
HYDROGEN

BIOMASS

MATTER AND MATERIALS

ENERGY EFFICIENCY

STOCKAGE ET CONVERSION DE L'ÉNERGIE

SCIENTIFIC HIGHLIGHTS
RAPPORT SCIENTIFIQUE

LITEN
2015/2016

THERMIQUE



2

ÉD
IT

OR
IA

L 
/ 

FO
RE

WO
RD

LE LITEN, INSTITUT DE 
RECHERCHE AU CŒUR DE 
LA TRANSITION ÉNERGÉTIQUE
Le LITEN a l’ambition d’accompagner par ses activités de 
recherche et développements technologiques la straté-
gie 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.

L’année 2015 a été riche en France d’événements ma-
jeurs dans le domaine des énergies nouvelles tels que le 
vote de la loi sur la transition énergétique pour la crois-
sance verte ou la tenue de la COP21 en décembre à Paris. 
Dans ce contexte stimulant, le LITEN a renforcé ses acti-
vités 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 scienti-
fique 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 suc-
cès, sa candidature à une troisième labellisation Carnot 
en collaboration étroite avec dix laboratoires acadé-
miques 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 par-
tenaires académiques et industriels, qui vous incitera, 
je l’espère, à collaborer avec nous.

LITEN, THE TECHNOLOGY 
RESEARCH INSTITUTE DRIVING 
THE ENERGY TRANSITION
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.

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 resear-
chers 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 ex-
cellence in science and technology across the entire va-
lue 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.

Florence Lambert,
Directrice du LITEN

Head of Liten
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Créé en 2004, le Laboratoire d'Innovation pour les 
Technologies des Énergies nouvelles et les Nano-
matériaux (LITEN) a pour mission le développe-
ment de technologies d'avenir au service de la 

transition énergétique. En réponse aux priorités natio-
nales 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 syn-
thèse, la mise en œuvre et le recyclage des matériaux en 
favorisant des procédés économes en matières pre-
mières, 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 rela-
tive 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 pro-
gramme 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.

Liten, institute for inovation in new energy technolo-
gies and nanomaterials, was established in 2004 
to develop the technological advances that will 
drive the energy transition. The institute’s R&D pro-

grams respond to France’s national policies to reduce de-
pendency 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 im-
plementation and recycling to promote raw-materials-ef-
ficient 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 indus-
trial renewal policy, which includes an environmentally- 
friendly mobility plan; the Energy Transition for Sustai-
nable 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 Agree-
ment was adopted by the majority of countries; and 
France initiated a far-reaching program to spur the deve-
lopment 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.

LE LITEN, ACTEUR 
DE L'INNOVATION 
POUR LA TRANSITION 
ÉNERGÉTIQUE

LITEN, KEY INNOVATOR 
FOR THE ENERGY 
TRANSITION
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Rare institut de recherche en Europe à couvrir toute la 
chaîne de valeur, de la synthèse de matériaux à la dé-
monstration de prototypes préindustriels, le LITEN pour-
suit 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 comp-
ter 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 res-
sources externes au CEA.
Positionné entre recherche amont et transfert technolo-
gique, 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 parte-
naires couvrant à eux seuls la quasi-totalité des re-
cherches 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 ressour-
cement” 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 re-
cherche académique et du monde industriel au niveau 
national grâce à des financements ANR ou au niveau eu-
ropéen 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 ving-
taine de post doctorants. Un certain nombre de sujets 

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, mul-
ti-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 publi-
shed, 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 Ener-
gies du Futur with three partners: CNRS (the French Natio-
nal Center for Scientific Research), Grenoble Institute of 
Technology, and Grenoble-Alpes University. Virtually all 
of the research and development in new energy technolo-
gies 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 num-
ber of projects at the resourcing stage. The purpose of 
these projects, many of which are conducted under Insti-
tut 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 Agen-
cy (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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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 pro-
mote 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 deve-
loped from earlier resourcing research were successfully 
transferred to industry, evidence that this type of re-
search is a crucial part of the innovation process bu-
sinesses need to remain competitive. Here are a few 
examples of how resourcing research feeds the innova-
tion 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 re-
search 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 groun-
dbreaking partnership with an industrial-scale recy-
cling 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 pa-
tent applications.

•  In 2010 Liten expanded into research on the methana-
tion of CO2, a topic at the crossroads of the institute’s 
long-standing expertise in two areas: hydrogen produc-
tion 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. To-
day, Liten is engaged in the major Jupiter 1000 pro-
gram 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 sou-
thern France.

•  And, after a decade of high-temperature water electroly-
sis research backed by six ANR projects, four EU pro-
jects, 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 re-
versible 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 posi-
tions the institute as a key innovator and driver of the 
scientific advances that will shape the energy transition.

de thèses ou de post-doc du LITEN sont par ailleurs posi-
tionnés 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 ger-
mer 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 in-
dustriels. La recherche est ainsi constitutive du proces-
sus d’innovation nécessaire à la compétitivité des 
entreprises. 
Plusieurs exemples de transferts vers l’industrie réali-
sés durant la période 2015-2016 sont issus de projets 
de ressourcement antérieurs et illustrent ce rôle fonda-
teur 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 trans-
parent 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 en-
suite 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 in-
dustriel 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 pro-
duction 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 pro-
gramme “Jupiter 1000” piloté par GRTgaz qui vise à dé-
velopper 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 partena-
riat 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 électroly-
seur réversible (capable de produire de l’hydrogène ou 
de l’électricité suivant le profil de demande énergé-
tique) 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 en-
jeux scientifiques de la transition énergétique.
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Le label Carnot, créé en 2006, est attribué à des struc-
tures de recherche publique qui conjuguent des acti-
vités 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.

Le LITEN, associé à une dizaine de laboratoires acadé-
miques 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 ma-
jeur, associant :
•  Une excellence scientifique confirmée lors de la cam-

pagne 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 sys-
tèmes, démonstrateurs et plateformes.

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

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 eco-
nomy and society. Each year, research organizations that 
have been granted the Carnot label – Instituts Carnot – re-
ceive 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 Fu-
tur 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 as-
sessment by HCERES (France’s higher-education and re-
search 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, demonstra-
tors/prototypes, and platforms.

1)  Technology Readiness Level 

Journée scientifique 2016, Énergies du futur
2016 Institut Carnot,Énergies du Futur scientific meeting
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Governance is coordinated by Grenoble Institute of Technolo-
gy, which oversees strategy; Liten participates in gover-
nance 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 technolo-
gies, 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 re-
search projects conducted either by Liten alone or by Liten 
and other university research labs in the Institut Carnot Ener-
gies du Futur consortium.

•  50 basic research projects received support. The purpose 
of these projects was to investigate new topics, test break-
through ideas and concepts, and explore original ap-
proaches like characterization on the large scientific 
instruments and multi-scale, multi-physics modelling. Ba-
sic 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. 

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 opéra-
tionnelle. 

En totale cohérence avec les thèmes de R&D du LITEN, les 
activités de l’institut Carnot Énergies du Futur sont structu-
rées 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 an-
nuel de quelques M€ qui lui a permis de conduire une véri-
table politique de ressourcement scientifique et de financer 
un total de 72 projets internes au LITEN ou conduits en par-
tenariat 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’ap-
profondissement d’approches originales telles que la ca-
ractérisation 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 théma-
tiques R&D du LITEN avec un effort marqué sur la produc-
tion d’énergies renouvelables. 

Operation and
flow-management
Balancing supply

and demand

Solar
energy Hydropower

Axe 1: Renewable energy resources

Axe 2: Energy carriers

Axe 3: New energy-efficient applications

Axe 4: Smart 
energy grids

and networks 

Low-environmental-impact buildings

Efficient industrial processes

Transportation/mobility

ElectricityHydrogen/gas

Storage Distribution/transportation

Heat

Axe 5:
Transversal
technologies

Materials
and processes

Management
of intermittent

production
Modelling

Lifecycle
analysis

Supervision 

Biomass,
bioresources

Structuration de l’IC EF en 5 axes stratégiques
The five strategic research areas addressed by Institut Carnot Energies du Futur
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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 detrimen-
tal to PV cell photoelectric performance (Fig. 1). 
Materials R&D also received substantial support. The Mat-
GAN/Gainmat project, which ran from 2014 to 2016, was a 
far-reaching, cross-disciplinary project to develop new pas-
sive 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 pro-
totypes, assess the feasibility of transferring a new tech-
nology 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.

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)

On pourra ainsi mentionner à titre d’illustration le projet PV 
ESRF (2011-2014) qui a permis la mise au point d’une tech-
nique de caractérisation originale par faisceau de RX des 
très faibles désorientations entre grains de Si dans les lin-
gots à l’origine de défauts compromettant les perfor-
mances photoélectriques des cellules (Fig. 1). Les 
matériaux font également l’objet d’un soutien continu illus-
tré par le projet structurant transverse MatGAN/Gainmat 
(2014-2016) qui vise le développement de nouveaux maté-
riaux passifs pour l’électronique de puissance haute fré-
quence et haute tension et réunit l’institut Néel (CNRS) le 
G2eLab (Grenoble INP) et deux départements du LITEN 
(voir page 19, fig. 2). 

•  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 élec-
trolyseur haute température prototype convertissant la 
vapeur d’eau avec un rendement supérieur à 95 % ou le 
projet Scale up (2015-2016) réunissant le LEPMI (Gre-
noble INP) et le LITEN-DEHT, dont l’objectif est de transpo-
ser 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). 

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

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



10

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.

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.

Sur ces dix années, l’ensemble des projets de ressource-
ment du LITEN a été valorisé directement à travers 109 pu-
blications 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 lo-
gique de valorisation vers les acteurs socioéconomiques.

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

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.

Rapport d'activité 2015 
www.energiesdufutur.fr

Annual Report 2015 
www.energiesdufutur.eu
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•  RACCURT Olivier (DTBH) : 
Interaction lumière matière : de la synthèse de nanoparticules fonctionnelles à la durabilité 
des matériaux pour le solaire thermique (10/12/2015)

•  GRENET Louis (DTNM) : 
Matériaux critiques dans les cellules solaires en couches minces (10/05/2016)

•  SAVELLI Guillaume (DTNM) : 
Couches minces et nanostructuration pour la thermoélectricité (28/06/2016)

“HABILITATIONS À DIRIGER DES RECHERCHES”

2015

•   CHEVALLIER Théo (DTNM) : 
Photoluminescence et couplage plasmonique 
des nanocristaux d’AgInS2-ZnS (16/10/15)

•  GREMION Carine (DTNM) : 
Élaboration et caractérisation d’absorbeurs 
sélectifs platine-alumine pour le solaire 
thermique à concentration à haute 
température (11/12/2015)

•   JOULIE Marion (DTNM) : 
Recyclage de matériaux actifs 
d’accumulateurs Li-ion par voie 
hydrométallurgique  
(23/10/15)

•  LE COADOU Cécile (DTNM) : 
Nano-scale power sources for biological 
applications (02/10/15)
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•  HERVE Nicolas (DTNM) : 
Développement de nouvelles nuances d’aciers 
nano-renforcés, relation microstructure 
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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 plati-
num-group metals.

Plus, the challenges inherent to these materials 
are compounded by increasingly stringent 
legislation, which is why Liten is making end-of-li-
fecycle 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. 

Liten’s Richard Laucournet and his team are 
developing innovative hydrometallurgical 
processes to limit process costs and environmen-
tal 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.

Liten’s Materials Recovery and Recycling Lab is 
investigating a broad range of topics, including:
•  extracting 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,

•  recovering rare-earth elements in spent 
magnets dismantled from waste electrical and 
electronic equipment (WEEE) with 90%-plus 
recovery yields and 99.5% purity,

•  creating Pt solutions from factory-reject or 
spent fuel cells for use in new fuel cells,

•  developing methods for high-yield selective 
recovery of the Ag in PV cells.

Liten researchers are also working on break-
through innovations – like replacing traditional 
aqueous or organic solvents with ionic solutions 
– that will provide new opportunities.

>  SUSTA INAB LE DEVELOPM ENT 
TH E CORN ERSTON E OF RESEARCH AT L ITEN

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

Critical and strategic metals 
recovery and recycling

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

MATIÈRES & MATÉRIAUX
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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 emis-
sions. 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 

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.

>  SUSTA INAB LE DEVELOPM ENT 
TH E CORN ERSTON E OF RESEARCH AT L ITEN

NdFeB magnets made by 
powder metallurgy on 

the “Magnet” platform of 
CEA-Tech

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

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

MATIÈRES & MATÉRIAUX
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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 
materials are more abundantly 
available, easier to synthesize 

from precursors obtained from biomass 
or recycling, and offer a much smaller 
environmental foot print than traditional 
electrode materials.

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 aesthetically-
pleasing batteries that can be easily integrated 
into public street fixtures, and biodegradable 
or disposable batteries for the smart- packaging 
market.

>  SUSTA INAB LE DEVELOPM ENT 
TH E CORN ERSTON E OF RESEARCH AT L ITEN

The path to more environmentally-
friendly organic batteries

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

MATIÈRES & MATÉRIAUX

Purification of organic electrode 
materials at pilot scale 
(10L filtration unit)

High power organic battery – 
EU FP7 ROPAS project

Pouch cell prototype using organic 
electrode material synthetised 
at pilot scale (10L Reactor)
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Hydrogen 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 hydrogen-
powered 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. 

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%).

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.

>  SUSTA INAB LE DEVELOPM ENT 
TH E CORN ERSTON E OF RESEARCH AT L ITEN

Nanostructured catalyst 
architectures for hydrogen-energy 
applications

From left to right: 
Olivier Marconot (PhD at DRF/INAC), 
Arnaud Morin (DRT/LITEN),
Nicolas Pauc (DRF/INAC),
Denis Buttard (DRF/INAC).
 
Missing: Florica Lazar (post doc 
at DRT/LITEN) and Samuele Galbiati 
(post doc at DRT/LITEN)

MATIÈRES & MATÉRIAUX

Platinum nanotubes: Proton Exchange Membrane Fuel Cell electrode.
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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 de-
vices printed on the PICTIC platform. Our approach includes 
process and technology development of printed organic/
inorganic stacks but also the understanding of organic de-
vices physics, their modelling and ageing mechanisms. Re-
garding 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 characte-
rization, simulation and ageing studies helps us to unders-
tand 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 in-
vestigate 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.

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 perfor-
mance losses. Hence, unravelling the physics behind 
the degradation mechanism is needed. Most importantly, 

it is crucial to understand the role of each 
external factor in the observed degrada-
tions. We aim to decorrelate the in-
fluence 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 discrimi-
nate oxygen effect on the electrical characteristics of the 
devices. 
Electrical measurements as I-V, capacitance and External 
Quantum Efficiency (EQE) characteristics are really sensi-
tive to small physical or chemical changes in the device. 
Depending on the ageing conditions, different types of elec-
trical characteristic evolution are observed (fig. 2a). 
If they are reproducible, these changes help us to deter-
mine ageing mechanisms. We show that even in the ab-
sence 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 illumina-
tion 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 

Physics of organic printed devices: 
characterization, modelling and ageing

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

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.

a

b c

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)
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The resulting device shows improved detection per-
formances 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 transis-
tors 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.

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 cru-
cial for us since organic devices are printed under air (wit-
hout glovebox protection) on PICTIC platform. The effect of 
oxygen is even stronger in presence of light with a pho-
to-oxidation of the polymer as proved by FTIR, UV-Vis spec-
troscopy and XPS measurements [4].

Contact investigation and replacement 
by organic semi-conductor doping
High quality organic/metal interfaces are essential to ob-
tain good electrical performances in organic-based devices. 
For inorganic semiconductors, carrier injection and extrac-
tion can be easily improved by doping the semiconductor at 
the interface, but this remains a challenge in printed elec-
tronics. 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 investi-
gate 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 of-
fers 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 de-
vices 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 lami-
nation of the doped polymer interlayer leads to a reduction 
of the injection barrier through tunnel effect (fig. 3), ena-
bling its integration as interface layer in an OPD. 

Fig. 3: Evolution of the injection barrier with the molar ratio (MR) 
of dopant.

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.

a b c
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Thermal properties of perovskites at high temperature

CONTEXT
The perovskite structure presents a rare variety of com-
pounds and a rich phase diagram. It can exhibit many 
interesting behaviors, such as high-temperature super-
conductivity, water-splitting catalysis, piezoelectricity, 
negative thermal expansion, multiferroicity, or photo-
voltaic activity. In order to assess their potential for 
thermoelectric applications, we have conducted a large-
scale 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 de-
veloped 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 calcu-
lated spectrum of lattice vibrations is unstable in the cubic 
phase. We have developed a technique to include the ef-
fects 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 ther-
mal conductivities, at an unprecedented scale [2].

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 pe-
rovskites, opening the way for a selective control of their 
properties. Finally, we predicted that the thermal conducti-
vity of ScF3 decreases more slowly than the usual 1/T pro-
portionality 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).
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Fig. 1 : Temperature-dependence of the lattice parameter of ScF3 
compared to the experimental data. From Ref. [1].

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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CONTEXT
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. Howe-
ver, current magnetic materials used as passive compo-
nents in converters cannot sustain the rise in the operating 
frequency, especially above 1 MHz. The main limitation co-
mes from the sharp increase in power losses inside the 
magnetic core.

APPROACH
Spinel ferrite phase (Ni,Zn)Fe2O4 has been widely deve-
loped 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 pow-
der has been designed for a DC/DC 200/400 V test conver-
ter. 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 re-
mains 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 pre-
sents 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 exhi-
bit a magnetization process dominated by SR and feature 
the lowest core-losses simultaneously. These results sug-
gest that DW motion is more dissipative than SR and is ad-
vantageously 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 CAR-
NOT-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- 

REFERENCES
[1]  G. Frajer et al., “Dimensionnement et mise en forme 

d’inductances pour convertisseur de puissance,” 
in Symposium de Génie Électrique 2016, 2016.

[2]  G. Frajer et al., “Effect of Sintering Temperature on High 
Frequency Core Loss of NiZn Ferrite,” in 61st Annual 
Conference on Magnetism and Magnetic Materials, 2016.

Magnetic materials for passive components 
in high frequency power converters



20

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 sil-
ver 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.

APPROACH
We propose Lock-in Thermography (LiT), as a very efficient 
and powerful imaging technique for visualizing the electri-
cal 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 lo-
cal 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 pro-
vide 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 resis-
tance 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 dis-
tinct parallel resistances whose values can be esti-
mated 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 fai-
lure at high temperature (≈ 300 °C) can also be governed by 
a quantized increase of the electrical resistance, corres-
ponding to the discontinuous destruction of individual 
pathways (see fig. 3b)

CONCLUSIONS AND PERSPECTIVES
LiT is a very promising technique for the mapping of electri-
cal 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.

 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.

 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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CONTEXT
Graphene is a promising sp2 material thanks to its electro-
nic 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 coun-
terpart 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 contami-
nant process and copper free materials are needed for 
many applications. 

APPROACH
A new process based on the use of silicon wafers covered 
with a thin film of platinum has been developed. The pro-
cess 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 wit-
hout Pt dissolution [1].

RESULTS
High quality graphene has been obtained at 700°C and 
transferred on various substrates (fig. 1). It was demons-
trated that graphene growth is a recrystallization of the car-
bon 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 mate-
rial. The grains are continuously growing with time from nm 
to µm as can be seen on high resolution dark field TEM ima-
ging (fig. 2). This graphene can be considered as a new ma-
terial 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 struc-
ture is possible. 

CONCLUSIONS AND PERSPECTIVES
Low temperature copper free SLGs have been obtained 
with a unique control of the grain size and boundary struc-
ture. 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.
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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

REFERENCES
[1] A. V. Tyurnina H. Okuno, P. Pochet, 
J. Dijon Carbon 102 (2016) 499-505

Recrystallization as a new route to tune graphene 
structure and properties 

 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)
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New thin film nanostructured materials 
for thermoelectric applications

CONTEXT
The nanostructuration of thin films improves their electri-
cal, optical or thermal properties. Here, we developed new 
nanostructured materials for thermoelectric (TE) applica-
tions, 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 Va-
por Deposition (CVD).

APPROACH
Previous theoretical results predicted an increase of ther-
moelectric 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 poly-
crystalline matrixes [2-4].

RESULTS
The deposition of QDSL by reduced pressure CVD can be divi-
ded 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 nano-
dots by the reaction between the Ti or Mo atoms and the Si 
atoms), and finally the repetition of these two steps to pro-
duce 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 nanostructura-
tion on the thermal conductivity decrease thanks to an in-
crease 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 .
 
CONCLUSIONS AND PERSPECTIVES
These results show that a great improvement of the TE ma-
terials’ properties can be obtained by including silicide 
nanodots in a SiGe matrix, making these materials very pro-
mising 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.
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Fig. 1: STEM/HAADF images of monocrystalline Ti-based (a) and Mo-based 
(b) QDSL showing the nano-  inclusions inside the SiGe matrix.

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 photovol-
taic 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 im-
portance. Among the solutions to reduce indium use, de-
creasing 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. 

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

RESULTS
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 sca-
lable at surfaces >> 1m2. Etching and rapid thermal an-
nealing processes are then used to burry spheres into 
the substrate and fabricate the textured glass subs-
trates 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 absor-
ber layer [3].

CONCLUSIONS AND PERSPECTIVES
These results are very interesting at industrial level for fa-
brication 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. 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)

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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CONTEXT
Nowadays, more than 1030 consumer nanoproducts are 
commercialized, which may lead to a significant release of 
NanoParticles (NPs) during their entire life cycle (synthe-
sis, use, end of life phases). As the release of nanoparticles 
in the environment is currently not well known, many labo-
ratories try to identify formulation components that could 
have an impact on the release.

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 ma-
chine1 and a Taber Abrader2. Thanks to 5 different paint 
formulations provided by the manufacturer, it was pos-
sible 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.

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 distribu-
tions 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 ra-
tio of organic-to-inorganic species and decreases the 
mechanical properties of the paint. The use of an acrylic co-
polymer 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 signifi-
cant protection effect against UV exposure by absorbing the 
energy of light and reflecting it, preventing the photodegra-
dation of the polymer. Based on these results, a NPs release 
mechanism was proposed (fig. 2).

CONCLUSIONS AND PERSPECTIVES
Type and amount of binder and the addition of TiO2 pig-
ments 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.
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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 mono-
crystalline or multicrystalline. The Czochralski pulling me-
thod (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 multi-
crystalline silicon (mc-Si) was preferred. However, with the 
improvement of the cells architectures, the structural de-
fects present in this last material, and more specifically the 
interactions of the residual impurities with them, are beco-
ming limiting factors for the PV cells performances. In addi-
tion, the cost gap between CZ and mc-Si is getting reduced 
thanks to the development of the diamond wire sawing me-
thod, 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 di-
rectional solidification process with a high structural qua-
lity and low oxygen of the processed material. This consists 

in starting the directional solidification on a pavement of 
monocrystalline seeds arranged at the bottom of the cru-
cible (fig. 1a). If conversion efficiencies close to those ob-
tained 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 defec-
tive 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 under-
taken at LITEN/DTS since 2011 in order to support the deve-
lopment of the monolike crystallisation process at the 
industrial level by this company. The aims were first to en-
sure 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 struc-
tural defects. This includes specifying the seeding pave-
ment, as well as the thermal conditions during the whole 
processing cycle.

Monolike silicon : from Si seeded growth to solar cells

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.

a b

From left to right: Amal Chabli, Lofti Bounaas (ECM), Alexandre Mermet (ECM), Gautier Fortin (ECM), Nicolas Enjalbert, Nelly Plassat, Malek Benmansour, 
Sylvain Rousseau, Denis Chavrier, Nelly Plassat, Denis Camel, Étienne Pihan. 
Missing: Raphaël Cabal, Alexandre Faujour, Bernadette Grange, Arthur Lantreibecq, Benoit Marie, Damien Ponthenier, Vanessa  Amaral De Oliveira.
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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 in-
got 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 tempera-
ture 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 pave-
ment is designed so that vertical grain boundaries are gene-
rated 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 ob-
served that the successive transient creep stages, where 
dislocations are nucleated from the surface and then pro-
pagated inside the bulk where they interact and multiply, 
are not yet completed after 20 hours (fig. 2a). On the oppo-
site, the final stationary creep stage is already reached af-
ter 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 clas-
sical 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 

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.

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).

d

a b

c

a

b
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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 elec-
trical activity is qualitatively revealed by integrated photo-
luminescence (PL) mapping on raw wafers, as well as Light 
Beam Induced Current (LBIC) mapping on finished photo-
voltaic cells (fig. 4). Quantitative measurements of the Sur-
face 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 (collabo-
ration with Pr Macdonald’s team at Australian National Uni-
versity) (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 un-
dergone 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-photolu-
minescence (µ-PL) imaging of the defects is performed 

a

c

SGB misorientation: 0.5°

X-ray topography image

Diffusion length map (from LBIC) PL image

SRV: 7300 cm/s SRV: 10700 cm/s

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).

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 develop-
ment, selected zones have been tracked down to their star-
ting point, which was further characterized in detail by 
synchrotron X-ray diffraction imaging in the frame of a Car-
not 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 increa-
singly misoriented zones are formed by a process of pro-
pagation 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 da-
maged at some points, which may occur for instance be-
cause of an indentation by a sharp piece of feedstock 
during the melting phase. In the current status of develop-
ment of the monolike process, both of these sources of de-
fects are routinely suppressed. With these conditions 
however, zones of sub-grains still happen to develop in the 

b



29

ÉNERGIES RENOUVELABLES

RE
NE

WA
BL

E 
EN

ER
GY

RA
PP

OR
T 

S
CI

E
N
TI

FI
Q
U
E
/

SC
IE

NT
IF

IC
 H

IG
HL

IG
HT

S
/
2
0
1
5
-
2
0
1
6

in the range 0.7 – 1.15 eV. While the band-to-band emis-
sion at 1.08 eV shows a minimum across SGBs, different 
peaks characteristic of the presence of dislocations ap-
pear in the range 0.8 – 1.00 eV (so-called D-lines), with 
different signatures depending in particular on the miso-
rientation 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 appli-
cation of a proper gettering treatment, a conversion effi-
ciency 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 pro-
cess 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 corre-
lated with the increasing area fraction of sub-grains pre-
sent in these bricks (fig. 5).

Perspectives 
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 pro-
per 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 multiplica-
tion. This is done by combining an experimental in-situ cha-
racterization of the formation of structural defects, and the 
time dependent numerical simulation of thermo-mechani-
cal stresses in the full ingot.
In parallel, the study of the influence of impurities on the 
electrical activities of structural defects is pursued by re-
sorting to the tolls available at the LETI Nano-characteriza-
tion 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, spec-
troscopic micro-photoluminescence, and high resolution 
photo-potential imaging by Kelvin probe developed in colla-
boration by LETI and INAC.
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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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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-ef-
fective to compete with conventional fuels. In particular, 
the microalgae dewatering step can still represent up to 
30% of the production costs.

APPROACH
The objective is to develop an energy-efficient harvesting 
technique to separate microalgae from water. Acousto-
phoresis 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 fre-
quencies generate acoustic patterns around 350 µm in-
consistent with relevant flowrates for biofuel production. 
Thus, scale-up challenges need to be addressed. An experi-
mental device is tested to perform the microalgae separa-
tion in a continuous mode with operating frequency near 
250 kHz (corresponding to millimeter acoustic pattern) 
which allows to operate flowrates for biofuel production.

RESULTS
The experimental continuous device is illustrated in fig. 1. 
The diluted microalgae solution flows through two transdu-
cers (piezoelectric elements operating at 250 kHz) in the 
separation zone. Microalgae planes are formed and sepa-
rated by 3 mm thick clear water planes. A comb-shaped de-
vice downstream the separation zone allows the separation 
of clear water flow from microalgae biomass. Fig. 2 is a pho-
tograph 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 recircula-
tions and promoting homogeneous dispersion of micro-or-
ganisms. CFD simulations of our device show that the global 
flow circulation (continuous mode) counteracts the strea-
ming recirculations (see fig. 3). When a flowrate is imple-
mented, the flow recirculations generated by the acoustic 
streaming (see fig. 3a) tend to disappear (see fig. 3b).

CONCLUSIONS AND PERSPECTIVES
Microalgae dewatering with an acoustophoresis technique 
is promising. Future works will address the experimental 
characterization of the continuous device and the valida-
tion of the flow model. The final concentration factor, 
downstream the separation zone, will be assessed to com-
pare this dewatering technique to conventional ones in 
terms of energy efficiency.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
This work was carried out in the frame of a Carnot 
program (DS BioRectaor) “Energies du Futur”.
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Fig. 1: Schematic view of the experimental continuous  
separation device.

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

Fig. 3: 
Flow simulations, 
(a) without flowrate 
(b) with a flowrate ≠ 0.
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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 oil-
like 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 extrapo-
lation towards an industrial demonstration unit.

APPROACH
The project was articulated in different axis. A reference re-
gional biomass was selected: blackcurrant pomace. Opti-
mal 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.

RESULTS
Liquefaction experiments on the reference resource 
showed that a temperature of 310°C optimizes oil produc-
tion from blackcurrant pomace. The product is an oily resi-
due that contains a variable proportion of solid char and 
bio-oil. It was shown that the reaction time has little in-
fluence on the result. High heating rates are however favou-
rable 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 li-
mit the environmental impact of the process and to opti-
mise 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 hea-
ting times (see fig 2).
Produced oil was analysed with classical petroleum and 
fuel characterisation techniques. This showed that hydro-
thermal oils should be considered for heavy fuel applica-
tions 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 appli-
cation is facilitated. The next step should be a project with a 
pre-industrial demonstration.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
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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 bio-
masses conversion into biofuels and biomolecules. En-
trained 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 oxi-
dants (H2O, CO2, O2) and wood particle size on gasifica-
tion products and efficiency (fig. 1) [2].
Agglomeration analysis due to ash during straw gasifi-
cation up to 1000°C: Michael Balland [3] performed an 
experimental multi-scale study of the agglomeration pro-
cess due to ash melting in fluidized-bed, from room tempe-
rature to 1000°C, with simulants materials and straw 
pellets (~7 wt% ashes). The influence of the amount of li-
quid, 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 condi-
tions 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 comple-
mentary income by the valorisation of catechol, gaiacol, or 
phenol molecules [6].
Study of formation mechanisms of condensable co-pro-
ducts from torrefaction of various biomass types: Bio-
mass 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 ap-
proach based on the description of biomass as addition of 
its constituents, namely cellulose, hemicelluloses and li-
gnin. Correlations were obtained between condensable 
species yields versus temperature yields and solid chemi-
cal bonds versus temperature (see fig. 3) [8]. Based on 
these experimental results, reaction mechanisms could be 
proposed. 

CONCLUSIONS AND PERSPECTIVES
Biomasses composition (biochemical components and 
inorganic elements) as well as particle size are key parame-
ters to understand thermochemical conversions and allow 
better process modelling. 
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 Fig. 1: 
Carbon conversion 
into gas versus 
temperature 
for 2 particles size 
batches

Fig. 2: 
a) Cross sectional 
observation of 
agglomerates 
(SEM-EDX) and b) 
measured liquid 
composition at 850°

Fig 3: 
Yield of acetic yield 
obtained versus 
temperature for the 
four samples tested
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Simulation of solute segregation during directional 
solidification under mechanical stirring

CONTEXT
Regarding silicon purification for the PV industry, the deve-
lopment of alternative metallurgical processes is a promi-
sing research area for cost and environmental impact 
reductions. An interesting application is the removal of me-
tallic impurities by segregation during directional solidifica-
tion. The efficiency of this process depends on the 
convection regime occurring in the melt. A mechanical stir-
rer 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, howe-
ver, a major drawback. The development of specific methods 
is required for a complete simulation including furnace ther-
mal conditions, melt flow in turbulent regimes and solute 
segregation during solidification.

APPROACH
Hydrodynamic simulations of the flow generated by the im-
peller have been performed thanks to a sliding mesh me-
thod, with the commercial code ANSYS FLUENT. A solute 
transport simulation was coupled to the hydrodynamic mo-
del 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 so-
lute 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 tran-
sient simulations with various convection conditions.

RESULTS
Mean velocity fields were obtained by PIV (fig. 1) in diffe-
rent plans of the fluid flow for different stirring configu-
rations. 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 so-
lidification front. These results highlight a higher impu-
rity concentration near lateral walls and under the 
rotation axis of the impeller. The increase of the rotatio-
nal speed reduces the concentration on all the solidifica-
tion 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 

model of the solute boundary layer. This analytical mo-
del gives an estimation of the solute boundary layer 
thickness from the wall shear-stress  at the solidifica-
tion front. The new model provides better results when 
fully turbulent flows are used. 

CONCLUSIONS AND PERSPECTIVES
A simplified approach for the simulation of solute segrega-
tion 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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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).

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

a b

Fig. 3: 
Normalized solute 
boundary layer 
thickness Δ as a 
function of a non- 
dimensional 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 metallur-
gical 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 photo-
voltaic 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 qui-
ckly and readily determine dopants concentrations in such 
materials. 

APPROACH
We propose to develop a measurement protocol based on 
temperature Hall Effect electrical measurements of the sili-
con material properties (charge carrier density and mobi-
lity, resistivity), with the advantages to be a fast and 
easy-to-operate method. Advanced studies on the electri-
cal conduction mechanisms at low temperature in PV Si of-
fer 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 com-
puted with the Fermi-Dirac statistics which describe the 
freeze-out regime of free charges and its dopant-concentra-
tion 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 ener-
gy levels introduced by the doping impurities in the Si band 
gap, with their related degeneracy factors [1]. A fair agree-
ment 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 back-
ground 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
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Fig. 1: Scheme of a homo-heterojunction solar cell with the added (p+) 
c-Si and (n+) c-Si layers

 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+)

CONTEXT
The silicon heterojunction solar cell is one of the most pro-
mising solar cell technology to further decrease photovol-
taic energy production costs. Nevertheless, it has been 
underlined that its efficiency is limited by charge carrier re-
combinations 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).

APPROACH
A three step approach has been developed to achieve ho-
mo-heterojunction (HHJ) cells with efficiencies surpassing 
high efficiency regular heterojunction cells (SHJ). First nu-
merical 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 pro-
cesses.

RESULTS
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 unexpec-
ted decrease of series resistance. The latter phenomenon 
is explained by a change in band bending in the highly resis-
tive (i) a Si:H layer.
Moreover, many experimental issues related to the HHJ cell 
processing have been evidenced and overcome. For ins-
tance, it has been shown that the post-implantation annea-
ling required to activate the introduced boron or phosphorus 
atoms might decrease the silicon substrate quality [2].
The understanding of the involved phenomena and the de-
velopment of the ion implantation doping for the special re-
quirements of the added layers have allowed to achieve 
HHJ solar cells with added (p+) or (n+) c Si regions (separa-
tely) 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.

CONCLUSIONS AND PERSPECTIVES
These results are the first proof of concept of HHJ cells sur-
passing high quality SHJ cells. 
The next step will be to further optimize the fabrication pro-
cess 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.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
This work was carried out in collaboration with CEA Léti ion 
implantation team.
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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 lami-
nate the device between two high barrier films using an ad-
hesive to make the seal. Gas barrier properties of 
commercial high barrier films have been considerably im-
proved at the point where the weak point of the encapsula-
tion scheme became the poor gas barrier properties of the 
sealing materials.

APPROACH
A modified version of the optical calcium test was deve-
loped [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 rela-
tive contributions of orthogonal permeation through the 
gas barrier film, permeation in the bulk adhesive, and inter-
facial 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 permea-
tion. 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 adhe-
sive-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 permea-
tion 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 degra-
dation during the encapsulation process.

CONCLUSIONS AND PERSPECTIVES
Characterization techniques and improved gas barrier ad-
hesives have been developed in order to reduce the lateral 
permeation pathway. The wide range of applications moti-
vates the continuation of this work for the improvement of 
the gas barrier properties and, consequently, longer life-
time of flexible optoeletronic devices.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
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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)

Gas barrier adhesives for high performance 
and flexible encapsulation schemes
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Perovskite-based 
solar cells: towards 
large efficient devices
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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

CONTEXT
Perovskite Solar Cells (PSCs) have emerged as one of to-
day'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 num-
ber of challenges are still to be met to ensure a bright indus-
trial 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).

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
All experiments have been made using a planar device ar-
chitecture (fig 1).
First, the influence of the N-layer on device efficiency was tho-
roughly investigated via a complementary set of techniques 
(e.g. SEM, EDX, SSPG). This was done to delineate the respec-
tive 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 fas-
ter 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 investi-
gated 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 formu-
lation, spinning process and developing appropriate laser 
structuration processes. Three stripes modules showing 
an efficiency greater than 12% have thus been obtained. 

CONCLUSIONS AND PERSPECTIVES
We have demonstrated a new low temperature process al-
lowing the realization of high efficiency cells and modules. 
This process will now be extended to the processing of:
•  Larger modules on PET substrates;
•  Silicon based tandem device to increase efficiency up 

to 30%.
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CONTEXT
Solar Thermal Electricity (STE) plants generate renewable 
electricity using the conversion of solar Direct Normal Irra-
diation (DNI) into thermal energy, then into mechanical 
work and electricity through the use of a thermodynamic 
cycle. Among several technologies, Direct Steam Genera-
tion (DSG), in which steam is generated directly in the ab-
sorber 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 main-
ly due to the conjunction of the natural transient condition 
of solar irradiation and the presence of two-phase flow in 
the absorber tubes.

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 particu-
lar, it has been focused on the absorber tubes and on the 
Direct Steam Generation within these tubes. Dymola simu-
lation software using Modelica language has been exten-
sively used for this purpose, thanks to its ability to manage 
two-phase flow and both thermal and hydraulic phenome-
na. Specific models have been developed like Parabolic 
Trough Collector, Linear Fresnel reflector.
Thanks to data of a real solar power plant provided by CIE-
MAT, 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 irradia-
tion sudden change (fig. 3).
Furthermore, a first attempt to evaluate the impact of DNI 
prediction on the control system has been evaluated.

CONCLUSIONS AND PERSPECTIVES
Based on the results obtained, the next steps will be the im-
plementation of the most promising control strategies on 
the pilot DSG plant operated by CEA-LITEN in Cadarache.
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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

 Fig. 3: Steam temperature variation with irradiation sudden change

Control systems 
for direct steam 
generation in linear 
concentrating 
solar power plants
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LITEN has been working for 20 years on the develop-
ment 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 tech-
nology 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 plati-

num alloy catalysts or by the improvement of platinum 
utilization within the catalyst layer, for cost reduction;

•  The optimisation of water management in membrane 
electrode assembly (MEA) in order to decrease mass 
transport limitations in active layers; 

•  The development of MEA manufacturing processes 
adapted to mass production;

•  The 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 internatio-
nal centres. The goal is to better understand the links 

Fuel Cell stacks development for transportation

between the microstructure and the performances of the 
components and provide inputs for technological deve-
lopment fuel cell stack and components.

Multi-scale and multi-physics modelling 
for PEMFC 
Multi-scale and multi-physics modelling has been deve-
loped in the last decades in order to reach a quantitative 
description of the physical and chemical phenomena oc-
curring during operation from molecular to system le-
vels [2-4] (fig. 1).
The development of a full multi-scale modelling ap-
proach aims at:
•  predicting system performances and lifetime as a 

function of materials, design and operating conditions;
•  better understanding degradation mechanisms at 

different scales; 
•  Improving material and/or design including durability 

constraints.

The different modelling scales are strongly coupled with 
experimental approach in order to measure relevant phy-
sical parameters and validate the models. The full mul-
ti-scale approach developed at LITEN is enriched by inputs 
from fundamental research laboratories: ab-initio calcula-
tions (collaborations with CEA DRF and ENS Lyon) and fun-
damental 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 
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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 tempe-
rature (-20°C) has made it possible to separate water trans-
port 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 exter-
nal collaborations such as the National Institute of Science 
and Technology (NIST-Washington) using the General Mo-
tors 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 cur-
rent density over the electrodes versus time. So, the pre-
diction 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 

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 successful-
ly using specific in-house local instrumentation or 3D ima-
ging of two-phase patterns and new insights of water 
management have been proposed [7]. All these simula-
tion results help analysing more precisely the influence of 
both material properties and operating conditions on per-
formance and on reversible and irreversible degradation 
mechanisms.

Advanced characterisation 
developed for PEMFC.
In parallel to simulation, specific characterisation tools 
were developed to better understand phenomena occur-
ring 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 wa-
ter distribution within operating MEA. The small angle neu-

a

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.

Figure 1: Multi-scale approach developed at LITEN for fuel cell modelling.
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gases inlet and outlet which might be related to hete-
rogeneity of local operating conditions (gas partial pres-
sures, 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 nano-
particles due to ageing depending on both global and lo-
cal conditions [12-13]. Moreover, using STEM/X-EDS 
analyses, ionomer distribution within the catalyst layer 
can now be visualised by acquiring fluorine X-EDS ele-
mental 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 
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 cata-
lyst or to reduce platinum loading. LITEN has thus worked 
in strong collaborations with others CEA institutes and 
with national (LEPMI, IC2MP…) and international acade-
mic partners (European programs such as PEMICAN, 
SMARTCAT, NANOCAT…). As an example Pt/CNT [14], 
Nano -architectures or platinum alloy should be conside-
red as alternatives to pure platinum nanoparticles.

One other key point to improve catalyst utilisation in sta-
ck is to deal with MEA manufacturing. Since few years, 
CEA has been working on optimisation of MEA manufac-
turing processes using tools consistent with industrial 
requirements. MEA development needs a complete un-
derstanding of phenomena linking local operating condi-
tions and stack electrical performances. That is why 
MEA development is made in close collaboration with 

modelling and characterisation activities and research 
activities dealing with new materials and new bipolar 
plate design. Moreover, specific characterisation me-
thods 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,
•  tuned active layer with optimized content of proton 

conducting polymer binder and newly developed cata-
lysts limiting local flooding,

•  the development of tuned and improved gas diffusions 
layers (GDL) to increase MEA performance [15], 

•  the manufacturing of MEAs with reproducible durability 
about 2000 hours under load cycling operation. 

 

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 bi-
polar plate behaviour understanding, different levels of the 
stack have been simulated, using finite element models at 
LITEN.

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

Figure 6: Polarisation curve obtained with metallic bipolar plate stack 
in European reference conditions 

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

Figure 4: (a) SEM images of hollow nanoparticles synthesised 
in collaboration with LEPMI.
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•  At 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 velo-
city, composition and temperature. This work aims at op-
timizing the homogeneity of the fluid distribution for each 
circuit (anode, cathode, coolant) all over each cell.

•  At 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 geome-
tries and calculating the input mass flow of each cell. This 
work aims at optimizing the homogeneity of the fluid dis-
tribution for each circuit (anode, cathode, coolant) all over 
the stack.

The results obtained at different scales have been comple-
mented 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 manu-
facturing process steps (stamping and laser welding) as 
well as metrology requirements and gasket technologies. 
Moreover, durability issues are also addressed at stack le-
vel, considering the degradation of bipolar plate properties 
inside the stack, in particular the corrosion of stainless 
steel bipolar plates in transport applications. These mecha-
nisms were studied in close collaboration with INSA Lyon 
whereas protective layers with high electronic conductivi-
ties were elaborated and evaluated in real conditions 
through different national and European projects (FCH-JU 
COBRA). 
 

Perspectives
Using both modelling approach and experimental valida-
tion, 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 automo-
tive reference condition.

During next years, LITEN will continue to work concomi-
tantly 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 iden-
tify links between local operating conditions within a cell 
and degradation phenomena. More durable materials 
will then be used with respect to degradation mecha-
nism, 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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CONTEXT
Proton Exchange Membrane Fuel Cell (PEMFC) technolo-
gies 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 cata-
lyst 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 manda-
tory to increase the fuel cell performances.

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 sup-
ported on high surface area carbon. Compared to reference 
Pt/C, hollow PtNi/C catalysts achieved 6-fold and 9-fold en-
hancement in mass and specific activity for the ORR, res-
pectively [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 synthe-
sis enabled to reach a 10-fold upscale of the synthesis cor-
responding 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 perfor-
med 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.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
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laboratory in the frame of both a national ANR program (HOL-
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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.

Up-scaling of the synthesis of innovative catalysts 
for use in PEMFC stacks
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Control by state observer 
of a PEMFC system to enhance 
durability and performance
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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.

CONTEXT
A Proton Exchange Membrane Fuel Cell (PEMFC) requires an 
active system to control all the ancillaries and ensure opti-
mal 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.

APPROACH
The optimization of the fuel cell lifetime can be done either 
by material improvement or by the optimization of the sys-
tem control.
Our approach is based on optimisation of operating condi-
tions 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
This state observer is based on a simple set of differential 
equations extracted from a detailed multi-physics 2D-me-
shed model (called PS++ model). The sliding mode tech-
nique 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 impro-
ved regardless of the power profile, whereas other purge 
strategies are only optimal for a specific one [2].

CONCLUSIONS AND PERSPECTIVES
The estimation in real time of internal states is a first step to 
enhance fuel cell performance and durability. A manage-
ment 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 degrada-
tions.
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Durability and degradation mechanisms analyses 
of Membrane Electrodes Assemblies aged in stacks
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Fig. 1: stack voltage 
evolution during ageing 
under dynamic load 
cycles and H2/Air 
in transportation 
conditions

 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

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 automo-
tive applications or 40.000 hours for stationary applica-
tions, is a real challenge. Analysing, understanding and 
modelling fuel cell behaviour as well as degradation pheno-
mena during long term operation of stacks are required to 
enable further improvements.

APPROACH
CEA/Liten contributed to develop dedicated ageing proto-
cols and methods to investigate degradation of stack per-
formance and of MEA components. Operating conditions 
and load profile imposed by the systems are the factors 
that affect most the degradation extent. For transporta-
tion, lifetime of CEA MEAs and stack design has been eva-
luated 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 electro-
chemical 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-si-
tu analyses of electrochemical properties and microstruc-
ture alterations complete the study.

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 rever-
sible but components suffer local irreversible damage: em-
brittlement of the membranes, which is attributed to 
micro-defects initially present or initiated by the stack de-
sign 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 fol-
lowing Imin/Imax load cycles [1] allowed to identify degra-
dation 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) al-
lowed to identify zones of major activity losses regarding 
electrodes. Ex-situ analyses on selected MEA samples en-
abled 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 de-
velopments will allow to go towards prediction of durability 
and design of more robust fuel cell components.
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Fig. 1: PEM components described with the model

Fig. 2: Cartography of liquid water content over the fuel cell area. 
Comparison between (top) simulation and (bottom) neutron imaging 

for different current densities

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 spa-
tial heterogeneities has been performed by combining the 
development of a multi-physic model and a strong valida-
tion effort, using in particular operando visualization of wa-
ter in high power PEMFC by neutron imaging techniques.

RESULTS
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 mode-
ling 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 ana-
lyze 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 equip-
ped 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 neu-
tron 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 experimen-
tal studies make it possible to identify the origin of the spa-
tial heterogeneities. Mainly due to the cooling circuit design, 
they have moderate impact on the cell performance. Howe-
ver, they induce local conditions that can favor specific de-
gradation modes and thus reduce the PEMFC durability [3].

CONCLUSIONS AND PERSPECTIVES
A direct perspective is to use this coupled methodology to 
analyse new PEMFC designs. The analysis of the degrada-
tion modes and the local conditions should also be pursued.
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Simulation and visualization of liquid water 
in high power PEMFC
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 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.)

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

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 electroche-
mical process – ionic and electronic motions and charge 
transfer – is discussed using the complementarity of expe-
rimental and numerical techniques.

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, crys-
tallites (left) that leave large apparent void spaces in the 
agglomerate, while the other results from the tight ag-
glomeration of micron-sized cuboids (right). Porous mate-
rial exhibits the best power performances (fig.1.a), although 
it is impossible to identify a geometrical parameter that 
predicts performances. Cyclic voltammetry reveals two be-
haviours depending on the shape of crystallites: processes 
limited by solid-state diffusion (cuboids) and the ones li-
mited by charge transfer even at high rates (flake-shaped). 
This observation challenges active materials design strate-
gies 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 in-
vestigated by measuring electronic conductivities over a 
wide range of frequencies, allowing to discriminate relaxa-
tions arising at various length scales. We show that flake-
shaped 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 simu-
lations 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.

CONCLUSIONS AND PERSPECTIVES
We provide a rational discussion on limiting factors of 
power performances in layered oxide materials, giving in-
sights for the development of active materials. The elec-
troactive surface area can be estimated only using 
modelling. Increasing surface areas does not unequivo-
cally 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.

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
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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 agglomera-
tion of flake-shaped 
crystallites results 
in a higher conductivity 
at all frequencies, i.e. 
length scales, 
compared to the tight 
agglomeration of 
cuboids (schematic).
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Study of lithium insertion 
in silicon electrodes 
by using ToF-SIMS
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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

Fig. 3: Electrochemical cycling in limited capacity of a micrometric 
silicon electrode

CONTEXT
Thanks to its high specific capacity silicon is considered as 
a promising candidate to replace graphite in order to im-
prove Li-ion battery performance and durability. It however 
suffers from poor cyclability due to large volumetric expan-
sion during cycling and SEI instability. It is thus necessary 
to better understand underlying mechanisms of lithium in-
sertion in such materials. Thus, new approaches, in particu-
lar based on ToF-SIMS, have been considered to characterize 
them.

APPROACH
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 al-
lowed us to show the preliminary formation of the SEI up to 
10% of lithiation. Then lithium-silicon alloy appears, invol-
ving fast diffusion paths related to structural defects (typi-
cally 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 fur-
ther and further up to the complete alloying of pristine 
silicon material. After 10 cycles, Si particles do not pre-
sent a core-shell structure anymore; observations are 
similar in the whole depth of the electrode. ToF-SIMS ima-
ging confirmed that Li was trapped in particles dis-
connected from the percolating electronic network, 
probably due to the repeated expansion and contraction 
of the active material during lithiation and delithiation 
processes.

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 de-
fects, generally offers better performance and durability. 
Characterisation of lithium isotopes with ToF-SIMS is also 
considered in order to better understand lithium consump-
tion in the electrode (SEI, active material etc.). 
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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 applica-
tions. 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 characte-
ristics 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. 

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 Na-
ion 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 esta-
blished. On the other hand, one system composed of a posi-
tive 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).

RESULTS
Regarding hard carbon, cellulose-based pyrolytic hard car-
bon has been studied, the influence of the pyrolysis tempe-
rature has been investigated [1]. From Small Angle X-ray 
Scattering (SAXS) and X-ray Diffraction (XRD), It was obser-
ved that the pyrolysis temperature influenced the micropo-
rosity (fig. 2) and the distance between the graphene 
planes. Electrochemical tests showed that the electroche-
mical behaviour was strongly dependant on this microporo-
sity (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].

CONCLUSIONS AND PERSPECTIVES
Both approaches led to promising results. Scale up and In-
tegration of our new material into a whole cell is the next 
challenge. This will have to be performed with particular at-
tention to the synthesis cost.
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Sodium-ion batteries: 
from materials development 
to prototyping
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Fig. 2: Influence of the pyrolysis temperature of a hard carbon 
on the micropore size

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

Fig 1. The world first 18650 Na-ion cells
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Development of Li2S-based Li-ion/sulfur batteries
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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 com-
plex mechanisms/equilibria involved. Replacing S8 by Li2S 
as the active material allows the use of safer negative elec-
trodes, 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 polariza-
tion and a lack of reproducibility between tests are obser-
ved for Li2S raw material [1].

APPROACH
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 wor-
king mechanism, thanks to operando measurements, and 
to try to improve the electrochemical behavior.

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 ave-
rage particle size of 8.8 nm (fig. 1a). This active material 
was electrochemically characterized in coin cell. The re-
sults 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 mea-
surements revealed once again a much less polarized pro-
file when starting from nano-Li2S with a lower activation 
barrier. Moreover, upon charging, micro-Li2S does not disap-
pear 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 electro-
des 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. Mo-
reover, nano-Li2S demonstrates unusual behaviour regar-
ding 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 pre-
paration protocol.
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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: diffracto-
grammes upon charge 
(b) Cycling curve of a 
nano-sized Li2S based 
electrode - Onset: 
diffractogrammes 
upon charge.
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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.

REFERENCES
[1]  N. Kircheva, PhD thesis “Combining methods for improved 

safety and energy managment of Li-ion batteries 
application”, Grenoble university, January 16th 2013.

[2]  N. Kircheva et al. “Study of Solid Electrolyte Interface 
Formation and Lithium Intercalation in Li-Ion Batteries 
by Acoustic Emission“ J. Electroch. Soc., 159 (1) A18-A25 
(2012).

[3]  N. Kircheva et al. “Method for monitoring a li-ion battery 
and monitoring device for implementation of same”, 
patent EP 3052952A1, 2016.

[4] F. Degret, PhD thesis, to be defended, spring 2017.

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

APPROACH
Advanced methods for Operando monitoring of non-electro-
chemical signals are developed to follow the internal beha-
vior 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.

RESULTS
Acoustic emission technique was developed and used to 
detect materials and interfaces changes in batteries du-
ring specific stages of operation. It was used to study 
the “formation” phase: the first charge of the Li-ion bat-
teries, when graphite is lithiated [1-2]. AE allows to study 
more deeply the mechanisms occurring during the for-
mation phase of the batteries.
It was also demonstrated that the emission of acoustic 
events evolves during ageing of the batteries, then it is pos-
sible 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 com-
parison 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 diffe-
rent mechanisms occurring in the batteries.
This analysis method was applied to different types of elec-
trochemical storage systems (Li-ion and aqueous batte-
ries, 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 electro-
chemical storage systems. These non-electrochemical 
techniques of characterization can be used for battery 
monitoring, optimisation of formation process and pre-
vention of safety concerns.
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Acoustic emission techniques for batteries monitoring
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Impact of pressure 
on Solid Oxide Cells 
operated in Steam and 
Co-electrolysis Modes
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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].

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 produc-
tion 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 appli-
cations, 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 pres-
sure should be relevant regarding the global system effi-
ciency. Moreover, the pressurized co-electrolysis 
process is liable to produce methane by the direct acti-
vation 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 ope-
rated 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 ac-
count the effect of pressure. 

RESULTS
Cell voltages have been measured as a function of the ap-
plied 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 in-
creased 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 com-
position 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-elec-
trolysis. 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 pres-
surized steam and co-electrolysis processes. 

CONCLUSIONS AND PERSPECTIVES
The proposed methodology could be applied to investi-
gate 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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 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].

CONTEXT
High Temperature Steam Electrolyser (HTSE) stacks are 
constituted of Solid Oxide Cells (SOCs) with overall perfor-
mances 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 condi-
tions 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 pro-
perties. Therefore, models describing the global SOC opera-
tion should be coupled to local approaches considering the 
fine electrode microstructures. In that objective an in-
house multiscale and multiphysic model has been deve-
loped at CEA [2, 3]. This model relies on key parameters 
describing the microstructure that can only be determined 
via three dimensional (3D) electrode reconstructions. Mo-
reover 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 me-
thod (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 Io-
nic 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 im-
pedances 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 polari-
sation. 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 morphologi-
cal properties of the active layers. New methodology for 

generating representative synthetic electrode microstruc-
ture will complement this approach in order to provide re-
commendations and guidance on both the electrode 
architecture and the operating condition. 
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Fatigue design of high pressure hydrogen 
metallic tanks under cyclic loading
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 Fig. 2: Comparison of multi-step FCGR vs extrapolated FCGR curve in H2

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 co-
des 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 re-
commendations that should improve the design of hy-
drogen pressure vessels.

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

RESULTS
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). Mo-
reover, this threshold decreases with an increasing hy-
drogen 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 re-
duced, the following calculation has been performed. In or-
der 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 addi-
tional 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.

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 conserva-
tism in current fracture mechanics approach optimizing 
buffers design. 

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
Air Liquide, CIRIMAT, VTT, CSM, CCS, Tenaris, JRC, SNL (USA), 
Hydrogenius (Japan).
This works was carried out in the frame of the European 
FCH-JU program (MATHRYCE project).

 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
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Techno-economic evaluation, optimization and control 
of multi-energies systems using ODYSSEY software

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 technolo-
gies and also increase the opportunities for actors. The eva-
luation of these opportunities is complex and therefore 
requires multi-criteria simulation and optimization tools to 
help actors to take decision about technology choice, mar-
ket orientation or energy system operation. 

In that context, CEA-LITEN has developed ODYSSEY (Optimi-
zation 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 ob-
jective was to initiate the development of a software 
platform dedicated to the techno-economic evaluation 
of electricity storage and the comparison of technolo-
gies for various applications (renewable power produc-
tion 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 stren-
gthen its models libraries through the different eva-
luated 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 (se-
veral models may exist for the same component) or im-

ported as a FMU1. In order to take into account the variability 
of energy production and consumption in systems, a time-
step simulation approach was chosen for Odyssey. The si-
mulation 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:

•  The application boundary conditions in the form of time 
series such as meteorological data (wind speed, solar ra-
diation, and temperature), electrical heat or hydrogen 
load to satisfy, energy market prices, etc.;

•  the 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 tech-
nologies, down to a time step of 1 second, and to per-
form 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 computa-
tion of performance indicators at system level (load satis-
faction rate, use rate of renewable production potential, 
total expenses, total revenues, payback time, etc.);

•  sensitivity analysis of the system performance indica-
tors to variations of any parameter of the overall system 
model, (efficiency, cost, ageing, etc.);

•  multi-criteria optimization of any parameter of the overall 
system model (component size, operating strategy pa-
rameter, etc.) by minimizing or maximizing the perfor-
mance indicators (criteria);

•  high-level control of systems in real-time: once the sys-
tem 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 lithium-
based batteries bank and a hydrogen chain (electrolyser, 

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.

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.
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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 em-
pirical and semi-empirical models. The originality of the stu-
dy 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 perfor-
mance degradation). The PV-Batteries-H2 system is ope-

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 elec-
tricity) criteria. The results (fig. 3) highlight the important 
role of the hydrogen chain in reducing the cost of the sup-
plied energy. It is also shown that performance degradation 
of the hydrogen chain has a limited impact on the system 
optimal sizing and economic results.

Fig. 1: Illustration of Odyssey functionalities

Fig. 2: Possible Odyssey applications

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)



60

Investigation of the economic potential of a hydrogen 
production and cogeneration (electricity and heat) 
system [4]
A reversible high temperature electrolysis system (a sys-
tem capable to operate either as an electrolyzer or as a fuel 
cell), referred as a R-SOC system, presents a first advan-
tage 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 applica-
tions (energy self-sufficient building, eco-district, indus-
trial sites, port, etc.). The techno-economic interest of such 
a technology has been investigated in the context of mul-
ti-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 Odys-
sey 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 de-
termining 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 re-
quired for the electrolysis is produced free of charge. Seve-
ral 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 ope-
rating strategies were evaluated. In order to have a good 
representation of this application, day-ahead electricity 
market participation and aggregation of electricity pro-
ducers were modelled as well as hydrogen delivery 
constraints. Evaluation of several control strategies ai-
ming at optimizing revenues from grid injection and hy-
drogen sells showed that up to 25% increase in revenues 
can be obtained by implementing an advanced opera-
ting strategy able to sell electricity and produce hy-
drogen 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 elec-
tricity market prices information and hydrogen delivery 
objectives, operation of the system was simulated and 
optimal calculated set-points were sent to the electroly-
sis system. Comparison between simulated and real 
operation data (Fig. 5) showed that Odyssey was ca-
pable of representing a real system and therefore be 
used as a high level control tool based on real-time tech-
no-economic information.

Fig. 4: Sensitivity analysis of the hydrogen production cost to different parameters
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Perspectives
Several short term and midterm perspectives have been 
identified for the evolution of Odyssey regarding the 
type of studies that can be performed.

Firstly, the multi-energies aspect of Odyssey will be 
consolidated by introducing new energy carriers or che-
mical 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 de-
sign, evaluate and optimize their local energy system.

Finally, the integration of Odyssey within the LITEN simu-
lation framework (set of interoperable tools, modules 
and models) will be pursued in order to fully beneficiate 
from the CEA LITEN expertise and knowledge on techno-
logies and models development for production, transfor-
mation 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]  FMI 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 10th 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.

Figure 5 - Illustration of PUSHY case study and comparison between simulation and experimental data



62

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 applica-
tions 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 at-
tractive due to high storage density and constant tem-
perature 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 wa-
ter 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 or-
der to calculate with a high accuracy the evolution of the 
energy stored or released by the system.

RESULTS
Fig. 1 presents PCM temperatures evolutions versus 
time for five different elevations. A plateau characteris-
tic 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 pa-
rameter 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 per-
formance of copper foam can be explained by the high 
specific heat transfer surface and the influence of natu-
ral circulation in the liquid PCM.

CONCLUSIONS AND PERSPECTIVES
Thanks to the use of a hydraulical loop designed to test 
different conduction enhancement structures at re-
duced scale, this study emphasizes that copper foam is 
a promising way to improve the performance of PCM sto-
rages 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
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Fig. 1: 
Temperature 
evolution top 
and bottom charge

 Fig. 2: 
Melting front 
visualization against 
time for top charge
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Implementation of chaotic advection in heat 
exchangers/reactors

CONTEXT
Among the technologies promoting process intensifica-
tion, heat-exchanger/reactor (HEX reactor) is a promising 
one [1-3]. Since many industrial processes (food indus-
try, intermediate chemistry like silicones or polymers) 
involve viscous fluids, heat and mass transfers in vis-
cous 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 effi-
cient 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 prin-
ciple implements the Baker’s transformation and chao-
tic 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 pur-
pose, 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 investi-
gated, external cooling plates – isothermal wall condi-
tions – and integrated cooling tubes [4]. The whole 
performances of the SAR geometries have been com-
pared with those of a corrugated pattern plate-type 
HEX/reactor [3] (see fig. 2).

RESULTS
The number of SAR structures per unit of developed len-
gth is a design parameter promoting heat transfer but 
also generating higher friction losses. It results in simi-
lar performances considering the energy dissipation 
rate. According to the flow regime a balance between 
advection and diffusion exists. The former becomes pre-
dominant 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 in-
creases, the SAR mechanism seems to promote the 
chaotic nature of the flow and contributes with advec-
tion to the heat transfer intensification.
Considering the intensification of mixing in SAR geome-
tries 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. 

CONCLUSIONS AND PERSPECTIVES
Scale-up challenge has now to be addressed and SAR 
patterns could be promising candidates. When increa-
sing the hydraulic diameter a balance between the in-
crease of the Dean number and the uniformity of the 
multi-laminated fluid stream should be a key issue.

REFERENCES
[1]  Anxionnaz 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]  Anxionnaz-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]  Anxionnaz-Minvielle Z. et al. Implementation of ‘chaotic’ 
advection for viscous fluids in heat exchanger/reactors, 
Chem. Eng. Proc., 2016.
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a

b

Fig. 1: Zoomed-in 
views of SAR patterns 
(3mm square cross- 
section 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)
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4th-international-dhc-student-awards/

• TEAM

Roland Bavière, Loïc Giraud, Massinissa Merabet, 
Cédric Paulus, Jean-François Robin, Mathieu Vallée

• CONTACT
roland.baviere@cea.fr

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

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

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/ma-
king tools dedicated to operational optimization in this do-
main. Challenges are particularly high for multi-energy, 
large scale, variable temperature systems with multiple 
supply points and meshed distribution networks.

APPROACH
Given a load prediction, the determination of optimal trajec-
tories for control variables over a defined anticipation hori-
zon 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 ex-
perimental validation approach and we systematically 
sought the best compromise between accuracy and com-
putational efficiency.

RESULTS
Applying this approach, we firstly obtained efficient model-
ling solutions, partly detailed in ref. [1], and suitable for dy-
namic simulations of DHS comprising tens to thousands of 
consumers. In the latter case, an original aggregation me-
thod has been proposed and its predictions have been vali-
dated (see fig. 1). 
We then assessed the performance of the developed 
controller by simulating a representative DHS over a hea-
ting season. Results show that our method significantly re-
duces 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 Interna-
tional DHC+ Student Awards (see ref. [3]).

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 du-
ring the 2016/2017 heating season.

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

PARTNERS, FUNDINGS, ACKNOWLEDGEMENTS
This work was mainly carried out within a joint research pro-
gram conducted with CCIAG. We also acknowledge the fi-
nancial support of ADEME for the realization of the PhD 
thesis of Loïc GIRAUD.
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Control and optimal energy 
management strategies 
of microgrids
CONTEXT
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 res-
pect to the grid. A microgrid can operate in both grid-connec-
ted 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.

APPROACH
In this work, an optimal sizing and security, reliability and 
economic efficiency operation strategies of a microgrid in-
cluding photovoltaic productions (PV), battery energy sto-
rage systems (BESS) and/or diesels is proposed. Firstly, 
the iterative optimization technique is used to find the opti-
mal sizing of a microgrid. Secondly, a method to optimize 
the energy management in operation of a microgrid is pro-
posed as shown in fig. 1. And finally, intelligent voltage and 
frequency control strategies by using fuzzy logic are pro-
posed. 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 dis-
tributed 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.

RESULTS
Simulations allow to evaluate the performance of the pro-
posed 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-

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
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Fig. 3: 
The power 
schedule of 
a grid connected 
microgrid

Fig. 4: 
Microgrid with 
PV and BESS 
systems 

Fig. 5: 
Power variation 
(PVs, BESS 
and exchange)

Fig. 6: 
 Variation of 
frequency

Fig. 1: 
Optimal energy 
management 
for microgrid

Fig. 2:  
Application 
of Dynamic 
Programming 
for Battery SOC 
space
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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 innova-
tive 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 pre-
heated and humidified. On the contrary, during the summer, 
the hot and humid air is cooled and dried. 

APPROACH
This patented CEA technology implements imper-brea-
thable membrane, which are exclusively permeable to the 
moisture. This innovation allows simultaneously to pre-
serve the membrane from ground interaction and to ma-
nage 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, seve-
ral 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.

RESULTS
An energy analysis has been carried out from the numerical 
results in order to evaluate all the advantages of this sys-
tem. 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 En-
thalpuits 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, espe-
cially 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. 

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. 2: proof of concept in humidification mode

 Fig. 1: thermal comfort improvement in summer for LYON
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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 consump-
tion 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 ex-
ceeds 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 evapo-
ration and radiative effects and then flows back to the sto-
rage. The storage tank installed in the basement enables 
further cooling of the water thanks to direct contact with 
the ground.

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.

EXPERIMENTAL RESULTS
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 (in-
sulated, with solar load and without ventilation). The very 
low electricity needs bring the average coefficient of perfor-
mance of the system to 20.8 (fig. 3).

NUMERICAL RESULTS
A numerical model of the system has been developed, ca-
librated with experimental data and coupled with a building 
model. Simulation results show that for all tested configura-
tions (climate, shading…), the system significantly impro-
ves the thermal comfort in the building. Optimized sizing, 
keeping reasonable tank sizes (storage and evaporator vo-
lumes 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. 1: Working plan of the cooling system integrated into a dwelling

Fig. 3: Experimental energy balances of the system during a summer period

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