear as good potential candidates
for new thermoelectric materials due to their low lattice
thermal conductivity. A large scale study of their electronic
properties is now under way in order to assess their figure
of merit and identify the most promising compounds. We
are also searching for new materials with strong negative
thermal expansion in the family empty perovskites (ABX3
perovskite structure where atom B is removed).
18

Fig. 2: Correlograms between the thermal conductivity κ, the thermal
conductivity in the small grain limit κsg, the mean phonon group velocity vg,
the heat capacity cV, the root mean square Grüneisen parameter γrms
the masses mA and mB of atoms at sites A and B of the perovskite ABX3,
their electronegativity eA, eB , their Pettifor scale χA, χB , their ionic radius
rA, rB , the lattice parameter of the compound alatt and its electronic gap
for mechanically stable fluorides at 1000 K. From Ref. [2].
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Magnetic materials for passive components
in high frequency power converters

The technology based on GaN theoretically allows a drastic
reduction in the size of power converters thanks to the high
commutation rate of this wide gap semiconductor. However, current magnetic materials used as passive components in converters cannot sustain the rise in the operating
frequency, especially above 1 MHz. The main limitation comes from the sharp increase in power losses inside the
magnetic core.

APPROACH

Spinel ferrite phase (Ni,Zn)Fe2O4 has been widely developed as a soft magnetic material suited for high frequency
applications. However ferrite magnetic cores can still be
improved according two different approaches: (i) suited
compositions and microstructures to reduce the power
losses, (ii) complex core shapes allowing a better thermal
exchange.

RESULTS

A prototype of inductance made of NiZn spinel ferrite powder has been designed for a DC/DC 200/400 V test converter. The planar core has been manufactured by tape casting
followed by thermo-pressing and sintering [1].
This magnetic core allows to transfer a specific power up to
20 W/cm3 at 5 MHz, i.e. two times higher than conventional
cores. Under these conditions, standard inductances would
lead to an excessive heating due to the power losses.
Thanks to its shape factor, this planar core allows a better
cooling by free convection. Thermal analysis of the core has
been performed during operation of a DC/DC converter
(fig. 1). It has been shown that the core temperature remains below 50 °C.
The understanding of magnetic core-loss mechanisms
is essential to improve the materials. The magnetic
properties (coercive field Hc, complex permeability,
HF magnetic core-losses) have been measured and
correlated to some microstructural features of
Ni0.31Zn0.47Co0.02Cu0.20Fe1.86O4- .
The analysis shows that spin rotation (SR) is the dominant
mechanism for the sample sintered at 980°C due to the
small grain size. When the sintering temperature increases,
the contribution of domain wall (DW) rises. The Fig. 2 presents the evolution of Hc and magnetic core losses at
1.5MHz and 25mT as a function of sintering temperature (Ts
that reflects the evolution of the grain size). Unexpectedly,
the evolution of Hc seems opposite to the one of magnetic
core-loss. The samples with large Hc and small grains exhibit a magnetization process dominated by SR and feature
the lowest core-losses simultaneously. These results suggest that DW motion is more dissipative than SR and is advantageously hindered in this sample. Finally, a consistent
description of the HF and high-induction core-loss can be
proposed for this material [2].

CONCLUSIONS AND PERSPECTIVES

Based on these results, Powder Injection Moulding and
Spark Plasma Sintering (in collaboration with CARNOT-ECOFRIT project) are investigated for shaping new
magnetic cores.
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Fig. 1: Prototype of DC/DC converter (developed at INES) and thermal
map of the core under operation (1 MHz, 200W)

Fig. 2: Evolution of the coercivity Hc and magnetic core losses at 1.5MHz
and 25mT as a function of sintering temperature (Ts) in spinel ferrite
core Ni0.31Zn0.47Co0.02Cu0.20Fe1.86O4-
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Direct imaging of the onset of electrical conduction
in silver nanowire networks by lock-in thermography

CONTEXT

Advancement in the science and technology of random silver nanowire (AgNW) networks is crucial for their appropriate
integration in many applications [1], including transparent
electrodes for flexible optoelectronics and transparent film
heaters. At the network’s scale, our ability to distinguish the
nanowires taking part in the electrical conduction from the
inactive nanowires, i.e., visualizing the electrical map of the
network is a critical issue for the applications.
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APPROACH

b

We propose Lock-in Thermography (LiT), as a very efficient
and powerful imaging technique for visualizing the electrical distribution in Metal-NW networks, and for detecting the
activation of conductive sub-networks [2].

RESULTS

We have been studying the mechanisms involved in the
onset of electrical percolation in sparse AgNW networks.
When either thermal or electric annealing is applied, the local optimization of the nanowire junctions (fig. 1) induces
the discrete activation of efficient percolating pathways
(EPPs) at the scale of the entire network. LiT is used to provide visual of this phenomenon: when low voltage is applied
to the network, individual “illuminated pathways” can be
detected and new branches get highlighted as the voltage
is incrementally increased (fig. 2).
In-situ electrical measurements confirm that such
networks can exhibit abrupt drops of electrical resistance when thermal or electrical annealing is carried
out, giving rise to a “geometrical quantized percolation”
(fig. 3a). The phenomenon can be mimicked by a model
in which efficient percolating pathways constitute distinct parallel resistances whose values can be estimated by considering the nanowires and network
dimensions, as well as the tortuosity of the pathways.
The model proved efficient at least in the early stage of
the activation (see red dashed curves in fig 3a).
Furthermore we have demonstrated that the network failure at high temperature (≈ 300 °C) can also be governed by
a quantized increase of the electrical resistance, corresponding to the discontinuous destruction of individual
pathways (see fig. 3b)

CONCLUSIONS AND PERSPECTIVES

LiT is a very promising technique for the mapping of electrical clusters through thin layers made of interconnected
conductive entities. The technique could also be used to
address stability issues, for instance by detecting hotspots
and failures in AgNW-based working devices.
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Fig. 1: TEM image of silver nanowire junction,
a) as deposited, b) after thermal annealing at 180 °C for 1 h.
a

b

c

d

Fig. 2: Thermal Lock-in phase images of an AgNW network close to
the percolation threshold. Continuous On-Off (10 Hz) voltages, a) 2V,
b) 4 V, c) 5 V, and d) 8 V, were applied to the network during 5 min.

a

b

Fig. 3: In-situ electrical resistance curve of sparse AgNW network during:
a) thermal annealing from 20 to 100 °C in 10 min (the temperature
was then maintained at 100 °C for one 1 h),
b) full thermal ramp annealing of 2 °C per minute.
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Recrystallization as a new route to tune graphene
structure and properties

CONTEXT

Graphene is a promising sp2 material thanks to its electronic optical and mechanical properties. Particularly single
layer graphene (SLG) with atomic thickness is the most
challenging and disruptive material. The basic process to
grow such material uses Chemical Vapor Deposition (CVD).
The feedstock gas is decomposed at high temperature
(1000°C) on a metallic surface typically copper. The counterpart of this process is a strong copper contamination of
the elaboration chamber and of the graphene. Industrial
production is not really compatible with a highly contaminant process and copper free materials are needed for
many applications.

MATTER AND MATERIALS
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A new process based on the use of silicon wafers covered
with a thin film of platinum has been developed. The process also uses Carbon hot filaments located at one cm from
the platinum surface which are heated at high temperature
(1500°C) to provide carbon and increase the reactivity of
the gas phase. They allow to further decrease the substrate
temperature. The platinum which is an expensive material
can be reused thanks to the transfer of the useful graphene
layer on the substrate of interest by electrochemistry without Pt dissolution [1].

b

Fig. 1:
a) transfer of a 2*2cm2
SLG
b) Raman spectra
and mapping of
the sample showing
the graphene quality
(high 2D peak
low D peak)

RESULTS

High quality graphene has been obtained at 700°C and
transferred on various substrates (fig. 1). It was demonstrated that graphene growth is a recrystallization of the carbon layer deposited in the first minutes of the process [1].
This initial layer is nano crystallised with a given unique
grain boundary (GB) structure composed of a succession of
carbon heptagon and pentagon (5-7). The boundaries are
moving during the process while keeping their 5-7 structure
leading to an impressive gain in the grain sizes of the material. The grains are continuously growing with time from nm
to µm as can be seen on high resolution dark field TEM imaging (fig. 2). This graphene can be considered as a new material thanks to the controlled structure of the grain
boundary. Indeed conventional processes are based on the
control of nucleation as low as possible to achieve large
grains but as a result no control of the grain boundary structure is possible.

CONCLUSIONS AND PERSPECTIVES

Low temperature copper free SLGs have been obtained
with a unique control of the grain size and boundary structure. The enhanced migration of the latter opens a new
route to create large grains, the size of which can be easily
controlled by varying the process time. Such grain size
control is important for various graphene applications e.g.
for sensors and can be used to tailor electric property by
controlling the amount of GBs in a graphene film.

c

d

Fig. 2: Grain size evolution as shown on false-colored DF images
of monolayer graphene samples synthesized in 2h (c) and 5h
(d) of process time, respectively. Scale bar is 500 nm
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New thin film nanostructured materials
for thermoelectric applications

CONTEXT

The nanostructuration of thin films improves their electrical, optical or thermal properties. Here, we developed new
nanostructured materials for thermoelectric (TE) applications, compatible with the microelectronic field, i.e. based
on silicon and germanium alloys. It consists in silicide-based
quantum dot superlattices (QDSL) grown by Chemical Vapor Deposition (CVD).

REFERENCES
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[2] G. Savelli et al., Nanotechnology 26 275605, (2015)
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[4] G. Savelli et al., Superlattice Microst. 97 341, (2016)
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APPROACH

Previous theoretical results predicted an increase of thermoelectric properties by the inclusion of metallic silicide
nanodots (like TiSix or MoSix) in a SiGe matrix [1]. Thus we
have grown the first QDSL thin films based on titanium and
molybdenum silicide inside doped SiGe mono- and polycrystalline matrixes [2-4].

RESULTS

The deposition of QDSL by reduced pressure CVD can be divided into three steps: the deposition of Ti or Mo nano-islands
onto a SiGe thin film, the embedding of nano-islands by the
deposition of a SiGe thin film (simultaneously forming nanodots by the reaction between the Ti or Mo atoms and the Si
atoms), and finally the repetition of these two steps to produce a QDSL. Fig. 1 presents cross-section STEM/HAADF
images of monocrystalline Ti-based (a) and Mo-based (b)
QDSL showing the nano-inclusions inside the SiGe matrix,
with a nanodots mean diameter around 34 nm and 5 nm,
respectively. Thermal conductivity of these QDSL has been
measured by the thermoreflectance method. Values of 5.9
and 9.5 W/m/K have been obtained for the Ti-based QDSL
and the Mo-based QDSL, respectively, corresponding to a
8% and 27% decrease compared to reference samples (only
SiGe matrix with same doping level and Ge ratio).
These results highlight the influence of the nanostructuration on the thermal conductivity decrease thanks to an increase of the phonons scattering. Indeed, as shown in
Fig. 2, several phonon scattering mechanisms act in a
QDSL: scattering with atomic defects and dopant atoms 1 ,
grain boundaries 2 (only for polycrystalline structures),
layers interface 3 and nanodots 4 .

b

Fig. 1: STEM/HAADF images of monocrystalline Ti-based (a) and Mo-based
(b) QDSL showing the nano- inclusions inside the SiGe matrix.

CONCLUSIONS AND PERSPECTIVES

These results show that a great improvement of the TE materials’ properties can be obtained by including silicide
nanodots in a SiGe matrix, making these materials very promising for TE applications. Thus, these QDSL are now going
to be integrated into micro-thermoelectric generators
(µTEG) for energy harvesting in microelectronic field. The
present work is granted by the European Union’s Horizon
2020 program under STREAMS project.

ACKNOWLEDGEMENTS

This work was made in collaboration with the LOMA laboratory, Talence, France.
22

Fig. 2: Schematic diagram illustrating various phonon scattering
mechanisms acting in quantum dots superlattices.
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Ultrathin CIGS solar cells on textured glass substrates

CONTEXT

Cu(In,Ga)Se2 (CIGS) is the most efficient thin film photovoltaic technology with power conversion efficiency of 22.6%
demonstrated and already mature at industrial scale with
production capacity above 1 GWp in 2016. However, indium
scarcity in the earth crust may limit further development of
this technology in a mid-term future and decreasing indium
consumption in CIGS solar cells is an objective of prime importance. Among the solutions to reduce indium use, decreasing CIGS absorber thickness is the most straightforward
one. However, it goes along with a reduced light absorption
in the solar cell and thus a lower efficiency.
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APPROACH

This study aims at developing ultrathin CIGS solar cells with
increased photocurrent using low cost technologies compatible with large surfaces. The implemented strategy is
based on the fabrication of periodically textured glass
substrates on which solar cells are directly deposited.

RESULTS

Fig. 1: Scanning Electron Microscopy images of the textured substrates
with buried spheres (top) and cross section of the Mo/CIGS/CdS/ZnO/ZnO:Al
solar cell deposited on textured substrate (bottom)

CONCLUSIONS AND PERSPECTIVES

These results are very interesting at industrial level for fabrication of CIGS solar cells with reduced absorber thickness
and this approach has been patented by CEA. Additional
works have to be carried out to tackle voltage deficit linked
to back contact recombination in ultrathin solar cells. Two
other patents have been deposited on such topics.
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Fig. 2: EQE measurements of CIGS solar cells deposited on textured
substrates (continuous line) and reference flat substrates (dashed line).
Different CIGS thicknesses and spheres sizes have been used (legend).
Top graph is the gain in EQE provided by texturation
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The fabrication of the textured substrate is based on the
periodic deposition of SiO2 microspheres on the surface
of glass substrate through enhanced Langmuir-Blodgett
process called Boostream [1]. This process is easily scalable at surfaces >> 1m2. Etching and rapid thermal annealing processes are then used to burry spheres into
the substrate and fabricate the textured glass substrates depicted in fig. 1. Different sizes of spheres (0.5
µm, 1.0 µm and 2.5 µm) have been used in this study.
A typical Mo/CIGS/CdS/ZnO/ZnO:Al solar cell (see ref. [2] for
details), is deposited simultaneously on a reference flat
substrate and on textured substrates to demonstrate the
light trapping effect due to texturation. Three different CIGS
thicknesses have been used (about 600 nm, 1200 nm and
2000 nm (nominal thickness)) and precisely measured
with X-Ray Fluorescence.
Photovoltaic properties of the solar cells fabricated on flat
and textured substrates (with different sphere sizes) have
been measured under simulated AM1.5 solar spectrum and
current increase (up to 4.1 mA.cm-2) has been observed
leading to an efficiency increase up to 5% relative. External
Quantum Efficiency measurements depicted in fig. 2 show
that texturation increase the current at long wavelengths,
which is the signature of efficient light trapping in the absorber layer [3].
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Influence of paints formulations on nanoparticles
release during their life cycle

CONTEXT

Nowadays, more than 1030 consumer nanoproducts are
commercialized, which may lead to a significant release of
NanoParticles (NPs) during their entire life cycle (synthesis, use, end of life phases). As the release of nanoparticles
in the environment is currently not well known, many laboratories try to identify formulation components that could
have an impact on the release.
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of resistance to abrasion Part 2: rotating abrasive rubber
wheel method. ISO, London

APPROACH

The aim of this study was to investigate the ageing and
the release of an outdoor SiO2 NPs-based paint. Climatic
and mechanical ageing of painted panels were simulated
with respectively a Q-UV accelerated weathering machine1 and a Taber Abrader2. Thanks to 5 different paint
formulations provided by the manufacturer, it was possible to study the effect of a) the SiO2 NPs addition;
b) the amount of binder; c) the nature of the binder and
d) the addition of TiO2 pigments.

a

b

c

RESULTS

SEM observations performed before and after climatic
ageing highlighted the appearance of cracks and roughness
after UV exposure as a function of the formulation, attributed
to surface degradation (fig. 1a and b). Particle size distributions obtained with an ELPI counter during the mechanical
ageing revealed significant differences (fig. 1c). First, the
addition of SiO2 NPs in paints reduces by a factor 2 the total
number of aerosolized nanoparticles during abrasion of
aged samples. Addition of such NPs strengthens the paint
against UV radiation. The rise of binder amount increases the
total number of released nanoparticles by a factor 11 after
ageing. The increase of the binder quantity increases the ratio of organic-to-inorganic species and decreases the
mechanical properties of the paint. The use of an acrylic copolymer binder in the paint induces a significant release of
NPs compared to the addition of a styrene acrylic binder. The
presence of an aromatic group within the polymer chains
enhances the UV resistance of the paint. Finally, no release
was observed before and after ageing when TiO2 pigment
was added in the paint. This mineral filler induces a significant protection effect against UV exposure by absorbing the
energy of light and reflecting it, preventing the photodegradation of the polymer. Based on these results, a NPs release
mechanism was proposed (fig. 2).

Fig. 1: SEM images of (a) non-aged and (b) UV-aged paint with nanoSiO2.
(c) Particle size distribution of different investigated formulations before
and after Q-UV exposure.

CONCLUSIONS AND PERSPECTIVES

Type and amount of binder and the addition of TiO2 pigments were found to be the main parameters impacting
the NP release induced by abrasion and ageing. By tuning
the formulation, the NP release can be completely avoided.
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Fig. 2: Outline summarizing the NPs release mechanism for paint
after degradation under Q-UV exposure.

• TEAM
Delphine Boutry, Jean-François Damlencourt,
Arnaud Guiot, Luana Golanski, Brice Fiorentino (post-doc)
• CONTACTS
delphine.boutry@cea.fr, jean-francois.damlencourt@cea.fr,
arnaud.guiot@cea.fr, luana.golanski@cea.fr

SOMMAIRE / CONTENTS
EXTENDED PAPER
Monolike silicon : from Si seeded growth to solar cells

26

HIGHLIGHTS
Downstream bioprocess of micro-organisms

30

Hydrothermal liquefaction of food processing residues - LIQHYD project

31

Recent advances in thermoconversion processes for various biomass feedstock

32

Simulation of solute segregation during directional solidification
under mechanical stirring
Study of electrical conduction mechanisms at low temperature for the determination
of dopant densities in Photovoltaic Silicon

34

Proof of concept of homo-heterojunction silicon solar cells

35

Gas barrier adhesives for high performance and flexible encapsulation schemes

36

Perovskite-based solar cells : towards large efficient devices

37

Control systems for direct steam generation in linear concentrating solar power plants

38

RENEWABLE ENERGY

ÉNERGIES RENOUVELABLES

33

“HABILITATIONS À DIRIGER DES RECHERCHES”
• VESCHETTI Yannick (DTS) :
Cellules photovoltaïques bifaciales sur substrat de silicium de type n (11/07/2016)

THÈSES / PHD
2015

2016

• BILLAUD Joseph (DTBH) :
Modélisation de la gazéification de biomasse
sous atmosphère oxydante entre 1 000 °C
et 1 500 °C (02/12/2015)

• AMARAL DE OLIVEIRA Vanessa (DTS) :
Influence des défauts cristallins et des
impuretés sur les propriétés photovoltaïques
du silicium quasi-monocristallin (29/04/16)

• BLEVIN Thomas (DTS) :
Élaboration et caractérisation de solutions
dopantes au bore innovantes par voie PECVD :
application à la fabrication de cellules solaires
à homojonction (15/12/15)

• AUROUSSEAU Antoine (DTBH) :
Modélisation dynamique et régulation des
centrales solaires thermodynamiques linéaires
à génération directe de vapeur (27/04/16)

• DUCAMP Julien (DTBH) :
Conception et optimisation d’un réacteuréchangeur structuré pour l'hydrogénation
du dioxyde de carbone en méthane
de synthèse dédié à la filière de stockage
d’énergie électrique renouvelable (11/12/15)
• HUET Marion (DTBH) :
Gazéification en eau supercritique
de liqueur noire (24/11/15)
• PATATUT Loïc (DTS) :
Étude expérimentale des processus
réactionnels intervenants dans le procédé
de purification réactive du silicium
par plasma thermique (15/12/2015)
• RODRIGUEZ ALOSO Elvira (DTBH) :
Étude des condensables issus
de la torréfaction de biomasses en vue
d'une application "chimie verte" (03/12/15)

• BALLAND Michael (DTBH) :
Influence des cendres de biomasse
sur le phénomène d'agglomération
en lit fluidisé (28/01/16)
• BESSON Pierre (DTS) :
Compréhension des comportements
électrique et optique des modules
photovoltaïques à haute concentration,
et développement d’outils de caractérisations
adaptés (04/02/16)
• JAY Frédéric (DTS) :
Nouveaux substrats de silicium cristallin
destinés aux cellules photovoltaïques
à haut rendement : cas du silicium mono-like
et du dopage aux donneurs thermiques liés
à l’oxygène pour les cellules à hétérojonction
de silicium (15/03/16)

25

Monolike silicon : from Si seeded growth to solar cells
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Monolike photovoltaic silicon:
towards high quality at low price

The photovoltaic (PV) market is currently dominated by the
use of solar cells based on crystalline silicon, either monocrystalline or multicrystalline. The Czochralski pulling method (CZ) generally used to process Monocrystalline silicon
provides the material with the highest structural quality
and an excellent purity, excepted relative to oxygen. By the
past, the high cost related to CZ growth strongly limited its
leadership in term of crystal growth for PV, and the more
cost effective process of directional solidification of multicrystalline silicon (mc-Si) was preferred. However, with the
improvement of the cells architectures, the structural defects present in this last material, and more specifically the
interactions of the residual impurities with them, are becoming limiting factors for the PV cells performances. In addition, the cost gap between CZ and mc-Si is getting reduced
thanks to the development of the diamond wire sawing method, so that the main remaining drawback of CZ-Si in the
long term will be the initial light induced degradation related
with the oxygen content. For these reasons, a new original,
so-called Monolike, processing route has recently appeared
[1], which is intended to combine the productivity of the directional solidification process with a high structural quality and low oxygen of the processed material. This consists
a

in starting the directional solidification on a pavement of
monocrystalline seeds arranged at the bottom of the crucible (fig. 1a). If conversion efficiencies close to those obtained with monocrystalline silicon have been reached with
this material, there remains however a dispersion of the
performance at the level of the ingot. A first cause is the
nucleation of parasitic grains or twins at crucible walls, and
their expansion at the ingot periphery at the expense of the
seeded part. A second cause is the development of defective zones from local sources within the bulk of the seeded
material (fig. 1b).
In the frame of a bilateral contract with ECM Greentech [2]
furnaces manufacturer, a R&D program has been undertaken at LITEN/DTS since 2011 in order to support the development of the monolike crystallisation process at the
industrial level by this company. The aims were first to ensure the reliability of the seeding step and the control of the
crystallographic orientation, and they are now to optimize
the processing parameters on the basis of a study of the
mechanisms of the formation of the remaining inner structural defects. This includes specifying the seeding pavement, as well as the thermal conditions during the whole
processing cycle.

b

Fig. 1: a) Sketch of the Monolike silicon growth process with seeding at the bottom of the crucible, b) Map of the lifetime of photo-generated charge carriers
in a central vertical section of a whole monolike Si ingot of size G5 (cut into 5x5 bricks of section 156x156 mm2).
The peripheral low lifetime red zones, which are due to the diffusion of metallic impurities from the crucible wall and the upper surface, will be partly cured by
external gettering during cell manufacturing. On another hand, the bulk defective zones (high densities of dislocations with which impurities interact)
will affect the final conversion efficiency.

26

Mechanisms of formation of structural
defects and their reduction

Grains boundaries and twins
A first request is that, after the lateral cropping of the ingot
which is classically performed to remove the peripheral
zones contaminated by solid state diffusion of impurities
coming from the coated crucible, 100% of the remaining ingot must be of the controlled crystallographic orientation.
This requires to ensure a proper control of partial melt-back
of the seed pavement on its whole surface, and to avoid the
propagation of parasitic grains or twins which may nucleate
from the walls. This is achieved by the design of dedicated
devices for tuning the heat extraction from the bottom of
the crucible [3], a proper adjustment of the lateral temperature gradients, and/or a specific design of the peripheral
seeding arrangement [4]. To allow seeding on the whole
surface bottom with the available seed sizes, a seed pavement is designed so that vertical grain boundaries are generated only at the positions where the ingot will be later cut
into bricks [5].
Mechanisms of formation of extended structural defects
in seeded growth
The final arrangement of extended structural defects
in the ingot grown from seeds is the result of two
processes [6]: 1) Inside the bulk solid, dislocations are

generated at local sources, then move and multiply
under the effect of the imposed thermomechanical
stress (creep or post growth defects) ; 2) At the growth
front, dislocations are also generated and/or propagated
as the new solid is deposited.
Dislocations structures associated with creep
at high temperature:
Four point bending tests have been performed at 1300°C,
near the Si melting point, in order to get information on the
dynamics of formation of the dislocation structure under
thermo-mechanical stress. At low stress (1 MPa), it is observed that the successive transient creep stages, where
dislocations are nucleated from the surface and then propagated inside the bulk where they interact and multiply,
are not yet completed after 20 hours (fig. 2a). On the opposite, the final stationary creep stage is already reached after one hour under 5 MPa, which consists in a defined
cellular arrangement of dislocations (see example of fig.
2b), with dislocation densities and cell sizes following classical correlations with the imposed stress.
A similar cellular structure is generally found along the
whole height of pilot size ingots (fig. 2b). This arrangement
is already achieved in the seeds at the end of the melting

a
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Fig. 2 : Dislocation structures due to high temperature creep
of silicon (white beam X-Ray topography):
a) stage II creep structure in Si monocrystal after four-points bending
at 1300°C under 1 MPa during 20 hours,
b) final stationary cellular dislocation structure in monolike ingots.

c

d

Fig. 3 : Development of a region of sub-grains above the junction between
two slightly misoriented seeds( Δ x = 0.032°, Δ y < 0.0003°, Δ z = 0.018°):
Lifetime map showing the development of the defective region above the
junction (a), and synchrotron X-ray Rocking Curve Imaging of the formation
of the initial sub-grain (diffraction vector h corresponds to the (220)
reflection, and rotation is around the growth direction) : Full Width Half
Maximum map (b), Peak Position map (c), and weak beam image showing
the development of dislocations (d).
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phase with typical dislocation densities of 104 cm-2 and cell
sizes of 300 µm. In the grown ingot, dislocation densities
are first lower than in the seeds, and then increase again at
higher positions as a result of the increase of the lateral
temperature gradients.
Growth defects:
Highly defective zones appear to be initiated at local points
and to expand as the growth front advances. These consist
in millimetric sub-grains with increasing tilt misorientations
around the growth direction. To identify the different
sources of these defects and their mechanisms of development, selected zones have been tracked down to their starting point, which was further characterized in detail by
synchrotron X-ray diffraction imaging in the frame of a Carnot project with ESRF [7-10].
A first origin for a zone of sub-grains is the junction between
two slightly misoriented seeds. Here, expanding and increasingly misoriented zones are formed by a process of propagation and multiplication of dislocations emerging at the
front, starting from the dislocations initially formed at the
junction (fig. 3). A similar process can also be occasionally
observed above a given seed if its surface has been damaged at some points, which may occur for instance because of an indentation by a sharp piece of feedstock
during the melting phase. In the current status of development of the monolike process, both of these sources of defects are routinely suppressed. With these conditions
however, zones of sub-grains still happen to develop in the

upper part of the ingots, especially at their periphery. These
are attributed to the bunching of back-ground dislocations
(such as those discussed above), that emerge at the
growing front. A detailed investigation of the dynamics of
formation of these remaining defects is underway in the
frame of a collaboration with CEMES-Toulouse [11].

Electrical influence of structural defects

The influence of the structure of the defects (for instance,
misorientation angle of a sub-grain boundary) on their electrical activity is qualitatively revealed by integrated photoluminescence (PL) mapping on raw wafers, as well as Light
Beam Induced Current (LBIC) mapping on finished photovoltaic cells (fig. 4). Quantitative measurements of the Surface Recombination Velocities (SRV) of the different types
of 2D extended defects (grain boundaries, twins, sub-grain
boundaries (SGBs)) were extracted from calibrated PL
measurements on surface passivated wafers by fitting
with a 2D model of the diffusion of charge carriers (collaboration with Pr Macdonald’s team at Australian National University) (fig 4c). A similar procedure was applied to LBIC
maps (fig. 4b), the electrical activity here appearing in
some cases to have been modified by the treatments undergone during the cell manufacturing [12].
In order to get information on the characteristics of the
recombination sites in relation with their structure and
chemical environment, local spectral micro-photoluminescence (µ-PL) imaging of the defects is performed

X-ray topography image

a

Fig. 4 : Charge carriers recombination
at sub-grain boundaries:
a) white beam X-ray topography showing
sub-grains misorientations,
b) carrier diffusion length map (derived from LBIC),
c) integrated PL of the same zone.
(SRV = Recombination rates derived from
the signal variation along the white line).

SGB misorientation: 0.5°
b

Diffusion length map (from LBIC)

SRV: 7300 cm/s

28

c

PL image

SRV: 10700 cm/s

in the range 0.7 – 1.15 eV. While the band-to-band emission at 1.08 eV shows a minimum across SGBs, different
peaks characteristic of the presence of dislocations appear in the range 0.8 – 1.00 eV (so-called D-lines), with
different signatures depending in particular on the misorientation of the SGB.
Monolike wafers which are completely free of sub-grains
appear to be very good candidates for the manufacturing of
cells with advanced structures. Indeed, thanks to the application of a proper gettering treatment, a conversion efficiency of 21.5%, comparable to that of the corresponding CZ
reference, has been obtained with monolike wafers using a
a-Si:H/c-Si heterojunction cell structure [13].
Efficiencies higher than 19.5% have been reached with
n-type monolike wafers by applying a cost effective process for manufacturing cells with a PERT architecture [14].
In this study, the efficiency decrease observed in side
bricks as a function of the height has been clearly correlated with the increasing area fraction of sub-grains present in these bricks (fig. 5).
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Fig. 5 : a) Integrated PL image of the faces of a central and a corner brick
of a G5 ingot, and b) variation of the solar cell efficiency and the sub-grain
area fraction with height along the corner brick.
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The R&D approach successfully adopted for developing the
Monolike PV-Si processing method is now applied to the
next generation of larger size ingots (800 kg G6 size, and
more), which will allow our ECM partner to ascertain a proper market share at the international level.
Further improvement of the existing compromises between
crystal growth parameters and ingots properties is looked
for through an identification of stress related parameters
and their weighted contribution to dislocation multiplication. This is done by combining an experimental in-situ characterization of the formation of structural defects, and the
time dependent numerical simulation of thermo-mechanical stresses in the full ingot.
In parallel, the study of the influence of impurities on the
electrical activities of structural defects is pursued by resorting to the tolls available at the LETI Nano-characterization Platform in order to combine structural, chemical and
opto-electronic characterizations at the level of the defect.
This includes chemical mapping by ToF-SIMS and XPS, spectroscopic micro-photoluminescence, and high resolution
photo-potential imaging by Kelvin probe developed in collaboration by LETI and INAC.
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Downstream bioprocess of micro-organisms

CONTEXT

Microalgal biofuel production is a very promising alternative
source of energy in the context of fossil fuel depletion and
global warming. However it is not yet sufficiently cost-effective to compete with conventional fuels. In particular,
the microalgae dewatering step can still represent up to
30% of the production costs.
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Fig. 1: Schematic view of the experimental continuous
separation device.

APPROACH

The objective is to develop an energy-efficient harvesting
technique to separate microalgae from water. Acoustophoresis consists in applying a standing ultrasonic wave
field to collect microalgae in planes located at the pressure
nodes. Unlike filtration or flocculation techniques, there are
no mechanical components (prone to fouling) or additional
chemical or biochemical agents. Acoustophoresis is already
employed in microfluidic devices for blood cells separation.
Typical operating frequencies are around 2 MHz. Such frequencies generate acoustic patterns around 350 µm inconsistent with relevant flowrates for biofuel production.
Thus, scale-up challenges need to be addressed. An experimental device is tested to perform the microalgae separation in a continuous mode with operating frequency near
250 kHz (corresponding to millimeter acoustic pattern)
which allows to operate flowrates for biofuel production.

Fig. 2:
Micro-organisms
planes in presence
of a standing
acoustic field
(250 kHz, 100 µm).

RESULTS

The experimental continuous device is illustrated in fig. 1.
The diluted microalgae solution flows through two transducers (piezoelectric elements operating at 250 kHz) in the
separation zone. Microalgae planes are formed and separated by 3 mm thick clear water planes. A comb-shaped device downstream the separation zone allows the separation
of clear water flow from microalgae biomass. Fig. 2 is a photograph of the visualized micro-organisms (100 µm) planes
obtained at 250 kHz in batch conditions.
Fig. 2 shows that planes tend to disappear in the left side of
the picture, i.e. near the piezoelectric transducer. This is due
to the acoustic streaming. This phenomenon is an acoustic
energy dissipation generating secondary flow recirculations and promoting homogeneous dispersion of micro-organisms. CFD simulations of our device show that the global
flow circulation (continuous mode) counteracts the streaming recirculations (see fig. 3). When a flowrate is implemented, the flow recirculations generated by the acoustic
streaming (see fig. 3a) tend to disappear (see fig. 3b).

a

Fig. 3:
Flow simulations,
(a) without flowrate
(b) with a flowrate ≠ 0.
b

CONCLUSIONS AND PERSPECTIVES

Microalgae dewatering with an acoustophoresis technique
is promising. Future works will address the experimental
characterization of the continuous device and the validation of the flow model. The final concentration factor,
downstream the separation zone, will be assessed to compare this dewatering technique to conventional ones in
terms of energy efficiency.
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Hydrothermal liquefaction of food
processing residues
LIQHYD project
CONTEXT

Hydrothermal liquefaction is a thermochemical
technology that converts biomass into a crude oillike product. The development of an economically
viable hydrothermal liquefaction process is complex (high
pressures and temperatures) and requires research efforts
in understanding both the conversion mechanisms and
process integration. The Liqhyd project covers detailed
laboratory studies both on analytical batch reactors and
on a continuous liquefaction reactor, as well as extrapolation towards an industrial demonstration unit.

APPROACH

The project was articulated in different axis. A reference regional biomass was selected: blackcurrant pomace. Optimal conversion conditions were identified by using a batch
reactor. After detailed analysis, the chemical constituents
of the reference resource were transformed individually as
well as in mixtures to gain insights of the reactions that take
place. Experiments in a continuous reactor allowed us to
examine more realistic industrial conditions as well as the
production of larger quantities of oil for analysis. The project
partner IRCELYON worked on the upgrading of the produced
bio-oils.
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Liquefaction experiments on the reference resource
showed that a temperature of 310°C optimizes oil production from blackcurrant pomace. The product is an oily residue that contains a variable proportion of solid char and
bio-oil. It was shown that the reaction time has little influence on the result. High heating rates are however favourable to the bio-oil yield. The work on model compounds
allowed the elaboration of reaction mechanisms (see fig. 1)
as well as the identification of favourable and unfavourable
biomass compositions.
By-products of hydrothermal liquefaction are gas (mainly
CO2), char and an aqueous phase rich in organic molecules.
This aqueous phase needs to be recycled or valorised to limit the environmental impact of the process and to optimise overall yields. This work yielded a patent and several
scientific publications [1] [2] [3].
Experiments in a continuous reactor allowed a first step
towards upscaling to an industrial reactor. It was shown
that the results of a continuous reactor are better than the
batch reactors in terms of oil recovery due to shorter heating times (see fig 2).
Produced oil was analysed with classical petroleum and
fuel characterisation techniques. This showed that hydrothermal oils should be considered for heavy fuel applications or used as bio-crudes for further refining.
Upgrading the hydrothermal oils has proved difficult and
more work will be required before hydrothermal oils can be
used as commercial fuels.

CONCLUSIONS AND PERSPECTIVES

The project allowed us to gain a significant understanding
of the reaction mechanisms of hydrothermal liquefaction.
The extrapolation of the process to a (pre-) industrial application is facilitated. The next step should be a project with a
pre-industrial demonstration.

Fig. 1: Reaction mechanisms of hydrothermal conversion of guaiacol

Fig. 2:
Influence
of the heating
rate on the oil
content of the
raw residue
after
liquefaction
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Recent advances in
thermoconversion processes
for various biomass feedstock
CONTEXT

Different kind of processes are developed to optimize biomasses conversion into biofuels and biomolecules. Entrained flow reactor, fluidized bed gasification, torrefaction
and hydrothermal conversion were studied through 4 PhD
theses.
Woody biomass gasification in entrained flow reactor
(EFR):experiments and modelling: Joseph BILLAUD [1]
developed a comprehensive model to better understand
the phenomena controlling biomass gasification in an
EFR. The model largely leaned on lab-scale experimental
results, and accurately described the influence of oxidants (H2O, CO2, O2) and wood particle size on gasification products and efficiency (fig. 1) [2].
Agglomeration analysis due to ash during straw gasification up to 1000°C: Michael Balland [3] performed an
experimental multi-scale study of the agglomeration process due to ash melting in fluidized-bed, from room temperature to 1000°C, with simulants materials and straw
pellets (~7 wt% ashes). The influence of the amount of liquid, its properties (viscosity, wetting) and the operating
parameters were investigated (fig. 2) [4]. The modelling
work proposes, as a first approach, a simplified criterion for
industrial use of “difficult” biomasses allowing to predict
the operating time before the decrease of the conversion
efficiency.
Hydrothermal conversion of black liquor: Black liquor is
the residues after wood cooking in paper Kraft process. It
contains mainly lignin, lignin fragments and some sugars
coming from hemicellulose. Results obtained during the
PhD work of Marion Huet [5] show that hydrothermal conditions are able to depolymerize lignin to produce a biocrude
and also phenolic platform molecules. Combustion of
biocrude can provide energy for the pulp mill with a complementary income by the valorisation of catechol, gaiacol, or
phenol molecules [6].
Study of formation mechanisms of condensable co-products from torrefaction of various biomass types: Biomass torrefaction produces a solid energy carrier but also
condensable species such as acids and phenols that are a
source of high added value “green” chemicals. During her
PhD Elvira Rodriguez-Alonso [7] developed a modelling approach based on the description of biomass as addition of
its constituents, namely cellulose, hemicelluloses and lignin. Correlations were obtained between condensable
species yields versus temperature yields and solid chemical bonds versus temperature (see fig. 3) [8]. Based on
these experimental results, reaction mechanisms could be
proposed.
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Fig. 1:
Carbon conversion
into gas versus
temperature
for 2 particles size
batches

a

b

Fig 3:
Yield of acetic yield
obtained versus
temperature for the
four samples tested

CONCLUSIONS AND PERSPECTIVES

Biomasses composition (biochemical components and
inorganic elements) as well as particle size are key parameters to understand thermochemical conversions and allow
better process modelling.
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Fig. 2:
a) Cross sectional
observation of
agglomerates
(SEM-EDX) and b)
measured liquid
composition at 850°
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Simulation of solute segregation during directional
solidification under mechanical stirring
model of the solute boundary layer. This analytical model gives an estimation of the solute boundary layer
thickness from the wall shear-stress at the solidification front. The new model provides better results when
fully turbulent flows are used.

CONCLUSIONS AND PERSPECTIVES

A simplified approach for the simulation of solute segregation has been proposed. The developed analytical model can
be implemented in a complete process simulation, in order
to improve our numerical tools and physical understanding.
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PARTNERS

Regarding silicon purification for the PV industry, the development of alternative metallurgical processes is a promising research area for cost and environmental impact
reductions. An interesting application is the removal of metallic impurities by segregation during directional solidification. The efficiency of this process depends on the
convection regime occurring in the melt. A mechanical stirrer has been developed by the CEA Liten in order to enhance
convection flow in liquid silicon and improve segregation. In
this frame of work, multiphysics simulations represent a
powerful tool for the process optimization. The presence of a
thin solute boundary layer at the solidification front is, however, a major drawback. The development of specific methods
is required for a complete simulation including furnace thermal conditions, melt flow in turbulent regimes and solute
segregation during solidification.

APPROACH

Hydrodynamic simulations of the flow generated by the impeller have been performed thanks to a sliding mesh method, with the commercial code ANSYS FLUENT. A solute
transport simulation was coupled to the hydrodynamic model in order to compute segregation in a quasi-steady regime
for various stirring configurations. The velocity field was also
characterized thanks to Particle Images Velocimetry (PIV)
measurements on an experimental setup using water, for
validation purposes. Finally, an analytical model of the solute boundary layer previously developed in our team was
improved to account for turbulent transport. This model was
tested against the 3D steady state simulations and 2D transient simulations with various convection conditions.

RESULTS

Mean velocity fields were obtained by PIV (fig. 1) in different plans of the fluid flow for different stirring configurations. The good agreement between the experimental
and the numerical results confirms the validity of the
mechanical stirring simulations. This numerical model is
used to study the influence of the forced convection on
the solute segregation. Fig. 2 shows the variation of the
normalized solute boundary layer thickness Δ on the solidification front. These results highlight a higher impurity concentration near lateral walls and under the
rotation axis of the impeller. The increase of the rotational speed reduces the concentration on all the solidification front, leading to a more efficient segregation. Fig. 3
compares the segregation regimes obtained from 2D
and 3D simulations to the predictions of an analytical
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Fig. 1: Experimental
velocity field (m/s)
obtained by PIV
measurements in
water, for a rotational
speed of 170 rpm
(equivalent to 50 rpm
in liquid silicon).

a

b

Fig 2: Normalized solute boundary layer thickness Δ on the solidification
front for a rotational speed of 10 rpm (A) and 50 rpm (B).

Fig. 3:
Normalized solute
boundary layer
thickness Δ as a
function of a nondimensional parameter
B representative
of the segregation
regime.
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Study of electrical conduction mechanisms
at low temperature for the determination
of dopant densities in Photovoltaic Silicon

CONTEXT

The control of dopant densities in photovoltaic (PV) silicon
(Si) is essential to ensure high PV conversion efficiencies.
Particularly in low cost Solar-Grade Si (purified by metallurgical processes) and recycled Si or intentionally co-doped
electronic-grade Si, the simultaneous presence of donor
and acceptor dopants (known as “compensation”) requires
accurate measurement of doping levels. Nowadays,
conventional mass spectrometry techniques are routinely
used in order to measure dopant concentrations in photovoltaic silicon. These techniques have proven to be efficient
but are usually time consuming, require clean environment
and precise technical procedures. The aim of our studies is
to develop an innovative and alternative technique to quickly and readily determine dopants concentrations in such
materials.
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APPROACH

We propose to develop a measurement protocol based on
temperature Hall Effect electrical measurements of the silicon material properties (charge carrier density and mobility, resistivity), with the advantages to be a fast and
easy-to-operate method. Advanced studies on the electrical conduction mechanisms at low temperature in PV Si offer ground breaking opportunities to determine the dopant
concentrations in such materials.

RESULTS

Two main approaches have been developed depending on
the doping range addressed. For lowly doped materials (i.e.
doping level < 5×1016 cm-3), the T-variation of the majority
carrier density may be fitted with theoretical data computed with the Fermi-Dirac statistics which describe the
freeze-out regime of free charges and its dopant-concentration dependency. Specific considerations had to be taken
into account such as the “T-” and “dopant concentration-”
dependent Hall factors (rH) and the multiplicity of the energy levels introduced by the doping impurities in the Si band
gap, with their related degeneracy factors [1]. A fair agreement is obtained with such a procedure vs the conventional
ones (fig. 1).
For highly doped materials (doping level > 5×1016 cm-3), a
protocol based on hopping conduction mechanisms at very
low temperature has been developed [2]. It is mainly based
on the correlation between the majority dopant densities
and the transition temperature between band and hopping
conduction regimes (fig. 2).

CONCLUSIONS AND PERSPECTIVES

Both promising approaches are currently being tested on a
large range of Si materials in order to challenge and improve
the techniques. In parallel, simulation works are ongoing in
order to deeply improve our comprehension of the background physical mechanisms.
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Fig. 1: Comparison of boron and phosphorous concentrations (in ppm wt)
obtained by Hall Effect and respectively, GDMS, ICP-MS and SIMS in an n-type
sample coming from a compensated ingot at a solidified fraction (fs) 0.94.
The black line represents the mean value, the blue region shows the extrema.

Fig. 2: Resistivity plotted as a function of temperature on a p-type sample,
containing boron and phosphorous dopants. It shows the transition
temperature between band and hopping conduction.
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Proof of concept of homo-heterojunction
silicon solar cells

CONTEXT

The silicon heterojunction solar cell is one of the most promising solar cell technology to further decrease photovoltaic energy production costs. Nevertheless, it has been
underlined that its efficiency is limited by charge carrier recombinations at the a-Si:H/c-Si interface. Therefore, this
work aims to overcome this issue by introducing an added
field effect promoted by the addition of a (p+) or a (n+) c-Si
layer at this critical interface (fig. 1).
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APPROACH

A three step approach has been developed to achieve homo-heterojunction (HHJ) cells with efficiencies surpassing
high efficiency regular heterojunction cells (SHJ). First numerical simulation has allowed the optimization of the
added layers properties by investigating the trade-off
between their beneficial and detrimental effects [1]. Then
the added layers, processed by ion implantation, have been
developed on cell precursors. Finally, the gains have been
validated on large area cells produced with industrial processes.
At each of the three steps of the study, the beneficial effect
of the addition of layers has been characterized not only to
come from an added field effect but also from an unexpected decrease of series resistance. The latter phenomenon
is explained by a change in band bending in the highly resistive (i) a Si:H layer.
Moreover, many experimental issues related to the HHJ cell
processing have been evidenced and overcome. For instance, it has been shown that the post-implantation annealing required to activate the introduced boron or phosphorus
atoms might decrease the silicon substrate quality [2].
The understanding of the involved phenomena and the development of the ion implantation doping for the special requirements of the added layers have allowed to achieve
HHJ solar cells with added (p+) or (n+) c Si regions (separately) with improved performance as compared to the high
performance reference SHJ cell (fig 2.).
The improvement is observed in the open circuit voltage
and the fill factor of the solar cells.

Fig. 1: Scheme of a homo-heterojunction solar cell with the added (p+)
c-Si and (n+) c-Si layers

CONCLUSIONS AND PERSPECTIVES

These results are the first proof of concept of HHJ cells surpassing high quality SHJ cells.
The next step will be to further optimize the fabrication process flow to obtain a better integration of the added layers
and thus to maximize their benefits.
Finally, the manufacturing of HJJ cells integrating both
added layers (fig. 1) will further improve their efficiency.
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Fig. 2: Photovoltaic parameters of the reference SHJ cell (SHJREF),
a HHJ cell with a (p+) c-Si layer (HHJp+) and a HHJ cell with a (n+)
c-Si layer (HHJn+)
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Gas barrier adhesives for high performance
and flexible encapsulation schemes

CONTEXT

A significant hurdle to the widespread implementation of
flexible organic optoelectronic devices remains in the form
of the sensitivity of these devices to water, oxygen, light
and combinations thereof. One popular approach is to laminate the device between two high barrier films using an adhesive to make the seal. Gas barrier properties of
commercial high barrier films have been considerably improved at the point where the weak point of the encapsulation scheme became the poor gas barrier properties of the
sealing materials.
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APPROACH

A modified version of the optical calcium test was developed [1] in order to determine the relative impacts of the
different water vapor permeation pathways present in an
encapsulated flexible device. The optical calcium test that
was developed was shown to be able to distinguish the relative contributions of orthogonal permeation through the
gas barrier film, permeation in the bulk adhesive, and interfacial permeation for pairs of adhesives and barrier films
(fig. 1).

RESULTS

The results showed that lateral permeation accounts for a
very large proportion of the overall permeation in samples
of this size, often over 50% of the total water vapor permeation. By testing with the same materials but a different
thickness of adhesive, it was also shown that the relative
impacts of the water vapor permeation in the bulk adhesive
and along the interfaces could be determined. The results
showed that the ratio of permeation in the bulk adhesive
and along the interface were very dependent on the adhesive-barrier film pair, with some combinations being
overwhelmingly dominated by interfacial permeation – a
pathway which has been largely ignored in other testing
methods.
The modified calcium test allowed the development of new
classes of gas barrier adhesives in close collaboration with
Arkema (Arkema-CEA joint laboratory). The lateral permeation measurements of these new adhesives are shown in
fig. 2 versus common pressure sensitive adhesives. The
compatibility of these adhesives with organic photovoltaic
device has also been improved in order to avoid any degradation during the encapsulation process.

CONCLUSIONS AND PERSPECTIVES

Characterization techniques and improved gas barrier adhesives have been developed in order to reduce the lateral
permeation pathway. The wide range of applications motivates the continuation of this work for the improvement of
the gas barrier properties and, consequently, longer lifetime of flexible optoeletronic devices.
36

Fig. 1: Time lapse of the modified calcium test.
The degradation of the calcium from the edge (lateral permeation
through adhesives) is clearly visible.

Fig. 2: Lateral permeation versus the adhesive thickness
for common adhesive (black dot) and new classes of Sollia adhesives
(red and blue dots)

• TEAM CEA:
Patrick Boldrighini, Stéphane Cros, Solenn Berson
• TEAM ARKEMA:
Manuel Hidalgo
• CONTACT
stephane.cros@cea.fr

Perovskite-based
solar cells: towards
large efficient devices
CONTEXT

Perovskite Solar Cells (PSCs) have emerged as one of today's most promising upcoming photovoltaic technology.
Thanks to a unique combination of attractive features (high
efficiency, low-cost, tunable bandgap, ease of processing),
PSCs have drawn a tremendous research interest during
the last few years. Record efficiency has skyrocketed and
performances over 22% are now achieved. Yet, quite a number of challenges are still to be met to ensure a bright industrial future for PSCs. While few groups successfully
processed large scale PSCs, most of the worldwide current
research is indeed focusing on small area lab-scale devices
(< 10mm²) processed at high temperature (> 400°C).
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APPROACH

We have then developed new processing routes towards
the large scale processing of devices.
Alternatives to current state-of-the-art materials that show
great efficiency but also major drawbacks (high sintering
temperature for mesoporous TiO2, poor thermal stability of
spiro-OMeTAD) have been sought.

RESULTS

CONCLUSIONS AND PERSPECTIVES

We have demonstrated a new low temperature process allowing the realization of high efficiency cells and modules.
This process will now be extended to the processing of:
• L arger modules on PET substrates;
• S ilicon based tandem device to increase efficiency up
to 30%.

Fig. 1 Typical cross-section scheme of the processed devices

Table 1. Main results achieved

Fig. 2 J–V curves of cells using a variety of P-Layer
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All experiments have been made using a planar device architecture (fig 1).
First, the influence of the N-layer on device efficiency was thoroughly investigated via a complementary set of techniques
(e.g. SEM, EDX, SSPG). This was done to delineate the respective effects of chemical composition and processing both on
perovskite crystallization and final device properties. The use
of doped ZnO with subsequent surface treatment provided the
best compromise. Indeed, this combination enabled to reach
efficiencies as high as reference TiO2, yet enabling a much faster crystallization (ca 1 min vs 60min for reference) without
the need of any high temperature annealing (Table 1).
The influence of P-layer properties has also been investigated using a variety of stable and commercially available
π-conjugated polymers. While the current density was
shown to be relatively insensitive to P-layer nature, Voc and
hence efficiency have been observed to scale with HOMO
level position of the P layer (fig 2). Tuning this latter, one can
then adjust the device voltage in a straightforward fashion.
Larger area devices have been finally processed via the
newly developed protocol. Fine process retuning was found
to be necessary to achieve higher uniformity of the layers
over 10cm² areas. This was done both adapting inks formulation, spinning process and developing appropriate laser
structuration processes. Three stripes modules showing
an efficiency greater than 12% have thus been obtained.
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Control systems
for direct steam
generation in linear
concentrating
solar power plants
CONTEXT

Solar Thermal Electricity (STE) plants generate renewable
electricity using the conversion of solar Direct Normal Irradiation (DNI) into thermal energy, then into mechanical
work and electricity through the use of a thermodynamic
cycle. Among several technologies, Direct Steam Generation (DSG), in which steam is generated directly in the absorber tubes of the solar field, and then directly fed to the
turbine or thermal storage, holds interesting advantages.
However, steam generation constitutes a challenge for the
control system design under dynamic conditions. It is mainly due to the conjunction of the natural transient condition
of solar irradiation and the presence of two-phase flow in
the absorber tubes.
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APPROACH

To improve the control system design, this work was
first dedicated to detailed modelling of the solar field.
Secondly various control strategies have been modeled
and evaluated.

RESULTS

The first part of this project was dedicated to the hydraulic
and thermal detailed modelling of the solar field. In particular, it has been focused on the absorber tubes and on the
Direct Steam Generation within these tubes. Dymola simulation software using Modelica language has been extensively used for this purpose, thanks to its ability to manage
two-phase flow and both thermal and hydraulic phenomena. Specific models have been developed like Parabolic
Trough Collector, Linear Fresnel reflector.
Thanks to data of a real solar power plant provided by CIEMAT, validation of the models have been achieved (fig. 1).
Once the models validated various control strategies have
been evaluated (fig. 2). The main criteria to judge the quality
of a control strategy is the ability of the solar field to deliver
a stable steam temperature and quality in case of irradiation sudden change (fig. 3).
Furthermore, a first attempt to evaluate the impact of DNI
prediction on the control system has been evaluated.

Fig. 1: Modelled and experimental temperature
within evaporators of the solar field

Fig. 2: Mass flowrate and pump control for a clear sky day
with one of the strategies evaluated

CONCLUSIONS AND PERSPECTIVES

Based on the results obtained, the next steps will be the implementation of the most promising control strategies on
the pilot DSG plant operated by CEA-LITEN in Cadarache.
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Fig. 3: Steam temperature variation with irradiation sudden change
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Fuel Cell stacks development for transportation
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LITEN has been working for 20 years on the development of fuel cell systems mainly devoted to transport.
Historically, LITEN, in partnership with PSA, achieved its
first PEMFC stack in 2006. Today some improvements
are still needed to be achieved in terms of global cost
and durability before mass deployment of fuel cell technology for automotive markets according to European
Commission (JTI FCH-JU) or US Department of Energy
(DoE) targets. [1]
To be compliant with these objectives at stack level,
LITEN has developed research activities dedicated to
each elementary component. Some key points thus
have been addressed:
• The reduction of platinum loading by the use of platinum alloy catalysts or by the improvement of platinum
utilization within the catalyst layer, for cost reduction;
• T he optimisation of water management in membrane
electrode assembly (MEA) in order to decrease mass
transport limitations in active layers;
• T he development of MEA manufacturing processes
adapted to mass production;
• T he optimisation of bipolar plate in terms of design of
materials to increase stack power density.
All these research activities are supported by multi-scale
and multi-physic simulation and also by a wide range of
characterisation tools (TEM, local instrumentation, large
scale facilities for neutron scattering or X-ray diffusion…)
available at LITEN or in close collaboration with international centres. The goal is to better understand the links
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between the microstructure and the performances of the
components and provide inputs for technological development fuel cell stack and components.

Multi-scale and multi-physics modelling
for PEMFC

Multi-scale and multi-physics modelling has been developed in the last decades in order to reach a quantitative
description of the physical and chemical phenomena occurring during operation from molecular to system levels [2-4] (fig. 1).
The development of a full multi-scale modelling approach aims at:
• p redicting system performances and lifetime as a
function of materials, design and operating conditions;
• b etter understanding degradation mechanisms at
different scales;
• I mproving material and/or design including durability
constraints.
The different modelling scales are strongly coupled with
experimental approach in order to measure relevant physical parameters and validate the models. The full multi-scale approach developed at LITEN is enriched by inputs
from fundamental research laboratories: ab-initio calculations (collaborations with CEA DRF and ENS Lyon) and fundamental mechanisms (electrochemical, transport).
As an example, specific improved two-phase modelling
has been developed in collaboration with IMFT to better
understand two-phase water transfers in the Membrane
Electrode Assembly (MEA) taken in account the different

Figure 1: Multi-scale approach developed at LITEN for fuel cell modelling.

Advanced characterisation
developed for PEMFC.

In parallel to simulation, specific characterisation tools
were developed to better understand phenomena occurring within a stack. To address water distribution, specific
protocols and cells have been developed jointly by INAC and
LITEN which allow in situ and operando quantification of water distribution within operating MEA. The small angle neua

b

Figure 2: (a) CEA stack inside neutron GM Beam line at NIST.
(b) Water distribution in metallic stack recorded during operation
at different current densities.

Figure 3: Fluorine EDS elemental map acquired on an ultramicrotomed TEM
sample at two different magnifications showing the ionomer distribution
within the catalyst layer.

tron scattering is a powerful technique for visualizing and
quantifying with high resolution water within and around
the MEA under representative working conditions. It also
allows identifying the heterogeneities between gas inlet
and outlet. In order to further increase the spatial resolution
and to scale down to the flow field design, complementary
experimentations using small angle X-rays diffusion have
also been developed on state-of-the art membranes
(thickness < 20 µm). Regular experimentations are made
for validating multiscale-multi-physic PEMFC modelling [8].
Among the latest results, a characterization at low temperature (-20°C) has made it possible to separate water transport mechanisms (electro-osmosis and diffusion) [9]; a
high temperature study has recently allowed to figure out
the main limitation of Nafion® membranes above 100°C;
and some characterizations of aged MEAs have been done
to further progress in the understanding of degradation
mechanisms. Some results have been obtained with external collaborations such as the National Institute of Science
and Technology (NIST-Washington) using the General Motors beam line for recording high resolution neutron images
of single cell and stack.
To complete large scale experiments, current mapping of
large surface MEAs was developed to analyse local current density over the electrodes versus time. So, the prediction of the heterogeneous repartitions along the cell
surface in function of material properties and aging are
explained [10]. Additionally, advanced TEM techniques
were used to identify the main degradation mechanisms
occurring inside the MEA. These studies highlighted a
heterogeneous degradation of the active layers between
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MEA layers and to make a step towards design tools. This
work has allowed improving the scientific knowledge of
water transfer in MEA components [5-6-4]. Intensive
comparison with experiments has been done successfully using specific in-house local instrumentation or 3D imaging of two-phase patterns and new insights of water
management have been proposed [7]. All these simulation results help analysing more precisely the influence of
both material properties and operating conditions on performance and on reversible and irreversible degradation
mechanisms.
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Figure 4: (a) SEM images of hollow nanoparticles synthesised
in collaboration with LEPMI.

modelling and characterisation activities and research
activities dealing with new materials and new bipolar
plate design. Moreover, specific characterisation methods have been developed to help MEA development.
Main results so far are:
• a decrease of platinum loading within large area MEA from
0.6 to 0.2 mgPt.cm-2 keeping the same performances,
• t uned active layer with optimized content of proton
conducting polymer binder and newly developed catalysts limiting local flooding,
• t he development of tuned and improved gas diffusions
layers (GDL) to increase MEA performance [15],
• t he manufacturing of MEAs with reproducible durability
about 2000 hours under load cycling operation.

Figure 4: (b) Polarisation curves recorded with MEA based on tri-metallic
catalyst synthesised developed by LC2MP.

gases inlet and outlet which might be related to heterogeneity of local operating conditions (gas partial pressures, relative humidity, current density…) as observed
in water transport or current mapping experiments.
In particular, TEM images coupled to chemical mapping
allowed identifying the modifications of Pt alloy nanoparticles due to ageing depending on both global and local conditions [12-13]. Moreover, using STEM/X-EDS
analyses, ionomer distribution within the catalyst layer
can now be visualised by acquiring fluorine X-EDS elemental maps in MEA ultramicrotomed TEM sample
(fig. 3). This new imaging technique open the possibility
to control ionomer distribution within the electrode but
also to study the ionomer stability after MEA ageing
tests [11].

New catalyst development
and MEA Manufacturing

Figure 5: Comparison between water distributions in operation within
an MEA simulated and measured using neutron imaging technique.

Bipolar plate optimisation
and manufacturing.

In addition to MEA development, LITEN also works on the
optimisation of the performances of the stamped metallic
bipolar plates. All these research activities are focused on
materials researches and on bipolar plate design to improve
stack robustness. To drive material developments and bipolar plate behaviour understanding, different levels of the
stack have been simulated, using finite element models at
LITEN.

To decrease the cost of fuel cell system, it is necessary to
use less expensive materials such as platinum. LITEN has
developed R&D dedicated to find new non-platinum catalyst or to reduce platinum loading. LITEN has thus worked
in strong collaborations with others CEA institutes and
with national (LEPMI, IC2MP…) and international academic partners (European programs such as PEMICAN,
SMARTCAT, NANOCAT…). As an example Pt/CNT [14],
Nano-architectures or platinum alloy should be considered as alternatives to pure platinum nanoparticles.
One other key point to improve catalyst utilisation in stack is to deal with MEA manufacturing. Since few years,
CEA has been working on optimisation of MEA manufacturing processes using tools consistent with industrial
requirements. MEA development needs a complete understanding of phenomena linking local operating conditions and stack electrical performances. That is why
MEA development is made in close collaboration with
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Figure 6: Polarisation curve obtained with metallic bipolar plate stack
in European reference conditions

The results obtained at different scales have been complemented by experimental studies dedicated to quantify the
impact of the stack design on the electrical performances
and on water management. Figure 5 compares the results
obtained by modelling and by neutron imaging experiments
(NIST-NCMR) [8].
Simultaneously, a significant decrease of stack mass and
volume has been obtained by reduction of the thickness
bipolar plates taking into account the most critical manufacturing process steps (stamping and laser welding) as
well as metrology requirements and gasket technologies.
Moreover, durability issues are also addressed at stack level, considering the degradation of bipolar plate properties
inside the stack, in particular the corrosion of stainless
steel bipolar plates in transport applications. These mechanisms were studied in close collaboration with INSA Lyon
whereas protective layers with high electronic conductivities were elaborated and evaluated in real conditions
through different national and European projects (FCH-JU
COBRA).

Perspectives

Using both modelling approach and experimental validation, a new generation of stack including advanced MEAs
and bipolar plates has been designed, manufactured and
tested. A mass and volume power density of 2.5 kW/kg
and 3.4 kW/L respectively has been reached in automotive reference condition.
During next years, LITEN will continue to work concomitantly on fundamentals research in collaboration with
their academic partners and on the development of fuel
cell stack and system. Even if the enhancement of power
density remains a key point, a focus will be made on the
increase of the durability in real operating conditions.
To fulfil lifetime requirements (6000 hours), modelling
and experimental characterization will be used to identify links between local operating conditions within a cell
and degradation phenomena. More durable materials
will then be used with respect to degradation mechanism, whereas mitigation strategies at system level and
online diagnosis tools will be developed in order to avoid
detrimental conditions during operation.
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• A t the cell level, energy and mass transfers all over the cell
area (3D mesh) have been simulated, taking into account
various geometries and calculating the local fluid velocity, composition and temperature. This work aims at optimizing the homogeneity of the fluid distribution for each
circuit (anode, cathode, coolant) all over each cell.
• A t the stack level, mass transfers in the fluid input and
output collectors and in all the cells (3D mesh) have been
simulated, taking into account various simplified geometries and calculating the input mass flow of each cell. This
work aims at optimizing the homogeneity of the fluid distribution for each circuit (anode, cathode, coolant) all over
the stack.
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Up-scaling of the synthesis of innovative catalysts
for use in PEMFC stacks

CONTEXT

Proton Exchange Membrane Fuel Cell (PEMFC) technologies have now reached a sufficient level for the deployment
in specific markets. PEMFC performances are still usually
ruled out by the cathode side where the sluggish Oxygen
Reduction Reaction (ORR) is processed. Moreover, the catalyst durability is classically a major concern in the harsh
operating conditions of a PEMFC [1]. The research activities
for more durable and highly active materials is thus mandatory to increase the fuel cell performances.
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APPROACH

The formation of hollow Pt/C particles was reported after
degradation of Pt3Co/C alloys in PEMFC on-site operation
[2]. Having unveiled the enhanced ORR activity of such
nanostructures, LEPMI recently developed a simple “one
pot” method to synthesize hollow PtNi nanoparticles supported on high surface area carbon. Compared to reference
Pt/C, hollow PtNi/C catalysts achieved 6-fold and 9-fold enhancement in mass and specific activity for the ORR, respectively [3]. Upscaling the synthesis process appears
now a key-step to integrate these hollow nanoparticles into
Membrane Electrode Assemblies (MEAs) and to confirm
their interest under representative PEMFC configuration.

RESULTS

Step-by-step development at CEA Liten of the initial synthesis enabled to reach a 10-fold upscale of the synthesis corresponding to ca. 4 g of catalyst per batch (fig. 1). Combined
physical and electrochemical characterizations ensured
that the initial structure and the intrinsic properties of the
hollow PtNi/C nanoparticles were maintained all along the
up-scaling process (fig. 1).
This material upscaling also rendered possible the use of
classical electrodes manufacturing processes for MEAs
such as spray, blade coating and screen printing, similarly
to commercial catalysts. The first measurements performed in 25 cm² single cells demonstrated promising results
for MEA using hollow PtNi/C at the cathode (fig. 2). After an
accelerated durability stress test, the MEA performances
became higher than that of the Pt/C-based reference MEA
up to medium current densities, which tends to confirm the
interest of such nanostructures on the long-term.

CONCLUSIONS AND PERSPECTIVES

The synthesis up-scaling is in progress to reach catalyst
production suitable for the manufacturing of large surface
MEA. This final step will make it possible to integrate and
evaluate these materials into PEMFC stacks.
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Fig. 1: Catalytic activity towards ORR for reference materials
and PtNi/C hollow nanoparticles measured at 0.90 V vs. RHE in liquid
electrolyte (see ref [3] for experimental details)

Fig. 2: Polarization curves measured for reference MEA (commercial Pt/C
catalyst) and MEA integrating the PtNi/C materials in representative
automotive conditions (80°C / 1.5 bar / RH 50%). Solid lines refer to initial
performances and dotted lines after 30 000 AST potential cycles.
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Control by state observer
of a PEMFC system to enhance
durability and performance
REFERENCES

CONTEXT

A Proton Exchange Membrane Fuel Cell (PEMFC) requires an
active system to control all the ancillaries and ensure optimal operating conditions, especially in dynamic operation
mode. The dynamic operating conditions of the stack have
direct impacts both on the stack performances and on the
lifetime.

[1] P iffard, M., Gérard, M., Bideaux, E., Fonseca, R.D.
and Massioni, P. 2015. Control by state observer
of PEMFC anodic purges in dead-end operating mode.
IFAC-PapersOnLine. 48, 15 (2015), 237.
[2] M. Piffard, M. Gérard, et al.,E. Bideaux, R. Da Fonseca,
P. Massioni, Commande par observateur d’état de la purge
anodique d’une pile à combustible PEM en mode dead-end :
“Application à un cycle automobile” GdR HySPàC 14-2015.
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APPROACH

The optimization of the fuel cell lifetime can be done either
by material improvement or by the optimization of the system control.
Our approach is based on optimisation of operating conditions in real time taking into account durability constraints.
Such algorithm requires the knowledge of the internal
states of the fuel cell in order to optimise the command of
fuel cell parameters (fig. 1). Measurements of internal
states are difficult to obtain with hardware sensors on an
industrial stack. It has been then necessary to develop
state observers (acting as a virtual sensor) to estimate the
local conditions online.

RESULTS

CONCLUSIONS AND PERSPECTIVES

The estimation in real time of internal states is a first step to
enhance fuel cell performance and durability. A management system based on a state observer is investigated by
now to identify the optimal operating conditions that could
both satisfy the power demand and minimize the degradations.
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Fig. 1: Schematic layout of the general algorithm

Fig. 2: Comparison of anode RH between the observer output
and the 2D model. Despite heterogeneities, the average relative
humidity is well tracked.

• TEAM
Maxime Piffard, Mathias Gérard, Ramon Da Fonseca
• CONTACT
mathias.gerard@cea.fr

RAPPORT SCIENTIFIQUE /SCIENTIFIC HIGHLIGHTS /2015-2016

This state observer is based on a simple set of differential
equations extracted from a detailed multi-physics 2D-meshed model (called PS++ model). The sliding mode technique is applied here to estimate the average relative
humidity in the channels, the water content of the
membrane and the nitrogen and hydrogen quantities in
the anode channel, with the use of available sensors in
the system (pressure, temperature, voltage and current).
The algorithm has been validated in simulation with PS++
model (fig. 2). During a power cycle (WLTC), with dynamic
operating pressure and temperature, the state observer
has provided a precise estimate of the internal states. [1]
In addition, a new command for the anodic exhaust valve
has been created based on the knowledge of the nitrogen
built up in the anode. The fuel cell efficiency has been improved regardless of the power profile, whereas other purge
strategies are only optimal for a specific one [2].
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Durability and degradation mechanisms analyses
of Membrane Electrodes Assemblies aged in stacks

CONTEXT

Durability is one of the main barriers for the commercial
success of Fuel Cell systems. Reaching requested targets
of either 5.000 hours under harsh conditions for automotive applications or 40.000 hours for stationary applications, is a real challenge. Analysing, understanding and
modelling fuel cell behaviour as well as degradation phenomena during long term operation of stacks are required to
enable further improvements.
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APPROACH

CEA/Liten contributed to develop dedicated ageing protocols and methods to investigate degradation of stack performance and of MEA components. Operating conditions
and load profile imposed by the systems are the factors
that affect most the degradation extent. For transportation, lifetime of CEA MEAs and stack design has been evaluated with Dynamic Load Cycles (DLC) based on
automotive drive profile. In the stationary case, attention
was focused on ageing under reformate fuel and on the role
of carbon monoxide as pollutant. Coupling global electrochemical diagnostics with local information is a key point of
the approach to explain heterogeneities evolution and
ageing mechanisms. Segmented cells are used to map the
distribution of current density along the cells surface; ex-situ analyses of electrochemical properties and microstructure alterations complete the study.

Fig. 1: stack voltage
evolution during ageing
under dynamic load
cycles and H2/Air
in transportation
conditions

RESULTS

DLC applied on CEA stacks allowed to demonstrate 2000
hours of operation in transportation conditions (80°C, 1.5
bars, less than 50% Relative Humidity for Hydrogen and Air)
(Fig. 1). Degradation rates ranged from 10 to 70 µV/h, even
higher for greater currents. Degradation is partially reversible but components suffer local irreversible damage: embrittlement of the membranes, which is attributed to
micro-defects initially present or initiated by the stack design or assembling process; and 10 to 20% loss of cathodes
active area caused by Ostwald ripening and dissolution of
platinum and cobalt.
Ageing of stacks under reformate at fixed current or following Imin/Imax load cycles [1] allowed to identify degradation mechanisms related to the catalysts: PtCo at the
cathode and PtRu at the anode.
Thanks to Current Density Distribution Mapping (CDDM), a
poisoning diagnostic has been developed to demonstrate
the impact of ageing on the local CO tolerance, related to the
dissolution of the Ruthenium [2]. Final CDDM (Fig. 2) allowed to identify zones of major activity losses regarding
electrodes. Ex-situ analyses on selected MEA samples enabled to correlate the local modifications of the catalysts
and the local loss of performances (Fig. 3).

CONCLUSIONS AND PERSPECTIVES

Combining these data with modelling and technological developments will allow to go towards prediction of durability
and design of more robust fuel cell components.
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Fig. 2: difference between End and Beginning of Test CDD maps
for a stack aged under reformate fuel and Imin/Imax load cycles

Fig. 3: results of Transmission Electron Microscopy coupled to X-EDS
elemental mapping. Degradation of PtCo particles → Pt and Co dissolution;
Co migration through the ionomer; sintering by Pt re-deposition
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Simulation and visualization of liquid water
in high power PEMFC

CONTEXT

Proton Exchange Membrane Fuel cells (PEMFC) are used
in numerous applications, ranging from few kW to few
hundred kW. High surface areas used in high power
PEMFC result in spatial heterogeneities which affect
their performance and durability.

APPROACH

The analysis of the origin and consequences of these spatial heterogeneities has been performed by combining the
development of a multi-physic model and a strong validation effort, using in particular operando visualization of water in high power PEMFC by neutron imaging techniques.
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RESULTS

Fig. 1: PEM components described with the model

CONCLUSIONS AND PERSPECTIVES

A direct perspective is to use this coupled methodology to
analyse new PEMFC designs. The analysis of the degradation modes and the local conditions should also be pursued.
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Fig. 2: Cartography of liquid water content over the fuel cell area.
Comparison between (top) simulation and (bottom) neutron imaging
for different current densities
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The developed multi-physic model considers the cell as
a multi-layered system where all the components of the
cell are considered (fig. 1). The originality of the modeling approach is to use a thin layer representation which
allows an accurate in-plane discretization, while keeping
a low computational cost. This approach enables to analyze the impact of real high power PEMFC design on the
local heterogeneities [1].
In a first step, the simulation results have been confronted
to experimental data obtained from large area PEMFC equipped with a printed circuit board to map operando the local
temperature and current density over the cell surface. The
fluidic validation has then been carried out thanks to neutron imaging experiments on 220 cm² PEMFC short stacks
at the Center for Neutron Research (NIST-CNR, USA) [2].
These tests allowed to quantify liquid water content over
the cell surface for numerous operating conditions with
different values for current density, pressure and relative
humidity (fig. 2).
This coupled approach between numerical and experimental studies make it possible to identify the origin of the spatial heterogeneities. Mainly due to the cooling circuit design,
they have moderate impact on the cell performance. However, they induce local conditions that can favor specific degradation modes and thus reduce the PEMFC durability [3].
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Analysis of the active material
microstructure constituting
positive electrode in Li-ion
batteries

b

b’

e’

e

CONTEXT

Major advances in Li-ion battery rely on the structuration of
active materials to overcome the severe kinetics limitations of new chemistries. How the electrochemical process
is affected by geometrical parameters of materials – porosities, surface areas or form factors of crystallites – is ambiguous, while determining key parameters is fundamental
for materials design and development.
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APPROACH

We propose to rationalize the link between microstructure
and electrochemistry. Our approach is based on the study
of model LiNi1/3Mn1/3Co1/3O2 (NMC) materials exhibiting
different morphologies. Each component of the electrochemical process – ionic and electronic motions and charge
transfer – is discussed using the complementarity of experimental and numerical techniques.

a
Fig. 1: a. Discharge
capacities obtained
at various C-rates
for flaked-shape
crystallites (red)
and cuboids (green).
b. Electronic
conductivities
measured by
broadband dielectric
spectroscopy (BDS)
between 60 and
1010 Hz.
The loose agglomeration of flake-shaped
crystallites results
in a higher conductivity
at all frequencies, i.e.
length scales,
compared to the tight
agglomeration of
cuboids (schematic).

RESULTS

Four NMC materials are synthesized by co-precipitation.
They exhibit a hierarchical architecture made of reasonably
spherical agglomerates (two of them are shown on top).
One is constituted of flake-shaped, spatially oriented, crystallites (left) that leave large apparent void spaces in the
agglomerate, while the other results from the tight agglomeration of micron-sized cuboids (right). Porous material exhibits the best power performances (fig.1.a), although
it is impossible to identify a geometrical parameter that
predicts performances. Cyclic voltammetry reveals two behaviours depending on the shape of crystallites: processes
limited by solid-state diffusion (cuboids) and the ones limited by charge transfer even at high rates (flake-shaped).
This observation challenges active materials design strategies that assume diffusion as the limiting process of lithium
intercalation. Focusing on enhancing kinetics could be the
way to increase performances. Charge-transfer is first investigated by measuring electronic conductivities over a
wide range of frequencies, allowing to discriminate relaxations arising at various length scales. We show that flakeshaped crystallites facilitate the motion of electrons at all
scale levels (fig.1.b) compared to cuboids. Charge-transfer
limitations originate from the electrolyte/material interface
in materials exhibiting high surface areas. Numerical simulations reveal that BET measurements largely overestimate
the actual electroactive surface, which is understood by
HRTEM images of flake-shaped crystallites. Only a small
percentage, limited to the edge plane (highlighted on fig. 2),
is truly electroactive.

b

a

b

Fig.2: a. Numerical simulations
of the anodic process during
a cyclic voltammetry. Only 15%
of the BET surface area is needed
to reproduce the experimental
data. b. HRTEM image of a
crystallite, showing that the
electroactive plane is located
on the thickness of the pellet
(highlighted in red on c.)
c

CONCLUSIONS AND PERSPECTIVES
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We provide a rational discussion on limiting factors of
power performances in layered oxide materials, giving insights for the development of active materials. The electroactive surface area can be estimated only using
modelling. Increasing surface areas does not unequivocally increase power performances, while it has a certain
negative impact on cyclability. The electronic conduction
is highly dependent on morphologies so that the design of
electrodes should be considered concurrently with the
features of active materials.
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Study of lithium insertion
in silicon electrodes
by using ToF-SIMS
CONTEXT

Thanks to its high specific capacity silicon is considered as
a promising candidate to replace graphite in order to improve Li-ion battery performance and durability. It however
suffers from poor cyclability due to large volumetric expansion during cycling and SEI instability. It is thus necessary
to better understand underlying mechanisms of lithium insertion in such materials. Thus, new approaches, in particular based on ToF-SIMS, have been considered to characterize
them.
In order to go further in the observation of silicon lithiation,
we have considered the capability of achieving FIB-cuts
into the analysis chamber of the ToF-SIMS spectrometer on
lithiated materials. By coupling with other characterization
techniques such as TEM and FIB/SEM, we have been able to
underline and describe some fundamental aspects of
lithium insertion into silicon-based materials.

RESULTS

Evolution of the structure of silicon particles upon the first
lithiation: ToF-SIMS analysis of in situ FIB cuts has been
achieved in silicon electrodes lithiated at 5%, 10%, 25%, 50%
and 70% of the theoretical capacity. The observations allowed us to show the preliminary formation of the SEI up to
10% of lithiation. Then lithium-silicon alloy appears, involving fast diffusion paths related to structural defects (typically sub-grain boundaries). They have been revealed by
multi-cores in the bulk of the particles (fig.1) and allowed us
to suggest a novel model of silicon lithiation based on these
fast diffusion paths (fig.2).
Homogeneity of silicon lithiation upon cycling: upon
extended cycling with limited lithiation (up to 1000 mAh.g-1)
(fig.3), it appears that the silicon core is consumed further and further up to the complete alloying of pristine
silicon material. After 10 cycles, Si particles do not present a core-shell structure anymore; observations are
similar in the whole depth of the electrode. ToF-SIMS imaging confirmed that Li was trapped in particles disconnected from the percolating electronic network,
probably due to the repeated expansion and contraction
of the active material during lithiation and delithiation
processes.
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Fig. 1: ToF-SIMS
chemical imaging
of Li and Si in a
micrometric
silicon particle

Fig. 2: Model of silicon
lithiation involving
lithium fast diffusion
paths

CONCLUSIONS AND PERSPECTIVES

These results enlighten various aspects of silicon-based
material performances. In particular, it can explain why
amorphous silicon, which does not contain structural defects, generally offers better performance and durability.
Characterisation of lithium isotopes with ToF-SIMS is also
considered in order to better understand lithium consumption in the electrode (SEI, active material etc.).
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Fig. 3: Electrochemical cycling in limited capacity of a micrometric
silicon electrode
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Sodium-ion batteries:
from materials development
to prototyping
CONTEXT

Since the great increase of the price of Lithium carbonate
during the 2000’s, the scientific community has started to
think to the replacement of Lithium ion for battery applications. From this point of view, a growing interest has been
observed lately on M-ion batteries (with M= Na, K, Mg, Ca,
Al, etc.). Among these different systems, Na-ion seems to
be the most promising and the most ready technology to
compete with Li-ion thanks to its electrochemical characteristics that are very close to Li-ion’s. However, although its
main advantage is the wide availability of Na resources, its
energy density is still lower than Li-ion.
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APPROACH

Both cells and material approaches have been investigated
in our department. In the one hand, a promising negative
electrode material has been studied, the hard carbon. Its
properties make it the most interesting candidate for Naion battery application. However, its irreversible capacity
can still be improved, and the insertion mechanisms are
still unclear. The influence of the synthesis condition on the
structure and the electrochemical performances was established. On the other hand, one system composed of a positive electrode and a commercial hard carbon has been
developed. The first 18650 Na-ion cells have been produced
with performances close to Li-ion LFP/LTO based batteries
(fig.1).

Fig. 2: Influence of the pyrolysis temperature of a hard carbon
on the micropore size

RESULTS

Regarding hard carbon, cellulose-based pyrolytic hard carbon has been studied, the influence of the pyrolysis temperature has been investigated [1]. From Small Angle X-ray
Scattering (SAXS) and X-ray Diffraction (XRD), It was observed that the pyrolysis temperature influenced the microporosity (fig. 2) and the distance between the graphene
planes. Electrochemical tests showed that the electrochemical behaviour was strongly dependant on this microporosity (fig. 3). Regarding 18650 cells, they showed very
promising results in terms of power (several thousands of
W/kg) and cycle life (4000 cycles) [2].

Fig. 3: Influence of the pyrolysis temperature of a hard carbon
on the electrochemical performances

CONCLUSIONS AND PERSPECTIVES

Both approaches led to promising results. Scale up and Integration of our new material into a whole cell is the next
challenge. This will have to be performed with particular attention to the synthesis cost.
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Fig 1. The world first 18650 Na-ion cells
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Development of Li2S-based Li-ion/sulfur batteries

CONTEXT

With high theoretical energy density (~2600 Wh.kg-1),
lithium/sulfur (Li/S) batteries are highly promising, but
these systems are still poorly understood due to the complex mechanisms/equilibria involved. Replacing S8 by Li2S
as the active material allows the use of safer negative electrodes, like silicon, instead of lithium metal. S8 and Li2S have
different conductivity and solubility properties, resulting in
a profoundly changed activation process during the first
cycle. Particularly, during the first charge a high polarization and a lack of reproducibility between tests are observed for Li2S raw material [1].
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APPROACH

RESULTS

Nano-sized Li2S was synthesized according to a liquid path
synthesis [S. Jick et al., J.C.S Chem. Comm (1978) 6-7].
X-Ray diffraction spectroscopy measurements showed
that nanoparticles are effectively obtained, with an average particle size of 8.8 nm (fig. 1a). This active material
was electrochemically characterized in coin cell. The results show that starting from nano-sized Li2S lowers the
initial activation barrier and allows a much less polarized
first charge. In order to deepen such observation, operando
X-Ray diffraction spectroscopy was performed. These measurements revealed once again a much less polarized profile when starting from nano-Li2S with a lower activation
barrier. Moreover, upon charging, micro-Li2S does not disappear completely whereas nano-Li2S does. This reveals a
better utilisation of the active material when nano-Li2S is
used as the starting material.

CONCLUSIONS AND PERSPECTIVES

Li2S nanoparticles were synthesized in order to address the
high activation barrier and the 1st charge irreproducibility of
micro-Li2S electrodes. Upon charging, micrometric electrodes undergo a coexistence between the two solid phases
-sulfur and Li2S resulting in a highly polarized cell. These
issues can be overcome by using nano-sized Li2S. The next
step will be to track soluble species in the electrolyte, using
operando X-Ray absorption spectroscopy for example. Moreover, nano-Li2S demonstrates unusual behaviour regarding the common solvents and polymers used for
electrodes formulation. Then, another perspective will be to
pursue this work in order to fully optimize the electrode preparation protocol.

Fig. 1:
Comparison of
(a) XRD features and
(b) electrochemical
results between
micro and nano-sized
Li2S.

Fig. 2:
(a) Cycling curve of
a micro-sized Li2S
based electrode Onset: diffractogrammes upon charge
(b) Cycling curve of a
nano-sized Li2S based
electrode - Onset:
diffractogrammes
upon charge.
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Differences observed between commercial Li2S material
(micron-sized) and that electrochemically produced in a
battery (nano-sized) may indicate that the electrochemical
process depends on the particle size [2]. Li2S nanoparticles
were synthesized and compared to micro-sized particles in
order to deepen the understanding of Li2S first charge working mechanism, thanks to operando measurements, and
to try to improve the electrochemical behavior.
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Acoustic emission techniques for batteries monitoring

CONTEXT

Energy storage systems such as Li-ion batteries and supercapacitors cells are often considered as closed boxes.
Operando monitoring of such systems is required to estimate their amount of remaining energy and to prevent
safety concerns.

APPROACH

Advanced methods for Operando monitoring of non-electrochemical signals are developed to follow the internal behavior of cells under operation. Acoustic emission (AE) and
ultrasound characterization (UsC) are used to detect the
signals arising from stress released by local strain, related
to material and interfacial modifications. They are used to
monitor the state-of-health (SoH) and the state-of-charge
(SoC) of the battery and to detect events related to failure
modes and safety issues.
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RESULTS

Acoustic emission technique was developed and used to
detect materials and interfaces changes in batteries during specific stages of operation. It was used to study
the “formation” phase: the first charge of the Li-ion batteries, when graphite is lithiated [1-2]. AE allows to study
more deeply the mechanisms occurring during the formation phase of the batteries.
It was also demonstrated that the emission of acoustic
events evolves during ageing of the batteries, then it is possible to estimate the state-of- health of the batteries [1,3].
More recent results demonstrated that acoustic emission
technique can also be used to perceive the early signs of
degradation of the cell materials in critical conditions of
operation (over-charge, over-discharge, over-heating…)
that lead to battery failures or safety hazards.
As a part of her PhD thesis, Florence Degret developed with
Sylvain Lespinats a methodology to better analyse the
acoustic events [4]. This methodology is based on the comparison of the main parameters of the waveforms detected
by the sensors (amplitude, duration, frequency, energy…).
An acoustic events mapping approach helps to distinguish
different types of waveforms (see fig. 2), attributed to different mechanisms occurring in the batteries.
This analysis method was applied to different types of electrochemical storage systems (Li-ion and aqueous batteries, Li-ion capacitors, supercapacitors…). It was also
applied to results obtained from the UsC. First results are
very promising, enabling to an accurate estimation of the
SoC and SoH from non-electrochemical datas (energy
transmitted, time of flight…).

CONCLUSIONS AND PERSPECTIVES

Acoustic techniques have been demonstrated to be very
sensitive to the internal changes occurring in the electrochemical storage systems. These non-electrochemical
techniques of characterization can be used for battery
monitoring, optimisation of formation process and prevention of safety concerns.
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Fig. 1: Picture of an array of PVDF piezoelectric sensors (6 sensors)
placed on a commercial 18650-type cylindrical battery.
These sensors, used for acoustic emission and ultrasonic characterization,
were developed by CEA/Liten (DTNM).

Fig. 2: Example of the methodology used to identify different
mechanisms occurring in a battery (NMC/G) during the formation phase.
Top: mapping of the different AE events; Bottom: coloured AE events
placed on the cell voltage curve.
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Impact of pressure
on Solid Oxide Cells
operated in Steam and
Co-electrolysis Modes
CONTEXT

High temperature steam electrolysis allows to produce
hydrogen at very high efficiencies. Moreover, the same
technology allows also the steam and carbon dioxide
co-electrolysis, thus offering CO2 re-use into the production of a syngas composed primarily of H2 and CO. The
mixture may be further transformed into methane or
other synthetic fuels. For many of the considered applications, H2 and/or CO have to be pressurized before
being processed. Since compressing liquid water is less
energetic than the compression of gaseous hydrogen,
electrolysis and co-electrolysis performed under pressure should be relevant regarding the global system efficiency. Moreover, the pressurized co-electrolysis
process is liable to produce methane by the direct activation of chemical reactions within the electrolyser
cells. Nevertheless, the impact of pressure on the cell
performances has not been yet precisely studied and
the underlying operating mechanisms are still unknown.

APPROACH

In order to analyze the impact of pressure on steam
electrolysis and co-electrolysis, a coupled approach of
experiments and modeling work has been adopted. The
experiments rely on a unique and original set-up allowing
the electrochemical characterization of a single cell operated under pressure [1]. A model initially developed at
the atmospheric condition for steam electrolysis [2] and
co-electrolysis [3] has been adapted to take into account the effect of pressure.

CONCLUSIONS AND PERSPECTIVES

The proposed methodology could be applied to investigate the impact of pressure on the electrolyser durability.
Moreover, the simulated operating maps are going to be
integrated into a global system analysis to propose the
best routes for hydrogen or syngas production depending
on the industrial applications.
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Cell voltages have been measured as a function of the applied current density in the range of 700°C-800°C and
1-10 bar (fig.1) [4]. As expected, the electrical demand
for steam electrolysis and co-electrolysis is increased at
low current density since the open circuit voltage is increased under pressure. However, it has been found that
the cell performances are improved for typical operating
conditions (i.e. around 1.3 Volts) because of the increase
of the cell limiting current density (fig. 1) [1, 4]. Gas composition analysis has also revealed that the production of
methane for co-electrolysis remains rather limited at
800°C and 10 bar. Once validated on the experiments
(fig. 1), the model has been used to analyze the operating
mechanisms of pressurized electrolysis and co-electrolysis. It has been shown that the increase of the cell
limiting current density is related to an improvement of
the gas diffusional process through the electrodes [1, 4].
Operating maps have been also computed to identify the
influence of the main parameters on cell performances,
efficiency… (fig. 2). The numerical analysis has allowed
discussions on the technological relevance of the pressurized steam and co-electrolysis processes.

Fig. 1: Experimental and simulated cell polarisation
curves in co-electrolysis at 1 and 10 bars
(T=800°C, 58,5/6,5/35 %vol. of H2O/H2/CO2) [4].

Fig. 2: Illustration of a computed map for stream electrolysis performed
at 1.3 Volts. The electrolyser current density is plotted as function
of the operating temperature and pressure [4].
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Towards microstructure tuning for SOFC
versus SOEC operation

CONTEXT

High Temperature Steam Electrolyser (HTSE) stacks are
constituted of Solid Oxide Cells (SOCs) with overall performances heavily depending on electrode microstructures
[1]. Up to now, microstructures of both electrodes have
been designed for fuel cell operation (SOFC mode) but not
for the specific electrolysis conditions (SOEC mode). As
electrode reactive mechanisms upon electrolysis conditions are different from those activated in fuel cell mode,
specific microstructures tailored for SOEC operation are
liable to enhance cell performance and durability.

APPROACH

The global SOCs response depends on local electrode properties. Therefore, models describing the global SOC operation should be coupled to local approaches considering the
fine electrode microstructures. In that objective an inhouse multiscale and multiphysic model has been developed at CEA [2, 3]. This model relies on key parameters
describing the microstructure that can only be determined
via three dimensional (3D) electrode reconstructions. Moreover to get accurate microstructure description, the 3D
volumes reconstructed must combine a large field of view
and a high spatial resolution. Such characteristics can be
obtained by implementing X-ray nano-holotomography method (ESRF line ID16A).

RESULTS

This approach has been applied to investigate the role of
microstructure for a typical La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) O2
electrode. Thanks to a new sample preparation and a new
experimental set-up a reconstruction of 51.2x25.6²xπ µm3
has been analysed with spatial resolution as high as 50 nm
[4] (fig. 1). Characteristic microstructural properties have
been extracted from the 3D volume and introduced in our
microscale electrode model extended to describe Mixed Ionic Electron Conductors (MIEC) such as LSCF [4,5] (fig. 2).
The extended model includes two parallel reaction
pathways with an oxygen exchange step at the LSCF/gas
surface and a charge transfer step at the electrode Triple
Phase Boundaries lengths (TPBls) [4]. Electrochemical impedances have been computed at Open Circuit Potential
(OCP) as well as under polarizations [5]. Simulations have
highlighted that the MIEC reactive mechanism is dependent
on the electrode polarisation in SOEC mode. It is controlled
by the charge transfer at TPBs at high anodic polarisation
whereas the oxygen exchange is predominant at low polarisation. On this basis, architectures of electrodes have been
proposed to enhance the density of active TPBs, and hence
to improve the electrode efficiency in SOEC mode [5].

CONCLUSIONS AND PERSPECTIVES

The experimental and modelling approach has allowed to
show that the biggest difference between SOFC and SOEC
optimised microstructures would stand in the morphological properties of the active layers. New methodology for
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generating representative synthetic electrode microstructure will complement this approach in order to provide recommendations and guidance on both the electrode
architecture and the operating condition.
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Fig. 1: Electrode
reconstructed volume
with an improved
spatial resolution
of 50 nm (electrode
material=LSCF) [4].

Fig. 2: Schematic representation of the LSCF electrode model
(illustration in electrolysis mode) [4,5].
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Fatigue design of high pressure hydrogen
metallic tanks under cyclic loading

CONTEXT

High pressure metallic hydrogen tanks (types I to III) are
subjected to cyclic pressure loadings potentially limiting
their lifetime. It is worldwide admitted that standards or codes addressing hydrogen enhanced fatigue in the design of
such components would greatly facilitate the development
of hydrogen infrastructures in the coming years. In this
context, the European Mathryce project proposed some recommendations that should improve the design of hydrogen pressure vessels.

APPROACH

The material used in this project is a Cr-Mo martensitic steel,
currently used for type I cylinder. Both fatigue crack initiation and growth under H2 pressure have been addressed
using lab-scale tests and full scale tests.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
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The effect of PH2 on the number of cycles for fatigue crack
initiation, defined as a 0.1mm crack at the notch tip, has
been analysed up to 103 MPa H2 thanks to a collaboration
with the SNL (USA). The decrease of the number of cycles
for initiation has been identified and quantified as shown in
fig. 1.
The fatigue crack growth analysis has shown that up to
10MPa H2, the fatigue crack growth rate (FCGR) is enhanced
by a factor of 15 above a critical ΔK threshold (fig. 2). Moreover, this threshold decreases with an increasing hydrogen pressure.
Based on the lab-scale and full scale results obtained under
H2 pressure, hydrogen safety factors have been proposed
for the design of pressure vessels considering fatigue.
Noting that at low ΔK the effect of hydrogen is strongly reduced, the following calculation has been performed. In order to predict the life of a component, the ASME KD-10
article proposes to use the FCGR obtained under hydrogen
pressure at high ΔK and to extrapolate it to low ΔK. An additional estimate was performed using a multi-step FCGR that
takes into account the limited effect of hydrogen on FCG in
the low ΔK region. A factor of 10 on the allowable number of
cycles prediction is observed.

Fig. 1 Effect of H2 pressure on the number of cycles for crack initiation
in the range 0-103 MPa H2. ΔK=19MPa.m0.5

CONCLUSIONS AND PERSPECTIVES

From the obtained results, recommendations have been
presented to the expert members of the ISO/TC 197, WG 15.
They should be included in the next Annex A.2 of the current
ISO 19884 draft.
Moreover, it has been shown that the use of a multi-step
FCGR approach has a potential benefit to reduce conservatism in current fracture mechanics approach optimizing
buffers design.

Fig. 2: Comparison of multi-step FCGR vs extrapolated FCGR curve in H2
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The Laboratory of Future Energies
Energy Observer is the first self-sufficient energy vessel with zero greenhouse gas emissions.
She is powered by hydrogen and renewable energies, thanks to energy coupling.
The development of the energy chain production completed on board is piloted
by the CEA-LITEN of Grenoble.

www.energy-observer.org
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Techno-economic evaluation, optimization and control
of multi-energies systems using ODYSSEY software
ported as a FMU1. In order to take into account the variability
of energy production and consumption in systems, a timestep simulation approach was chosen for Odyssey. The simulation horizon (typically from 1 year to 10 years) is
divided into individual time steps. Odyssey simulates the
system behavior by dispatching electrical power and fluid
flow rates between components according to:

From top to bottom and left to right: Gilles Lavialle, Alexandre Chabert,
Pierre Olivier, Cédric Ngbalenzela, Aymeric Brunot, Isabelle Maillot,
Cyril Bourrasseau, Benjamin Guinot, Julie Cren, Alain Ruby.

Introduction and context

The increasing integration of renewable energies into the
energy system and the evolution of energy markets are
multiplying the potential applications for storage technologies and also increase the opportunities for actors. The evaluation of these opportunities is complex and therefore
requires multi-criteria simulation and optimization tools to
help actors to take decision about technology choice, market orientation or energy system operation.
In that context, CEA-LITEN has developed ODYSSEY (Optimization and Design of hYbrid Storage Systems for rEnewable
energY), a multi-criteria and multi energy carriers decision
making tool for the evaluation of energy systems. The objective was to initiate the development of a software
platform dedicated to the techno-economic evaluation
of electricity storage and the comparison of technologies for various applications (renewable power production smoothing, load following, production guarantee,
economic arbitrage, etc.).
The ODYSSEY software was initiated in 2010 through B.
Guinot PhD thesis [1] and, since then, has beneficiated
from the realization of more than 50 studies to strengthen its models libraries through the different evaluated use cases. Today Odyssey is able to model,
simulate and optimize, electric, heat and gas energy
systems on a multicriteria basis (technical, economic).

Odyssey description

Odyssey allows the user to design the energy system of its
choice by selecting technologies of interest and putting
them together in an architecture. Each component is fully
described by three types of models (performances, ageing
and economic) that can be chosen from a model library (several models may exist for the same component) or im-

1) A FMU is a model developed in another software (Modelica-Dymola, Simulink) and
exported according to the FMI standard [2]. The FMU can then be imported into Odyssey.
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• T he application boundary conditions in the form of time
series such as meteorological data (wind speed, solar radiation, and temperature), electrical heat or hydrogen
load to satisfy, energy market prices, etc.;
• t he defined Energy Management Strategy (EMS). A set of
operating rules (controls) that can be either directly
chosen from the controls library or preliminary coded in
the platform and added to the library.
With this approach, Odyssey is able to study the impact
on the overall system of the dynamic behaviors of technologies, down to a time step of 1 second, and to perform economic evaluation on the whole project operation
time (typically 20 years).
Once the system and its application environment are fully
represented, Odyssey can be used to perform different
types of studies:
• individual simulation to evaluate or validate the behavior
and performances of a given system through computation of performance indicators at system level (load satisfaction rate, use rate of renewable production potential,
total expenses, total revenues, payback time, etc.);
• s ensitivity analysis of the system performance indicators to variations of any parameter of the overall system
model, (efficiency, cost, ageing, etc.);
•m
 ulti-criteria optimization of any parameter of the overall
system model (component size, operating strategy parameter, etc.) by minimizing or maximizing the performance indicators (criteria);
• h igh-level control of systems in real-time: once the system is modelled, Odyssey can also be used to simulate
the behavior, identify appropriate operating set-points of
some components at each time step and send these set
points to real components using OPC protocol.

Examples on some studies

Case studies handled by Odyssey can be of very different
nature as illustrated in fig. 2. Three examples are presented
hereafter.
Techno-economic study of a PV-hydrogen-battery hybrid
system for off-grid power supply [3]
The interest of a hybrid solar energy system for an off-grid
application has been investigated using Odyssey within the
ANR funded Reverse Project. The system included a lithiumbased batteries bank and a hydrogen chain (electrolyser,
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Fig. 1: Illustration of Odyssey functionalities

Fig. 2: Possible Odyssey applications

gas storages and fuel cell). This system is compared with
two reference cases: PV-diesel generator and PV-Batteries.
These different systems have been represented using empirical and semi-empirical models. The originality of the study lies in the simultaneous optimisation of the power
management strategy and the components size, and in the
detailed modelling of the components (power consumption
of the auxiliaries and ageing approach in the form of performance degradation). The PV-Batteries-H2 system is ope-

Fig. 3: Levelized cost of energy
(cost to supply one MWh to the load)
for the different technology options
and according to the maximum daily
failure duration (MDPFT)
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rated by an efficient power management strategy and its
optimal sizing is assessed on the basis of technical (e.g.
load satisfaction) and economic (e.g. levelized cost of electricity) criteria. The results (fig. 3) highlight the important
role of the hydrogen chain in reducing the cost of the supplied energy. It is also shown that performance degradation
of the hydrogen chain has a limited impact on the system
optimal sizing and economic results.

59

Investigation of the economic potential of a hydrogen
production and cogeneration (electricity and heat)
system [4]
A reversible high temperature electrolysis system (a system capable to operate either as an electrolyzer or as a fuel
cell), referred as a R-SOC system, presents a first advantage in comparison to a low temperature system in the
sense that only one system can be purchased instead of
two (an electrolyser on one side, a fuel cell on the other
side). In this respect, this high temperature technology
could present a competitive advantage for many applications (energy self-sufficient building, eco-district, industrial sites, port, etc.). The techno-economic interest of such
a technology has been investigated in the context of multi-energy supply to an airport. More specifically, the R-SOC
system supplies hydrogen for the vehicle fleet of the airport
as well as electricity and heat to cover the airport needs. A
dynamic model of the R-SOC system has been developed on
the basis of experimental results obtained on the Sydney
prototype by the DTBH/SCSH/LPH laboratory. The model
developed in Simulink® has then been integrated into Odyssey as a FMU using the FMI (Functional Mockup Interface)
standard. The work consisted in optimizing the different
components sizing (R-SOC system, hydrogen tank) as well
as the Energy Management Strategy (EMS) in charge of determining the periods of operation of the R-SOC system in
electrolysis mode or in fuel cell mode. Optimization results
indicate that the levelized hydrogen supply cost is about
9.28 €/kg (cost of producing and supplying one kilogram of
hydrogen at 350 bars to the vehicle) when the steam required for the electrolysis is produced free of charge. Several sensitivity studies have been realized in order to assess
the impact of various parameters on the hydrogen supply
cost (fig. 4). As a main result, it has been highlighted that
the degradation rate of the R-SOC system as well as the cost
of the energy required to produce the steam are the two
main impacting factors.

Evaluation of renewable hydrogen production
for industrial applications [5]
Within the BPIFrance (French public investment bank)
funded PUSHY project, ODYSSEY was used to optimize
the operating strategy of a pool of hydrogen production
systems powered by both renewable energy. In this
case study, it was considered that a renewable energy
producer had the opportunity to either inject electricity
into the grid or use it to produce hydrogen through water
electrolysis, store it and sell it to an industrial customer
(Fig. 5). System was modeled in Odyssey both from
technical and economic points of view and various operating strategies were evaluated. In order to have a good
representation of this application, day-ahead electricity
market participation and aggregation of electricity producers were modelled as well as hydrogen delivery
constraints. Evaluation of several control strategies aiming at optimizing revenues from grid injection and hydrogen sells showed that up to 25% increase in revenues
can be obtained by implementing an advanced operating strategy able to sell electricity and produce hydrogen at the best time while respecting contractual
obligations. In this study, Odyssey was then used to
control a real 30 kW electrolysis system. Based on electricity market prices information and hydrogen delivery
objectives, operation of the system was simulated and
optimal calculated set-points were sent to the electrolysis system. Comparison between simulated and real
operation data (Fig. 5) showed that Odyssey was capable of representing a real system and therefore be
used as a high level control tool based on real-time techno-economic information.

Fig. 4: Sensitivity analysis of the hydrogen production cost to different parameters
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Figure 5 - Illustration of PUSHY case study and comparison between simulation and experimental data

Perspectives

Firstly, the multi-energies aspect of Odyssey will be
consolidated by introducing new energy carriers or chemical products according to Liten partners needs. As an
example, at a very short term, CO2 will be introduced in
Odyssey as a chemical product that can be captured,
stored and used (for example in a methanation process).
Secondly, the scope of analysis of Odyssey will be
extended to the “territory” scale with the main objective
to help municipalities or group of municipalities to design, evaluate and optimize their local energy system.
Finally, the integration of Odyssey within the LITEN simulation framework (set of interoperable tools, modules
and models) will be pursued in order to fully beneficiate
from the CEA LITEN expertise and knowledge on technologies and models development for production, transformation and storage of energy for all energy carriers
(electricity, hydrogen, methane, heat, etc.).

[1] B
 . Guinot., Evaluation multicritère des technologies de stockage
couplées aux énergies renouvelables : conception et réalisation
de la plateforme de simulation ODYSSEY pour l’optimisation
du dimensionnement et de la gestion énergétique, PhD thesis,
Université de Grenoble, 2013.
[2] F MI Standard, https://www.fmi-standard.org/, last accessed
on 11/07/2016.
[3] B
 . Guinot, B. Champel, F. Montignac, E. Lemaire, D. Vannucci, S. Sailler,
and Y. Bultel, “Techno-economic study of a PV-hydrogen-battery hybrid
system for off-grid power supply: Impact of performances’ ageing
on optimal system sizing and competitiveness,” International Journal
of Hydrogen Energy, vol. 40, no. 1, pp. 623-632, Jan. 2015.
[4] A . Roussos, B. Guinot, G. Roux, M. Reytier, N. Bardi, Investigation
of the economic potential of a hydrogen production and cogeneration
(electricity and heat) system, Proceedings of the 10 th International
Renewable Energy Storage Conference, March 2016.
[5] C . Bourasseau, B. Guinot, A. Chatroux, P. Mayoussier, M. Lopez,
Electrolyser real-time control using the techno-economic optimization
software Odyssey, Proceedings of the European Hydrogen Energy
Conference 2014, March 2014.
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Several short term and midterm perspectives have been
identified for the evolution of Odyssey regarding the
type of studies that can be performed.
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Experimental study of a phase change thermal energy
storage with copper foam

CONTEXT

Evening the discrepancies between energy offer and
supply is a key point of effectiveness for many applications such as district heating network or concentrated
solar power plants. Thermal energy storage is a proven
efficient way to smoothe out these discrepancies. In
particular, phase change thermal energy storage is a
promising way to store thermal energy. As a matter of
fact, using a phase change material (PCM) is quite attractive due to high storage density and constant temperature heat source.

APPROACH

The main drawback of PCM systems is the low thermal
conductivity of the material that makes challenging the
heat transfer between the PCM and the coolant fluid. The
solution studied to overcome this problem is to enclose
the PCM inside a shell and tube heat exchanger with
conduction enhancement structures around the tubes,
to increase the apparent conductivity of the PCM. The
structure studied in this publication is a high porosity
copper foam. This technology is tested at reduced scale
on a dedicated experimental loop providing hot/cold water for loading/unloading modes. Water flows inside a
single tube enclosed in a transparent shell. In the space
between shell and tube a ring of copper foam is added
and filled with a paraffin (the PCM) that is white when
solid and transparent when liquid. 40 thermocouples
measure the local evolution of PCM temperatures in order to calculate with a high accuracy the evolution of the
energy stored or released by the system.

CONCLUSIONS AND PERSPECTIVES

Thanks to the use of a hydraulical loop designed to test
different conduction enhancement structures at reduced scale, this study emphasizes that copper foam is
a promising way to improve the performance of PCM storages systems. One main issue to be now addressed for
industrial applications is the expensive price of such
foam.
REFERENCES
Experimental study of a phase change thermal
energy storage with copper foam
Matthieu Martinelli and al.
Applied Thermal Engineering 101 (2016) 247–261

Fig. 1:
Temperature
evolution top
and bottom charge

RESULTS

Fig. 1 presents PCM temperatures evolutions versus
time for five different elevations. A plateau characteristic of PCM melting can be observed around 34°C. Fig. 2
shows the evolution of the fusion front for different
times during a loading mode (hot water coming from the
top of the test section – PCM initially solid and cold). The
PCM is changing from white solid to transparent liquid
with an axial progression (top to bottom). The key parameter to characterize the performance of the system
is the time to reach 90% of the maximum energy that can
be stored in the PCM. For this test it is about 500s. This
time can be compared to other configurations previously
tested: with no conduction enhancement structure
(5400s), with carbon foam (1400s) or with copper fins
(480s). The performance of copper foam is close to that
of copper fins but uses significantly less metal (porosity
of 91% for foam compared to 80% for fins). This high performance of copper foam can be explained by the high
specific heat transfer surface and the influence of natural circulation in the liquid PCM.
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Fig. 2:
Melting front
visualization against
time for top charge
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Among the technologies promoting process intensification, heat-exchanger/reactor (HEX reactor) is a promising
one [1-3]. Since many industrial processes (food industry, intermediate chemistry like silicones or polymers)
involve viscous fluids, heat and mass transfers in viscous media are one of the main industrial concern. In the
very laminar flow regime, turbulence does not exist as a
mixing mechanism but mixing by diffusion can be efficient provided that the contact area is sufficient. This can
be achieved with systems based on multi-lamination
mechanism and Baker’s transformation.

APPROACH

A channel geometry based on Split-And-Recombine
(SAR) patterns is experimentally investigated. The principle implements the Baker’s transformation and chaotic structures are generated to promote heat and mass
transfer. To investigate the relevance of implementing
SAR patterns in a HEX reactor device, heat transfer and
energy consumption have to be assessed. For that purpose, we experimentally characterized three stainless
steel mock-ups assembled by diffusion bonding. Two
different flow patterns according to the number of SAR
structures are considered (see fig. 1). For one of these
geometries, two cooling systems have been investigated, external cooling plates – isothermal wall conditions – and integrated cooling tubes [4]. The whole
performances of the SAR geometries have been compared with those of a corrugated pattern plate-type
HEX/reactor [3] (see fig. 2).

CONCLUSIONS AND PERSPECTIVES

Scale-up challenge has now to be addressed and SAR
patterns could be promising candidates. When increasing the hydraulic diameter a balance between the increase of the Dean number and the uniformity of the
multi-laminated fluid stream should be a key issue.

REFERENCES
[1] A nxionnaz Z. et al. Heat exchanger/reactors
(HEX Reactors): concepts, technologies:
state-of-the-art, Chem. Eng. Proc., 2008.
[2] Anxionnaz-Minvielle Z. et al. Influence of the meandering
channel geometry on the thermo-hydraulic performances
of an intensified hex/reactor, Chem. Eng. Proc., 2013.
[3] A nxionnaz-Minvielle Z. et al. Characterization
of the performances of an innovative
heat-exchanger/reactor, Chem. Eng. Proc., 2014.
[4] Couturier R. et al. Device forming a chemical reactor
with improved efficiency, comprising a heat exchanging
circuit, Patent WO 2011/083 163, 2011.
[5] A nxionnaz-Minvielle Z. et al. Implementation of ‘chaotic’
advection for viscous fluids in heat exchanger/reactors,
Chem. Eng. Proc., 2016.
a

RESULTS

The number of SAR structures per unit of developed length is a design parameter promoting heat transfer but
also generating higher friction losses. It results in similar performances considering the energy dissipation
rate. According to the flow regime a balance between
advection and diffusion exists. The former becomes predominant for high Reynolds number. Turbulent-like
structures appear and govern the transfer mechanisms.
In these flow conditions, the corrugated geometry is
much more performant. But when the fluid viscosity increases, the SAR mechanism seems to promote the
chaotic nature of the flow and contributes with advection to the heat transfer intensification.
Considering the intensification of mixing in SAR geometries compared to the corrugated one, maintaining high
heat transfer at a level similar to that of the corrugated
geometry is an interesting result regarding applications
in chemical industry handling viscous fluids. Finally, a
case study with a continuous oxidation reaction has
been studied. Conversions up to 99% have been reached
with residence time around 13 seconds and confirmed
that mixing time is not a limiting parameter for such a
fast reaction.

b

Fig. 1: Zoomed-in
views of SAR patterns
(3mm square crosssection channel)
(a) with integrated
cooling tubes
(b) isothermal wall
conditions

Fig. 2: Photograph
of the corrugated
pattern
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Modelling, simulation and optimal control of District
Heating Systems (DHS)

CONTEXT

District heating systems (DHS) are a low-cost solution to
reduce greenhouse gas releases in the nowadays highly
emitting sectors of space heating and domestic hot water
production. Due to heavy investment costs, there is a great
interest in simulation solutions and decision support/making tools dedicated to operational optimization in this domain. Challenges are particularly high for multi-energy,
large scale, variable temperature systems with multiple
supply points and meshed distribution networks.

Future developments will include a demand-side management module to offer new opportunities for optimization in
the DHS sector.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS

This work was mainly carried out within a joint research program conducted with CCIAG. We also acknowledge the financial support of ADEME for the realization of the PhD
thesis of Loïc GIRAUD.

APPROACH

Given a load prediction, the determination of optimal trajectories for control variables over a defined anticipation horizon has only been partly studied so far for such complex
systems. In this context, determining how to operate DHS
making use of their native thermal storage capacities (i.e.
network storage) at minimal thermal and pumping costs is
particularly interesting.
To address these challenges, we combine a dynamic model
of the DHS with linear optimization methods using a model
predictive control scheme. For each anticipation horizon,
our system encompasses both production and distribution
optimizations. Thus, heat power, generator status, supply
temperature and differential pressure are simultaneously
planned.
We based the development of this dynamic model on an experimental validation approach and we systematically
sought the best compromise between accuracy and computational efficiency.

REFERENCES
[1] G
 iraud et al., 11th Int. Modelica Conf., 21-23 Sept, 2015,
Versailles, France
[2] Giraud L., thesis, Université Grenoble Alpes, 2016
[3] https://www.euroheat.org/dhc-student-awards/
4th-international-dhc-student-awards/

Fig. 1:
Temperature at the
consumer level for the
Grenoble large scale
DHS: numerical vs.
experimental
comparison

RESULTS

Applying this approach, we firstly obtained efficient modelling solutions, partly detailed in ref. [1], and suitable for dynamic simulations of DHS comprising tens to thousands of
consumers. In the latter case, an original aggregation method has been proposed and its predictions have been validated (see fig. 1).
We then assessed the performance of the developed
controller by simulating a representative DHS over a heating season. Results show that our method significantly reduces production costs when compared to more classical
controllers (see fig. 2).
Prospective analysis were also carried out to evaluate the
possible impact of a carbon tax on a typical DHS generating
fleet (see fig. 3).
Finally, part of this work was awarded by the second place
obtained by our PhD student Loïc GIRAUD at the 4th International DHC+ Student Awards (see ref. [3]).

Fig. 2:
Normalized production
costs over the
2013/2014 heating
season for standard (1)
and optimal (2)
controllers

Fig. 3:
Impact of carbon tax
on the energy mix

CONCLUSIONS AND PERSPECTIVES

We demonstrated new simulation and advanced control
methods suitable for small to large scale DHS. These tools
will be applied and evaluated by our industrial partner during the 2016/2017 heating season.
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Control and optimal energy
management strategies
of microgrids

APPROACH

In this work, an optimal sizing and security, reliability and
economic efficiency operation strategies of a microgrid including photovoltaic productions (PV), battery energy storage systems (BESS) and/or diesels is proposed. Firstly,
the iterative optimization technique is used to find the optimal sizing of a microgrid. Secondly, a method to optimize
the energy management in operation of a microgrid is proposed as shown in fig. 1. And finally, intelligent voltage and
frequency control strategies by using fuzzy logic are proposed. By this way, the frequency is expressed as function
of not only the active power but also of the state of charge
(SOC) of BESS and of the operation states of the microgrid.
A dynamic programming is used to find the minimum cost
of fuel considering the emissions by the scheduling of distributed energy resources (DERs) in an island microgrid as
well as to minimize the cash flows and the exchanged power
with the main grid in a grid connected mode (fig. 1). These
strategies take into account the SOC of batteries. The initial
state of charge (SOC0) is given as initial node without the
previous node. Similarly, one sets for the final state of
charge (SOCT). Hence, the Bellman algorithm for searching
the SOC is described as in fig. 2.

gies (fig. 4). As a result, face to the PV production variation,
all BESS in this microgrid participate to control the voltage
and the frequency (fig. 5). After the primary and secondary
actions, the frequency is maintained stable at 50 Hz (fig. 6).

CONCLUSIONS AND PERSPECTIVES

The simulation results show the efficiency of the proposed
solutions. A microgrid with BESS is an innovative solution to
facilitate the RES integration such as PV production.
REFERENCES
T. Tran-Quoc, “Optimal energy manag-ement and control
for an isolated area”, Development of electricity
infrastructures in sub-Saharan Africa Int. Symp.,
Cape Town–South Africa –26-30 October, 2015
N. A. Luu and T. Tran Quoc, “Optimal energy management
for grid connected microgrid by using Dynamic programming
method”, IEEE/PES, General Meeting, Denver, Colorado,
USA 27-30 July, 2015.
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RESULTS

Simulations allow to evaluate the performance of the proposed methods. Fig. 3 shows the power scheduling (PV,
BESS, and power exchange with grid) of a grid connected
microgrid by using the proposed strategies.
An island microgrid with 100% of PV production associated
with BESS is used to evaluate the intelligent control strate-
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A microgrid concept is a good solution in order to integrate
the renewable energy sources (RES) in the electrical grid. A
microgrid is a group of interconnected loads and distributed
energy resources (DER) within clearly defined electrical
boundaries that acts as a single controllable entity with respect to the grid. A microgrid can operate in both grid-connected or island mode. The integration of RES into a microgrid
can cause challenges and impacts on microgrid operation.
This is why, it is necessary to develop new strategies of
control and management for microgrids.

Power (kW)

CONTEXT
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Study of innovative technology of a ground to air
enthalpy exchanger for the ventilation of buildings

CONTEXT

Harvesting the available energy around the building, like
the sun, the wind, and the ground is definitely a key factor in
achieving the energetic and environmental issues for the
building management new solutions. The Enthalpuits
concept targets to use the hygroscopic capacity of ground,
in addition to its sensible heat capacity. With such innovative technology, it is possible to improve both temperature
and humidity of fresh air and to earn thermal comfort in the
building. During the winter the cold and dry fresh air is preheated and humidified. On the contrary, during the summer,
the hot and humid air is cooled and dried.

APPROACH

This patented CEA technology implements imper-breathable membrane, which are exclusively permeable to the
moisture. This innovation allows simultaneously to preserve the membrane from ground interaction and to manage adequate configuration for moisture diffusion through
membrane. This project was realized in two steps:
• a first numerical step, where analytical models have been
coupled with dynamic thermal simulation software
(TRNSYS), integrating several ventilation systems, several climates and several buildings with different energy
efficiencies;
• a second experimental step, where a proof of concept
was designed in order to validate the ability of the system
to transfer moisture between wet or dried air, and the
ground. A specific loop and a mock-up has been set up and
run in our experimental platform.

The first feedbacks from market companies are very
positive and strengthen us to target new developments
(TRL4-6). Indeed a huge potential to couple Enthalpuits
with other systems is identified.
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Fig. 1: thermal comfort improvement in summer for LYON

RESULTS

An energy analysis has been carried out from the numerical
results in order to evaluate all the advantages of this system. In each condition, this system could bring more energy
(sensible and latent) to the building than the conventional
systems.
During the winter period, the moisture contribution of Enthalpuits is quite significant in terms of energy, 4 kWh/m²/
year, and thermal comfort is largely improved. During the
summer, the total energy input of Enthalpuits is 10 kWh/m²/
year more than HRV (heat recovery ventilation) system,
moisture and sensible heat contribution allow also a thermal
comfort improvement (fig. 1).
The Enthalpuits system ability to be a relevant ventilation
system, to humidify or dehumidify dry or humid air stream
has been clearly demonstrated from experimental results
(fig. 2). It allows us to focus on future developments, especially to consolidate the design and maximize efficiency.

CONCLUSIONS AND PERSPECTIVES

Numerical and experimental results show all the potential
of this new technology of ventilation with energy recovery.
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Fig. 2: proof of concept in humidification mode
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Study of an innovative
low energy consumption
cooling system for buildings
CONTEXT

To face the dramatic increase of energy consumption due to
air conditioning use in buildings, new low energy consumption systems need to be developed. Passive technics and
low energy systems are available but have difficulties to be
widespread. This work proposes a new cooling system
which aims to be energy efficient, cheap and easy to install.
This system takes advantage of evaporation cooling,
ground earth cooling and sky radiative cooling techniques.

AN INNOVATIVE SYSTEM

The two main components of this new system are a porous
tank set outside and a storage tank set in the basement of
the building (fig. 1). When the inside house temperature exceeds the comfort temperature, cool water passes from the
storage tank through the cooling floor, removes heat from
the building and is then sent to the porous tank. The water
contained in the porous tank is cooled down due to evaporation and radiative effects and then flows back to the storage. The storage tank installed in the basement enables
further cooling of the water thanks to direct contact with
the ground.

REFERENCES
G. Leroux, N. Mendes, L. Stephan, N. Le Pierrès, E. Wurtz.
An innovative cooling system based on evaporation from
a porous tank. Building Simulation 2015 (Hyderabad);
Proceedings (2453-2460).

POROUS TANK ANALYSIS

Porous properties and geometry of the outside tank have a
great influence on its cooling performances. A heat and
mass transfer model has been developed to simulate the
thermal and hydric behavior of the tank. This model has
been used to design an appropriate tank. A tank giving good
performances (70 W/m² of evaporative power) has been
identified.

Fig. 1: Working plan of the cooling system integrated into a dwelling

The complete cooling system has been installed on a house
in Bordeaux and tested at real scale during an experimental
campaign (fig. 2). The system has been working for 44 days
during the summer 2015 and allowed to maintain a very
good thermal comfort level in the experimental building (insulated, with solar load and without ventilation). The very
low electricity needs bring the average coefficient of performance of the system to 20.8 (fig. 3).

NUMERICAL RESULTS

Fig. 2: Experimental set up of the cooling system integrated into a house

A numerical model of the system has been developed, calibrated with experimental data and coupled with a building
model. Simulation results show that for all tested configurations (climate, shading…), the system significantly improves the thermal comfort in the building. Optimized sizing,
keeping reasonable tank sizes (storage and evaporator volumes of 2.2m3 and 0.215m3 respectively), shows that this
system works with an average COP of 24 and maintains a
good comfort level in an individual house of 100m2 located
in Bordeaux.

CONCLUSIONS AND PERSPECTIVES

This system shows promising results. New studies are
needed to reduce costs and propose an industrial system.
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Fig. 3: Experimental energy balances of the system during a summer period

• TEAM
Guilian Leroux, Étienne Wurtz
• CONTACT
etienne.wurtz@cea.fr

RAPPORT SCIENTIFIQUE /SCIENTIFIC HIGHLIGHTS /2015-2016

EXPERIMENTAL RESULTS

67

RUBRIQUE
MATIÈRES ET MATÉRIAUX
MATTER AND MATERIALS
2015
• Quesnel, E., Roux, F., Emieux, F., Faucherand, P., Kymakis, E.,
Volonakis, G., Giustino, F., Martin-Garcia, B., Moreels, I., Gursel,
S.A., Yurtcan, A.B., Di Noto, V., Talyzin, A., Baburin, I., Tranca, D.,
Seifert, G., Crema, L., Speranza, G., Tozzini, V., Bondavalli, P.,
Pognon, G., Botas, C., Carriazo, D., Singh, G., Rojo, T., Kim, G., Yu,
W.J., Grey, C.P., Pellegrini, V.
Graphene-based technologies for energy applications, challenges and perspectives
2D MATERIALS - Volume: 2 - Issue: 3 - Article Number: 030204
Published: SEP 2015
• Revenant, C., Benwadih, M., Maret, M.
Self-organized nanoclusters in solution-processed mesoporous In-Ga-Zn-O thin films
(2015) CHEMICAL COMMUNICATIONS - Volume: 51 - Issue: 7 Pages: 1218-1221 DOI: 10.1039/c4cc08521c
• Massonnet, N., Carella, A., de Geyer, A., Faure-Vincent, J.,
Simonato, J.P.
Metallic behaviour of acid doped highly conductive polymers
(2015) CHEMICAL SCIENCE - Volume: 6 - Issue: 1 - Pages: 412417 DOI: 10.1039/c4sc02463j Published: 2015
• Briottet, L., Moro, I., Escot, M., Furtado, J., Bortot, P., Tamponi,
G.M., Solin, J., Odemer, G., Blanc, C., Andrieu, E.
Fatigue crack initiation and growth in a CrMo steel under hydrogen pressure
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 47 - Special Issue: SI - Pages: 17021-17030
Published: DEC 21 2015
• Saied, M., Du Terrail, Y., Tassin, C., (...), Mithieux, J.D., Rigal, E.
Dissolution versus morphological evolution of residual δ-ferrite
in model austenitic stainless steels
(2015) PTM 2015 - Proceedings of the International Conference
on Solid-Solid Phase Transformations in Inorganic Materials
2015 pp. 103-104
• Briottet, L., Moro, I., Furtado, J., Solin, J., Bortot, P., Tamponi,
G.M., Dey, R., Acosta-Iborra, B.
Hydrogen-enhanced fatigue of a Cr-Mo steel pressure vessel
(2015) PVP Volume 6B-2015, 2015 ASME 2015 Pressure Vessels and Piping Conference, PVP 2015; Boston; United States;
19 July 2015 through 23 July 2015; Code 117787
• Craidy, P., Briottet, L., Santos, D
Hydrogen-Microstructure-Mechanical properties interactions
in super duplex stainless steel components
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 47 - Special Issue: SI - Pages: 17084-17090
Published: DEC 21 2015
• Le Coadou, C., Karst, N., Emieux, F., Sicardy, O., Montani, A.,
Bernard-Granger, G., Chevalier, J., Gremillard, L., Simonato, J.-P.
Assessment of ultrathin yttria-stabilized zirconia foils for biomedical applications
(2015) JOURNAL OF MATERIALS SCIENCE - Volume 50 - Issue 18
- 25 September 2015 - Pages 6197-6207
• Shavdina, O., Berthod, L., Kaempfe, T., Reynaud, S., Veillas, C.,
Verrier, I., Langlet, M., Vocanson, F., Fugier, P., Jourlin, Y., Dellea,
O.
Large Area Fabrication of Periodic TiO2 Nanopillars Using Microsphere Photolithography on a Photopatternable Sol-Gel Film
(2015) LANGMUIR - Volume: 31 - Issue: 28 - Pages: 7877-7884
Published: JUL 21 2015
68

• Scheiblin, G., Aliane, A., Strakosas, X., Curto, V.F., Coppard, R.,
Marchand, G., Owens, R.M., Mailley, P., Malliaras, G.G.
Screen-printed organic electrochemical transistors for metabolite sensing
(2015) MRS COMMUNICATIONS Volume: 5 Issue: 3 Pages: 507511 DOI: 10.1557/mrc.2015.52 Published: SEP 2015
• Chevallier, T., Le Blevennec, G., Chandezon, F.,
Design of metal/dielectric/nanocrystals core/shell/shell nano-structures for the fluorescence enhancement of cadmium-free semiconductor nanocrystals
Edited by: Cabrini, S; Lerondel, G; Schwartzberg, AM; et al.
Conference: Conference on Nanophotonic Materials XII Location: San Diego, CA Date: AUG 12-13, 2015
Sponsor(s): SPIE
(2015) NANOPHOTONIC MATERIALS XII Book Series: Proceedings of SPIE - Volume: 9545 - Article Number: 95450P - Published: 2015
• Sentis, M., Onofri, F., Dhez, O., Laurent, J.Y., Chauchard, F.
Organic photo sensors for multi-angle light scattering characterization of particle systems
OPTICS EXPRESS - Volume: 23 - Issue: 21 - Pages: 27536-27541
- Published: OCT 19 2015
• Scheiblin, G., Aliane, A., Coppard, R., Owens, R.M., Mailley, P.,
Malliaras, G.G.
Fully printed metabolite sensor using organic electrochemical
transistor
Edited by: McCulloch, I; Jurchescu, OD; Kymissis, I; et al.
Conference: Conference on Organic Field-Effect Transistors XIV;
and Organic Sensors and Bioelectronics VIII Location: San Diego, CA Date: AUG 09-12, 2015
Sponsor(s): SPIE; Polyera
(2015) ORGANIC FIELD-EFFECT TRANSISTORS XIV; AND ORGANIC
SENSORS AND BIOELECTRONICS VIII Book Series: Proceedings of
SPIE - Volume: 9568 - Article Number: 95681E - Published: 2015
• Revenant, C., Benwadih, M., Proux, O.
Local structure around Zn and Ga in solution-processed In-GaZn-O and implications for electronic properties
(2015) PHYSICA STATUS SOLIDI-RAPID RESEARCH LETTERS - Volume: 9 - Issue: 11 - Pages: 652-655 - Published: NOV 2015
• Gremion, C., Seassal, C., Drouard, E., Gerthoffer, A., Pelissier, N.,
Ducros, C.
Design, properties and degradation mechanisms of Pt-Al2O3
multilayer coating for high temperature solar thermal applications
(2015) SURFACE & COATINGS TECHNOLOGY - Volume: 284 Pages: 31-37 - Published: DEC 25 2015
• Kim, H., Renault, O., Tyurnina, A., Guillet, J.F., Simonato, J.P.,
Rouchon, D., Mariolle, D., Chevalier, N., Dijon, J.
Doping characteristics of iodine on as-grown chemical vapor
deposited graphene on Pt
(2015) ULTRAMICROSCOPY - Volume 159 - Pages: 470-475 Part: 3 Special - Issue: SI DOI: 10.1016/j.ultramic.2015.06.012
Published: DEC 2015
• Mitrano, D.M., Motellier, S., Clavaguera, S., Nowack, B.
Review of nanomaterial aging and transformations through the
life cycle of nano-enhanced products
(2015) ENVIRONMENT INTERNATIONAL 2015, 77, 132-147,

PUBLICATIONS
2016
• Barron, E., Passagne, I., Auger, A., Travo, A., Rascol, E., L'Azoud,
B., Forfar, I.
Monitoring biological effects of 20 nm versus 100 nm silica nanoparticles induced on a human renal cell line using Fourier
transform infrared spectroscopy
(2016) ANALYTICAL METHODS 8 (10), pp. 2233-2242
• Van den Brule, S., Ambroise, J., Lecloux, H., Levard, C., Soulas,
R., De Temmerman, P.J., Palmai-Pallag, M., Marbaix, E., Lison, D.
Dietary silver nanoparticles can disturb the gut microbiota in
mice
(2016) PARTICLE AND FIBRE TOXICOLOGY - Volume: 13 - Article
Number: 38 DOI: 10.1186/s12989-016-0149-1
• Smaali, K., Guerin, D., Passi, V., Ordronneau, L., Carella, A., Melin,
T., Dubois, E., Vuillaume, D., Simonato, J.P., Lenfant, S.
Physical Study by Surface Characterizations of Sarin Sensor on
the Basis of Chemically Functionalized Silicon Nanoribbon Field
Effect Transistor
(2016) JOURNAL OF PHYSICAL CHEMISTRY C - Volume: 120 - Issue: 20 - Pages: 11180-11191 DOI: 10.1021/acs.jpcc.6b00336
• Huder, L., Rinfray, C., Rouchon, D., Benayad, A., Baraket, M.,
Izzet, G., Lipp-Bregolin, F., Lapertot, G., Dubois, L., Proust, A.,
Jansen, L., Duclairoir, F.
Evidence for Charge Transfer at the Interface between Hybrid
Phosphomolybdate and Epitaxial Graphene
(2016) LANGMUIR Volume: 32 Issue: 19 Pages: 4774-4783 DOI:
10.1021/acs.langmuir.6b00870
• Tyurnina, A.V., Okuno, H., Pochet, P., Dijon, J.
CVD graphene recrystallization as a new route to tune graphene structure and properties
(2016) CARBON - Volume: 102 Pages: 499-505 DOI: 10.1016/j.
carbon.2016.02.097
• Gueye, M.N., Carella, A., Massonnet, N., Yvenou, E., Brenet, S.,
Faure-Vincent, J., Pouget, S., Rieutord, F., Okuno, H., Benayad,
A., Demadrille, R., Simonato, J.P.
Structure and Dopant Engineering in PEDOT Thin Films: Practical Tools for a Dramatic Conductivity Enhancement
(2016) CHEMISTRY OF MATERIALS - Volume: 28 - Issue: 10 Pages: 3462-3468 - Published: MAY 24 2016
• Boughaleb, J., Arnaud, A., Monfray, S., Cottinet, P.J., Quenard,
S., Boeuf, F., Guyomar, D., Skotnicki, T.
Coupling of a bimetallic strip heat engine with a piezoelectric
transducer for thermal energy harvesting
(2016) MOLECULAR CRYSTALS AND LIQUID CRYSTALS - Volume:
628 - Issue: 1 - Special Issue: SI - Pages: 15-22
• Arnaud, A., Boughaleb, J., Monfray, S., Boeuf, F., Cugat, O.,
Skotnicki, T.
Description of the performances of a thermo-mechanical energy harvester using bimetallic beams
(2016) OPTICAL MATERIALS - Volume: 56 - Pages: 75-79 - Special - Issue: SI DOI: 10.1016/j.optmat.2016.02.038
• Boughaleb, J., Arnaud, A., Monfray, S., Cottinet, P.J., Quenard,
S., Boeuf, F., Guyomar, D., Skotnicki, T.
Design and performance benchmark of various architectures
of a piezoelectric bimetallic strip heat engine
(2016) OPTICAL MATERIALS - Volume: 56 - Pages: 110-115 - Special Issue: SI DOI: 10.1016/j.optmat.2016.01.019

• Leonardo, T., Farhi, E., Pouget, S., Motellier, S., Boisson, A.M.,
Banerjee, D., Rebeille, F., den Auwer, C., Rivasseau, C.
Silver Accumulation in the Green Microalga Coccomyxa actinabiotis: Toxicity, in Situ Speciation, and Localization Investigated
Using Synchrotron XAS, XRD, and TEM
(2016) ENVIRONMENTAL SCIENCE & TECHNOLOGY - Volume: 50
- Issue: 1 - Pages: 359-367 - Published: JAN 5 2016
• Ciumag, M., Gibilaro, M., Massot, L., Laucournet, R., Chamelot,
P.
Neodymium electrowinning into copper-neodymium alloys by
mixed oxide reduction in molten fluoride media
(2016) JOURNAL OF FLUORINE CHEMISTRY - Volume: 184 Pages: 1-7 - Published: APR 2016
• Chevallier, T., Le Blevennec, G., Chandezon, F.
Photoluminescence properties of AgInS2-ZnS nanocrystals:
the critical role of the surface
(2016) NANOSCALE - Volume: 8 - Issue: 14 - Pages: 7612-7620
DOI: 10.1039/c5nr07082a
• Berrod, Q., Ferdeghini, F., Judeinstein, P., Genevaz, N., Ramos,
R., Fournier, A., Dijon, J., Ollivier, J., Rols, S., Yu, D., Mole, R.A.,
Zanotti, J.M.
Enhanced ionic liquid mobility induced by confinement in 1D
CNT membranes
(2016) NANOSCALE - Volume: 8 - Issue: 15 - Pages: 7845-7848
- Published: 2016
• Smulders, S., Ketkar-Atre, A., Luyts, K., Vriens, H., Nobre, S.D.,
Rivard, C., Van Landuyt, K., Baken, S., Smolders, E., Golanski, L.,
Ghosh, M., Vanoirbeek, J., Himmelreich, U., Hoet, P.H.
Body distribution of SiO2-Fe3O4 core-shell nanoparticles after
intravenous injection and intratracheal instillation
(2016) NANOTOXICOLOGY - Volume: 10 - Issue: 5 - Pages: 567574 - DOI: 10.3109/17435390.2015.1100761
• Hugot, N., Casademont, H., Jouni, M., Hanifi, N., Darchy, L.,
Azevedo, J., Derycke, V., Simonato, J.P., Celle, C., Chenevier, P.
Gram-scale carbon nanotubes as semiconducting material for
highly versatile route of integration in plastic electronics
(2016) PHYSICA STATUS SOLIDI A-APPLICATIONS AND MATERIALS SCIENCE - Volume: 213 - Issue: 1 - Pages: 183-192 - Published: JAN 2016
• Oukassi, S., Giroud-Garampon, C., Dubarry, C., Ducros, C., Salot,
R.
All inorganic thin film electrochromic device using LiPON as the
ion conductor
(2016) SOLAR ENERGY MATERIALS AND SOLAR CELLS - Volume:
145 - Special Issue: SI - Pages: 2-7 - Part: 1 - Published: FEB
2016
• Yaobo Ding, Thomas A.J. Kuhlbusch, Martie Van Tongeren,
Araceli Sanchez Jimenez, Ilse Tuinman, Rui Chen, Inigo Larraza
Alvarez, Urszula Mikolajczyk, Carmen Nickel, Jessica Meyer,
Heinz Kaminski, Wendel Wohlleben, Burkhard Stahlmecke,
Simon Clavaguera, Michael Riediker
Airborne Engineered Nanomaterials in the Workplace – a Review of Release and Worker Exposure during Nanomaterial Production and Handling Processes
(2016) JOURNAL OF HAZARDOUS MATERIALS

69

RUBRIQUE
ÉNERGIES RENOUVELABLES
RENEWABLE ENERGY
2015
• Hognon, C., Delrue, F., Boissonnet, G.
Energetic and economic evaluation of Chlamydomonas reinhardtii hydrothermal liquefaction and pyrolysis through thermochemical models
(2015) ENERGY - Volume: 93 - Pages: 31-40 - Part: 1 - Published:
DEC 15 2015
• Bouraoui, Z., Jeguirim, M., Guizani, C., Limousy, L., Dupont, C.,
Gadiou, R.
Thermogravimetric study on the influence of structural, textural and chemical properties of biomass chars on CO2 gasification reactivity
(2015) ENERGY 88, pp. 703-710
• Defoort, F., Dupont, C., Durruty, J., Guillaudeau, J., Bedel, L.,
Ravel, S., Campargue, M., Labalette, F., Perez, D.D.
Thermodynamic Study of the Alkali Release Behavior during
Steam Gasification of Several Biomasses
(2015) ENERGY & FUELS - Volume: 29 - Issue: 11 - Pages: 72427253 - Published: NOV 2015
• Kaknics, J., Defoort, F., Poirier, J.
Inorganic Phase Transformation in Miscanthus Ash
(2015) ENERGY & FUELS - Volume: 29 - Issue: 10 - Pages: 64336442 - Published: OCT 2015
• Huet, M., Roubaud, A., Lachenal, D.
Conversion of sulfur-free black liquor into fuel gas by supercritical water gasification
(2015) HOLZFORSCHUNG - Volume: 69 - Issue: 6 - Special Issue:
SI - Pages: 751-760 - Published: AUG 2015
• Perez, D.D., Dupont, C., Guillemain, A., Jacob, S., Labalette, F.,
Briand, S., Marsac, S., Guerrini, O., Broust, F., Commandre, J.M.
Characterisation of the Most Representative Agricultural and
Forestry Biomasses in France for Gasification
(2015) WASTE AND BIOMASS VALORIZATION - Volume: 6 - Issue:
4 - Pages: 515-526 - DOI: 10.1007/s12649-015-9374-3 - Published: AUG 2015
• Tsoutsouva, M.G., Oliveira, V.A., Camel, D., Baruchel, J., Marie,
B., Lafford, T.A.
Mono-like silicon ingots grown on low angle misoriented seeds:
Defect characterization by synchrotron X-ray diffraction imaging
(2015) ACTA MATERIALIA - Volume 88, 17 August 2015 - Pages:
112-120
• Lazrak, A., Leconte, A., Cheze, D., Fraisse, G., Papillon, P., Souyri,
B.
Numerical and experimental results of a novel and generic methodology for energy performance evaluation of thermal systems using renewable energies
(2015) APPLIED ENERGY - Volume: 158 - Pages: 142-156 - Published: NOV 15 2015
• O'Brien, S., Linehan, K., Doyle, H., Kingsley, A., Ashfield, C.,
Frank, B., Xie, L., Leifer, K., Thony, P., Perraud, S., Pemble, M.E.,
Povey, I.M.
Indium Tin oxide - Silicon nanocrystal nanocomposite grown by
aerosol-assisted chemical vapour deposition
(2015) ECS TRANSACTIONS 66 (15), pp. 17-21

70

• Livi, F., Sondergaard, R.R., Andersen, T.R., Roth, B., Gevorgyan,
S., Dam, H.F., Carle, J.E., Helgesen, M., Spyropoulos, G.D.,
Adams, J., Ameri, T., Brabec, C.J., Legros, M., Lemaitre, N.,
Berny, S., Lozman, O.R., Schumann, S., Scheel, A., Apilo, P.,
Vilkman, M., Bundgaard, E., Krebs, F.C.
Round-Robin Studies on Roll-Processed ITO-free Organic Tandem Solar Cells Combined with Inter-Laboratory Stability Studies
(2015) ENERGY TECHNOLOGY - Volume: 3 - Issue: 4 - Pages:
423-427 - Special Issue: SI DOI: 10.1002/ente.201402095
• Tajima, M., Tanaka, K., Dubois, S., Veirman, J., Nakagawa, K.,
Ogura, A.
Photoluminescence due to impurity-cluster-bound exciton in
highly doped and highly compensated Si
(2015) JAPANESE JOURNAL OF APPLIED PHYSICS - Volume: 54
Issue: 11 - Article Number: 111304 - Published: NOV 2015
• Giraud, S., Duffar, T., Pihan, E., Fave, A.
Kinetics modeling and growth of Si layers by Liquid Phase Epitaxy Driven by Solvent Evaporation (LPESE)
(2015) JOURNAL OF CRYSTAL GROWTH - Volume: 432 - Pages:
83-91 - Published: DEC 15 2015
• Chatelain, M., Albaric, M., Pelletier, D., Botton, V.
Solute segregation in directional solidification: Scaling analysis
of the solute boundary layer coupled with transient hydrodynamic simulations
(2015) JOURNAL OF CRYSTAL GROWTH - Volume: 430 - Pages:
138-147 - Published: NOV 15 2015
• Ibraikulov, O., Bechara, R., Chavez, P., Bulut, I., Tastanbekov, D.,
Leclerc, N., Hebraud, A., Heinrich, B., Berson, S., Lemaitre, N.,
Chochos, C.L., Leveque, P., Heiser, T.
Using pyridal[2,1,3]thiadiazole as an acceptor unit in a low
band-gap copolymer for photovoltaic applications
(2015) ORGANIC ELECTRONICS - Volume: 23 - Pages: 171-178 Published: AUG 2015
• Lanterne, A., Le Perchec, J., Gall, S., Manuel, S., Coig, M., Tauzin,
A., Veschetti, Y.
Understanding of the annealing temperature impact on ion implanted bifacial n-type solar cells to reach 20.3% efficiency
(2015) PROGRESS IN PHOTOVOLTAICS - Volume: 23 - Issue: 11 Pages: 1458-1465 - Published: NOV 2015
• Raghuwanshi, M. , Lanterne, A., Le Perchec, J., Pareige, P.,
Cadel, E., Gall, S., Duguay, S.
Influence of boron clustering on the emitter quality of implanted
silicon solar cells: An atom probe tomography study
(2015) PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS - Volume 23 - Issue 12 - December 2015 - Pages: 17241733
• Gerthoffer, A., Roux, F., Emieux, F., Faucherand, P., Fournier, H.,
Grenet, L., Perraud, S.
CIGS solar cells on flexible ultra-thin glass substrates: Characterization and bending test
(2015) THIN SOLID FILMS - Volume: 592 - Pages: 99-104 - Part: A
Published: OCT 1 2015

PUBLICATIONS
2016
• Bouraoui, Z., Dupont, C, Jeguirima, M., Limousya, L., Gadioua, R.
CO2 gasification of woody biomass chars: The influence of K and
Si on char reactivity
(2016) COMPTES RENDUS CHIMIE - Volume 19 - Issue 4, April
2016 - Pages 457–465
• Haarlemmer, G., Bensabath, T.
Comprehensive Fischer-Tropsch reactor model with non-ideal
plug flow and detailed reaction kinetics
(2016) COMPUTERS & CHEMICAL ENGINEERING 84, pp. 281-289
• Alonso, E.R., Dupont, C., Fleux, L., Perez, D.D., Commandre, J.M.,
Gourdon, C.
Study of solid chemical evolution in torrefaction of different biomasses through solid-state C-13 cross-polarization/magic
angle spinning NMR (nuclear magnetic resonance) and TGA
(thermogravimetric analysis)
(2016) ENERGY Volume: 97 Pages: 381-390 DOI: 10.1016/j.energy.2015.12.120
• Deniel, M., Haarlemmer, G., Roubaud, A., Weiss-Hortala, E.,
Fages, J.
Bio-oil Production from Food Processing Residues: Improving
the Bio-oil Yield and Quality by Aqueous Phase Recycle in Hydrothermal Liquefaction of Blackcurrant (Ribes nigrum L.) Pomace
(2016) ENERGY & FUELS - Volume: 30 - Issue: 6 - Pages: 48954904 DOI: 10.1021/acs.energyfuels.6b00441
• Danaci, S., Protasova, L., Lefevere, J., Bedel, L., Guilet, R.,
Marty, P.
Efficient CO2 methanation over Ni/Al2O3 coated structured catalysts
(2016) CATALYSIS TODAY - Volume: 273 - Pages: 234-243 - DOI:
10.1016/j.cattod.2016.04.019
• Huet, M., Roubaud, A., Chirat, C., Lachenal, D.
Hydrothermal treatment of black liquor for energy and phenolic
platform molecules recovery in a pulp mill
(2016) BIOMASS & BIOENERGY - Volume: 8 - Pages: 105-112 Special Issue: SI DOI: 10.1016/j.biombioe.2016.03.023
• Anouti, S., Haarlemmer, G., Deniel, M., Roubaud, A.
Analysis of Physicochemical Properties of Bio-Oil from Hydrothermal Liquefaction of Blackcurrant Pomace
(2016) ENERGY & FUELS - Volume: 30 - Issue: 1 - Pages: 398406 DOI: 10.1021/acs.energyfuels.5b02264

• Deniel, M., Haarlemmer, G., Roubaud, A., Weiss-Hortala, E.,
Fages, J.
Energy valorisation of food processing residues and model
compounds by hydrothermal liquefaction
(2016) RENEWABLE & SUSTAINABLE ENERGY REVIEWS - Volume: 54 - Pages: 1632-1652 - Published: FEB 2016
• Caffy, F., Delbosc, N., Chavez, P., Leveque, P., Faure-Vincent, J.,
Travers, J.P., Djurado, D., Pecaut, J., Grevin, B., Lemaitre, N.,
Leclerc, N., Demadrille, R.
Synthesis, optoelectronic properties and photovoltaic performances of wide band-gap copolymers based on dibenzosilole
and quinoxaline units, rivals to P3HT
(2016) POLYMER CHEMISTRY Volume: 7 Issue: 25 Pages: 41604175 DOI: 10.1039/c6py00370b
• Tossa, A.K., Soro, Y.M., Thiaw, L., Azoumah, Y., Sicot, L.,
Yamegueu, D., Lishou, C., Coulibaly, Y., Razongles, G.
Energy performance of different silicon photovoltaic technologies under hot and harsh climate
(2016) ENERGY - Volume: 103 - Pages: 261-270 - DOI: 10.1016/j.
energy.2016.02.133
• Tomassini, M., Veirman, J., Varache, R., Letty, E., Dubois, S., Hu,
Y., Nielsen, O.
Recombination activity associated with thermal donor generation in monocrystalline silicon and effect on the conversion efficiency of heterojunction solar cells
(2016) JOURNAL OF APPLIED PHYSICS - Volume: 119 - Issue: 8 Article Number: 084508 DOI: 10.1063/1.4942212
• Camel, D., Drevet, B., Eustathopoulos, N.
Capillarity in the processing of photovoltaic silicon
(2016) JOURNAL OF MATERIALS SCIENCE - Volume: 51 - Issue: 4
- Pages: 1722-1737 - Published: FEB 2016
• Besson, P., White, P.M., Dominguez, C., Voarino, P., GarciaLinares, P., Lemiti, M., Schriemer, H., Hinzer, K., Baudrit, M.
Spectrally-resolved measurement of concentrated light distributions for Fresnel lens concentrators
(2016) OPTICS EXPRESS - Volume: 24 - Issue: 2 - Pages:
A397-A407 - DOI: 10.1364/OE.24.00A397
• Longeaud, C., Amir Fath Allaha, Schmidt, J., Berson, S.,
Lemaïtre, N.
Determination of diffusion lengths in organic semiconductors:
Correlation with solar cell performances
(2016) ORGANIC ELECTRONICS - Volume 31, pp. 253-257

• Billaud, J., Valin, S., Peyrot, M., Salvador, S.
Influence of H2O, CO2 and O-2 addition on biomass gasification
in entrained flow reactor conditions: Experiments and modelling
(2016) FUEL - Volume: 166 - Pages: 166-178 - Published: FEB
15 2016

• Lanterne, A., Le Perchec, J., Coig, M., Milesi, F., Boucher, J.,
Veschetti, Y.
Solar-grade boron emitters by BF3 plasma doping and role of
the co-implanted fluorine
(2016) PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS - Volume: 24 - Issue: 3 - Pages: 348-356 - DOI: 10.1002/
pip.2713

• Valin, S., Bedel, L., Guillaudeau, J., Thiery, S., Ravel, S.
CO2 as a substitute of steam or inert transport gas in a fluidised
bed for biomass gasification
(2016) FUEL - Volume: 177 - Pages: 288-295 - DOI: 10.1016/j.
fuel.2016.03.020

• Aurousseau, A., Vuillerme, V., Bezian, J.J.
Control systems for direct steam generation in linear concentrating solar power plants - A review
(2016) RENEWABLE & SUSTAINABLE ENERGY REVIEWS - Volume: 56 - Pages: 611-630 - DOI: 10.1016/j.rser.2015.11.083

• Haarlemmer, G., Guizani, C., Anouti, S., Deniel, M., Roubaud, A.,
Valin, S.
Analysis and comparison of bio-oils obtained by hydrothermal
liquefaction and fast pyrolysis of beech wood
(2016) FUEL - Volume: 174 - Pages: 180-188 - DOI: 10.1016/j.
fuel.2016.01.082 Published: JUN 15 2016

• Lazrak, A., Boudehenn, F., Bonnot, S., Fraisse, G., Leconte, A.,
Papillon, P., Souyri, B.
Development of a dynamic artificial neural network model of an
absorption chiller and its experimental validation
(2016) RENEWABLE ENERGY - Volume: 86 - Pages: 1009-1022
- Published: FEB 2016

71

RUBRIQUE
• Martini, T., Chubilleau, C., Poncelet, O., Ricaud, A., Blayo, A.,
Martin, C., Tarasov, K.
Spray and inkjet fabrication of Cu2ZnSnS4 thin films using nanoparticles derived from a continuous-flow microwave-assisted synthesis
(2016) SOLAR ENERGY MATERIALS AND SOLAR CELLS - Volume:
144 - Pages: 657-663 - Published: JAN 2016
• Caglar, O., Carroy, P., Losio, P.A., Sinicco, I.
Nanocrystalline zinc oxide for surface morphology control in
thin-film silicon solar cells
(2016) SOLAR ENERGY MATERIALS AND SOLAR CELLS - Volume
144 - 9 January 2016 - Pages 55-62
• Nos, O. , Favre, W., Jay, F., Ozanne, F., Valla, A., Alvarez, J.,
Muñoz, D., Ribeyron, P.J.
Quality control method based on photoluminescence imaging
for the performance prediction of c-Si/a-Si:H heterojunction solar cells in industrial production lines
(2016) SOLAR ENERGY MATERIALS AND SOLAR CELLS - Volume
144 - 1 January 2016 - Pages 210-220

STOCKAGE ET CONVERSION
DE L’ÉNERGIE
ENERGY STORAGE AND CONVERSION
2015
• Bordes, A., De Vito, E., Haon, C., Secouard, C., Montani, A.,
Marcus, P.
Investigation of Lithium Insertion Mechanisms of a Thin-Film Si
Electrode by Coupling Time-of-Flight Secondary-Ion Mass Spectrometry, X-ray Photoelectron Spectroscopy, and Focused-IonBeam/SEM
(2015) ACS APPLIED MATERIALS & INTERFACES - Volume: 7 - Issue: 50 - Pages: 27853-27862 - Published: DEC 23 2015
• Waluś, S., Barchasz, C., Bouchet, R., Leprêtre, J.-C., Colin, J.-F.,
Martin, J.-F., Elkaïm, E., Baehtz, C., Alloin, F.
Lithium/Sulfur Batteries Upon Cycling: Structural Modifications
and Species Quantification by In Situ and Operando X-Ray Diffraction Spectroscopy
(2015) ADVANCED ENERGY MATERIALS - Volume: 5 - Issue: 16 Special Issue: SI - Article Number: 1500165 - Published: AUG 19
2015
• Ortiz, D., Jiménez Gordon, I., Baltaze, J.-P., Hernandez-Alba, O.,
Legand, S., Dauvois, V., SiLarbi, G., Schmidhammer, U.,
Marignier, J.-L., Martin, J.-F., Belloni, J., Mostafavi, M., LeCaër, S.
Electrolytes Ageing in Lithium-ion Batteries: A Mechanistic Study from Picosecond to Long Timescales
(2015) CHEMSUSCHEM 8 (21), pp. 3605-3616
• Guetaz, L., Lopez-Haro, M., Escribano, S., Morin, A., Gebel, G.,
Cullen, D.A., More, K.L., Borup, R.L.
Catalyst-Layer Ionomer Imaging of Fuel Cells
(2015) ECS TRANSACTIONS 69 (17), pp. 455-464
• Nandjou, F., Poirot-Crouvezier, J.-P., Chandesris, M., Blachot,
J.F., Bonnaud, C., Bultel, Y.
Correlation between local temperature and degradations in
polymer electrolyte membrane fuel cells
(2015) ECS TRANSACTIONS 66 (25), pp. 1-12
• Ozouf, G., Cognard, G., Maillard, F., Guetaz, L., Heitzmann, M.,
Beauger, C.
Sn02 Aerogels: Towards Performant and Stable PEFC Catalyst
Supports
(2015) ECS TRANSACTIONS 69 (17), pp. 1207-1220
72

• Chandesris, M., Robin, C., Gerard, M., Bultel, Y.
Investigation of the difference between the low frequency limit
of the impedance spectrum and the slope of the polarization
curve
(2015) ELECTROCHIMICA ACTA 180, pp. 581-590
• Walus̈, S., Barchasz, C., Bouchet, R., Martin, J.-F., Leprêtre, J.C., Alloin, F.
Non-woven carbon paper as current collector for Li-ion/Li2S
system: Understanding of the first charge mechanism
(2015) ELECTROCHIMICA ACTA - Volume 180 - 20 October 2015
- Pages 178-186
• Kalawoun, J., Pamphile, P., Celeux, G., Biletska, K., Montaru, M.
Estimation of the Battery State of Charge: A Switching Markov
State-Space Model
Conference: 2015 23rd European Signal Processing Conference
(EUSIPCO) Location: Nice, France Date: 31 Aug.-4 Sept. 2015
2015 23rd European Signal Processing Conference (EUSIPCO).
Proceedings - Pages: 1950-4 - Published: 2015
• Robin, C., Gerard, M., d'Arbigny, J., Schott, P., Jabbour, L., Bultel,
Y.
Development and experimental validation of a PEM fuel cell
2D-model to study heterogeneities effects along large-area cell
surface
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 32 - Pages: 10211-10230 - Published: AUG 24
2015
• Straubhaar, B., Pauchet, J., Prat, M.
Water transport in gas diffusion layer of a polymer electrolyte
fuel cell in the presence of a temperature gradient. Phase
change effect
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40
(35), pp. 11668-11675
• Jabbour, L., Robin, C., Nandjou, F., Vincent, R., Micoud, F., PoirotCrouvezier, J.-P., D'Arbigny, J., Gerard, M.
Feasibility of in-plane GDL structuration: Impact on current
density distribution in large-area Proton Exchange Membrane
Fuel Cells
(2015) JOURNAL OF POWER SOURCES 299, pp. 380-390
• Berrod, Q., Lyonnard, S., Guillermo, A., Ollivier, J., Frick, B.,
Manseri, A., Ameduri, B., Gebel, G.
Nanostructure and Transport Properties of Proton Conducting
Self-Assembled Perfluorinated Surfactants: A Bottom-Up Approach toward PFSA Fuel Cell Membranes
(2015) MACROMOLECULES - Volume: 48 - Issue: 17 - Pages:
6166-6176 - Published: SEP 8 2015
• Bernadet, L., Gousseau, G., Chatroux, A., Laurencin, J., Mauvy,
F., Reytier, M.
Assessment of pressure effects on high temperature steam
electrolysis based on solid oxide technology
(2015) ECS TRANSACTIONS 68 (1), pp. 3369-3378
• Hubert, M., Laurencin, J., Cloetens, P., Couturier, K., LefebvreJoud, F., Bleuet, P., Siebert, E.
Understanding the operating mechanisms of mixed ionic electronic conductors: From synchrotron-based 3D reconstruction
to electrochemical characterization and modeling
(2015) ECS TRANSACTIONS 68 (1), pp. 609-621
• Chatroux, A., Reytier, M., Di Iorio, S., Bernard, C., Roux, G.,
Petitjean, M., Mougin, J.
A packaged and efficient SOEC system demonstrator
(2016) ECS TRANSACTIONS - Volume: 68 - Issue: 1 - Pages:
3519-26 - DOI: 10.1149/06801.3519ecst

PUBLICATIONS
• Auer, C., Lang, M., Couturier, K., Nielsen, E.R., McPhail, S.J.,
Tsotridis, G., Fu, Q., Chan, S.H.
Solid oxide cell and stack testing, safety and quality assurance
(SOCTESQA)
(2015) ECS Transactions - Volume: 68 - Issue: 1 - Pages: 1897905 - Published: 2015

• Li, Z.L., Outbib, R., Giurgea, S., Hissel, D., Jemei, S., Giraud, A.,
Rosini, S.
Online implementation of SVM based fault diagnosis strategy
for PEMFC systems
(2016) APPLIED ENERGY - Volume: 164 - Pages: 284-293 - DOI:
10.1016/j.apenergy.2015.11.060

• Ogier, T., Mauvy, F., Bassat, J.M., Laurencin, J., Mougin, J.,
Grenier, J.C.
Overstoichiometric oxides Ln(2)NiO(4+delta) (Ln = La, Pr or
Nd) as oxygen anodic electrodes for solid oxide electrolysis application
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 46 - Pages: 15885-15892 - Published: DEC 14
2015

• Bordes, A., De Vito, E., Haon, C., Boulineau, A., Montani, A.,
Marcus, P.
Multiscale Investigation of Silicon Anode Li Insertion Mechanisms by Time-of-Flight Secondary Ion Mass Spectrometer
Imaging Performed on an In Situ Focused Ion Beam Cross Section
(2016) CHEMISTRY OF MATERIALS - Volume: 28 - Issue: 5 Pages: 1566-1573 - DOI: 10.1021/acs.chemmater.6b00155

• Guinot, B., Montignac, F., Champel, B., Lemaire, E., Vannucci, D.,
Sailer, S., Bultel, Y.
Profitability of an electrolysis based hydrogen production plant
providing grid balancing services
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 29 - Pages: 8778-8787 - Published: AUG 3
2015

• Liatard, S., Benhamouda, K., Fournier, A., Dijon, J., Barchasz, C.
Influence of catholyte composition on the performances of
VACNT/Polysulfides/Li cells
(2016) ELECTROCHIMICA ACTA - Volume: 187 - Pages: 670-676
- Published: JAN 1 2016

• Darras, C., Bastien, G., Muselli, M.,Champel, B., Serre-Combe, P.
Techno-economic analysis of PV/H-2 systems
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 30 - Pages: 9049-9060 - Published: AUG 10
2015
• Bernadet, L., Gousseau, G., Chatroux, A., Laurencin, J., Mauvy,
F., Reytier, M.
Influence of pressure on solid oxide electrolysis cells investigated by experimental and modeling approach
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 40 - Issue: 38 - Pages: 12918-12928 - Published: OCT 15
2015
• Reytier, M., Di Iorio, S., Chatroux, A., Petitjean, M., Cren, J., De
Saint Jean, M., Aicart, J., Mougin, J.
Stack performances in high temperature steam electrolysis
and co-electrolysis
(2015) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40
(35), pp. 11370-11377
• Perillat-Merceroz, C., Roussel, P., Capoen, E., Rosini, S., Gelin, P.,
Vannier, R.N., Gauthier, G.
Synthesis and properties of La0.05Ba0.95Ti1-xMyO3 (M = Mn,
Ce) as anode materials for solid oxide fuel cells
(2015) SOLID STATE IONICS - Volume: 283 - Pages: 21-29 - Published: DEC 15 2015

2016
• Rozain, C., Mayousse, E., Guillet, N., Millet, P.
Influence of iridium oxide loadings on the performance of PEM
water electrolysis cells: Part II - Advanced oxygen electrodes
(2016) APPLIED CATALYSIS B: ENVIRONMENTAL 182, pp. 123131
• Rozain, C., Mayousse, E., Guillet, N., Millet, P.
Influence of iridium oxide loadings on the performance of PEM
water electrolysis cells: Part I-Pure IrO2-based anodes
(2016) APPLIED CATALYSIS B: ENVIRONMENTAL 182, pp. 123131
• Waldmann, T., Hogg, B.I., Kasper, M., Grolleau, S., Couceiro, C.G.,
Trad, K., Matadi, B.P., Wohlfahrt-Mehrens, M.
Interplay of Operational Parameters on Lithium Deposition in
Lithium-Ion Cells: Systematic Measurements with Reconstructed 3-Electrode Pouch Full Cells
(2016) JOURNAL OF THE ELECTROCHEMICAL SOCIETY - Volume:
163-Issue:7-Pages:A1232-A1238-DOI:10.1149/2.0591607jes

• Leclere, M., Livi, S., Marechal, M., Picard, L., Duchet-Rumeau, J.
The properties of new epoxy networks swollen with ionic liquids
(2016) RSC ADVANCES Volume: 6 Issue: 61 Pages: 5619356204 DOI: 10.1039/c6ra08824d
• Srour, H., Chancelier, L., Bolimowska, E., Gutel, T., Mailley, S.,
Rouault, H., Santini, C.C.
Ionic liquid-based electrolytes for lithium-ion batteries: review
of performances of various electrode systems
(2016) JOURNAL OF APPLIED ELECTROCHEMISTRY - Volume: 46
- Issue: 2 - Pages: 149-155 - Published: FEB 2016
• Jahnke, T., Futter, G., Latz, A., Malkow, T., Papakonstantinou, G.,
Tsotridis, G., Schott, P., Gerard, M., Quinaud, M., Quiroga, M.,
Franco, A.A., Malek, K., Calle-Vallejo, F., de Morais, R.F., Kerber,
T., Sautet, P., Loffreda, D., Strahl, S., Serra, M., Polverino, P.,
Pianese, C., Mayur, M., Bessler, W.G., Kompis, C.
Performance and degradation of Proton Exchange Membrane
Fuel Cells: State of the art in modeling from atomistic to system
scale
(2016) JOURNAL OF POWER SOURCES - Volume: 304 - Pages:
207-233 DOI: 10.1016/j.jpowsour.2015.11.041
• Gordon, I.J., Genies, S., Larbi, G.S., Boulineau, A., Daniel, L.,
Alias, M.
Original implementation of Electrochemical Impedance Spectroscopy (EIS) in symmetric cells: Evaluation of post-mortem
protocols applied to characterize electrode materials for Li-ion
batteries
(2016) JOURNAL OF POWER SOURCES - Volume: 307 - Pages:
788-795 - DOI: 10.1016/j.jpowsour.2016.01.036
• Piret, H., Granjon, P., Guillet, N., Cattin, V.
Tracking of electrochemical impedance of batteries
(2016) JOURNAL OF POWER SOURCES - Volume 312, pp. 60-69
• Bresciani, F., Rabissi, C., Zago, M., Gazdzicki, P., Schulze, M.,
Guetaz, L., Escribano, S., Bonde, J.L., Marchesi, R., Casalegno, A.
A combined in-situ and post-mortem investigation on local permanent degradation in a direct methanol fuel cell
(2016) JOURNAL OF POWER SOURCES - Volume: 306 - Pages:
49-61 - DOI: 10.1016/j.jpowsour.2015.11.105
• Jimenez Gordon, I., Genies, S., Si Larbi, G., Boulineau, A., Daniel,
L., Alias, M.
Original implementation of Electrochemical Impedance Spectroscopy (EIS) in symmetric cells: Evaluation of post-mortem
protocols applied to characterize electrode materials for Li-ion
batteries
(2016) JOURNAL OF POWER SOURCES - Volume: 307 - Pages:
788-95 - DOI: 10.1016/j.jpowsour.2016.01.036
73

RUBRIQUE
• Cheah, S.K., Bernardet, V.P., Franco, A.A., Lemaire, O., Gelin, P.
Structural and surface coverage effects on CO oxidation reaction over carbon-supported Pt nanoparticles studied by quadrupole mass spectrometry and diffuse reflectance FTIR
spectroscopy
(2016) PHYSICAL CHEMISTRY CHEMICAL PHYSICS - Volume: 18
- Issue: 22 - Pages: 15278-15288 DOI: 10.1039/c6cp01845a

• Revel, G.M., Arnesano, M., Pietroni, F., Frick, J., Reichert, M.,
Schmitt, K., Huber, J., Ebermann, M., Battista, U., Alessi, F.
COST-EFFECTIVE TECHNOLOGIES TO CONTROL INDOOR AIR QUALITY
AND COMFORT IN ENERGY EFFICIENT BUILDING RETROFITTING
(2015) ENVIRONMENTAL ENGINEERING AND MANAGEMENT
JOURNAL - Volume: 14 - Issue: 7 - Pages: 1487-1494 - Published:
JUL 2015

• Odukoya, A., Naterer, G.F., Roeb, M., Mansilla, C., Mougin, J., Yu,
B., Kupecki, J., Iordache, I., Milewski, J.
Progress of the IAHE Nuclear Hydrogen Division on international hydrogen production programs
(2016) INTERNATIONAL JOURNAL OF HYDROGEN ENERGY - Volume: 41 - Issue: 19 - Pages: 7878-7891 - Special Issue: SI DOI:
10.1016/j.ijhydene.2015.09.126

• Ibrahim, M., Biwole, P.H., Achard, P., Wurtz, E.
Aerogel-based materials for improving the building envelope’s
thermal behavior: A brief review with a focus on a new aerogel-based rendering
(2015) GREEN ENERGY AND TECHNOLOGY - Volume 201 - 2015
- Pages 163-188

• Calizzi, M., Venturi, F., Ponthieu, M., Cuevas, F., Morandi, V.,
Perkisas, T., Bals, S., Pasquini, L.
Gas-phase synthesis of Mg-Ti nanoparticles for solid-state hydrogen storage
(2016) PHYSICAL CHEMISTRY CHEMICAL PHYSICS - Volume: 18
- Issue: 1 - Pages: 141-148 - Published: JAN 7 2016

EFFICACITÉ ENERGÉTIQUE
ENERGY EFFICIENCY
2015
• Ibrahim, M., Biwole, P.H., Achard, P., Wurtz, E., Ansart, G.
Building envelope with a new aerogel-based insulating rendering: Experimental and numerical study, cost analysis, and
thickness optimization
(2015) APPLIED ENERGY 159, pp. 490-501
• Moch, X., Palomares, M., Claudon, F., Souyri, B., Stutz, B.
Geothermal helical heat exchangers: Coupling with a reversible
heat pump in Western Europe
(2015) APPLIED THERMAL ENGINEERING 81, 6343, pp. 368-375
• Bandelier, P., d’Hurlaborde, J.-J., Pelascini, F., Martins, M.,
Gonda, A., Alonso, D., Berlandis, M., Pigni, F.
SOLMED: solar energy and polymers for seawater desalination
(2015) DESALINATION AND WATER TREATMENT 55 (12), pp.
3285-3294
• Jaramillo-Fernandez, J., Ordonez-Miranda, J., Ollier, E., Sanatiniaa,
R., Katariad, H., Chávez-Ángele, E., Volz, S., Sotomayor-Torres, M.
Tuning of heat transport across thin films of polycrystalline AlN
via multiscale structural defects
(2015) ECS TRANSACTIONS 69 (9), pp. 53-64
• Faggianelli, G.A., Brun, A., Wurtz, E., Muselli, M.
Assessment of different airflow modeling approaches on a naturally ventilated Mediterranean building
(2015) ENERGY AND BUILDINGS 107, pp. 345-354
• Lomet, A., Suard, F., Cheze, D.
Edited by: Haberle, A Statistical modeling for real domestic hot
water consumption forecasting
Conference: 3rd International Conference on Solar Heating and
Cooling for Buildings and Industry (SHC) Location: China Acad
Bldg Res, Beijing, PEOPLES R CHINA Date: OCT 13-15, 2014
Sponsor(s): Projects Solar Energy AG
INTERNATIONAL CONFERENCE ON SOLAR HEATING AND COOLING
FOR BUILDINGS AND INDUSTRY, SHC 2014 Book Series: Energy
Procedia - Volume: 70 - Pages: 379-387 - Published: 2015

74

• Xiaolong Yang, Carrete, J., Zhao Wang
Role of force-constant difference in phonon scattering by nano-precipitates in PbTe
(2015) JOURNAL OF APPLIED PHYSICS - Volume: 118 - Issue: 8 Pages: 085701 (5 pp.) - Published: 28 Aug. 2015
• Arnaud, A., Boughaleb, J., Monfray, S., Boeuf, F., Cugat, O.,
Skotnicki, T.
Electrical performances of pyroelectric bimetallic strip heat engines describing a Stirling cycle
Book Group Author(s): IOP
Conference: 15th International Conference on Micro and Nanotechnology for Power Generation and Energy Conversion Applications (PowerMEMS) Location: Boston, MA Date: DEC 01-04, 2015
Sponsor(s): Transducer Res Fdn; NE Univ; Massachusetts Inst
Technol; Amer Elements; DJ DevCorp; Edwards Vacuum; Femtotools; Konishiyasu Co Ltd; MEMS Ind Grp; MEMS Journal Inc;
MEMS & Nanotechnol Exchange; MiQro Innovat Collaborat Ctr;
Multi Funct Integrated Syst Technol Ctr; Piezo Syst Inc; TECNISCO Ltd; Tousimis; ULVAC Technol
(2015) 15th INTERNATIONAL CONFERENCE ON MICRO AND NANOTECHNOLOGY FOR POWER GENERATION AND ENERGY CONVERSION APPLICATIONS (POWERMEMS 2015) Book Series: Journal
of Physics Conference Series - Volume: 660 - Article Number:
012047 - Published: 2015
• Boughaleb, J., Arnaud, A., Monfray, S., Cottinet, P.J., Quenard,
S., Pitone, G., Boeuf, F., Guyomar, D., Skotnicki, T.
Dynamic study for performance improvements of a thermo-
mechanically bistable heat engine.
Conference: 15th International Conference on Micro and Nanotechnology for Power Generation and Energy Conversion Applications (PowerMEMS) Location: Boston, MA Date: DEC 01-04,
2015
Sponsor(s): Transducer Res Fdn; NE Univ; Massachusetts Inst
Technol; Amer Elements; DJ DevCorp; Edwards Vacuum; Femtotools; Konishiyasu Co Ltd; MEMS Ind Grp; MEMS Journal Inc;
MEMS & Nanotechnol Exchange; MiQro Innovat Collaborat Ctr;
Multi Funct Integrated Syst Technol Ctr; Piezo Syst Inc; TECNISCO Ltd; Tousimis; ULVAC Technol
15th INTERNATIONAL CONFERENCE ON MICRO AND NANOTECHNOLOGY FOR POWER GENERATION AND ENERGY CONVERSION
APPLICATIONS (POWERMEMS 2015) Book Series: Journal of
Physics Conference Series - Volume: 660 - Article Number:
012105 - Published: 2015
• Boughaleb, J., Arnaud, A., Cottinet, P. J., Monfray, S., Quenard,
S., Boeuf, F., Guyomar, D., Skotnicki, T.
Analysis of the thermal impact of a bimetal on the dynamic behavior of a thermal energy harvester
(2015) SENSORS AND ACTUATORS A-PHYSICAL - Volume: 236 Pages: 104-115 - Published: DEC 1 2015

PUBLICATIONS
• Boughaleb, J., Arnaud, A., Cottinet, P. J., Monfray, S., Gelenne, P.,
Kermel, P., Quenard, S., Boeuf, F., Guyomar, D., Skotnicki, T.
Thermal modeling and optimization of a thermally matched energy harvester
(2015) SMART MATERIALS AND STRUCTURES - Volume: 24 - Issue: 8 - Article Number: 085025 - Published: AUG 2015
• Springborn, M., Wunderle, B., May, D., Mrossko, R., Manier, C.-A.,
Ras, M.A., Oppermann, H., Xhonneux, T., Caroff, T., Mitova, R.
Transient thermal management by using double-sided assembling, thermo-electric cooling and phase-change based thermal buffer structures: Design, technology and application
Conference: 2015 21st International Workshop on Thermal Investigations of ICs and Systems (THERMINIC) Location: Paris,
France Date: 30 Sept.-2 Oct. 2015
Sponsor(s): IEEE
2015 21st International Workshop on Thermal Investigations of
ICs and Systems (THERMINIC) - Pages: 7 pp. Published: 2015
• Bourry, F., Wantier, A., Ha, D.L., Beguery, P., Rousset, N., Pflaum, P.
Simulation for the evaluation of energy management algorithms at the district level - Example of use case from the AMBASSADOR project
(2015) IEEE Eindhoven PowerTech, PowerTech 2015 7232684
• Kruger, E., Tran, Q.T., Mamadou, K.
Normalized least mean squares observer for battery parameter estimation
Conference: 2015 IEEE Eindhoven PowerTech Location: Eindhoven, Netherlands Date: 29 June-2 July 2015
2015 IEEE Eindhoven PowerTech - Pages: 6 pp - Published: 2015
• Ngoc An Luu, Quoc-Tuan Tran, Bacha, S.
Optimal energy management for an island microgrid by using
dynamic programming method
Conference: 2015 IEEE Eindhoven PowerTech Location: Eindhoven, Netherlands Date: 29 June-2 July 2015
2015 IEEE Eindhoven PowerTech Pages: 6 pp. Published: 2015
• Nguyen Huu Hieu, Le Hong Lam; Cao Thanh Luu, Tran Quoc Tuan
Effects of DFIG wind power generation on Vietnam power system operation
Conference: 2015 IEEE Eindhoven PowerTech Location: Eindhoven, Netherlands Date: 29 June-2 July 2015
2015 IEEE Eindhoven PowerTech Pages: 4 pp. Published: 2015
• Siebert, N., Ammari, S., Cao, X., Delaplagne, T., Mamadou, K.,
Chouiter, M., Buttin, H., Gaci, O., Lagorse, J., Bertone, Y.
Scheduling demand response and Smart Battery flexibility in a
market environment: Results from the Reflexe demonstrator
project
(2015) 2015 IEEE Eindhoven PowerTech Pages: 6 pp. DOI:
10.1109/PTC.2015.7232580
Conference:2015 IEEE Eindhoven PowerTech Location:Eindhoven, Netherlands Date:29 June-2 July 2015
• Avenas, Y., Dupont, L., Baker, N., Zara, H., Barruel, F.
Condition Monitoring A Decade of Proposed Techniques
(2015) IEEE INDUSTRIAL ELECTRONICS MAGAZINE - Volume: 9 Issue: 4 - Pages: 22-36 Published: DEC 2015
• Luu Ngoc An, Tran Quoc-Tuan
Optimal energy management for grid connected microgrid by
using dynamic programming method
Conference: 2015 IEEE Power & Energy Society General Meeting Location: Denver, CO, USA Date: 26-30 July 2015
2015 IEEE Power & Energy Society General Meeting Pages: 1-5
Published: 2015

• Lespinats, S., Aupetit, M., Meyer-Baese, A.
ClassiMap: A New Dimension Reduction Technique for Exploratory Data Analysis of Labeled Data
(2015) INTERNATIONAL JOURNAL OF PATTERN RECOGNITION
AND ARTIFICIAL INTELLIGENCE - Volume: 29 - Issue: 6 - Article
Number: 1551008 - Published: SEP 2015

2016
• Poppi, S., Bales, C., Heinz, A., Hengel, F., Chèze, D., Mojic, I., Cialani, C.
Analysis of system improvements in solar thermal and air
source heat pump combisystems
(2016) APPLIED ENERGY - Volume 173 - 1 July 2016 - Pages
606-623
• Vermeersch, B., Carrete, J., Mingo, N.
Cross-plane heat conduction in thin films with ab-initio phonon
dispersions and scattering rates
(2016) APPLIED PHYSICS LETTERS - Volume: 108 - Issue: 19 Article Number: 193104 Published: MAY 9 2016
• Yang, X.L., Carrete, J., Wang, Z.
Optimizing phonon scattering by nanoprecipitates in lead
chalcogenides
(2016) APPLIED PHYSICS LETTERS - Volume: 108 - Issue: 11 Article Number: 113901 DOI: 10.1063/1.4943791
• Riofrio, M.C., Caney, N., Gruss, J.A.
State of the art of efficient pumped two-phase flow cooling
technologies
(2016) APPLIED THERMAL ENGINEERING - Volume: 104 - Pages:
333-343 - DOI: 10.1016/j.applthermaleng.2016.05.061
• Caron-Soupart, A., Fourmigué, J.-F., Marty, P., Couturier, R.
Performance analysis of thermal energy storage systems
using phase change material
(2016) APPLIED THERMAL ENGINEERING - Volume 98 - pp. 12861296
• Rouchier, S., Woloszyn, M., Kedowide, Y., Bejat, T.
Identification of the hygrothermal properties of a building envelope material by the covariance matrix adaptation evolution
strategy
(2016) JOURNAL OF BUILDING PERFORMANCE SIMULATION Volume: 9 - Issue: 1 - Pages: 101-114 - DOI: 10.1080/
19401493.2014.996608
Conference: 6th International Building Physics Conference
(IBPC) Location: Torino, ITALY Date: JUN 14-17, 2015
Sponsor(s): ATI Piemonte; PolitecnicoTorino, Dept Energy
6th INTERNATIONAL BUILDING PHYSICS CONFERENCE (IBPC 2015)
Book Series: Energy Procedia Volume: 78
• Chen, P.X., Etzelstorfer, T., Hackl, F., Katcho, N.A., Chang, H.T.,
Nausner, L., Lee, S.W., Fromherz, T., Stangl, J., Schmidt, O.G.,
Mingo, N., Rastelli, A.
Evolution of thermal, structural, and optical properties of SiGe
superlattices upon thermal treatment
(2016) PHYSICA STATUS SOLIDI A-APPLICATIONS AND MATERIALS SCIENCE - Volume: 213 - Issue: 3 - Pages: 533-540 - Special Issue: SI DOI: 10.1002/pssa.201532468
• Griratea, H., Agalita, H., Zaria, N., Elmchaourib, A., Molinac, S.,
Couturier, R.
Experimental and numerical investigation of potential filler materials for thermal oil thermocline storage
(2016) SOLAR ENERGY - Volume 131 - June 2016 - Pages 260-274
• Savelli, G., Stein, S.S., Bernard-Granger, G., Faucherand, P.,
Montes, L.
Growth and thermal properties of doped monocrystalline titanium-silicide based quantum dot superlattices
(2016) SUPERLATTICES AND MICROSTRUCTURES - Volume: 92 Pages: 249-255 - Published: APR 2016
75

w w w-liten.cea.fr

- 9117 - 12-2016 - Photos : Shutterstock, Cea-Liten

