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SUMMARY OF THE EERA JP Advanced Materials and Processes for Energy

Applications [AMPEA]
Implementing a basic science programme for enes@ne of the key roles assigned to EERA by the ffean
Commission in the frame of the European Strategier§y Technology Plan (SET-Plan). The EERA comprise
17 Joints Programmes (JP) of areas relevant t@gmdrallenges. Basic science is often presentediuasal in
generating the breakthroughs needed to bring neergdons of technologies to the market. The aith@EERA-
JP AMPEA is to foster a truly multi-disciplinary pg@ach to develop enabling tools and new conceptiufure
emerging energy technologies.
The mission statement of AMPEA states that it lmaddavelop new horizons for science for energy blasin
Europe at the industrial and political level. Thiie main objective is to harness and integrateriads science
and process innovation for high performance susbdnenergy technologies, in order to enhanceahg-ferm
competitiveness of European Industry. AMPEA aimwaitking in close coordination with other EERA-Ji&l
with Universities (European Platform Of Universitiengaged In Energy Research - EPUE) to bridgesfmeatal
and applied research fields. The contact with itrguis done through a partnership with EMIRI, theekgy
Materials Industrial Research Initiativietip://emiri.eu). EMIRI gathers industrials active in the field erfergy
materials as well as RTOs and brings thus the vofcthe industry to AMPEA about the needs in temfis
innovative energy materials. AMPEA and EERA sigaeflemorandum of Understanding with EMIRI in 2015
and they have had ongoing cooperation activitieses2014. Presently,
AMPEA gathers 34 public research organizationsiamdersities from
13 European countries. Participation of new orgations is under
discussion.
In order to fulfill his missions, AMPEA is organidén a matricial way
with the aim of applying the capacity of 3dols’ sub-programmes
(SPs) corresponding to generic research areaspolications” SPs
related to known emerging energy challenges andatfenfsee Figure).
There are presently 3 identified\gplications SPs, the first being
artificial photosynthesisi.e. the ability to efficiently convert large
amounts of solar energy into easily usable andabterchemicals, by
mimicking nature or by plain engineering. Other laggtion SPs will
be added as they are identified and defined byAM@EA and more
generally by the EERA members. Below are given sanes of the
different existing SPs of AMPEA.

Sub-Programme Tool 1 ‘Materials sciences(SP1):
Energy applications demand materials systems widrge range of
functionalities and stability often in stringent evpting conditions.
New tools and innovative design's possibilities egimg from the Figure 1 AMPEA subprogrammes (SF
utilization of micro-/nanotechnologies and moreertty of additive fg:gf;ftiorgto a  matrix  of Tools" anc
manufacturing processes or other new innovativegssing methods
have the potential to create breakthroughs in tedapergy conversion processes. This can be achieve
(objectives) via
- the development of entirely new (designed) bulting materials presenting improved functionadityd/or
stability in operation;
- the utilization of nano-/microstructures as vesladditive or other innovative manufacturing peses to design
materials properties and device functionality wigeducing energy demand, waste materials ang ébssion
for their production;
- engineering the interfaces to minimize the lamsticbutions that currently limit the device perfaance;
- the development of material synthesis technighes allows the upscaling to large quantities fomvger
production.
- cooperating with the other modelling and chanasd¢ion sub-programs of AMPEA to benefit from the
knowledge gained with advanced characterisationnami¢ti-scale modelling to drive novel concepts dtarials
and devices.
The ambition of SP1 is to promote non-specificingtedge materials developments with a potentialhigh
efficiency energy applications. On one hand, SRiresses innovative approaches for the synthesizwatdrials
and their assemblies at various scales (atomistic;oscopic, macroscopic). These encompass for pbear)
new routes to synthesis multi-cation oxides witkt faansport properties, high entropy alloys, @cnew
fabrication routes to produce advanced multi-lagesystems with tailored compositions and microstnes etc.;
iii) new reactor concepts with innovative geomgyg. multichannel systems, tubular reactors, etc,)niwel
approach and design of sealing technologies, etcth® other hand, SP1 explores promising phenormiana,
particular related to mass and/or charge transpod,establish sound strategies to eliminate bo#tks to the
exploitation of these phenomena in energy apptoati Bottle-necks and loss mechanisms are oftaerkko
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interfacial effects. This sub-program addresseseotaterials present in various energy technok(gatalysis,
photovoltaics, fuel cells, electrolysers, batteriphotocatalysis, thermoelectrics, gas separati@mionanes,
membrane reactors, materials for fusion devicesemads for power plants, etc.), as well as thossemals
necessary in relevant key enabling technologes, refractive and protective coatings, light weighmposites,
and alloys. This interaction enables further imgments in conventional and new energy processesuhantly
have practical limitations in temperature, corresdnvironments etc.
Materials of interest have been divided into théfeing categories according to their function application:
“Materials for catalysis and photocatalysis”, “Madés for Power Plants”, " Materials for GQ@apture and
production of synthetic fuels (energy carriersg@mmodity chemicals", “Thermoelectric materiald”afge scale
synthesis of nano and micropowders”, “Advanced fihin processing”, and "Plasma Facing Materials".

Sub-Programme Tool 2 ‘Multiscale modelling of materials, processes andrbes (SP2):
The goal of this “Sub-programme 2" is to coordinateoncerted effort in AMPEA to identify currentatlenges
and forthcoming trends in multiscale modelling amthulation. This effort is critically important iadvancing
materials, processes and devices for energy afiplisawhile ensuring sustainable production r@uté fostering
circular economy: firstly, innovative energy masdsiare often complex structures or “high technglggoducts
(multi-functional), which cannot be described byibamodels; secondly, the formation and applicabbsuch
structures are very much dependent on conditiopsarfessing and utilisation; and thirdly, the im&@pn of such
materials in devices is intricate and thus requi@®ful design and optimisation. All of these &ssencompass
multiscale spatial and temporal dimensions of tfmeagnitudes, where cross-disciplinary work ieaessity.
Furthermore, during the recent years with the rapiution of computing resources and the relathchaces in
programming a new paradigm related to artificisligence, machine learning and cloud computingeat This
new way to think informatics is about to revoluimmour methods in designing, modelling and desugimaterial
properties and use. The latter, which is probabéy most salient advanced of the past years isleléta the
updated content of the DoW of SP2.

Sub-Programme Tool 3 ‘Characterizatiori (SP3):
Advanced experimental characterization and anatfysisonsidered absolutely essential for signifieaivancing
of materials and processes for energy applicatibeselopment of today and tomorrow’s key experiraént
techniques is complex, requires multidisciplinakils, is costly and takes long time. Consorted#ff involving
teams of technique experts, material scientistseanyineers are thus required and a joint Europeagrgm is
considered an optimal route towards this goal.Haurhore synergetic use of multiple techniques imast cases
beneficial which underpin the need for joint Eurapactions even more.
SP3 establishes a characterization platform foother sub-programs. As AMPEA deals with new, ssiitated
materials in inorganic and organic fields with saohéhem are applied under extreme conditions stghisticated
characterization techniques and strategies aressace Therefore a network of facilities with scytiviated
instrumentation is established in this sub-progr&mnm addition the joint actions of the platforntlide the
improvement and development of techniques and umsntation in the areas of situ and operando
characterization in the time scale and nanometmlugon in 2D and 3D at a wide range of tempegrxtiand
pressures.
The objective of SP3 is twofold:
- to create a forum which can help the experimesxalerts to be world leading in developing the Ipesisible
new advanced characterization techniques for thentsiic problems in mind. This will include meegjs and
workshops focusing on technique aspects, platféomsxchange of analysis and imaging software,dedicated
meetings between technique experts and scientigténvthe other subprograms to quantify optimalht@que
parameterse.g.spatial and time resolutions, penetration dep#maperatures etc.
- to provide one entry point to the suite of adwxhtechniques and thus help the users to get anieweof
experimented possibilities. This will be addresisethe future via a dedicated web page.
This subprogram represents a European added vathe Bense that it is expected to lead to:
- Synergy in developments of advanced experimeatdiniques with special attentionitositu andoperando
techniques,
- Further use of multiple complementary techniques,
- Establishment/consolidation of European netwdokgechnique developments,
- Cross fertilisation between technique expertsraaterials scientist,
- Time and money savings.

Sub-Programme Application A “Artificial Photosynthesi$ (SPA):
The generation of fuels from sunlight and watezdesidered as a task of paramount importance $os&inable
energy supply in the future. Decomposition of wdigra photoelectrochemical process is a possiliitgtore
solar energy in form of hydrogen on a large scalernatively, the electrons and protons recovdreth water
can be used for CQOreduction and hydrocarbon production. In both sabe catalysts for the oxidation and
reduction half-reactions have to be developed hadwo processes combined in a suitable device.



For a direct photochemical energy conversiontwo main approaches can be distinguishilblecular
approachesusing a plethora of catalysts for oxidation anduion interfaced with different chromophores for
their activation by visible light. Similarly a brdaange ofnaterials have been developed based on low-bandgap
semiconductors and co-catalysts. For a practica) tieese photocatalytic systems can be incorporiatesl
photoelectrochemical cell (PEC) device rather thamused in homogeneous phase. A third approadsisdon
anindirect conversion process by combining solar cells with electrolysistems. For these systems, different
degrees of integration can be envisioned and #ukriantages and disadvantages discussed. Exampiehifghly
integrated system are multi-junction photovoltaéwides with catalyst layers for oxidation and ragucon both
surfaces, frequently addressed as an artificidl lea
Independent of the chosen approach it becametblazany economically viable solution for solarlfoeduction
has to meet three essential criteria: high efficjehigh robustness and low cost. The latter ¢ateis sometimes
replaced by “scalability” to take into account etatal abundance, raw material cost, and capitascos
To establish research activities on an Europeaai fewm basic aspects to working devices, a Desoripf Work
and Roadmap on this topic within the AMPEA EERAnidProgramme addressing molecular, inorganic and
hybrid approaches is formulated.
Sub-Programme Application B “Materials for Extreme Operating Conditiori{SPB):

The transition to a low carbon future is a big tvaje, which requires innovative materials, techgas and
systems. Emerging energy technologies require mierombining properties such as high thermaliktgb
corrosion resistance, sufficient strength and cresjstance at extreme temperatures, thermomecthatadbility,
specific thermal conductivity, etc. Cost effectieen of these materials, on the other hand, is ana#y issue.
Among others, long-term stable materials for tHeWing applications are considered:

Demanding combustion processes including new faeld higher process temperatures for significant

increase of Carnot-based efficiency;

Carbon capture, utilization and storage (CCUS)reldyies to strike global warming;

Concentrated solar power;

Facing Plasma Components (FPCSs) in fusion reaftaisamaks).
The AMPEA sub-programme "Materials for extreme agieg conditions" will focus on three activity asea

Materials development,

Characterization and testing of materials and @evino operating conditions,

Development of multiscale simulation and modellapgproaches for sound life time predictions.

Sub-Programme Application C “Advanced Materials for Heat Exploitation and Enerdyonversiori

(SPC)
The SPC relates to research, development and debtimperando conditions of materials for intensified
temperature heat exploitation. Five focus areasansidered:
- Energy harvesting materials;
- Polymer nano-composites for intensified heatdfan
- Micro- and nano-structured heat exchange surfaces
- Nanofluids,
- Materials for thermochemical energy storage.
Each of these focus areas is characterised withtifjiea research targets to be achieved in a figarytime
perspective by resorting the tools made availaglthb TOOLS subprogrammes of AMPEA. Tight connattio
with the relevant EU initiativese(g. ICT-Flagship, SPIRE) and associatioesg(EMIRI, CEFIC) are desirable,
as well as with other EERA joint programmesy(Energy storage, Concentrated Solar Power, Hydragdr-uel
Cells, Geothermal Energy).
The research efforts carried out should be capatbtgEnerating new devices based on the advancegriaiat
developed (thermo-electric modules, polymer heahargers, innovative heat exchange and storag2)2g.

General comment:

AMPEA was launched in November 2011 and the Degmnipf Work (DoW) was released in March 2012. The
JP at that time included 5 sub-programmes (SPsllofng a Steering Committee in November 2012, AMPE
was re-organized in a matricial way with 6 with 3dols” and 3 “Application” SPs (see Figure abovahe
second version of the DoW was prepared in Febra@is with the first review of AMPEA. Thi€ @ersion of the
DoW has been revised according to the new insighfmarticipants in view of the second review of iRe The
amount of changes as compared to version 2 are diffigrent from one sup-programme to the other tum
part to the evolution in the topic and dependinglum feedback of the participants to the JP.

In the future, further evolution of the JP andsitd-division into SPs can be further envisioneth wie evolution
of the field of energy materials, the changing gah€uropean and international context (e.g. Misslonovation,
FET Flagships) and with game changing techniquekraathodologies such as high performance compaticag
artificial intelligence. These aspects have already currently discussed and will be also the afrfodthcoming
steering committees and might lead to further clegrig the sub-programme structures and the DoW.



Background

The SET-plan as well as the EU energy Roadmap tefieed clear and demanding goals for 2020 and ,2050
respectively. Although the scenarios are still dethand will remain hypothetical, it is clear tlaatevolution in
energy systems is needed to reach the ambitioestdlg of reducing by 2050 greenhouse gas emissio86-
95% below 1990 levels. This revolution certainlguizes that present technologies be improved. Balso calls
for breakthrough in concepts, materials, proceasesfinally energy devices. The 17 EERA Joint Paogmes
already implemented and focusing energy technadogien at improving renewable energy harnessingag&
transport and distribution technologies and hegrtdeployment. These JPs, particularly well-suitedake up
2020 challenges, tackle the technical difficultiesan extended value chain, from basic knowledgaduostrial
type questions.

However, for most of them, even though they areaaly installed in the field, hard barriers remafor ex.
Adequately and precisely forecasting turbine irtos in wind farms, reaching a >50% efficiency RW cells ;
developing oxygen / carbon dioxide filters ablevithstand 850°C or higher temperatures. Some citharriers
may prevent the reaching of crucial 2020 objectives

Moreover, some very hard challenges cannot yetiéged from the application side, since too highestific
problems remain to be solved: for example, thidéscase for high performance nanostructured thellentric
materials or for artificial photosynthesis. The teaisig of these future emerging technologies isafribe ultimate
goals of AMPEA Pdvanced Materials and Processes for Energy Apfiding Joint Programme launched in
November 2011.

Turning to the energy efficiency objectives, vamprtant to achieve SET-plan policy, they are uguhbught
of as being short term issues. However, the haimgss$ the wasted thermal energy can be implemeatadany
length scales, from the nanoworld to the machinéndustrial process scale. The science of theseisoale
multidisciplinary processes requires the basicstéolbe developed, basic phenomena to be furthmored.

Added value of the Joint Programme

This Joint Programme (JP) brings four types of ddddues:

- The objective and scientific challenges of the pean Energy Roadmap will be made visible to thentific
community. This visibility will be instrumental idriving new interest and new capacities into thestions
treated by EERA JPs. The transverse position of AER AMPEA is an efficient way to nurture technoleg
oriented programmes with scientific inputs.

- By uniting materials research and processes sGi&WBEA creates the multi-disciplinary frame fonovating
designs and concepts to appear.

- The characterisation and simulation tools will reeloped with a clear vision of needs from enexjgrists.
These two activities usually define ambitious gpaésier to pursue for large teams: the JP withba cement,
providing them with the valuable resources of bua#terials and processes SP.

- In the frame of AMPEA, future emerging technologiab find the scientific base and the powerful kém grow
in strength and efficiency: a first example of thas beeurtificial photosynthesisin November 2012, 16 new
partners have joined AMPEA to participate more gqmadly to the SP on Artificial Photosynthesis:gsently
27 participants or associate participants have smomanitment in this SP including some of the malaryers
in Europe. Following the same line, end of 2012 20d3, two other new applications SPs were launched
namely SPB Materials in extreme operating conditidrend SPC Low temperature heat recovéry

- Connection between AMPEA and industry:during the 8 AMPEA JPSC (Jiilich, May 2014), the JPSC agreed
to haveEMIRI (Energy Materials Industrial Research Initiatitp://emiri.eu) as a partner organization within
AMPEA with an observer status within AMPEA. Thisheme was also validated by the EERA and the
formalization of this observer status for EMIRI Wit AMPEA was done through a Memorandum of
Understanding (MoU) signed in April 2016 in BrussdBesides, joint AMPEA-EMIRI actions were initidte
e.g.the organization of a side event (The role of aded materials as enablers in tackling the EU Bnerg
challenges) during the SET Plan conference in Romigecember 2014 and the Joint participation to FET
Flagship proposal (call FETFLAG-01-2018).

Structure of the Joint Programme and existing Sub-Fogrammes

Since the last review, there has been no changbe istructure of AMPEA in terms of Sub-Programrt&i3s).
To date is organized in a matricial way with thea a@if applying the capacity of I'6ols' sub-programmes (SPs)
corresponding to generic research areas to “apjgitsl SPs related to known emerging energy chgésrand
domains (see Figure 1). There are presently iftetht Application$ SPs, the first being artificial photosynthesis,
i.e. the ability to efficiently convert large amountssolar energy into easily usable and storable iteds) by



mimicking nature or by plain engineering. Other laggtion SPs will be added as they are identifiad defined

by the AMPEA and more generally by the EERA membBedow are given summaries of the different erigti
SPs of AMPEA.

An overall view of the Structure of AMPEA for theegiod 2014-2018 in terms of management and Sub-
Programmes with the coordination is presented g 2.

Joint Programme
Steering
Committee

Joint Programme Coordinator (CEA)
Joint Programme and Deputy Coordinator (CNR)

Management + Subprogramme Coordinators
Board

SPC
SP1 SP2 sP3 SPB

Materials Multiscale T — Artificial Materials for extreme
sciences modelling : hotosynthesid operating conditions

Advanced materials fo
heat exploitation and
energy conversion

UKERC (UK) FZ Jilich (Germ.)  HZB (Germ.) VTT (Fin.) Polito (It.)
Lorraine Univ. (Fr.) ENEA (It.) CEA (Fr) DLR (Germ.) CNR (It.)

Sub-programmes (SPs)
1 SP coordinator, 1 deputy

Figure 2: Overall structure of AMPEA during the period 262@18 with the different governing bodies and the-programmes.

Milestones for the management of the Joint Programm

The table below lists the Milestones related totla@agement of the Joint Programme as define@ig'tversion
of the DoW (February 2014) with the indication bétplanned achievement and the status. This Istblean
extended with new Milestones for the next 4 yearki¢h corresponds to the average duration between t
reviews). Further technical milestones are indiddte the different sub-programmes and can be faanithe
relevant sections.

Table I List of the milestones for the AMPEA JP Managdmen

Selected — .
Milestones Measurable Objectives Project Year Status
MO0.1 Updated AMPEA webpage 2014 To be done
5" AMPEA JPSC with scientific session
M0.2 Fz Julich, Workshop “Materials for Energy Devices|| 2014 Done (May 2014)
MO0.3 Action plan to promote AMPEA joint proposals with|n 2014 Done
H2020
Done
MO0.4 Formalize connection of AMPEA with EMIRI 2014 Principle of cooperation achieved in

2014 - Memorandum of Understanding
(MoU) signed with EMIRI in April 2016

6" AMPEA JPSC with scientific session
MO0.5 Polytechnic  University of Valencia, Workshdp 2014 Done (November 2014)
“Materials for Energy Devices II”

Done (2015)

MO.6 Networking proposal submittee.. COST action) 2014 ITN proposal (ACES-TE Materials)
7" AMPEA JPSC with scientific session
MO0.7 UCL, Workshop “Modelling of materials for Energy 2015 Done (June 2015)
Devices
Done (2016)
MO0.8 Networking proposal submitted.§.COST action) 2015 ITN proposal (ACES-TE Materials)
resubmitted




8" AMPEA JPSC with scientific session

MO0.9 PoliTO Workshop “Low temperature heat recoveryf ~ 201° Done (November 2015)
Done
Inter-JP cross fertilization workshop in
MO0.10 EERA-AMPEA dissemination event 2015 April 2015 + side event co-organized
with EMIRI at the SET-Plan conference
(December 2015)
9" AMPEA JPSC with scientific session
MO0.11 University of Lorraine Workshop “Power to chemigal 2016 Done (June 2016)
technologies”
10" AMPEA JPSC with scientific session
MO.12 SINTEF, Workshop “Materials for membranes [in 2016 Done (February 2017)
' energy applications: gas separation membrapes,
electrolysers and fuel cells”
Done
MO0.13 EERA-AMPEA dissemination event 2016 Presentations of the Joint Programme
by the coordinator
11" AMPEA JPSC with scientific session
MO0.14 J. Heyrovsky Institute, Workshop “Photo- and Elect| 2017 Done (November 2017)
Catalysis in Energy Conversion”
12" AMPEA JPSC with scientific session
EERA Office, Joint EoCoE and AMPEA Workshgp
MO0.15 “Accelerating the energy transition: challenges|in 2017 Done (June 2018)
materials design enabled by recent advancements in
high performance computing”
13" AMPEA JPSC with scientific session
MO0.16 HZB Bessy Il “Synchrotron Radiation and Neutrpn 2017 Done (November 2018)
Scattering for Energy Materials”
Done
- 2016: Book on Artificial Photosynthesis
with several chapters from members of
MO0.17 EERA-AMPEA dissemination event 2017 the JP including the Joint Programme
coordinator
- 2017: article on SPA in the journal Pan
European networks
Done (2018)
IRP AMPEA proposal (provided a suitable call _ AMPEA was involved in Joint proposal
MO.18 appears) 2016-2017 | ¢4 4 FET Flagship (Call FETFLAG-01-
2018)
MO.19 Review of AMPEA — Updating of the DoW and 2018
' revision (if needed) of the Sub-Programme structure
M0.20 AMPEA JPSC with scientific session 2019
MO0.21 AMPEA JPSC and cross EERA JP workshop 2019
M0.22 Dissemination event 2019
MO0.23 AMPEA JPSC with scientific session 2020
MO0.24 AMPEA JPSC and cross EERA JP workshop 2020
MO0.25 Networking proposal submittee..COST action) 2020
MO0.26 AMPEA JPSC with scientific session 2021
MO0.27 AMPEA JPSC and cross EERA JP workshop 2021
M0.28 Dissemination event 2019
M0.29 AMPEA JPSC with scientific session 2022
MO0.30 AMPEA JPSC and cross EERA JP workshop 2022
M0.31 Networking proposal submitteé..COST action) 2022




Participants and human resources

Table 2 List of participants and associated participattsAMPEA with the corresponding human resources

(status November 2018 on the EERA participant pprta

Acronym | Full name Country Role Assc:glated HR c(g;r;)r/m;ltted
CEA Commissariat a I'énergie atomique et 109 JP coordinator 45
énergies alternatives SPA coordinator
Centro de Investigaciones Energétid -
CIEMAT Medioambientales y Tecnologicas Es Participant 9
CNR Consiglio Nazionale delle Ricerche IT (SdF;(;uctS)ordmator 21
Agencia Estatal Consejo Superior SP1 coordinator
csic Investigaciones Cientificas dr:eS (deputy) 35
Centrum vyzkumu Rez s.r.o. - J. Heyrovgky
CVR Institute of Physical Chemistry of AcademgR Participant 11
of Sciences Czech Republic
Dutch Institute for Fundamental Enerp -
DIFFER Research / FOM-institute KL Participant 6
Deutsches Zentrum fiir Luft- und Raumfah SPB coordinator
DLR | gv Be onuy) 8
DTU Danmarks Tekniske Universitet DK Participant 5
Italian  National Agency for New .
ENEA Technology, Energy and Sustainapld (SdPe3 Lcl:tO())rdlnator 25
Economic Development puty
Franuhofer | Fraunhofer Gesellschaft DE Participant 6
FZJ Forschungszentrum Jilich GmbH DE SgolrgggtaPS 40
Helmholtz-Gemeinschaft Deutsch -
HGF Forschungszentren e.V. (bE Participant 67
HzZB Helmholtz-Zentrum Berlin (HZB) DE SPA coordinatqr 19
ICIQ Institut Catala d’'Investigacio Quimica ES Participa 12
IEPEN Institut Frangais du Pétrole Energ|e|§R Participant 13
Nouvelles
IK4 Association IK4 Research Alliance SP Participant 10
INIIE?]E;A‘ IMDEA Energy SP Associate CsIC 5
IREC Fundacio Institut de Recerca en Energig Eg Associate csic 5
Catalunya
Max Planck Institute for Chemical Energ .

MPI CEC Conversion be Participant 6
NERA Netherlands Energy Research Alliance NL Partidipan 10
Polito Politecnico de Torino IT Participant 12

PSI Paul Scherrer Institute CH Participant 10
SINTEF | SINTEF NO Participant 6
Tecnalia | Fundacion Tecnalia Research & InnovatipES Associate CIEMAT 3
TU Delft | Technical University Delft NL Full 24
UKERC United-Kingdom Energy Research Cente UK SP2 coatdr 7

ULi University of Limerick (UL) IE Participant 5

ULo University of Lorraine FR Participant 46

umMu Umea University SE Participant 10
. University of Bologna - Alma Matgr -
UniBo Studiorum (UniBo) IT Participant 10
Unito Universita degli studi di Torino (Unito) IT PartmEnt 10
UNIVERSITAT POLITECNICA DE .
UPVv VALENCIA SP Associate CIEMAT 5
uu Uppsala University SE Participant 10
VTT Technical Research Centre of Finland FI SPB coatdin 5
Total 567




In november 2018, the Joint Programme AMPEA h@dtpartners in total including30 full partners and4
associate participantdrom 13 member states and associated countriédata from the EERA patrticipant portal)
The total commitment in terms of human resourc& &py/y. These numbers correspond to persons working in
the fields covered by AMPEA and that cgpatticipate in joint activities and share their woto the extent
possible within the limits of prior obligations fonders of ongoing projectsThey were indicated in the initial
application form of each participant to the JP hade not revised since then. This is something hvhfuld be
done in the future.

The list of participants with the involvement faah partner is given in the table above. The ptesfestatus of
involvement per country in the JP is given beloar. &ach country, the first number is the numbeargénizations
involved in the JP (participant and associatedigpénts) whereas the second one is the total huesources

pyly per country

Czech Republic: 1 organization 11 pyly
Denmark: 1 organization 5 pyly
Finland: 1 organization 5 pyly
France: 3 organizations 104 pyly
Germany: 6 organizations 146 pyly
Irland: 1 organization 5 pyly
Italy: 5 organizations 78 pyly
Netherlands: 3 organizations 40 pyly
Norway : 1 organization 6 pyly
Spain: 6 organizations 84 pyly
Sweden: 2 organizations 20 pyly
Switzerland: 1 organization 21 pyly
United-Kingdom: 1 organization 52 pyly

Compared to the previous DoW (February 2014), dt@l humber of participants has decreased fronp43it
participants. This can be explained by severalmsasSome participants left the Joint Programmetalabanging
interests and new ones entered suchviEA Ener , IREC, IK4, NERA, TU Delft, Unito. One major reason
for the change was when the EERA turned to a kexgfitly with new rules for organizations to partetip to EERA
with a revised fee for EERA which adds to the féthe Joint Programme. Presently, there is nodgmtticipate
to AMPEA but to still be part of AMPEA, the orgaaimn have to pay the EERA fee. Some participaaftste
JP and EERA on this occasion and others chosep@eapinder the umbrella of one organization. Thibké case
of UKERC which represents the interest of five british avigations (University College London, Imperial
College London, University of Cambridge, UniversityGlasgow and University of Nottingham).

There also 3 pending applications under discussi@mination to join AMPEA: CNRS, Lepaja University
(Latvia), Norwegian University of Science and Tealogy (NTNU).

Infrastructures and facilities

The efficient use of infrastructures and facilitissat the heart of sub-programme 3, devoted toacierisation

and demonstration platforms of energy materials@sdces. This subprogram has two objectives, hbth to

improve the utilisation of large scale facilities:

I) To create a forum which can help the technique e be world leading in developing the best fies
new advanced characterization techniques for tiemtsiic problems in mind.

II) To provideoneentrance point to the suite of advanced techniguesthus help the users to get an overview
of experimented possibilities. This will be addezbsia a dedicated homepage.

Doing this, the aim is to seek a synergy in develepts of advanced (in particular situ and operand

experimental techniques and analysis software, Wletry to establish or consolidate European neksofor

advanced technique developments. During the pe2oti4-2018, several workshops addressing advanced

characterization issues were organized to allowodding. The DoW on SP3 lists the techniques amdifi@s

that could be of interest to the AMPEA communityat®ering and keeping updated all this informationam

AMPEA webpage still has to be done.

Management of the JP AMPEA

Governance structure

The EERA JP AMPEA is currently organized into 6 gubgrammes and has been discussed above (seed-igur
1 and 2). This structure allows efficient managenaéithe JP activities. In the future, new subpasgmes may

be added or the existing sub-programmes. In thisesea first discussion on having a neapglicatiori sub-
programme took place during the™.3PSC organized in Berlin in November 2018. This-grogramme would
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be on ‘Autonomous Materials Development Platféramd is related to the use of new digital techegand
artificial intelligence for the development of eggmaterials.

JP_membership

Public body or/and recognised as non-profit researganisation by European Commission can joirptiegram
asParticipantsif they commit more than 5 person years/year (ptdythe program. Other organisations or those
committing less than 5 pyl/y to the program can ggAssociatesThe contributions of an Associate, both in terms
of human resources and R&D work, are consolidatitll tivose of the Participant that the Associatediassen.
Several small members may associate and name otieerof as representative, becoming a Participatiteif
consolidated contribution surpasses 5 py/y. Théidiaant will represent the interests of the Asates that are
linked to it. Any agreements governing the relastdp between Participants and Associates are gebap by
the respective Participants and Associates. ledke of institutions not fill in the first two cegitia its participation
into the JP as Associate is mandatory and has &ppmved by the Executive Committee (after beiceepted

by the JP Management Board and the JP Steeringriites).

EERA membership is formalized by signing a Declarabf Support, JP membership (either as parti¢gipaas
associate) is formalized by signing program-spedifetter of Intent. The participation to the JPtliermore
requires for the Applicant to fill in an applicatidorm describing the scientific interest to joiMREA as well as
resources which could be made available. After aygadrof the application by the JPMB, a represewtatif the
applying organization is invited to present the leapion during the next JPSC and by providing sseey
material relevant to the application (applicationnfi, presentation of the applicant, web page, &ajing the
JPSC, a vote regarding the application is doneigecthere is the quorum for the vote (2/3 of thedRicipants
taking into account power of attorneys) and if ti®rum is not reached, the vote can be done efgctlly (yes

or no to the application) with a suitable delay(tally 2 weeks), a lack of answer correspondingets.

JP Steering Committee

The JP Steering Committee is composed of one reptas/e of each institute participant. The JP 1&ige
Committee:

® selects the Joint Programme Coordinator and fisitye

® selects the Sub-programme coordinators

® reviews the progress and achievements of the JP

® provides strategic guidance to the managementboar

® approves new JP members (participants or asssyiate

® approves updates of the Description of Work ofXRe

The JP Steering Committee is chaired by the JP ddwator and the Deputy; the sub-programme coordisat
participate as observers in the Committee. It coasdwice a year. The JP coordinator and the sogrpmme
coordinators cannot act as representatives of thgfrective R&D organisation in the Steering Cortesit

JP Management Board

The JP Management Board is the executive bodyeodfhand is composed of the JP Coordinator (chiaé),
Deputy JPC and the sub-programme coordinators epdties.

Tasks and responsibilities:

® Financial management of the JP budget (if appl@a

® Contractual oversight

® IP (intellectual property) oversight

® Scientific co-ordination, progress control, plarmbn programme and subprogrammes

® JP internal communication

® External communication with other organisationsr@iean Commission, ZEP, Ell, EPUE.....)

® Reporting to Steering Committee and EERA ExCo

The JP Management board meets approximately appabely once per month or every two months depending
on needs and period of the year. Two of these JPM@=tings are physical ones coupled to a JPSC ahéhne
other ones are done by teleconference to avoidycarstl time consuming travels.

JP Coordinator

The JP Coordinator (JPC) is elected by the JPisteeommittee for a mandate of four years. The ragadan
be renewed. The JP Coordinator chairs the Ste€amgmittee and the Management Board.

Tasks and responsibilities:

® Coordination of the scientific activities in tharjt programme and communication with the EERA Ex@d
the EERA secretariat.

® Monitoring progress in achieving the sub-programmeliverables and milestones.
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® Reporting scientific progress and unexpected deveénts to the EERA ExCo.
® Propose and coordinate scientific sub-programmethé joint programme.
® Coordinate the overall planning process and pssgreporting.

JP Deputy Coordinator
The Deputy JP Coordinator (JPC) assists the JR( tasks relevant to the coordination of the J&irigramme
(see above). The JP Deputy Coordinator (JPC) @exleby the JP steering committee for a mandadeyefars.

Sub-programme coordinator and deputies

The Sub-programme coordinators (SPC) are selegtédebJP steering committee for a mandate of fears.
The mandate can be renewed. The sub-programmeicatidtakes part in Steering Committee meetings, i
member of the management board and chairs thersgbgmnme execution team. In addition, a deputpated
to support the SP coordinator in managing the spoeding SP.

Tasks and responsibilities:

® Oversee the sub-programme projects

® Coordination of the scientific activities in thebsprogramme to be carried out by the participantording to
the agreed commitment. The SPC communicates watiedhtact persons to be assigned by each participan
® Monitoring progress in achieving the sub-programmieliverables and milestones.

® Reporting progress to joint programme coordinator

® Propose and coordinate scientific actions forsthie-programme

® Monitor scientific progress and report unexpeaedelopments

The Deputy SP Coordinator assists the SP coordimatall tasks relevant to the coordination of B (see
above). The Deputy SP Coordinator is elected bylEhsteering committee for a mandate of 4 years.

Interface with other EERA Joint Programmes

Considering the transverse nature of AMPEA, therfate treatment is especially important and deingnd
Nearly all activities shall create interest or casences in some JP or the other. But interfadebenas important
with academic laboratories, where a fundamentalaieh relevant to our energy goals is performedsTavery
actor of AMPEA is in charge of making contactspling in new ideas or concepts and new questiansalbo
disseminating to the more technological JPs thblasasults and making the necessary interfaces.gohl will
be to create the conditions for the long-term dgwelent and enlargement of the energy researclitiesgilas well
as to establish common R&D programmes, exchangaresers and creating synergies between the psuther
the EERA joint research programmes in the fielémérgy technologies.

The specific objectives of AMPEA in terms of disseation and interface treatments are:

1) Implementation of dissemination activities owattced materials for energy, dedicated to theedlatdustrial
community, policy makers as well as scientific conmity including people of other JPs.

2) Training of young researchers on synthesis sehmaterials, new synthesis methods (SP1), newipalyor
chemical transport processes (SP2) and on advahegdcterization techniques (SP3)

3) To allow an easy access and/or collaboratigpetuple of other JPs to the advanced charactenezatethods
addressed in SP3.

4) To interact with the other Joint programmesriden to provide inputs and output, to avoid oveplag and to
create synergy for the development of energy telcigyo

On the occasion of the previous review (in 2014mapping of the potential connection of AMPEA wiither
EERA Joint Programmes was undertaken and is surnedhin the Table below.

Interface with JP on... Interface description
Bioenergy Application SPA
Carbon Capture and Storage Tools SP2

Concentrated Solar Power (CSP) Tools SPs, SP1to 3
Applications SPB, SPC
Energy storage Tools SPs, SP1to 3
Applications SPA, SPC
Fuel cells and hydrogen technologie§ Tools SP1, SP3
Application SPA

Geothermal Application SPC

Nuclear materials (NM) Tools SPs, SP1to 3
Application SPB

Solar Photovoltaic Tools SPs, SP1 to 3
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Smart cities Applications SPA, SPB
Smart grids Application SPB
Wind energy (WE) Application SPB

Table 8 List of potential interfaces between AMPEA subgpammes and other EERA Joint Programmes.

As the other materials focussed EERA Joint Programpnivileged contacts were established with thiatJo
Programme Nuclear Materials (JPNM) and severaltjaictions were launched. This includes the joint
organization of the EERA inter-JP cross-fertilipatiworkshop on “Materials for energy applicationsd a
technologies”, ENEA Brussels Office, Brussels, AgB-29, 2015. The aim of this workshop was to dsscand
address common issues in EERA around materialerfergy applications. 11 Joint Programmes in totew
represented during this meeting.

In the future, such cross EERA Joint Programmekbagipromoted.

Risks

Three major risks need to be managed. First, AMRBAIs nature, encompasses a wide scope: thetivgec
and paths to follow have to be made precise enooigiermit the work to be focused, and the progtedse

correctly assessed. A second type of risks comes tihe fundamental type of research, which wiltheebusiness
of AMPEA, but which is also the business of maryslan the universities and RTOs: AMPEA shall notrkvo
isolated, knowing the efficiency of competition amgomany teams, for new ideas to appear. An opewigdin
relation shall develop especially with the EuropPéatform of Universities engaged in Energy rededEPUE).

Thirdly, by pursuing long term technological goal® will take the risk that our research be madsotdte by

new progress in already industrialised technigBesay to avoid this is to look for enabling capast applicable
to many fields, beside the technological goals: AMHs made of both basic cross-cutting subjectgesferic

interest, and long term applied goals.

Intellectual property rights of the JP AMPEA

Joint Program AMPEA will adhere to the IPR polidyglERA. As it is agreed amongst participants armbeisites
of the EERA JP AMPEA, the IPR will be handlingtla¢ project level in respect with the EERA IPR pyli

Joint Programme coordinator
Frédéric CHANDEZON
Commissariat & I'Energie Atomique et aux Energiksraatives (CEA)
CEA Grenoble/Institute Nanosciences and CryogelyQ)
17, rue des Martyrs
F-38054 Grenoble Cedex 9 - FRANCE

Phone: + 33 (0)4 38 78 42 66
Fax: +33(0)438 785113
email: Frederic.chandezon@cea.fr

Joint Programme deputy coordinator
Monica FABRIZIO
National Research Council - CNR ICMATE
Corso Stati Uniti 4
| - 35127 Padova - ITALY

Phone: +39 0498295873

email: monica.fabrizio@cnr.it
EERA secretariat

Elena DUFOUR

EERA

72, rue de Namur

1000 Bruxelles - BELGIUM
Phone: +32 2568 01 02
e-mail: e.dufour@eera-set.eu
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All scenarios about the future global energy regmignts anticipate an increasing demand for el@gtrighich
in 2030 is predicted to double. Increasing glolmdyation and fast growing economies especiallyaneloping
countries are identified as main drivers for théwelopment. The development of advanced functioratkrials
for energy devices is a key issue to reach the mugmirtant properties such as long-term stabititgh efficiency,
easy manufacturability with low waste to furthentiee and limited or none G@ootprint, low price, non-toxicity
and public acceptance.

Energy applications demand materials systems wihge range of functionalities and stability oftarstringent

operating conditions. New tools and innovative ge'si possibilities emerging from the utilization mfcro-

/nanotechnologies and more recently of additive ufecturing processes or other new innovative prEings

methods have the potential to create breakthrougtmslay's energy conversion processes. This cathieved

(objectives)

- by the development of entirely new (designed) lmg&ting materials presenting improved functionadityl/or
stability in operation;

- by the utilization of nano-/microstructures as wadl additive or other innovative manufacturing psses to
design materials properties and device functiopaittile reducing energy demand, waste materials@dgl
emission for their production;

- by engineering the interfaces to minimize the kmstributions that currently limit the device parfance;

- by the development of material synthesis technigbas allows the upscaling to large quantities gowder
production.

- by cooperating with the other modelling and chamasation sub-programs of AMPEA to benefit from the
knowledge gained with advanced characterisatiomault-scale modelling to drive novel concepts @iterials
and devices.

The ambition of SP1 is to promote non-specificingtedge materials developments with a potentiahigh
efficiency energy applications. On one hand, SRiresses innovative approaches for the synthesizwatdrials
and their assemblies at various scales (atomisticroscopic, macroscopic). These encompass for gbear)
new routes to synthesis multi-cation oxides witkt faansport properties, high entropy alloys, @jcnew
fabrication routes to produce advanced multi-laglexgstems with tailored compositions and microstngs etc.;
iii) new reactor concepts with innovative geomgyg. multichannel systems, tubular reactors, etc,)niwel
approach and design of sealing technologies, eticth® other hand, SP1 explores promising phenormiana,
particular related to mass and/or charge transpod,establish sound strategies to eliminate bo#tks to the
exploitation of these phenomena in energy appboati Bottle-necks and loss mechanisms are oftameceko
interfacial effects. This sub-program addresseseaotaterials present in various energy technok(gatalysis,
photovoltaics, fuel cells, electrolysers, batteriphotocatalysis, thermoelectrics, gas separatie@mionanes,
membrane reactors, materials for fusion deviceserniads for power plants, etc.), as well as thosdemals
necessary in relevant key enabling technologes, refractive and protective coatings, light weighmposites,
and alloys. This interaction enables further imgments in conventional and new energy processesuhantly
have practical limitations in temperature, corresdnvironments etc.

Materials of interest have been divided into théofeing categories according to their function application:

“Materials for catalysis and photocatalysis”, “Madés for Power Plants”, " Materials for GQ@apture and

production of synthetic fuels (energy carriersg@mmodity chemicals”, “Thermoelectric materiald’afge scale

synthesis of nano and micropowders”, “Advanced fihin processing”, and "Plasma Facing Materials".

Materials with specific properties are at the fquaiht of every new technology, and are the bogtbérfor almost
all energy technologies aiming for high efficienagd low cost. Hence the design and developmenteof n
materials integrated into processes is criticdutare specific needs in energy applications. knfibilowing we
propose materials-related research fields thatrapertant for cost-effective energy production/cersion and
storage in the future and that should be part dEBRA Joint Program for basic science. Materiakciizally

for nuclear applications, photovoltaics, wind pow@8P, CCS, fuel cells, membrane reactors andrlestias well
as materials for the light-induced fuel productiare also topics of separate joint proposals. Howeve
computational design, synthesis methods and seatahhufacturing processes applicable to sevetakadbove
mentioned applications are included in the AMPEA JP

In the fields of "Materials for catalysis and phoatalysis”, new long term stable materials willdeveloped to
increase the stability and selectivity in the pratohn of different advanced fuels and especialbufowill be given
on conversion of renewable and fossil sources foskihgas, methane methanol and liquid fuels. Infigld
“Materials for Power Plants” thermal barrier cogsnalso with new integrated sensor functionalitesamic
matrix composites and new stable metal super a{Nisase alloys) will be developed to increasedffiiency
of the fossil power plants by increasing the operatemperature.

In the fields of Materials for COcapture and production of synthetic fuels (enecgyriers) or commodity
chemicals, new materials and stable thin film meanmbs with activated catalytic surfaces deliveriighér flux,
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better selectivities and high mechanical strengthbe developed for C@capture technologies (CCS) and other
energy intensive technologies to strike the glat@iming. Also the optimisation of support structinecluding
transport modelling is required to enhance thegoerénce and life time of the layered arrangemeSitsilarly,
novel electrolyte materials and composite electsanjgerating at intermediate temperature will begrdted in
new cell's designs for fuel cell and electrolysehinologies. Novel high temperature sorbents foy €&pture and
possibly sulphur removal will be investigated tgpnove the efficiency of gas cleaning.

“Thermoelectric materials” with improved conversiefiiciency and materials stability will be deveézband
integrated for either solid state refrigeratioreaergy conversion applications.

The topic “Plasma Facing Materials” is dealing witktallic and ceramic materials (bulk and protextioatings)
under extreme quasi-stationary and transient thdoads as well as severe particle exposure su¢h &k and
Neutrons which are needed in future fusion reactors

The two last topics apply to-, but are not limited all materials listed above.

- “Large scale synthesis of nano and micropowdesdl! improve the production techniques and the
standardization of nano and micro powders with ipl@ltapplications including speciality powders &atditive
manufacturing, catalysts, coatings, battery anddyeh storage materials, polymer fillers or raw emats for
powder metallurgical and ceramic processes.

- “Advanced thin film and 3D processing” will deogl flexible and scalable deposition processes gsiss,
including 3D techniques that require specific matedesign, that deliver a high-level control okthrocess
parameters to generate high performance matemalatings and products with tuneable and contradlabl
composition, microstructure and reduced residuabkst This topic will also pay attention to matepigecursor
/solvent/additives selection to avoid use of togicscarce product, and to reduce waste amount aad)\e
consumptione.g.by means of integrated multi-technique and nadtte procedure.

Materials for catalysis and photocatalysis

In these topics the development of non-noble cstsilwims to increase the stability and selectiuitythe
production of different advanced fuels and focusesonversion of biomass, waste products and feesifces
and CQ/water to H, syngas, methane and liquid fuels. Processesufar froduction often require extreme
conditions, such as high temperature and/or hydrathl biomass conversion and solar-thermal fuelthggis.
New stable materials, structured at the nano-,aniend mesoscale, will be developed.

The number of (photo) catalysts in use for fueldaion is rather limited and the materials areesgive.
Promising candidates, such as metal oxideg.doped or alloyed Mi®©y, Ni1xO, FeOs; WO; and BiVQy
electrodes) and photovoltaic hybrid systems usingrahous catalysts layers.g.MoS; for hydrogen evolution),
will be investigated in form of nanostructured p@ngland layers. These materials are much less sixpeathan
RuG;, IrO; and Pt.

Among biomimetic approaches using inorganic systemrsicking photosynthesis, one possible solutiorhis
conversion of sunlight into chemical energy via toimic excitation of a photovoltaic thin film, dird¢ combined
with corrosion-stable layers at its front and backface of electro catalysts allowing water eldgtis at the
electrode-electrolyte-interfaces. Generated hydrag be stored as compressed gas, liqujdriétal hydride or
methanol. Alternatively, COreduction and hydrocarbon production can be aekiean the cathode side of the
device. In both cases, noble metal-free catalystsi@eded to develop electrodes for a mass maittetr@spect to
oxidation/reduction of water and reduction of £€spectively. Another approach is the developroéntolecular
systems close to the conditions in the thylakoidnimene in green algae and plants.

The research will be focused on:

Detailed understanding of the relation between risteharacteristics (as expressed in charge carrie
kinetics, crystal structure and nanostructure @ted) conversion rate and selectivity;

Development of computational tools supporting thel@ation and selection of materials for the catialy
for fuel production in collaboration with SP2;

Experimental investigation and evaluation (eledteoistry will be largely used) combined with inusit
/ operando characterization of catalysts in viewudntifying efficiency and stability in collaboi@t with
SP3;

Optimization of the coupling of photovoltaics teefyroduction using photocatalysts directly conwgrt
solar energy into fuels (monolithically or otherajior by coupling photovoltaics to a fuel producingty
(hybrid electrolyser etc.);

Catalysts for fuels synthesis (g€xation and reduction), membranes, solid oxide ftells, solid oxide
electrolysers and solar- and hydrothermal- andrathergy applications.

Great challenges “Materials for catalysis”

Challenge
Non-noble metal catalysts for electrochemical rieast
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Advanced catalysts for thin films to activate theface (development of nano-composites) of gas
separation membranes and membrane reactors

Tailored microstructures and situ characterisation

Long term stable catalysts at high temperaturesuadér harsh environments

Multiscale modelling for catalyst design

Catalysts for fuel production from:B, CQ and renewable sources (photolysis of water, elbslis and
CO, reduction)

Highly efficient sustainable catalysts for fuel guation from HO, CQ, and renewable sources

Great challenges “Materials for photocatalysis”
Challenge

Solar hydrogen from inorganic systems with 5% STftiency
Solar hydrogen from molecular systems with 1% STftdiency
hybrid systems up to STH 3%

Inorganic systems with up to 8% efficiency on Aswale
molecular based systems of 3% STH efficiency

Hybrid systems of 5% STH efficiency

Integrated inorganic systems with up to 15% efficieon ni scale
molecular based systems with up to 5% STH effigienc

Hybrid systems with up t010% STH efficiency

CQO; fixing systems of 10% STH efficiency

Materials for Power Plants

In the field“Materials for Power Plants” environmental barrier coatings, ceramic matrix posites and new

stable metal super alloys (Ni-base alloys) are eeédd increase the efficiency of the fossil powemfs by

increasing operation temperature. It is interestingote that such a kind of materials can be tably used for

both structural and functional components in tleédfiof energy (stationary turbines, power and splants) as

well as in that of aerospace (jet propulsion, sensmd thermal protection). Improved charactessdre essential

concerning strain tolerance, low thermal conduttjvsintering resistance, phase stability, reflagtj fatigue

strength, abradability, corrosion resistance, aitdes$s for alternative burning gases. Furthermaorew

functionalities e. g. sensor structures shoulthbegrated to exploit the potential of such innoxathermal barrier

coatings exhaustively. The research will focus on:

- Life time models need to be established to explaimage mechanisms and to optimize coating chaistater
systematically.

- For steam turbine and boiler applications new lsiglngth ferritic- martensitic, austenitic steaid aickel base
alloys with improved creep strength and high resisé against steam oxidation are of major relevance

- For combustion chambers and hot gas conducting pagrs made of ceramic matrix composites (CM@) ar
taken into account. If fiber reinforced ceramigslaee air-cooled metallic parts in gas turbinesisicant saving
of cooling air will be possible. On one hand thi#l ¥ead to a significant increase in efficiencyn@he other
hand the saved cooling air can be used to reaa® ¢ombustion reducing G@nd NQ emissions drastically.
CMCs were developed since late 1990°s and a hagesif development is achieved empirically. Intiedahn
of novel Ox/Ox materials to industrial processesyéwver, requires better computability and prediditsib

Great challenges “Materials for Power Plants”
Challenge

Functional graded Coatings for Advanced Power Blantl new Power Plant Concem(IGCC,
Oxyfuel) and the relevant fabrication processes

Advanced surface engineering methoelg (to improve internal oxidation resistance)
Materials modelling capabilities to reduce timartarket for new alloys

Integrated sensor technology to increase performand integrity

Long term stable materials for highly efficient midlielled zero emission power plants
Materials for new generation high efficient fogsdwer plants

Joining and fabrication of new materials (redesifnpomponents)

Lightweighting of gas turbine blading

Ultrahigh temperature materials for direct eledtyigeneration and fuel production in a greenhouse
gas emission free society

Materials for CO2 capture and production of synthetic fuels (energgarriers) or commodity chemicals
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Advanced materials designed as granulates andamaifthel systems (sorbent technologies) and staiblelénse
film membranes with activated catalytic surfacessiparation of gases (membrane technologies)emdeal for
CO;, capture technologies (CCS) to strike the globainviag. Their implementation demands the use of new
separation devices such as Oxygen transport meedoré®/N, Oxyfuel process), Hydrogen separation
membranes (WCO, Pre combustion) or Cselective membranes (G2 Post combustion separationy/80;
Pre combustion). In addition synthetic fuels asrgpearriers or commodity chemicals can be produogd
membrane reactors with thermal energy from renesvpluicesses. An alternative to use of carbon brasedrces
could be based on the deployment of steam elesismlwhose reversible operation may be considesatbael
pathway for energy storage. These devices use -fayéired thin film components whose functionalitarsd
stability are strongly challenged by interfaciadettons and diffusion processes.
All these materials and the necessary thin filmactrres required to ensure high functionality nhesistable at
high temperatures in harsh environment of powertpland energy intensive industries (steel, cepiants, etc.).
In the AMPEA basic transport phenomena in diffenastterial classes are studied and the scale uglewide
fabrication are handed over to the CCS JP. Fugbels are:

Study the main degradation phenomena with spefoifios at the interfaces of multi-layered systems;

Develop life time models needed to establish thsifelity and efficiency of these processes;

Develop flexible manufacturing routes enabling ador materials functionalities at all length scale

(atomistic, macroscopic, interfaces)
Investigate novel membranes desigrg, liquid/solid dual phase membranes, graded layers,
asymmetric membranes with low cost support, menggatternatives to Pd for,ldeparation etc.
For Pressurized Pulverized Coal Combustion (PPE€)nblogies sorbents are needed which lower the
alkali metal concentration in the hot flue gas4@@ °C to levels according to gas turbine spedifics.

Great challenges “Materials for Power Plants”

Challenge

Novel membrane systems with high flux combined \hitlih stability demonstrated at laboratory scale jn
relevant operating conditions

Advanced surface engineering methods to improvereleatalytic activities

Themomechanical and chemical stable support stegtu

Reliable and thin film graded membranes with higtx find selectivity demonstrated at pilot scale (TR
6)

Novel high temperature sorbents for hot flue gaaming (TRL5)

Long term stable materials for highly efficient tifulelled zero emission power plants

Materials for new generation in high efficient fibgower plants

Development of novel integrated processes usinghbreme technologies for CCS in energy intensive
industries

Ultrahigh temperature materials for direct eledtyigeneration and fuel production in a greenhagese
emission free society

Thermoelectric materials

Topic “Thermoelectric materials” is focused on the development of advanced matdoalsither solid state
refrigeration or energy conversion applicationse Thprovement in conversion efficiency, materiaébdgity and
integration and finally reduction of fabricationst®f the thermoelectric devices are the main ehgks to be
overcome in the next decades. In a thermoeled&} generator (TEG), electricity can be generatethb direct
action of heat on the constituting materials (rd artype semiconductors). These systems are siropiepact,
silent and highly reliable (no moving parts). Tliceency of a TEG is related to the dimensionlégare of merit
ZT (ZT =Sl , where S is the Seebeck coefficienthe electrical resistivity arldthe total thermal conductivity).
Large amounts of waste heat are produced by indlptocesses, stationary and mobile energy agjmits For
remote and low-power electric consumers, the miagation of energy is lost in transmission. An aggmh to
reduce resource consumption and to slow the marengagenhouse effect caused by Gfnission is the
generation of useful electricity from waste hedbeTprospect of thermogenerators turning from aarxilito
primary sources of energy is highly envisagedatitiht of the development of self-powered autonoswystems
contributing to the growth of a distributed enempduction scenario. Thermoelectric (TE) power gatien
based on the Seebeck effect may find their poteapplications in self-sustainable technical systeanting
remote or independently of electrical mains corinecincluding autarkic heating systems, usageeoftigermal
and solar thermal heat, energy harvesting for @edtainable sensing and data acquisition, contrdl data
transfer. TE micro-generators also may play an itamb role.

Main research fields are e. g.
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Decentralized use of waste heat for electrical uggpautarkic low power consumers for system aaintr
and data acquisition,

Conversion of waste heat of energy machinery addsimial processes by means of low-cost TEG,

Development of autarkic heating systems which cdkier electrical consumption of their functional
components independently of an external sourcea@ssnconnection, by conversion from system immanent
heat flow

Increase of reliability in supply, improvement gégem functionality and simplification of systenesijn
by reduction of cabling and installation effort,

Increase of efficiency in hybrid energy systemsF8Or TEG, solar thermal systems + TEG, CHP +
TEG

Development of new materials concept and systeribiging high Z factor and conversion efficiency,
respectively

From the thermoelectric materials side, two rostesuld be investigated: materials with a compleX/@nopen
crystalline structure and nanostructured materililswill be necessary to conduct extended resealcih
experimental and theoretical, to determine theugirite of different factors on the electron and phomE
transport properties in these two classes of n@seand on the magnitude of ZT. In this framewsidme of the
main tasks are:

To identify efficient strategies and processingtesuo produce advanced n and p type materials. Thi
includes thin films for autonomously working lowager, low cost systems.

To investigate the TE materials joining (metal-d @rlegs) at the operating temperature, their ptime
against thermal and chemical degradation (bi-fameti coatings, graded composition TE material®irth
integration for the suitable TE module engineering.

To develop theoretical approach exploring new meisimas for improving ZT (engineering of the
thermal conductivity and the thermopower).

Such a technology can be effectively exploitedrfiacro-harvesting applications like sensoring, leTc. In this
field, the attention focuses on polymeric compasik®rking at low/mid temperatures. They are vetyaative
due to its easy fabrication processes and low mahtewst. Promising strategies include the additiércarbon
nanostructures and semiconductors or metals. Bedaleengineering of polymer-based thermoelecteciaks,
there is reasonable advance to be achievedPolyareraade of low cost raw materials and possesnarkably
low thermal conductivity.

Great challenges “Thermoelectric materials”

Challenge

Integration of the current advanced materials @rrioelectric devices

Development of stable and sustainable thermoetectaiterials with ZT = 1.5 for power generation
Development of stable and sustainable thermoetefrimicro-harvesting

Integration of thermoelectric devices in every tifeyto reduce C@emission and to produce electrical
generation with ZT = 2. Highly efficient green sbétate cooling devices alternative to heat pumps
With ZT = 3-3.5, Recover of waste heat for statigraower supply

Large scale synthesis of nano and micropowders

Topic “Large scale synthesis of nano and micropowdersis focused on production techniques for obtaining
different nano and micro structures and morpholgigh multiple applications including specialtyvpders as
feedstock for additive manufacturing, catalystgtoms, battery and hydrogen storage materialynped fillers

or raw materials for powder metallurgical and cdcaprocesses. The synthesis method may includellmice
preparation, spray-pyrolysis, rapid cooling techieigjor electrospinning, condensation of metallpouas in inert
or reactive gas atmosphere, mechano-synthesisgitaigh- or low-energy ball millling, depending oommon
interests of the partners.

A second aspect of the processing chain is retatewintain the original structure of powders ia Hulk materials
from sintering and compaction of ceramic/compaoggeiders. Nowaday SPS is the principal availablbrigpie,
but it is expensive and up to a point suitablddoge-scale samples.

Great challenges “Large scale synthesis of nano amdicropowders”

Challenge
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Low-cost and high-yield production methods
Surface passivation methods for safe handling nbnwaterials
Low-cost and low-energy production methods

Closed-loop synthesis of nanomaterial containiragipct starting from non-nano raw materials without
the need of human contact during the manufactyingess

Closed-loop recycling of nanopowders and nanocoitgmofacilitating the separation of raw materials
with zero emissions to environment

Maintain nanostructured features in bulk matemditained from powder sintering/compaction

Advanced thin film and 3D processing

The use of high performance functional coatings/thim/3D materials system requires a deep undedstg (at
different length scales) of the relation with tltgagent layer (interfaces), the mechanical progef surfaces
(e.g.surface stiffness and hardness, residual stresswaface roughness) and how these propertiesfiuenced
by the material microstructure and process parasiel®day there is still a lack of knowledge in retating
nano/micro/structure and tribological-mechanicaparties, affecting the in-service behaviour andhdility of
thin film based systems, due to the depositiongsscAmong the major goals there are:
to develop deposition systems, that deliver a heghl control of the process parameters to gendiigte
performance coatings with tunable and controllabierostructure and residual stress.
to develop integrated multi-technique and multiksgarocedure for the measurement and control of
tribological and mechanical properties of nanoddtired materials as well as small-scale devicenigcies
with high resolution characterization methods.
to develop materials whose properties will be taitbto enable their use as feedstock in additive

manufacturing processes (flowability, granulometgfractive index etc.) so as to promote new rotdes
materials engineering and assemblies

Great challenges “Advanced thin film and 3D processg”
Challenge

Low cost high yield deposition methods available

Novel feedstock for additive manufacturing avai&bl

nanostructure-property relations established basdugh resolution characterisation methods
including 3D techniques

Full understanding of properties of thin film sttui@s e. g. mechanical aspects

Deposition systems developed enabling high levetrobof process parameters

Large area of defect free thin film structures et

Plasma Facing Materials

The topic,Plasma Facing Materials' is dealing with metallic and ceramic materials eméxtreme quasi-
stationary and transient thermal loads as welleasre particle exposure such as H, He and Neutrohgure
fusion reactors. Synergistic effects resulting fremmultaneous degradation and embrittlement of wiadl
materials induced by hydrogen, helium and neutmmtirdment need to be taken into considerationvities
in this field are mainly focussed on plasma confpatinaterials, preferentially with low-atomic numbéow-2)
such as beryllium and monolithic carbon based rizd$ebut also on high-Z refractory metals with priaded
microstructures and alloying partners. It is inttireg to remark that many materials among “Plasraeirfg
Materials” can profitably used in other technol@giapplications in plasma environment like plasoreh for
waste incinerator.

The lifetime of plasma-facing and structural comguts strongly depend on the operation conditiompoBure
with high fluxes of ions, neutrals, and neutrond sumbsequent material degradation pose speciflteclgas. High
heat loads and environmental (particle) loads reqgéneric material developments and solutions rdkwant
for other fields of energy research. Main issuassttreated in the frame of sub programme 1 ardatermination
of load limits under stationary and transient expesdamage mapping under transient thermal laadsding
composites and coatings with different micro stuuetand chemical composition. The simulation ofidas
relevant loading scenarios shall be performedimedr) plasma devices and electron, ion or lasamideased high
heat flux test facilities. In these tests also sgistic loading combining thermal loads with plasex@osure and
neutron induced material degradations need touakest to provide realistic assessment of the corapblifetime.
Beside the above mentioned candidate materialsoweprgrades and newly developed classes of matetiall
be investigated. The implementation of hydrogefudibn barriers, development and testing of seffspaating
alloys to overcome accidental conditions with airsteam ingress, fibre or layered composites witproved
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mechanical properties as well as nano-structureaposites with improved recrystallization performarorm
additional key issues.

Great challenges “Plasma Facing Materials”

Challenge

Newly developed plasma compatible plasma facingpmomants for ITER
Demonstration of the technical feasibility of aeliw cooled wall armour for DT-burning magnetic
confinement experiments

Prototypes of actively cooled first wall componeisiscommercial power plants

Highly efficient plasma and neutron resistant plagating components for future fusion power plants

Materials for Photovoltaic Devices with JP CSP

In the topic “Materials for Photovoltaic Devices$iet specific challenges are the increase of thecdeafficiency
beyond the Shockley-Queisser-limit by using newcemts and the use of abundant elements in thind@mices".
Concepts to increase the efficiency of PV devingslve extended nanostructures, intraband absqibh@rsarrier
absorbers, impact ionization absorbers, absorbéits twned band gaps for multijunction cells, plasico
scattering through nanostructured coatings, mdsgefia thermo-photovoltaic devices or materials fitvoton
enhanced thermionic emission (PETE). In all of ¢hesses new materials have to be developed.
Silicon/silicon dioxide (Si/Si@) nanostructures are potential building blocksftmther improving the efficiency
of silicon based solar cells and have the potetdiaxceed the Shockley—Queisser limit of 32.7%siogle-
junction solar cells by exploiting quantum sizeeef. As a short term goal, such structures reptggemising
hetero-contacts and passivation layers for Si-basddr and thin-film solar cells.

One realization for such a functional element &/8i0; hetero-emitter consisting of silicon nanodots edleel
in a silicon dioxide matrix. The hetero-emitter mhbe capable to passivate the underlying absorla¢enal, to
induce a band bending.@.by doping) and to have a sufficient conductivity.

Currently we are following 2 routes to grow thedretemitter: first by decomposition of SiOx layarsl secondly
by a self-assembled growth based on the dewetfiaghin amorphous Si-layer (a-Si).

Nanostructured materials and solar cells

Silicon nanowire-based solar cells have been rgcpnbposed. It has been shown that the use ohBowire-
based solar cells provides an efficiency entitleihoerthe order of 15-18% depending on nanowire(siizneter
and length) and quality (carrier lifetime). Onetloé key aspects of such all-inorganic Si nanowddarscells is
that it is possible to form p—n junction conformgadlbout the nanowire surface in a high-densityyarfais has
the benefit of decoupling the absorption of ligldnfi charge transport by allowing lateral diffusi@ihminority
carriers to the p—n junction, which is at most 503-Bm away, rather than many microns away as bulkisolar
cells. Furthermore, the optical properties of Siowire arrays are significantly different from tleosf solid thin
films of the same thickness in that the opticalospon is dramatically increased across the spattThe
nanowires may be synthesized using standard tasbsiquch as chemical vapor deposition (CVD), whiih t
possibility of direct growth on flexible substratsch as metal foils.

Materials for Fuel Cells and electrolysers with JF=C and H:

The topic “Materials for Fuel Cells and electrolgsas focused on the material development for heghperature
cells with oxygen ion electrolyte (SOFC/SOEC) opotpn conducting electrolyte (PCFC/PCEC) and low
temperature fuel cells (PEM). For the high tempeertcells new materials for the electrolyte and:tetele
materials with high performance at a lower operatemperature are required. The activities stafiiogn basic
materials research concerning catalytic and elebnmical characteristics, followed by powder preoes and
manufacturing of components. Also sealing concapts materials which are mechanical stable duriegntil
cycling are needed. In addition catalysts for ditgarocarbon fuelling are required.

For the Polymer Electrolyte Membrane Fuel Cells NFHE) new catalyst materials have to be developed or
alternatively the Pt utilization and activity haskie improved, in order to reduce the amount reguifhis last
issue can be addressed by achieving a greatetigijeio the placement of the platinum particleg@the porous
substrate, such as Electrodeposition (ELD) or Riays¥apor Deposition (PVD) or by optimizing the loan-
based materials used as catalyst support. For RiEMc€lls also a major focus lies on bio inspirathlysts and

in improving of carbon supports for electrodes. ®hémization of the bipolar plates is needed Fase fuel cells.
Materials development for increased temperatureadio@ (up to 200°C) is necessary especially faetdéralized
stationary energy supply devices such as combimed &nd power fuel cell systems. That is, mateffiads
Membrane Electrode Assemblies (catalysts and stgpoembranes, gasket materials) as well as cealiwzae
composite materials are needed for successful igahimplementations.
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The following topics are covered in other EERA JPgut are mentioned to address their importance
regarding material development:

Materials for Batteries and Supercapacitors

In topic “Materials for Batteries and Supercapasitomaterials with higher capacities (charge densire
required. Also structural stability of material,agbion-conducting electrolytes under applicatiomditons is
needed. In addition to the classical battery typssong activity in all solid state batteries meguired due to their
safe operation mode.

There exists significant political and industriatérest in the development of batteries in parictor transport
applications and energy storage from renewable psagrces. Among the different battery conceptg.(i-S,
Zn-air, etc.), Li-ion batteries are currently pmeéel and these comprise three components: a cathatkrial,
which is typically a Li containing material such lagePQ or LiCoQ;; an anode material such as graphite; and
an electrolyte such as a lithium salt in an organlgent. The benefits of Li ion systems are thate is no memory
effect, low self-discharge levels and good portghilCurrent efforts in battery research focus amerocoming
some important limitations: over-discharge causemétion of LyO; aging (especially with charge/discharge
cycles) leading to capacity decrease; recyclabitibxicity and manufacturing issues; and safetgceiunder
certain conditions the batteries may explode orireasment.

Silicon is an attractive anode material for lithibaiteries because it has a low discharge potemtththe highest
known theoretical charge capacity (4,200 mAY.lthough this is more than ten times higher tleisting
graphite anodes and much larger than various aitiittl oxide materials, silicon anodes have linaigglications
because silicon’s volume changes by 400% upontingeand extraction of lithium, which results inlperization
and capacity fading. Silicon nanowire battery efei¢s have been shown to be able to circumvent iksaes as
they can accommodate large strain without pulvédna provide good electronic contact and conduntiand
display short lithium insertion distances.

Goals for work in this area are therefore to desgezost and improve safety of Li batteries and alscease
cycling tolerance, stability, capacity, operatiemperature, increase output power and materiatlagiity. In
order to attain this goal, the application of naxas engineering, nanochemistry and multidopingtsgies and
controlled modification of the crystalline struatuis crucial. It is also of utmost important thelkexation of low
cost manufacturing routes for scale up of the nsustcessful materials identified in the most fundatale
activities.

Materials for Hydrogen Storage

In the topic “Materials for Hydrogen Storage”, natractured materials with high hydrogen capacityrfmbile
and stationary applications, with a good cyclapiéihd fast sorption kinetics at near applicationgerature are
needed. The tailoring of the material propertie®ives the development of new synthetic techniques.
Hydrogen is an important alternative to the tradiéil energy carriers, even in the near futureart lse produced
from a variety of sources and is extremely envirentally benign since water is the only exhaust pcoavhen
energy is derived from electrochemical reaction hwitxygen. While hydrogen production is already
technologically feasible, hydrogen storage is aombpttleneck to overcome technological limits, exsplly for
mobile applications and distribution of renewabiergy, in order to support a wide diffusion of thigergy carrier.
As the chemical storage of hydrogen involves sigaift heat of reaction to be removed from the gg@r@actor
during loading as well as sufficient heat supplyriElease of hydrogen during discharge thermal igament of
the storage reactor is a key issue.

Nanostructured materials are able to improve theetids and thermodynamics of H-sorption of solatest
hydrogen storage. The development of novel lightivenanostructured materials will be the focushaf activity
using synthesis techniques, complete charactesizatid computational modelling. Different classesaterials
will be investigated, including metallic and sakel hydrides, complex borohydrides, and highly peronaterials.

Milestone Measurable Objectives Project Year
M1 “Materials for catalysis”: Non noble metal cataly&ir water | 2
splitting and catalytic conversion
M2 “Materials for catalysis”: Detailed understandingf ¢ransport | 10

properties and electrochemical reactions at atoinilstvel
towards design of new (electro)catalysts

M3 “Materials for Power Plants”: Long term stable anthaterials| 5
for high combustion temperatures
M4 “Materials for Power Plants”: Joining methods forew and 15

dissimilar materials
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M5 “Thermoelectric materials”: Fabrication of more eftient 5
and stable thermoelectric devices than the curdavices at a
cost as low as possible

M6 “Thermoelectric materials”: Based on theoreticalddaround, | 5
found new efficient and stable thermoelectric mater

M7 “Large scale synthesis of nano and micropowders”: 2
Production of metal and metal-composite NPs 500th&gth
with production cost less than 200 €/kg.

M8 “Large scale synthesis of nano and micropowders@}imum | 5
100 % additional costs to decrease particle sipeftl00 um
to 100 nm

M9 “Advanced thin film processing”: 5

M10 Full characterization of materials for advanced sfirwall | 5
components (thermal and mechanical properties iptdsma
and neutron environments)

M11 Actively cooled components for DEMO based on inguigvl5
plasma facing and structural materials (implemeiotatof new
composites, self passivating alloys and diffusianiers)

Contact persons :

Dr. Wilhelm A. Meulenbergdoordinator)
Forschungszentrum Jilich GmbH
Wilhelm-Johnen-Stralie

52428 Jilich, Germany

Phone: ++49 2461 61-6323, FAX: +49 2461 61-2455
e-mail: w.a.meulenberg@fz-juelich.de

Dr. Jose Manuel Serra-Alfardéputy coordinator)
Instituto de Tecnologia Quimica (UPV-CSIC)
av. los Naranjos s/n

E-46022 Valencia, Spain

Phone: ++34 963879448
e-mail:jsalfaro@ign.upv.es

23



i
'mi
I'mi
D
>

i

il
il

- European Energy Research Alliance

EERA
EUROPEAN ENERGY RESEARCH ALLIANCE

SUB-PROGRAMME TOOL 2: Multiscale Modelling of Materials, Processes and ees

L Rl S
o000 Q0QOOQO
00000000
000000 QOO0CO

0000 ©¢0

L Tl

’

;‘:‘. precipitates ; ‘
3 \ texturoi' ‘ ‘ e
\Ul')‘l -fovﬂ“"f*

v "

nano-scale micro-scale

A sub-programme within the
AMPEA EERA Joint Programme

Description of Work

Sub-programme coordinators:
David LACROIX, UL

Last modification date: Novembert,2018

24



The goal of the AMPEA “Sub-programme 2" is to cdoede a concerted effort in AMPEA to identify cunte
challenges and forthcoming trends in multiscale efloty and simulation. This effort is critically portant in
advancing materials, processes and devices foggmgplications, while ensuring sustainable proidactoute
and fostering circular economy: firstly, innovatiemergy materials are often complex structures rogh'
technology” products (multi-functional), which canirbe described by basic models; secondly, thedtiom and
application of such structures are very much dependn conditions of processing and utilisationd #mirdly,
the integration of such materials in devices isidgate and thus requires careful design and opditiais. All of
these issues encompass multiscale spatial and tahgfpmensions of tens of magnitudes, where crissiglinary
work is a necessity.

Furthermore, during the recent years with the rapiution of computing resources and the relathchaces in
programming a new paradigm related to artificisligence, machine learning and cloud computingeat This
new way to think informatics is about to revoluimmour methods in designing, modelling and desugilmaterial
properties and use. The latter, which is probabéy most salient advanced of the past years isleldta the
updated content of the SP2 sub-programme of AMPEA.

In the following, important issues about multiscaledelling are presented, milestones and intenastiath other
AMPEA sub-programmes and EERA join-programmes e addressed.

In order to develop and deploy efficient matergtgl processes in energy applications, an integragpproach
that combines theory, models, simulations, fabiacaand characterization should be considered. Ajribase
research areas, “modelling and simulations” arevagpful toolbox, which can open the way to innovatilesign
of new materials and new production routes for gnepplications. However, conventional tools andleis
developed to address to date are often confinddmsmall-scale domains and inadequate to matehatsnvolve
nanostructures, microstructures, composite andy glleases. Similarly, they are not suitable to itigase
intensified processes that combine heat and mawstfansfers, electronic and chemical transpore;hanical
loads, transient operations, etc. For such compléxreal-time applications, multiscale modellingultbbring
critical insight in materials and processes liniitas, and thereby, open routes for optimizatiomdée dedicated
numerical simulations need to be established toemddthese specific requirements. Besides, in ataterns
new materials and processes for energy a crosglifisay approach is essential. As discussed infaHewing,
models and tools developed to predict transpompgnties of innovative materials are interdisciplinand more
and more used for research and engineering purp&aslarly, integrating processes e.g. with praces
intensification in the field of energy applicatiooften requires competences and technologies ierakdomains
such as catalysis, chemistry, electronics, matesiafl process engineering, mechanics, etc. Therefas “tool”
sub-programme on multiscale modelling will stronghteract with other “tool” and “application” sub-
programmes as well as with other EERA Joint Prognamas it is at the crossroads of theory, measursraad
practical applications.

In this framework, several actions have been aelliem AMPEA and examples of integrated computationa
material engineering such as the development ofMR€ Propertune TM environment [1] will be discudse
hereafter. Besides, a common reflection with theopean Center of Excellence dedicated to the ccettipatin
the field of Energy (EoCoE [2]) has started to tifgrcommon interest that might foster interactlogtween two
different communities, i.e. the physic and compatel ones.
The main goal is to provide tools that can suppesearch and developments in the identified apjicasub-
programmes (Artificial photosynthesis, Advancedenaits for heat exploitation and energy conversidaterials
for extreme operating conditions) as well as ferather Emerging fields or other EERA Joint Prograas where
materials and processes challenges are importhatefore, simulation tools devoted to the spetdigth scales
of interest, which can address several physicahpimena, are necessary. Between material atomistiefies
and its application in a process or a device sépeadlems must be investigated:

1. Identify what are the relevant models to be appliech the atomic scale that characterize the naltayithe
system scale related to its integration in an gnprgduction device.

2. Relate models and numerical simulation tools; fimel most efficient solving techniques and quartfifir
reliability and their accuracy, for example by défg and using benchmark test cases to address|srentd
tools exactitude. Use of small-scale prototypesotmpare simulations and experiments.

3. Discover and investigate through data mining andhime learning new materials for energy applicatjon
especially taking into consideration raw matertaldance, toxicity, availability, etc.

4. Considering a bottom-up modelling approach, idgritife key properties that rule the functionalitytbé
whole device and find the most appropriates tearesgo minimize the impacts of the involved parameein
the numerical solution of a given probleeng.using effective medium theory, or model reductischniques.

5. Propose efficient techniques to achieve the coggigtween different physics such as heat and massport,
chemical and biological or mechanics and elechteractionsetc.

6. Consider the crosscutting issues between this sufrgmme and the other joint programmes dealing wit
energy applicationse(g.Fuel Cells and Hydrogen, Energy storage, Photaimktc).
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Numerical simulation in physics, mathematics, eagiimg and even in biology or medical scienceso n
commonly used. This situation is related to theidagvolution of computing sciences and technolagies
Calculations, which were done on personal computeatscade ago, are now routinely done on supetiesde,

PC clusters or in the frame of grid and even cloochputing. This allows achieving calculations irwng
complex models and boundary conditions but alsy #ein meshes and small time steps. Among the tecen
progress done in this field, very fast phenomenauoing at atomic scale can now be addressed opleam
interactions at macroscale in realistic engineedegices and processeBhus, one purpose of this work-
programme is to make a detailed survey of the exisig tools that can be applied to the Joint Programra
objectives and to anticipate the arising of new thenes, like the one related to artificial intelligace, at once

In the frame of material modelling a broad rangawherical tools presently exist. From the atoro&les to the
microscopic one, an incomplete list could Bb:initio techniques, Molecular Dynamics, Monte Carlo madels
discrete element methods. These simulation toole i common to make few (or no) assumptions amed ar
frequently identified as reference techniques. Hamametheir implementation is often delicate ancbsify
dependent of the considered problem. These techsihelong to the family of “discrete methods” aed their
name from the small scales for which they apply.

Oppositely, when system size becomes larger or wbeeral physical coupling should be taken intmantthese

methods are no longer applicable with the curremerical resource and other techniques must be Tisedatter

ones belong to “continuum methods” and the matésiabnsidered as an equivalent media with homagene
and averaged properties. These methods are commsetiyfor engineering purposes; the widely knoventhe
finite volume methods, the finite elements, the Imess methods, etc. They are very often employed fo
computational fluid dynamics, heat transfer, satidchanics etc. However, a comprehensive outloakaifels
and simulation tools shall also include the mespicscales, at the intersection between discredecantinuous
behaviour. They explain the transition of fundanaétmansport properties of materials when charattersize of
the system becomes of the same order as the assbomean free path of energy carriegs. phonons in
nanostructures, electron transport, ions in mengzamd fuel cells, complex fluids, etc. For suchliaptions,
models and simulation tools are not well estabtisiued are frequently a compromise of discrete amtiruous
approaches.

On this basis, important challenges of this sulg@amme will be:

1) Propose a global and versatile methodology to addxad bridge atomistic and microscale featurasgport
properties calculation and tailoring, nanostrudiaraeffect, interfaces, volume/surface effect, nokinetics,
etc.) for innovative materials intended for eneagylications;

2) ldentify clearly the new ways to achieve large-sazdiculations (including data mining) through Eoeds
High Performance Computing, machine learning atifical intelligence.

3) Define properly mesoscales related to the apptinatof interest and identify the key parametersciviailow
the coupling between discrete and continuous miodell

4) Work on integrated multiphysic modelling and sintida to address engineering problems related ticdev
and processes in connection with energy issues.

This can be considered as a possible updated rgadonaucceed in efficient modelling and simulatiofn
materials, processes and devices. In the followhrege four main challenges are listed. Each afiiesubdivided
into workpackages that detail the problematic,dfage of the art, current progress and researotefiVe also
point out their advantages and their limitation®sile, connection and cross-cutting with the othe-
programmes, especially the application ones, isudised.

Grand Challenges
Grand challenges were identified four years agaspa them were in the core of some AMPEA actiand lead
to specific events such as workshop and dedicatied Brogram Steering Committee (JPSC).

Year Challenges

5 Objective: Propose a global and versatile methagoko predict and bridge atomistic and
microscopic features (transport properties calttat nanostructuration effect, role of
interfaces, volume/surface effect, microkinetics.)eto design innovative materials with
improved functionality and/or lifetime.

7 Objective: Define properly mesoscales related &applications of interest and identify the
key parameters, which allow the coupling betweacrdte and continuous modelling.
10 Objective: Work on integrated multiphysic modellingd simulation to address engineer|ng

problems related to devices and processes in cbonexith energy issues.
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10 Objective: Identify the next-generation technolsgi€artificial intelligence, Exascale
computing, etc.) which will allow breakthroughsdasigning and modeling new materials for
energy. This point shall address material optimapprties identification as well as in-operando
behavior of new materials.

Achievements:

- Co-organization of the joint AMPEA-EoCoE workshoptided: “Accelerating the energ
transition: challenges in materials design enablby recent advancements in high
performance computing [3] Brussels June'7 2018.

- Organization of a roundtable.

- Participation to theEoCoE Workshop on HPC for Energy Applicati¢#B, Brussels June
15", 2017.

- Organization of the Workshop entitledMbdeling on materials for energy devites
University College London, June 172015

- Participation to the EERA Inter-JP cross-fertilization workshop on makr for energy;
applications and technologigsBrussels April 28-29", 2015.

<

2015-2018

In order to pursue the achievement of these clgdlenit is necessary to differentiate the reseactivities and

also to continue encouraging cross-fertilizatioards to share ideas, methods and tools.

The formerly suggested workpackages (three WP)eadidrg issues ranging from the small scales, whieh
related to the material itself, to the large scaldsch characterize the devices and the proceasesecalled and
updated with the achievement of the last four yeBtsthermore, a supplementary WP dedicated tonéve

computing paradigm discussed above (Al, ExascabgHihe Learning) is added. In the latter emphaspait on

the synthesis of joint reflection between AMPEA &wiCoE.

1.1. Small scales models and tools — materials

Small scale modelling is fundamental to study aretljgt physical properties of materials. For thedet scales,
electrons which are responsible for the chemicaldsdetween atoms, govern these materials propeftieis,
the determination of the electronic structure of ttonsidered materials and an intelligent transfeits
characteristics to higher-order scales using misttiglinary schemes is a crucial issue. The lattee can be
obtained with quantum mechanics using the firstqiples, orab-initio methods. These models often lie on the
Density Functional Theory (DFT) which provides wilery few assumptions the electronic propertiesa of
material. Using these data one can recover varmogerties such as: dispersion properties, band igap
semiconductors, optical absorption spectra, theerphnsion properties, Young’s modulet; However,ab-
initio techniques remain quite difficult to implement are limited to atomic structures which are not lerge
(roughly hundreds of atoms). Therefore, they aefuigo provide reliable inputs to models and siation tools
operating at “larger” small scales such as molealjaamics or Monte-Carlo methods.

For structures such as nanowires, nanofilms, quadits, superlatticestc other modelling tools like molecular
dynamic are well suited and allows the determimatibthermal and mechanic properties. This techmiggs on
the monitoring of the displacement of an ensemiblatoms due to interacting forces. The latter omagally
derive from (conservative) “potentials that candiained either byb-initio calculations or through empirical
considerations. Different kind of molecular dynamiethods exists according to the targeted appdicatror
instance, one can cite the equilibrium moleculanadyic (EMD) and the non-equilibrium molecular dynam
(NEMD). They are usually considered for thermodymaparameters assessment and especially the thermal
conductivity which is a key parameter for the desiff new thermoelectric materials. Yet, it shouddrmted that
several other techniques similar to MD exist, amthrggn there is Monte-Carlo molecular modelling.
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Figure 1 — ab-initio and molecular dynamics caltiates for silicon

3.2 Mesoscales and large scales models and tools — desiand processes

When the characteristic size of studied materiabbees large regarding to the atomic or moleculalesg small
scale modelling previously discussed is no longessible. The first reason is that computing reguést is not
today available. Moreover, for mesoscales and lacgées, materials are usually not perfect anxistestructures
such as defects, cracks, grain boundatg, According to the parameters of interests, moaglind simulation
can be carried out at mesoscales, considering &dfssdts, or at large scales assuming homogenaopeigies.
In the frame of material design for energy appiarattechniques such as Monte-Carlo solution ofigpart

equations can be very efficient for mesoscales,r@d® numerical tools like finite volume methodsité

elements, etc are often used to solve coupledgoahequations at large scales.

For mesoscale modelling it is often complex to fihd “good” physics and its limits. In such a casmulation

parameters often lie on the small scale modellagylts which provide the laws and/or the matemaistitutive

relation that shall be considered. On the othedhanthe case of large scale simulations thewee péethora of
numerical tools that can be used to study solid$ fuids energy materials. Integrated tools liken@Gol

Multiphysics [5] (finite elements) or ANSYS Fluej] (finite volumes) can even address complex eegliimg

problems where dedicated parameters and behageagpraised by small and mesoscale models caodsépy

implemented. Besides, in some cases, these toolslsa address chemical or species transport deguirm

devices or processes. Whatever will be the chosels,tthere is often large user community involvedhe

development of the applied physic’s softwares. Tamt must be kept in mind before developing needeis

and tools for processes and devices modelling.

An example of this type of multiscale achievememiuding modelling stages ranging from the micnasture
description to the design of product and their pem@ndo use can be found in the VTT Propertune edicated
to encompass the concept of “factory of the futufigiis computing environment developed by colleagol
VTT, involved in AMPEA, is an advanced computatibmaodelling-based material design environment.
ProperTune optimises material design, replacingesie, time consuming testing and shortening tiorerarket
for new products.
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Figure 2 — Multiscale modeling for metal additivamafacturing [7]

3.3 Integration, model order reduction and applied too

Efforts for integration of different simulation plarms will be carefully considered both in ternfspoediction
accuracy and capability. In several practical caselirect coupling or interfacing is sufficient, laast as a first
attempt, to achieve data and information passingsadifferent simulation platforms. In othersgdirintegration

may be more valuable, but will require much morelickted resources and advances in methodologies and
simulation schemes. Some initial case studieshailtonsidered under this WP2, as specified inaheviing.

In what concerns model order reduction [8] (MORIgHs an approach becomes unavoidable when models and
simulations point to describe the dynamical behawviaf a complex system. In this case, even if thalsand
large scales physics are well understood, the nuofbievolved parameters is simply too large tohbadled by

the current computational devices. For this probiiéen model order reduction is a way to presereeadbcuracy

of calculations and to decrease the computatiomad.tThere are several mathematical techniquesh@eee
model order reduction, the most commonly useddieproper orthogonal decomposition methods [9] (@M

this basis, a physical system, which is charaadrizy a set of partial differential equations (PRES first
discretized to obtain a system of ordinary difféei@nequations (ODESs) that model the system. THd¢OR
techniques can be used to reduce the number of Qidéserving the system original input-output bétaw For

such an approach two major issues must be condidérstly, the reduced model must be stable tousns
numerical simulation convergence and secondly tlentification of the error generated by the modeluction
needs to be evaluate. Yet, this technique can phedpto numerical prediction in a broad range plecation
including: fluid dynamics, material deformation;ustture vibrations, etc. It could be also usedafctive control

or optimization in process monitoring.
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Figure 3 — Model order reduction philosophy [10]
3.4 New paradigm related to artificial intelligence, machine learning and exascale

During recent workshops hold in 2017 and 2018, anwde specifically after fruitful exchanges with Emfe
representatives, several issues about new computadiradigm were raised. In the following, a nohastive
list of the latter is given. They are not orderadérms of importance but shall retain attentiorthesy could
drastically change our way of designing and modgefivaterials for energy.

Material simulation is now often based on small-sda approaches,.e. considering atoms
and electron interactions (as discussed in 3.1These so-called DFT (Density Functional Theory),
Quantum Monte Carlo, Molecular Dynamics, etc. amryvpromising and give a very accurate
understanding of phenomena that underlie matertdgrties €.g.organization of ionic liquid in pores,
amorphization of thin layers on solar cells, impafctiefects and substitutions in the elaborationew
catalystsetc). Yet, all these methods need important (consldejacomputing resources that are not
always available or remain expensive.

Even if those methods are mostly mature, therdlisvork to do to increase their accurateness &nd
catch physical phenomena on larger systexascale supercomputers could significantly play @mle.

Databases and material screeningl'o create breakthroughs in new material discowetly the

availability of HPC computing platform, numericaireening of existing material databases is very
promising and is a pillar of “Mission Innovatifitil]” MI-C6, through “Inverse Design”. In this apgach
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well-chosen descriptors can help identifying tHevant material with the expected properties. Hbee
following is needed:
o Standardization for information classification atata structure is needed in databases
for materials science.
o] The access to databases to the existing modelioly &hould be improved and
supported.
o] Classification of descriptors in database analyseds to be improved and new
descriptors are needed to optimize material search

: Machine learning and artificial intelligence (Al). If Al can appear as a complicated tool to
manage for new materials exploration, especially whole integrated process (simulation, elabomatio
characterization & feedback) suggested by MI-C6chmee learning is a key tool to accelerate
computational design of materials on an integratatform:
o] The energy material sector could largely benefisbgh approaches. Indeed it could be
interesting to develop materials knowledge repogitor energy materials and devices (enough
feedback, data to develop appropriate algorithms).
o] Issue of trial/error approach. In order to succeethe development of a machine
learning process, not only experimental/numerieehhiques are needed. Errors and misleading
attempts are also useful to develop a criticaloeg. New knowledge must be fed back to the
scientific community and stakeholders by reporpingblems, coding new types of analyses and
applications, and proposing new but reliable materfior computation.

Exascale Exascale is at the core of several projects ameZs of Competences within Europe.
Presently, the technology seems not to have reaah@dgh maturity to induce a new way of designing
materials, nevertheless it is undisputable thd¢wyears, it will be available. For example, irasgale
computing has just proven its efficiency in themiemof climate analytics [12]; giving an undisputabl
proof of the interest of this new computing arcttitee. Questions are now about:

o] Material design for energy is a vast area: accumaddysis is needed in order to optimize

investments to be ready for the new technology.il8ity, a discussion needs to be opened in

order to classify in which material science domairis technology leads to real breakthroughs.

Clear objectivesare to be defined to succeed in this evolution.

o] Not many numerical codes are ready to be portetth@mew exascale architectures. A
clear assessment is needed.
o] Not many scientists in materials science for eneagy ready to exploit the new

possibilities offered by exascale technologiesetific collaborations with HPC experts and
communities, like EOCoE, should be largely suppbrte

3.5 Cross-linking with “Applications™- SP’s

3.5.1 Models for artificial photo-synthesis
The simulation efforts here will be directly assded with SPA, where there is a critical need tenidy
mechanisms of charge-transfer and reaction pathviagsder to design and develop effective catadystems.
Besides, the collection of light in the larger passible, spectrum range is mandatory to incrdesperformance
of artificial leafs. Thus, models and simulatioh®gld take into account at small scales the intemadetween
photons and the absorbing materials. For thesesssiomic scale modelling should provide answenseming
photon-electron interaction, electronic propertes charge transport. A peculiar attention shoelgéid to the
design of highly efficient material in term of chfsis and light absorption. Microkinetic modelliradlows
estimation of kinetic parameters and identify ih@ting processes at electrochemical interfacess iBf utmost
interest in this field, since by identifying theniting processes at the electrochemical interfaew; design rules
for interfaces can be set-up which will allow fagrsficantly increase performance of electrocheiinitvices. At
mesoscales artificial photo-synthesis technologyp aleeds models and simulation to characterizéraimsport
properties of semiconductors which are often useensure the light harvesting. In this field, medahd tools
widely developed for photoelectric materials dediginV semiconductors) could be useful. For exaenpéveral
nanostructures based on thin films, mesoporousriakster even single and coated nanowires (coré}sie
currently investigated for such application andehéeen already studied for electronic applicatkinally, at
larger scale, light collection is also an enginegproblem that has been addressed by several gyang for
which several simulation tools exist. They use tégtes such as ray tracing, Monte Carlo solutiothefadiative
transfer equatioatc to model and optimize solar illumination on a géaor a device. A particular attention could
be paid on models develop for photo-bioreactorsrevttee optimisation of light absorption by micrcadgcultures
is close to the current problematic in what consehe development of industrial solar fuel reactors
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Figure 4 — Artificial photo-synthesis, micro andda scale modelli_ng cﬁallenges. (a)-(b) Si/TiO2etsirell nanowire arrays[13-14], (c)
Schematic diagram for a photoelectrochemical cithl an hematite photoanaode [15], (d) artificia@flprototype, (e) plate and tubular photo-
bioreactor for microalgae cultivation.

3.5.2 Models for materials operating under extreme cawrust

Future energy technologies place increasing demdmdsnaterials performance in terms of extremes in
temperature, pressure, stress, strain, strainalagenical activity, electromagnetic flux and fiel@ten materials
fail at one-tenth or less of their intrinsic limitglaterials failure poses severe limits to efficggndurability and
operating conditions of energy devices and syst&msulations will consider the effects of high mess and/or
high temperatures on electronic and microstructanal structural changes that lead to large vanatia their
integrity and functionality (e.g. physical, electbemical and mechanical properties). These cagerdrom
guantum mechanical, molecular dynamics, phase &ierttifinite element approaches to tackle relevesuds at
the appropriate scale domain of materials and comapis. Particularly for “extreme” conditions, simtibn is a
cost-effective tool to understand the effects ahgerature and/or pressure that are hard to accessen
inaccessible by experimental means.

One of the initial focusses is to look into the chéer materials to withstand thermo-mechanical exies,.e. a
combination of high pressure and/or high/low terapge, and high rate of impact, such as steamrtesband
large wind turbine blades. Simulations can guidedbsign of new structures and new materials witheted
properties to withstand the extremes. Such desiggsire both the fundamental understanding of mleat
densities, atomic structures, grain boundariesiatedfaces, and more importantly, how these featatenge,
move and interact in relation to the variation led tonditions. It is also important to develop asbeal tools or
simulation platforms to couple or interface simidatmethodologies at the scales of interest arelagice.

Membranes for selective gas separation is anotipéc tvhere efficient computational techniques alaiitly the
associated theoretical consideration and expergheasults are key issue that can be usefully débeulofor
shortening the time from research to engineerifigpeoretical analysis of target process; numericegening
approach to understand physically realistic andnetogically suitable properties of membranes; astim
modelling for the optimal material design from knowaterials can provide with the interfacial enéiogeand
electronic properties, performance indicators af meaterials.

3.5.3 Models for heat recovery

In the framework of heat recovery there are sewvehallenges. The first entails optimizing existimgterials,
while the second encompasses finding new thermivielenaterials (composites, high temperature oxiddsr-
metallics (possibly from the family of high entropilloys)). Both are done in order to increase thieversion
efficiency, determined by the so-called dimensissiigure-of-merit. Material such as bismuth-téter(Bi.Tes)
is presently available in thermoelectric moduled és figure-of-merit (ZT) is around unity, whiclkedds to a
thermoelectric conversion efficiency below 10%slbelieved that a ZT of 3-4, or a significant retilon in cost
at ZT of 1 would lead to large-scale industrial laggtions.

Other challenges are related to fluids mechanit¢ks microstructured surfaces and nanofluids thateramance
heat transfer.

One traditional way to increase ZT and thus thiiefficy is to increase phonon scattering and tedsiae the
overall thermal conductivity. Typically this is derthrough nano-structuring as illustrated in FigGréor a
polyaniline/carbon-nano-tube composite. Howevedenstanding and predicting the outcome of such,raoik
complicated concepts are difficult, both from expemnts and theory. This mainly originates fromititerwoven
nature of transport of charge and heat, in additiothe complexities involved when describing stretmsport
phenomena.

For instance, for oxide and intermetallic basedrtwelectric, efficient thermoelectric material mbhsive a low
thermal conductivity in order to have high convensefficiency. On the contrary, in the case of pudys heat
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transport is weak as in the majority of amorphaudisordered materials. Thus, to improve heat exghadoping
with small amounts of highly conductive materiasai promising way. In this case, one as to findtiois to
preserve phonon transport in channels that cafsbeoaganized at micro and nanoscales.

Multiphysics modelling applied to TEG elements ipawerful tool for materials and modules design Emits

the number of experiments; numerical analysis aartribute to find the optimal geometry for the mizjuo

solve the mechanical problem of coupling elemeritis different coefficient of thermal expansion;lécalize the
tensile stresses, etc.

Nanostructuration is one of the proposed solutimngmprove materials properties (see Figure 5). e\,
elaboration and experimental characterization efosrucured thermoelectric material is not simpled this
makes the multiscale modelling a valuable way t@#tigate these new materials.

An important requirement for a thermoelectric mafeis, given a high Seebeck coefficient, a higaceical
conductivity. This poses particular challenges wtdiscovering new oxides, composites and polymers.
Particularly the two latter suffers from lack ofsility when doped or not reaching high enough teilead
conductivity. These problems are not to such aergxpresent for the intermetallics, where the cosive
efficiencies are presently significantly higher{btill too low for large scale applications). Rbe intermetallics,
focus is on how to reduce the lattice thermal cetidity and optimizing the doping level to reach imum
conversion efficiency at the operating temperatures

In all essence optimizing all these materials, paelent of their type is a matter of knowing théaie of all
transport coefficients at different temperaturdse electrical conductivity, the Seebeck coefficiethie Hall
coefficient, the lattice thermal conductivity argetthermal conductivity associated with the elewtrdJsually,
the problem, after performing electronic and phaaatructure calculations, condenses down to deténmthe
scattering properties of electrons and phononss Tiki still a largely unresolved issue and significa
approximations are made at this step, which in meases renders direct comparisons with experiments
indications of conversion efficiencies not so cowing. However, these studies are still somewhefulisif one
is set to compare rather similar materials.

These issues are further magnified by the fact thate is no unified theory or understanding ohsgort,
particularly electron transport of inter-metalliosetals and semiconductors, and oxides, compasitépolymers.
Typically two different viewpoints are used; trangpby free carriers, or transport by transfer lnduge, for the
latter and former class, respectively.

There is no denying that solving these issues wgrddtly magnify the predictability in material sote, as most
functional materials utilize transport of chargeheat in some way or another.

Multiscale modeling is in addition to solving theoplems above, a necessary tool to investigates thregerials.
It is particularly important when we start to intigate amorphous, heavily distorted materials,rfates etc.,
where standard crystal theory hardly can be used.

For microstructured surfaces and nanofluids, madtes modelling is also essential. For such probtencammon
large scale laws, that are usually considered edipr heat exchange coefficient, are no longerdyaspecially

when the size of fluid channels is below the miiine. On the other hand when looking at the naibfitoperties,
constitutive relations that define the viscous hvéha or the thermal properties need to be recansitl
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Figure 5 — Tuning phonon properties in materi@lsver of Advanced Energy Material (Vol. 2, No. @p8mber 2012). Polyaniline /
MWCNT composite [15]. Phonon scattering mechanigii

Main Milestones and deliverables for this activity

Period 2014-2018 (in DoW 2014)
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MS Title Time
number

M2.1 Sub-programme 2 objectives and contents Year 1
' (2014)
1s'Workshop on materials for energy and tools usedddel them| End of

M2.2 Inventory of the existing tools and identificatiafi the reliable Year 1

techniques. Determination of one (or more) refeeematerial fol (2014)
benchmarking in connection with the EERA JP.

Identification of working groups. Task sharing ondel evaluation Year 2
M2.3 (benchmark cases) and suggested SP applicationslimgdand| (2015)
simulationsactions.

Implementation of 3 pilot projects on the identifiactions, at leastyears 2-
one per Application SP and possibly with other 3®sording| 4
networking actions. (2015-
2017)

M2.4

2@ Workshop, presentation and evaluation of the bolative| End of
M2.5 | works achieved on benchmarks and applications. tipgithe SP2 Year 3
DoW and related action plan. (2017)

Organization of an international summer school adeting issues Year 4

M2.6 on materials and processes for energy (2018)

Achievements:

Title Year

Participation to theEERA Inter-JP cross-fertilization workshop 2015
materials for energy applications and technologi@ussels April
28"-29" 2015

Organization of the Workshop entitledbdeling on materials for2015
energy devicésUniversity College London, June %72015

Participation to the EoCoE Workshop on HPC for Energ2017
Applications[4]”, Brussels June 15 2017

Co-organization of the joint AMPEA-EoCoE workshoptided: | 2018
“Accelerating the energy transition: challenges iatenials desigr
enabled by recent advancements in high performaooaputing
[3]”, Brussels June'7 2018.

Organization of a roundtable.

The efforts here are in close association withehasother EERA JPs. Several discussions have helenwith

JP on Nuclear materials (Professor James MarrdpnJEnergy storage (Professor Peter Hall), anfdrde0,

capture and storage (the UIK partner - UK @pture network). Such interactions will leaddimt workshops
and project applications in the near future.

One successful example has been the award of atrgnt under FP7 on Multiscale Simulation Platfdor
CO2 capture in Chemical Looping Processes. Thésliby one of the AMPEA partners, SINTEF, in cotiedition
with AMPEA members and those outside the consortiGuch an example offers worked experience for
consortium proposals in the future, particularlglenthe Horizon 2020 programmes.
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Advanced experimental characterization and anatfysisonsidered absolutely essential for signifieaivancing
of materials and processes for energy applicatibeselopment of today and tomorrow’s key experiraént
techniques is complex, requires multidisciplinakils, is costly and takes long time. Consorted#ff involving
teams of technique experts, material scientistseanyineers are thus required and a joint Europeagram is
considered an optimal route towards this goal.H&urhore synergetic use of multiple techniques mast cases
beneficial which underpin the need for joint Eurap@ctions even more.

SP3 establishes a characterization platform foother sub-programs. As AMPEA deals with new, ssiitated
materials in inorganic and organic fields with saohthem are applied under extreme conditions stghisticated
characterization techniques and strategies aressace Therefore a network of facilities with scytiviated
instrumentation is established in this sub-progr&mm addition the joint actions of the platforntluide the
improvement and development of techniques and umsntation in the areas of situ and operando
characterization in the time scale and nanometlugon in 2D and 3D at a wide range of tempegrxtiand
pressures.

The main objective of SP3 is twofold:

I)  tocreate a forum which can help the experimengaggs to be world leading in developing the bestsible
new advanced characterization techniques for thentsiic problems in mind. This will include meegjs and
workshops focusing on technique aspects, platféomsxchange of analysis and imaging software,dedicated
meetings between technique experts and scientigténvthe other subprograms to quantify optimalht@que
parameterse.g.spatial and time resolutions, penetration dep#raperatures etc.

II) to provide one entry point to the suite of advanestiniques and thus help the users to get an ievenf
experimented possibilities. This will be addresisethe future via a dedicated web page.

This subprogram represents a European added vathe Bense that it is expected to lead to:

- Synergy in developments of advanced experimeatdiniques with special attentionitositu andoperando
techniques,

- Further use of multiple complementary techniques,

- Establishment/consolidation of European netwdokgechnique developments,

- Cross fertilisation between technique expertsraaterials scientist,

- Time and money savings.

Clean and sustainable energy is one of the majalleciyes that European society has to face in timaing
decades. The AMPEA EERA Joint Programme covers saintke most innovative elements to approach this
challenge. It includes the immensely promisingdfief artificial photosynthesis, wherein chemicalpred fuels,
such as methanol and hydrogen, are synthesizedtgitgsing the energy originating from the sun. Bubst
innovative also means highly challenging. Materfalsextreme conditions, and responsive nanostrastéor
direct conversion by photocatalysis are only twaregles that demonstrate both aspects, and it ismiptthe
challenge to invent something but also the necgessitlevelop these materials and systems in otusrthey
become marketable. Multilayered systems encountémeé.g. gas separation membranes, fuel cells and
electrolysis technologies bring new challenges &tednine and tailor contribution of interfaces teeit
functionality. These interfaces could be solidi$plsolid/liquid or even solid/gas and demand a detap
understanding of physical and chemical processedviad. In addition the structure/function relastip is not
only important for materials development (matertafsdesign) but it demands analytical tools whiohld gain

the relevant information on all length (nano to mcand time scales (seconds to years). Typicalgrgy
generation systems have life time between 20-5@sy&2n this time scale degradation processes eslyefur
energy generation in harsh environments (e.g. teigiperatures or corrosive gas) play an importdat Materials
development for such conditions need the help fef ime predictions by simulation but also a cortwle
understanding of the degradation processes involiedrefore accelerated aging testing methods egded to
support materials optimization and modeling of ssg$tems.

The challenges regarding characterization in tle@lmentioned topics are manifold and depend styangthe

energy generation techniques. Therefore analytixds are needed, which deliver a complete undedstg of

the physical and chemical processes involved irerizds/interfaces systems close to operation cimmdgit In

conclusion there is a demand for in-situ, operaegperimentation and testing, on all length- andetoales
relevant for understanding the mechanisms as wél@processes associated with energy generatidrs{orage)
in real operating conditions during device life ém

Materials used for devices in energy generationdirett conversion by e.g. electrocatalysis, phatalysis or

photoelectrochemistry have to deal with chemicakctiens occurring on the nanoscale at ambient presa
different gas atmospheres and a wide range of teaiypes (room temperature up to 1000°C and mdreprder
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to optimize these materials a complete understgndfnall involved processes at the molecular lawethe
timeframe of individual chemical conversions isuiegd. This includes transport mechanisms in buditemals
(e.g. grain boundary segregation) as well as atfates (e.g. gas adsorption at and gas diffusisuifaces),
which is also relevant for advanced functional mate for electrochemical based technologies. Tdai®
nature’s success in photosynthesis, we need tblee@design responsive matrices: componentsatfeadut of
equilibrium in a controlled manner and use a cortdam of classical and quantum coherence for piogidast
and efficient channels to thermodynamic irreveligibin photocatalysis.

Therefore when developing materials for energy iappibns we needn-situ and operandocharacterization
techniques to understand the processes involvpglysdata for modeling and support the supply cfi@mm basic
understanding to market.

Presently lots of focus is on developing tools3bx, in-situ/operando characterizations of mateaad complete
devices as well as on imaging techniques for naense. In addition methods, which allow to detemnthe

structure/function relationship on a very locallscgain more attention. This is due to the faat thany critical
processes are governed not by the average belmxiby “the weakest link”. Examples of the lattez formation
and development of cracks as well as interfacelpnod in e.g. batteries or fuel cells. Natural systeare the
product of historical contingency in the biologieafolution and exploit well-defined chemical pargel®induced
by folding and self-assembly of nanostructured mualer complexes, on a scale of 1-100 nm. Underpoof

the design of such dynamic materials with compleergy landscapes for artificial photosynthesis @pfibns

will require 3D volume reconstruction methods basadcomputational integration of diffraction, spestopy
and imaging data across length scales, and withAsigistrom resolution in essential details.

The idea of this sub-programme (SP) ‘@haracterization” is to create a European platform to benefit of
technique development and scientific use of theanded experimental techniques available in thenpest
laboratories and facilities. It will supplement ethlarge scale European initiatives, as it will tzdm more
experimental techniques. The focus is on synergsticof multiple techniques and will be driven by specific
scientific needs in the other sub-programmes. Glosedination between activities in the variousiatives shall
however, be assured.

The scope of the SP is broad as the applicatianbraad and involves different subfields:
development of entirely new (designed) materials

behavior of materials under extreme conditions

molecularly designed systems

solid-state components

nature guided designs

nano-/microstructures to design materials propedie device functionality
interfaces to minimize loss contributions that eatly limit device performance

NogkrwpdrE

Numerous breakthroughs lie in the collaboratiorneen the subfields. In another dimension the deveent
will be driven by understanding.

In some cases experiments may document behavigesdiffierent from model predictions. Examples luktare
in-situ non-destructive 3D experiments, which heaeealed phenomena which could never have beelcprdd
based on traditional 2D static characterizatiortstherefore not by the theoretical models develdgesd on the
2D data. The new experimental observations inddiie stimulate new generations of models. Espgémlbging
and for complex process understanding like for gdarm solar energy conversion to solar fuels ther need
for structural, chemical and physical informatioithahigh lateral resolutiom-situ andoperando

A network of advanced characterization platformdickted to studying materials and processes forggneill
be needed to support this work for thesituandoperandocharacterization by methods from laboratory scak a
large scale instrument facilities.{). synchrotron and neutron reactor facilities). Thierdefinitely a need for a
European initiative to support the research on sachplex topics.

Finally this also fits into the framework of joidevelopment of new approaches on the EMIRI roadamajpwill
therefore support the European approach. It is ivedigreement with other European approaches afjuarge
scale infrastructures, here ESFRI, where a clogbaration is necessary. The platforms develop#dfcourse
support many other EU programs in more conventiapptoaches to solve the energy challenge of thepean
society.

DoW version 2018/10/12 37



We propose a joint use of available specific charazation techniques as well as the developmeniedfcated
experimental characterization techniques definethbyapplication platforms, in improved as welhasv energy
systems and materials. This subprogram will be ldgeel in synergy with the other subprograms. Thisusd
cover the whole experimental range including beaesliand instruments at international large scaliétfes, as
well as auxiliary equipment for example test of Gfie systems on existing instruments, advancedtela
microscopy, and techniques for measurements ofigddysroperties and chemical conversions underdleyant
conditions. One Focus will be on developing advdrnoels for3D, in-situandoperandomeasurements as well
as tools for mapping/imaging the structure or prdge on the relevanime and locakcales.

Another focus will also be osynergeticuse of multiple techniques to provide complementégws of a single
structure, process or component in special or msiis within the European Science community. Titaré of
characterization is proposed to be one where ngtindividual techniques are pushed to their lintitg where
the community devises strategies of technique gynter address complex multiscale problems in malteand
systems, covering length scales from the dimensidr&goms to macroscopic engineering componentsfand
time scales ranging from sub-picoseconds to haurisoayond.

The present activity will support analytical instrentations, which are non-common (and mostly not
commercially available) and of general importararenhany institutes either as they are only ava@abfew sites
or are part of large scale facilities.

The work program of the AMPEA-EERA sub-programméCharacterization” lists available technologies,
which are already in use for the joint work as wasltechnologies currently under development/coostn.
Finally a top down process from challenges to rtiless shows the next steps. At the end there aidook of
future demands for supporting the other programSMPEA-EERA.

Existing advanced techniques will be made availtdbtbe JP and synergetic use will be discussedamilitated
for the various scientific challenges. So far thaikable techniques include:

Technique Description Keywords

3DXRD ESRF, SLS, Fast structural characterization of materials in 3D In-situ /
CELLS Good for in-situ measurements of structural chaimyes in-operando (small
(ALBA the bulk of relatively large samples during expestar  systems)
Synchrotron external stimuli such as strain and temperatureti&p 3D
resolution in p m range Local measurements
In-situ SANS and LLB, ILL, In situ and behavior study of water management@h In-situ behavior
SAXS ESRF, SLS, cells by small- angle neutron and X-ray scattering

Time resolved

HZB SINQ
Spatially resolved

In-situ XRD, SINTEF XRD equipped with a PIXcel3D detector. In-situ/operando XRD
SAXS Measurements in both reflection and transmission

mode.

A hybrid monochromator can be used for SAXS. A

XRK 900 reactor cell from Anton Paar for in situ

measurements. In-situ measurements can be perfori

in various gas flows, steam or vacuum at 20- 900° C

and pressures up to 10 bar.
In-situ neutron ILL, SINQ, In-situ determination of Li or H2 diffusion in sdli In-situ
diffraction TUD materials such as insertion electrode or metalitigdr
In-situ NDP TUD Neutron Depth Profile for in-situ determinationlof In-situ / operando

profile in operating batteries
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In-situ thermochemical SINTE

In-situ and near in-situ thermochemical treatmént o

XPS F, surfaces (-150 °C to +600 °C in UHV conditions, +2&
SLS, °C to 1000°C at 1bar inert, oxidizing or reducing
CELL atmospheres) during or prior to analysis with x-ray
S photoelectron spectroscopy
(ALB
A
Synchrotron
, CSIC
In-situ X-ray SLS/ Element-specific electronic and geometric structure
absorption and ESRF, determination of functioning materials; solid, lidsi,
emission CELL gases, pressure up to 100 bar; temperature up to
spectroscopy S 1000°C. Time-resolution in 100 msec range. Space-
(ALB resolution in pm range.
A
Synchrotron
, CSIC
3D XRF/ SLS 3D chemical speciation and sample density
tomography
AP-XPS FzJ temperature up to 900 °C with corrosive gases under
oxidative conditions - monitoring of chemical
conversions on surfaces
TR-AP-XPS FzJ temperatures up to 1200°C in various gaseous

High resolution X-ray ENEA
Computed Tomography

(€T

IBA DIFFER
Micro-IBA Saclay
INA TUD
ToF-SIMS SINTEF

Helium lon Microscope ENEA
(HIM) Orion Plus Zeiss

In-situ TEM DTU
3DTEM CEA-
PFNC
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environments with 1s time resolution

High resolution, high accuracy
Non-destructive testing and failure analysis

IBA techniques yield gquantitative, isotope-sensitiand
depth resolved compositional (stoichiometric) asialyof
materials, up to micrometers deep into the mater
Typical methods: Rutherford Backscattering Specéioyn
(RBS), Elastic Recoil Detection (ERD), Elast
Backscattering Spectrometry (EBS), Particle Induged
ray Emission (PIXE), Particle Induced Gamma-r
Emission (PIGE) and Nuclear Reaction Analysis (NRA

Light element (H, He, Li, C, ...) distribution in sl
materials with isotopic sensitivity

Activation analysis, quantitative distribution irolisl
materials with isotopic sensitivity

Time-of-Flight Secondary lon Mass Spectrometry (Tc
SIMS) (instrument Trift V nano TOF from Physici
Electronics) allows detection of small amounts (dda/ 1
ppm) of any element (including H) or molecule on
surface. The lateral resolution is below 1 pum, lsengical
maps can be made, showing where a certain elennel
molecule is present. The instrument has a buiteioused
lon Beam (FIB) which can cut into the sample swefand
reveal the three-dimensional structure of the nelten
situ heating/cooling.

microstructural and microanalytical

High resolution characterization of TEM foils. Gotaf
in-situ measurements during loading in Hysitromstand
in natural gas flows

Structural characterization of materials in 3D by
transmission electron microscopy used in many dosnai
of materials for energy (Fuel cells, batteries, RPY,

(near) in-situ, XPS,
surface/interface
chemistry

In-situ, time- and
space-resolved,;
XAS, XES;
combined methods

In-situ characterization of
chemical reactions at
ambient conditions

In-situ study of catalytic
processes

Internal structure
Geometrical information
Failure analysis

quantitative and qualitati
material analysi
stoichiometry of comple
oxides, thickess an
interface characterization

IBA keywords + operanc
analysis, isotopic tracers

High sensitivity, ppm lew:

surface  analysis, B-

information

high resolution
characterization
In-situ
Local
measurements

3D
TEM
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HREM HZB High resolution analytical TEM with < 0.8 Angstrom Localmeasurements
resolution, equipped with advanced EDX system dkasge
energy loss detection system

HREM, in-situ thermal  SINTEF 0.2 eV energy resolution in EELS (at 200 kV) Local
and electrothermal *Aligned for 60, 200, and 300 kV accelerating vgéa measurements,
analysis at ambient 0.8 A spatial resolution in STEM (at 300 kV) atomic resolution
apressure and high *Super-X EDS detector: 0.7 srad collection angle. structural and
temperatures Windowless design allows superior light elemenedeébdn chemical resolution,
*High brightness XFEG in situ
2.0 A spatial resolution in TEM (at 300 kV) thermochemical

Protochips Fusion 500 Double tilt holder with MENd&sed analysis, ambient
E-chips for insitu thermal and electrothermal TEM analy pressure

Heating up to 1200 °C

Protochips Atmosphere gas cell system: allows bjgtial

resolution S/TEM imaging, EELS and EDS at ambient

pressure and high temperature. Supplies experigas®s a

pressures up to 1 atm, temperature between room

temperature and 1000 °C at any pressure withinatipgr

range
Probe and image SINTEF Cold field emission gun with energy spread of <é\/3 Local measurements,
corrected HREM Fully aligned at 80 and 200 kV atomic resolution

Cs-probe corrector (Resolution in HAADF < 1A)
Cs-image corrector (Resolution in HRTEM < 1 A)
Holders: single tilt holders, single tilt reinforbedouble
tilt holders (+- 30 degrees), double tilt reinfaiceold
stage holder, heating holder, enviromental cetiffer
holder, tomography holders and a rotation holder.

HR FEG-SEM SINTEF STEM FEI Nova NanoSEM 650, with large sample Versatile SEM, high
chamber (up to 15 cm in length), high throughpuSED  throughput EDS, in-situ
EBSD analysis, in-situ tensile testing. mechanical testing.

3D EBSP HZB 3 D tomography based on EBSD and (new 3 D EDX 3D, localmeasurements

analysis system) based on Auriga Zeiss FIB equipmen
Gold based sputtering source for Auriga FIB system
prepare TEM samples based on Li- lon storage dgwise
well as Al- based alloys

Ultra-high- resolution FZJ structural and chemical characterization Resolution to atomic
on the Titan PICO scale
TEM
Titan HOLO TEM FZJ in situ electrical biasing of photovoltaic devices In-situ with high
resolution
Titan ChemiSTEM TEM Equipped with a four-quadrant EDX detector Chemical
information
3D Laser flash at High LEMTA, 3D Laser Flash method Thermal diffusivity
Temperature (H.T.) Nancy thermal characterization of solids from 300K ud890K. Thermal conductivity

Specific heat values
Thermal diffusivity measurement of anisotropic mate High temperature Inverse

CNR in its 3 directions. technique Infrared
ICMATE Iverse technique and a 3D theoretical model Helsedlby Camera
Padova CO, laser beam (130 Watts). The temperature 1

recorded through a fast FPA cooled Broad-Band leét:
camera with a very high sensitivity (InSb 1.5umgbrh).

ENEA Thermal diffusivity measurement up to 1600°C
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uUscC
Autoclaves

Pressurised LN
characterization 64-
124K

Ultra high
magnetic field
transport
characterization
facilities “CryoB-
Impulse”

3D Volume
reconstruction

Photochemistry
analysis platform

Liquid and solid-state
NMR

WLI

Micro Material
Tester (UMT-2)

VTT,
Espoo

University of
Cambridge

University of
Cambridge

LeidenNECEN
uUNMR

LeidenNECEN
uUNMR

SINTEF

SINTEF

CNR
ICMATE
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Autoclave for USC conditions up to 695°C/420 bad &r Corrosion, creep

doped steam environments up to 400°C/150 bar

® Computerized water chemistry control with high
temperature pH, conductivity, corrosion and redox
potential monitoring

® Novel high accuracy bellows e.qg. for fatigue anebpr
fatigue crack growth testing in demanding simulaied
actual service environment

Impression creep testing facilities for determioatof
local creep properties, such as heat affected Zanes
welded joints

Electrochemical corrosion monitoring and surface
characterization, e.g. EI/CEI/CDE measurementfor
situ characterization of surface films at high ptes
and temperature

High temperature probes for continuous boiler fogli
heat balance and electrochemical corrosion mongori

Electric transport measurements in magnetic fieléjuid
nitrogen in the range of temperatures 64K-124K

* Cryosorption
* |-B characterization axtremecryogenic conditions

Electric transport measurements at 32Tesla usingid
pulsing facilities. Pulsed transport current 1kA.

* Materials ehavioursation,
* Magnetisation,
* Transport properties at low temperatures

Computational integration of MAS NMR and TEM wi
modeling from sub-Angstrom to the mesoscale le
characterization of fast channels to thermodyne
irreversibility in photocatalysis

Computational integration of optical spectroscc
magnetic resonance, Mossbauer and other spectios
methods for determining optimal mechanisms
chemical energy conversion

Instrument for liquid samples (9,4 Tesla magne®, Mikz)
Instrument for solid samples (11,7 Tesla magnéi,\biz)
Most NMR active nuclei can be studied

Possibilities for variable temperature experimgi@@K —
623K)

A gas flow probe can be used to study gas-solidticzs
up to about 623 K at 1 atm pressure.

Performances vertical axis: Scanning range:>7300
pm(PSI-mode:130nm). Resolution: 10 nm (PSIl-mode
0,5nm). Scanning speed:~ 5s for 50 um scannindndef
Performances lateral dimensions: Measurement area
from 62 pm x 46 um to 4.5 mm x 3.4 mm depending ¢
magnification. Resolution: Down to ~0,5 pm (near
optical limit resolution). Pixels / image: 640 &%
pixels. Maximum sample size: 700 mm (or more) x 30
mm x 100mm (X-y-z). Maximum coverage: 200 mm X
200 mm. Sample weight: <30kg. Reflectance >2%,

Reciprocative Tests (ASTMG133)
Rotary Tests (ASTMG99)
Tribocorrosion Tests (ASTMG119)
Scratch Test under constant or
(UNIEN1071-3)

progressive

Pressurized Liquid
nitrogen , Cryogenics

High magnetic field,
cryogenics, high

current, Pulse magnetic

field

Characterization of
responsive matrices

Characterization of
responsive matrices

In-situ solid & liquid
state NMR

Surface topography

Wear, Scratch,
Tribocorrosion
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Impedance CNR Electrical characterizations of ionic conductivetenils Electrical

Spectroscopy ICMATE (up to 1100°C) characterization
Thermoelectric CNR Simultaneous determination of thermal conductidtid Thermal conductivity
characterization ICMATE electric properties (conductivity, thermoelectrimwer or Electric properties

Seebeck coefficient) up to 800°C

4-wire technique CNR Measurement of contact resistance and dielectristaat Contact resistance
ICMATE Dielectric constant

Van-der-Pauw

technique

Thin Film Analyzer ENEA Electrical, thermal, and thermoelectrical charazé¢ion Thin films

(TFA) (-170°C up to 300°C) Sheet resistance

Thermal conductivity, electrical resistivity, H: Seebeck coefficient
coefficient, Seebeck coefficient, power fact Hall coefficient
thermoelectric figure of merit, Van-der-Pauw method Thermoelectrical
3w in-plane and cross-plane characterization characterization

A series of new techniques will be developed in tigar future by various partners in this JP. Moespv
instrumentation to enable in-situ and in-operarttiracterization, such as under (extreme) pressureantrolled
temperature will be developed and made availaldeeldn expert forum will contribute with technidé&cussions
advices and exchange of expertise and dedicatetingedetween technique experts and scientistsinitie
other sub-programmes shall facilitate quantifioatid optimal techniques parameters. The techniguesently
in preparation are:

EMIL (HZB):
This set-up will be a dedicated analysis systensédar energy materials and catalysts involving beamlines
at the BESSY Il synchrotron facility in Berlin, Geany. A cluster tool for the deposition of thimfilsolar cell
materials and the preparation of catalysts wiltbmbined with state-of-the-art X-ray and electrpactrometers
in a single UHV- environment. The unique featuretto set-up will be the availability of brilliarK-ray x-
radiation from 60 eV to 10 keV, allowing depth-degent PES measurements in an unprecedented ea@qg. r
Furthermore, the in-system preparation will allaepsby-step deposition and analysis of thin filnvides and
their components without contamination by air. Baene set-up will also be used forsitu, high pressure PES
on catalytic surfaces, allowing the monitoring dfemical reactions at surfaces under realistic dipera
conditions.
The EMIL laboratory was opened in October 2016 vdtltore instrumentation for thin film depositiondan
laboratory X-ray sources for photoelectron specwpy. These facilities have been usede extenssiebe then,
with continuous addition of instrumentation. Thed8&indulator for soft X-rays delivered the firgttt in October
2017 while the hard X-ray CPMU17 undulator, whishai specially developed in-vacuo, liquid nitrogenled
insertion device, was installed in summer 2018stHight is expected early in 2019 and first “friiyn users” at
the end of 2019.

Photoacoustic device (CNR ICEMATE)
For a more precise determination of the thermdusiifity of liquids, a photoacoustic device hastbeéesigned
and realized. This system allows measurements @p foC and turns out to be more sensitive comptreaore
traditional techniques. In fact, the measure ofttleemal diffusivity is not related to the absoluteasurement of
the thickness of the liquid, but depends on itsaimn during the measurement. The detector is@gattoustic
chamber to which a high-sensitivity microphoneasmected. The device is operative (2018).

XPS spectrometer coupled with (near)- in-situ thirfilm deposition (SINTEF, Norway):
Near in-situ deposition of thin films via sputtegiand evaporation techniques will enable the stfdhemistry,
composition and electronic structure as well agtoath mechanism of thin films and the formatidrinterfaces
via X-ray photoelectron spectroscopy without sampdetting in contact with ambient (vacuum/contrblle
atmospheres). The deposition apparatuses will heexied to a ThetaProbe XPS instrument capablesai@ilel
angle resolved analysis (depth resolution of ~ 1i3erjes elemental and chemical state imagingiépasolution
~3um3 ~um). The technique is designed for in-gjs-solid liquid/solid interaction, nanoscaland is
expected to be operative by 2020. Mietoray synchrotron analysis up to 800 to 900 fd eesolution
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of < 50 nm and of high resolution localized in stetess analysis of high temperature materialscantposites.

Probe corrected TEM/STEM (SINTEF/NTNU):
“Built in” correction for the spherical aberration§the condenser system allowing for sub- Angstresolution
in scanning mode (atomic resolution in crystallinaterials), has become operative in part.

Remote Scanning Electron Microscopy (SEM)
A remote control system for SEM through internetvailable at ENEA Casaccia laboratory. A SEM ZEES8
MA 15 equipped with EDS microanalysis can operathigh vacuum and in variable pressure operatiausésl.
Collaborations and training are easily possibl&\liyB-SEM.

HEMCP (Helmholtz society):
The Helmholtz Energy Materials CharacterizatiortBtan (HEMCP) is designed as an infrastructurefptat
for 4D information (space and time) on structusdéctrical and chemical properties under prepanadiod
operating conditions (in-situ / operando) of matksrielated to energy research. HEMCP will focusnaiterials
characterization, exploring the following issues:
In-situ characterization of chemical and electropioperties of thin films, surfaces and
interfaces
Structural characterization and multiscale simalatf functional nanostructured materials for
energy applications
Characterization of materials for extreme thernmal mechanical loading conditions
Development and utilization of sophistically comdiinand in situ-characterization methods
during materials processing and operation.

Grand Challenges:
Grand challenges were identified about four yegrs parts of them were in the core of some AMPE#oas
and lead to specific events such as workshop aditated Joint Program Steering Committee (JPSC).

Year Challenge
2020 In-situ, operando characterization of materials iadd/idual molecules
2025 In-situ, operando characterization of systems aices
2025 In-situ, operando accelerated testing of matergidsijces and systems
2030 new products entering the market, support for itrgiia real world challenges

In order to pursue the achievement of these clgdlenit is necessary to differentiate the reseactivities and
also to continue encouraging cross-fertilizatioards to share ideas, methods and tools.
Achievements with regard to the Grand Challengedistetd below.

Achievements:

Title Year

Talk on HEMCP on the'SAMPEA JPSC with scientific session 2014
FZ Jiilich, Workshop “Materials for Energy Devicés |

Organization of one session dedicated to advaniathcterization techniquesp()1 5
on the? AMPEA JPSC with scientific session
UCL, Workshop “Modelling of materials for Energy dees

Organization of the “Materials” session on the EE@énference, Birminghan 2016
UK

Co-Organization of the scientific session on thd" ¥8MPEA JPSC with 2018
scientific session; HZB Bessy Il “Synchrotron Raidia and Neutron Scattering
for Energy Materials”
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Discussions during the above mentioned workshopscanference still show the importance to go fatafle
in-situ or even betteoperandoanalytical techniques.

Development of such tools is a cost- and time-conisg task. Therefore SP3 would provide a forum for
discussion in tool development, drawbacks and netsoone with respect tim-situ / operandaharacterization.
On the other hand the needs of material scientist foe identified and addressed by the experimeptahtist.
Cross fertilisation workshops, which were alreadyamized in the past, will be organized in the feturhese
workshops could either be material or analyticavelr or even both. A combination with JPSC meetiags
favourable.

AMPEA-EERA joint program consists of sub-programmesth a stronger application focus and
subprogrammes with a strong of focus on methokis,3iP3 with its focus on characterization. Therfate
description is given in the table below. In-sitidasperando characterization with a focus on higoltgion
materials and time and temperature variation isrg&d for the work of the application driven sutpgrammes.

The provided characterization tools support alwatysast two mainly all other application sub-pagmes as
given by the table:

Sub- X-Ray/ EM NMR/MRI High Temp, | Low Temp. Special
programme Neutrons Charact. electromag. (lons,
Nuclear)
A X X X X X
B X X X X X
C X X X X
Other X X X X X X
emerging
fields

A: Artifical Photosynthesis, B: Materials for Exine Conditions, C: Advanced Materials for Heat
Exploitation and Energy Conversion

In management the coordination of the joint subgponmes and the programme is performed by a sefries
workshops and by routinely meetings, and video- asléphone conferences, respectively. The joint
understanding which has been formed during mangrpersonal exchange during recent years will be
transferred to a webpage for additional colleaguihin the European Scientific community to entbe t
process, the establishment of an expert forumgoudis the development of new technologies, theisiple
synergies and make the joint knowledge availabtetfie scientific community. Joint characterizatioh
materials bringing together the knowledge of tharabterization expert on one hand and the applica&kpert

on the other hand are the next step in the process.
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1. Mission Innovation: http://mission-innovation.net

2. EMIRI: Energy Materials Industrial Research Initratwww.emiri.eu

3. ESFRI: European Strategy Forum on Research Infieisires,
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Abstract sub-programme A "Artificial Photosynthesis”

The generation of fuels from sunlight and wateoissidered as a task of paramount importance
for a sustainable energy supply in the future. Deoosition of water by a photoelectrochemical
process is a possibility to store solar energpimfof hydrogen on a large scale. Alternatively,
the electrons and protons recovered from watebearsed for C@reduction and hydrocarbon
production. In both cases the catalysts for theation and reduction half-reactions have to be
developed and the two processes combined in ebtidiavice.

For adirect photochemical energy conversiontwo main approaches can be distinguished.
Molecular approachesusing a plethora of catalysts for oxidation arglion interfaced with
different chromophores for their activation by hisi light [Ashford CR 2015]. Similarly a
broad range ofhaterials have been developed based on low-bandgap semictonsiand co-
catalysts [1]. For a practical use, these photbdatasystems can be incorporated in a
photoelectrochemical cell (PEC) device rather tharused in homogeneous phase. A third
approach is based on malirect conversion process by combining solar cells with electrolysis
systems. For these systems, different degreestefration can be envisioned and their
advantages and disadvantages discussed [2]. Exafopk highly integrated system are multi-
junction photovoltaic devices with catalyst layBysoxidation and reduction on both surfaces,
frequently addressed as an atrtificial leaf.

Independent of the chosen approach it became ttlabany economically viable solution for
solar fuel production has to meet three essenti@ria: high efficiency, high robustness and
low cost. The latter criterion is sometimes repthdy “scalability” to take into account
elemental abundance, raw material cost, and caqusis [3].

To establish research activities on an Europeasl feem basic aspects to working devices, a
Description of Work and Roadmap on this topic witthhe AMPEA EERA Joint Programme
addressing molecular, inorganic and hybrid appreach formulated.

1. Introduction

Technologies leading to efficient conversion anaragie of sunlight energy into chemical
energy open the unique possibility of providingeagwable and sustainable energy supply in
Europe based on the nearly infinite radiation epesfythe sun. While the availability of
renewable energy sources is highly fluctuating petheling on the presence of sunlight or wind
— this converted energy can be used as a powecesdor all kind of applications with no
constraints in time. For this purpose, it is erongd, in the framework of an AMPEA
application [4], to develop a device which is aleplit water into hydrogen and oxygen when
illuminated by sunlight. Such a device should nfran economic and environmental point of
view - consist of cheap, abundant and non-toximel#s featuring a Solar-to-Hydrogen (STH)
efficiency > 10% and achieve a price of ~3-5 €/kg BIOE and EU target, resp.) Fuels, which
are necessary to provide mobility, can be obtagigter by replacing the proton reduction by
CO, reduction catalysis or by converting the hydrogesrvested from sunlight into
hydrocarbons in a second step.
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Among biomimetic approaches using inorganic systieore possible solution is the
conversion of sunlight into chemical energy via foimc excitation of a photovoltaic thin film,
directly combined with corrosion-stable layers tdoérocatalysts at its front and back surface
allowing water electrolysis at the electrode-elglgte-interfaces. To increase the catalytic
activity of these surfaces microstructured matsimbf special interest. Generated hydrogen can
be stored as compressed gas, liquidddin form of a metal hydride. Alternatively, G@duction
and hydrocarbon production can be achieved on #tieode side of the device utilizing the
electrons and protons recovered from water oxidatio the anode side. In both cases, noble
metal-free catalysts are needed to develop elextrddr a mass market with respect to
oxidation/reduction of water and reduction of £ €spectively.

2. Previous work and present status

The effect of photoelectrochemical water splittings initially described by Fujishima and
Honda in 1972 investigating a Ti@ingle crystal electrode [5]. In the following @eles, re-
searchers especially from the United States of Agaexere the first to demonstrate a Solar-
To-Hydrogen (STH) efficiency > 10% [6].

However, this device, described by Khaselev andhdiuin 1998, based on a p-nGaAs/p-GalnP
tandem solar cell, failed to meet both the stabditd scalability requirements [6]. In the same
year, a more economical solution was presented dwh&eau et al. using a triple junction
amorphous Si-based solar cell demonstrating a Sfitiemcy of 7.8% [7]. Since then, different
systems have been reported which addressed thesegcin particular proposing catalysts with
earth-abundant metals [8].

Reece, Nocerat al.[9] presented a water splitting device using agairamorphous silicon-
based triple junction solar cell, but depositecaateel foil whereas front and back contact of the
membrane were covered by cheap catalysts (amorpBoGs and a NiMoZn alloy) and the
artificial leaf was totally immersed in an elecyia of pH 7. Recently, Abdit al. developed a
water oxidizing device combining a silicon tandestascell with a photoelectrochemically active
BiVO4 layer harvesting an STH efficiency of nearly 5%][(see also Fig. 2). Later this value
was improved to 7.7% using a combination 0@ BiVO4 and silicon [11]. An extensive
overview of stand-alone water splitting systems vegorted in 2015 by Aget al.[12]. Despite
good progress, however, such integrated systerfes swe still facing scalability and especially
durability issues [13].

Parallel to these attempts to design integrategctlivater splitting devices, exclusively driven
by sunlight, water electrolysis has also been itigated by combining a conventional alkaline
electrolyser with traditional photovoltaic arrays power supply. However in the case of a
coupled system using individual components, sepdratands, frames, wiring and electronic
control are necessary while a photoelectrochensigsiem has a simple design and should be
adaptive to bright sunlight as well as applicabieler diffuse and even fast changing light
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conditions without degradation of the electrodesother important advantage of PEC systems
is thermal management; in a PV-driven electrolggstem the PV panel heats up and decreases
the overall efficiency of the system, whereas PEEC system the heat automatically transported
to the solid/liquid interface where it is used thance the electrochemical reaction rates [14]. A
2013 study of the US Department of Energy and s¢Welow-up studies suggest that PEC-
based solutions could produce hydrogen at lowdsdhan coupled PV-electrolysis systems and
may have more favourable net energy balances uhederght conditions [15].

A study of the US Department of Energy claims ftifed solution could produce hydrogen at
lower costs than the coupled system.

Besides these material-based approaches the adgsigplecular catalysts and sensitizer-catalyst
ensembles to perform the light-driven multi-elentrcatalytic transformation using water as
electron and proton source, which is a major theméhe agenda of chemists. This research is
on a more fundamental level, often inspired by shrecture and function of highly efficient
natural enzymes [16]. The advantage of a molecapgroach to photocatalyst design is the
possibility of virtually unlimited rational variain of the molecules synthesized [17]. Advanced
techniques for functional characterization allowidentify performance-limiting features and
reaction pathways and provide information necedsargptimization of the systems in a rational,
iterative process. Photoelectrochemical cells basedanolecular components interfaced with
semiconducting electrode surfaces have been rehaften realized as variants of Gratzel’s sye-
sensitized solar cells [18]. Possibly the intriaflic lower stability of molecular systems
compared to solid-state devices makes this appresshpromising for large-scale solar energy
conversion. However, such systems give precioughhanto the mechanism of catalyst
activation and catalytic reaction mechanisms, paly of great importance for the other
systems. It cannot be excluded that hybrid systemsibining the best of both worlds, will
emerge as a promising option.

3 Research strategies and international activities

The development of a water splitting membrane wHosetion is similar to the role of the
thylakoid membrane of the photosynthetic apparatugeen algae and plants is motivated by
the awareness that hydrogen will play a key rolea isustainable energy economy because
hydrogen produced from water and renewable eneargrces will — as a low carbon technology
- not contribute to a C{accelerated climate change. From an economy stasuggic — point of
view, mass production of hydrogen from water vaiver the dependency of Europe from foreign
fossil oil and gas deposits.

Since 2007, the European Parliament acknowledged situation in enacted directives,
describing it as a comprehensive, eco-friendly bgdn economy [19]. In the framework of the
European Research and Innovation programme HORI2Q20, the topic hydrogen and fuel
cells therefore became one of five Joint Technologatives.

On the basis of orientation documents authored dijomal and international experts, the
American Department of Energy (DOE) started fundih@ series of so-called Energy Frontier
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Research Centers of which several have large kaby activities. The DOE also created Energy
Innovation Hubs in 2010. Among them, the Joint €efdr Artificial Photosynthesis (JCAP),
which has been established at two locations, thiéo@aa Institute of Technology (CALTECH)
and the Lawrence Berkeley National Laboratory (LBNh California, is the world’s largest
research programme in Artificial Photosynthesis. Barope, the Swedish Consortium for
Artificial Photosynthesis (CAP) was set in 1994 aadsince 2005 concentrated at Uppsala
University as the largest initiative in Europe. @tlieuropean initiatives in the field of artificial
photosynthesis have been launched in Great BriaatarCAP), Italy, Germany (a new Solar
Fuels programme has been started at the Helmheltr€in Berlin), Switzerland (EPFL) and
The Netherlands (BioSolarCells consortium). Elsawha the world, in Japan (OCARINA),
Korea (KCAP), China and Australia, ambitious pragnaes have been initiated. This burgeoning
activity reflects that the solar driven conversiohabundant resources (e.g. £ @ater) to
chemical fuels is one of very few truly sustaingtd¢hways that combine solar energy production
and its long-term storage with compatibility withetcurrent energy infrastructure. Since many
fundamental and technological hurdles still neede@vercome, the development of ‘solar fuel’
pathways is an urgent matter if it is to contribute the envisioned sustainable energy
infrastructure for the 9—10 billion people antidigéto be living on the planet by the year 2050.

The proposed AMPEA initiative fits seamlessly wilie goals of the International Energy
Agency (IAE) Hydrogen Implementing Agreement (HIAllydrogen is the one essential
ingredient for all chemical fuels and the importaraf its sustainable production cannot be
overstated. The IEA-HIA pursues collaborative hy#no research and development and
information exchange among its member countries, onder to accelerate hydrogen
implementation and its widespread utilization fgtimal environmental protection, energy
security and international economic developmentlendstablishing the HIA as a premier global
resource for expertise in hydrogen.

4. Objectives

The aim of the AMPEA sub-program Artificial Photosglyesis is at first to decipher
fundamental mechanisms underlying water splittinth he objective to develop a device
producing hydrogen with high efficiency at low cdst a simplified scheme as shown below
(Figure 1) such a device, immersed in an electeolgbnsists of a light trapping molecule or a
semiconducting layer “P”, performing the transfércbarge from a water oxidizing catalyst
“D”, where oxygen evolution occurs, to a reduciragatyst “A”, which evolves hydrogen or
which, in the presence of GQprotons, and electrons, produces carbohydraigar@=1). In
the planned artificial system, dye molecules wallused as light trapping elements, manganese
or cobalt complexes as oxidizing catalysts, andifoganic molecules, alloys or different
inorganic compounds comprising transition metalshsas Mo, Ni, Fe, Co as hydrogen
evolving catalysts.

Photoelectrochemical (PEC) water splitting usinglesively inorganic materials such as
compound semiconductors as light absorbers andsitian metals and transition metal
chalcogenides as electrocatalysts is an alternatwge. In an inorganic PEC device, a
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photoactive semiconductor is directly immersed iatew where it automatically forms a
semiconductor/liquid junction (SCLJ). With this &pf junction, water splitting is possible even
under weak-light conditions. Moreover, due to tingted flux of solar photons, typical current
densities are about two orders of magnitude lowan tthe ~1 A/crhused for commercial
electrolyzers. This relaxes the demand on thereleltemical stability of the electrocatalysts used
and enables operation close to pH 7. Operation ruadeh neutral conditions is a crucial
advantage because it mitigates corrosion problemisaaoids safety concerns for large-area
applications.

As a mid-term goal, the aim of this program is ¢baversion of light into chemical energy
via photonic excitation of a thin film PV structurghis requires the development of corrosion-
stable layers at the front and back contact ofdééce catalysing water electrolysis at the
related electrode-electrolyte-interfaces (Fig.3hce photovoltages in the range from 1.6 to
1.8 V and high photocurrent densities at U = 1.23aré¢ necessary to obtain high STH
efficiencies new photocathode as well as photoancakerials (e.g. organohalide perovskites
[20] or complex metal oxides [21]) will be exploradd adapted to the needs of a light-driven
water splitting device. In addition, upcoming nehofovoltaic materials and hybrid device
concepts (e.g. hybrid inorganic — biosynthetic syst [22]) have to be kept in mind. Due to
the high overvoltages needed to reduce GQer selective formation of hydrocarbons (e.g.
ethylene, ethanol and aldehydes [23]), which camsieel as feedstock for the chemical industry,
new PV structures and new catalysts have to be ajexe
These targets were discussed in an EERA JP-AMPBAsdiking workshop on Artificial
Photosynthesis, held in Wageningen, The Netherlarfiden June 11 - 12th 2013.
Approximately 40 experts from and outside Eurogeuksed the challenges and presented the
views of the AMPEA EERA Joint Programme (JP) comityum the field of Artificial
Photosynthesis (AP) and production of Solar FU& (n connection with materials, modelling
and advanced characterization issues and in littetihve general philosophy of the AMPEA JP
(see Figure 3). A part of the results have stirbpublished in Green [25].
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Figure

1 Schemes of artificial leaf-type systems for lightduced water splitting using
molecules and complexes.
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Figure 2. Scheme of a water splitting membrane in form dhia film semiconductor device
transporting excited charge carriers to back aadtfcontact after illumination with sunlight. The
charge carriers are used to split water into hyeincgnd oxygen [26].

Figure 3. Structure of AMPEA and associated sub-programrs#%s) with a matrix of tools and
applications corresponding to emerging energy teldgy applications.
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The workshop addressed the bottlenecks and graaltecpes in the field of AP/SF in six
work groups.
As a result of this meeting priority research sdddokus on the design of molecules, advanced
materials and structures as well as processestiicial photosynthesis energy conversion and
production of solar fuels exhibiting

flexibility of solar fuel device designs;

energy transformation and fuel production efficignc
long-term stability;

scalability and affordability.

A roadmap was issued together with the definitiba mumber of challenges, each with defined
milestones and deliverables, which will be listedhe chapter below. Similarly, each AMPEA
pillar designed a number of issues to be addrdssagcuring the roadmap (also listed below).

5. Work programme and roadmap
The work program “Artificial Photosynthesis” hagtaim to develop water splitting devices in
m? scale with STH efficiencies >10% considering thmesgn topics:
PEC inorganic systems,
PEC molecular systems and
hybrid systems.

5.1 Main challenges and roadmap

The main targets are given in Table 1.

Table 1 Goals towards water splitting devices

Year Main targets —
devices towards the artificial leaf

2020- -
2025 -

- ] #
2025- - $
2040 -

- $%

I $% " #

5.2 Materials issues (SP1)

To develop efficient water splitting devices intisaiplinary working research consortia
belonging to AMPEA members have to be formed adiingshe following work packages:

Challenges on materials for direct solar fuels potion are:
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durable catalysts and light absorbing systems basexbundant, non-toxic and cheap
elements,
broadband spectrum light-harvesting systems maae dbundant, cheap and non-toxic
elements for efficient fuel production,
obtaining adequate matching of electron levelstriaces so that voltage losses are
minimized,
immobilization strategies for catalysts and lighsarbing systems,
understanding the parameters underlying contropmifton transfer and vectorial
electron transfer,
catalysts for hydrocarbon production from sunlight© and CQ as feedstock for the
chemical industry

Challenges on processes and devices are:

light-driven devices for hydrogen and hydrocarboodpction as feedstock chemicals
comparing design concepts based on bio-inspirectecutdr and bulk semiconductor
platforms,

scalability of device design and engineering atelvant levels,

light management at a higher level for improvedqrenances

(e.g.integration of solar light concentrators),

development of smart-responsive matrices (adaptéaetworking environment) and
relevant characterization techniques for improviidiencies and lifetimes.

Milestones and deliverables are summarized in Table

Table 2. Main milestones and deliverables concerning matesues

Milestone Targets Years
number
MA.1 selection of suited material systems 1-3
(absorber systems and catalysts)
MA.2 selection of suited bio-inspired molecular and bulk3-5
semiconductor platforms
MA.3 realization of water splitting and CO2 reducingides | 10-20
with an efficiency oh" # > 10% in M scale

5.3 Modelling issues (SP2)

All along the current program, modelling will beetied to accelerate and guide a rational
device design, based on insight and understandittgedundamental processses rather than a
pure trial-and-error approach.

Challenges on modelling for direct solar fuels protion are:
atomistic aspects (structure, mechanisms and nuopds rates),
high throughput (rational design) aiding materglathesis,
meso-scale and continuum modelling optimizing namotures,
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bridging time and length scales reaching devicellev

Modelling will focus on multiscale syntheses, siatidns of nanostructures and materials for
hydrogen generation, chemical/photo-electro-chelnuatalysis, and chemical/ electrochemi-
cal energy storage.

Figure 5. Multiscale analysis and modelling.

Fundamental theories to be used are coupled witiniib, molecular dynamics, cellular
automata and finite element simulations for makertesign and discovery, while selected
materials are synthesised by self-assembly, deposiind precipitation methods. Materials
systems to be investigated cover clusters, oxided, functional hybrid systems that show
desirable properties for clean energy applications.

The overall aim is to clarify the nature o,HCO; and HO interactions with various host
structures and surfaces, so as to identify the J@ifsttive H-storage systems, €6orbents,
water splitting catalysts [27]. Considerations gikeen to the influences of structural geometry,
defects, charge and doping of nanostructures frost principles electronic structural
simulations. Stability of nanostructures is evaddafrom the electronic structures and binding
energies, and energy barriers are determined frarNudged Elastic Band method. Well-
tested first principles codes, e.g., WIEN2K and \PA&re used for the studies.

Main milestones and deliverables for this actidtg summarized in Table 3.

Table 3. Milestones “Modelling”
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Milestone Targets Years
number
MA.4 atomistic aspects (reactivity and structure) 3
MA.5 rational design/mesoscopic modelling 5-8
MA.6 Modelling at the device scale 10-20

5.4 Characterization issues

A network of advanced characterization platforms teabe built within AMPEA to study all
aspects of energy conversion. Of particular intea@sl importance ar@-situ andoperando
characterization methods, which allow the relevairicesses to be studied under relevant
(working) conditions. Such techniques have to beeltped in AMPEA laboratories and at
large scale instrument facilities to characterizgenals, processes and systems. An example
of such a facility is the Energy Materials In-Sitaboratory (EMIL) at the Helmholtz-Zentrum
Berlin fur Materialien und Energie GmbH, where dfdolid and solid/liquid interfaces can be
studied under operating conditions with variousferof X-ray spectroscopy.

Figure 6. Scheme to generally illustrate the interactionightl, neutrons, electrons, ions,
magnetic fields etc. with a sample (molecule, sslate device) to obtain data as a function of
time and length scale under in-situ or in-operacmiaditions.

This laboratory can be used for this AMPEA applaato perform materials characterization
and especiallyn-situ characterization of semiconductors and catalyst®operation with two
Max-Planck-Institutions (FHI-Berlin, CEC-Muhlheimnader Ruhr). Other centers and
individual laboratories across Europe will conttdumportant expertise and facilities for a
range of advanced spectroscopic and scatteringotieilsee Figures 6 and 7).
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Figure 6.

Top row: in-situ X-ray FEL experiment: X-ray
absorption on a transition metal complex reveal
ultrafast structural dynamics;

middle row: light-driven oxidation of a water-
oxidation catalyst monitored by EPR;

bottom row: ultra-fast laser experiment; examp-
le from 2D-IR data [28-30].

The activities are part of Sub-Programme 3 of tiERA EERA Joint Programme (see Fig.
3).

For the characterization of molecular photocatalggstems also a wide range of

electrochemical and spectroscopic methods is eragdlol particular time-resolved studies

using synchronization with the help of short ldta&shes allows to follow the fate of the excited

state, determine the rates of charge transferiogacand identify unstable intermediates. The
knowledge on a mechanistic level thereby gaingdassery basis of the attempt to design and
synthesize modified versions in an iterative preggamprovement.
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Challenges for characterization

Characterization of a complex system that is megmoecwith large solid/ liquid and
molecular/solid interfaces that are crucial for @/ function;

Characterization under in-situ and in-operandi carans;

Following the transfer and transport of excitatienergy, electrons, protons and fuel
products on time-scales from femto-seconds to siscamd on length-scales from
Angstréms to centimeters;

Following the different mechanistic steps of catalgycles to identify bottle-necks.

Table 4. Milestones “Characterization”

Milestone Targets Years
number

MA.7 Organization of a characterization platform in AMPE 1-5

MA.8 operandocharacterization tools 1-10
MA.9 Development of large scale facilities for energse@ch 3-10
MA.10 In-situ characterization on an atomic scale 10-30

5. Interface with SP and other JPs of AMPEA / EERA Jont Programs
The AMPEA SPA on Artificial Photosynthesis sharesnmon scientific issues with the
EERA-JPs Energy storage, Fuel Cells and HydrogehAaogies and Photovoltaics in terms
of materials (new non-noble electrocatalysts, ngil@@semiconductors) and processes (rapid
thermal annealing (RTP), plasma laser depositiafPatomic layer deposition (ALD)). Joint
coordination €.g.workshops) and collaborative onesg.joint projects) could be envisioned.
Besides, the massive deployment afdd an energy storage medium and a fuedfgrpublic
transportation will require addressing the issugsgroduction of the fuel in large scale, and its
safe transportation and distribution to the endsusuch aspects could be dealt in collaboration
with the Smart Cities JP. In this later case, coatibn actions with this JP appears to be the
best option at first.
Table 5. Milestones “Interaction”

Milestone | Interaction with AMPEA subgroups and other Joint Bgrams| Time
number | within AMPEA and EERA joint Programs

MA.11 | !dentification of groups within AMPEA working on Aficial Year 1
Photosynthesis

MA.12 | 1st Workshop on results obtained by national ptsjec Year 2
Preparation of a common European research proposal

MA.13 | Submission of the proposal in the program HORIZQ@KQ® Year 3

MA.14 | 2" Workshop, presentation and evaluation of the bolative End of
work achieved within the project Year 4

MA.15 | Organization of an international summer school ifical Year 5
photosynthesis
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The transition to a low carbon future is a big tvaje, which requires innovative materials, techgas and
systems. Emerging energy technologies require mterombining properties such as high thermaliktygb
corrosion resistance, sufficient strength and cresjstance at extreme temperatures, thermomedcthatability,
specific thermal conductivity, etc. Cost effectieen of these materials, on the other hand, is an&#y issue.
Among others, long-term stable materials for tHeWing applications are considered:

- Demanding combustion processes including newsfart higher process temperatures for significaorease
of Carnot-based efficiency;

- Carbon capture, utilization and storage (CCU8helogies to strike global warming;

- Concentrated solar power;

- Facing Plasma Components (FPCs) in fusion rem¢iamkamaks).

The AMPEA sub-programme "Materials for extreme agieg conditions" will focus on three activity asea
materials development,
characterization and testing of materials and @evin operating conditions,
development of multiscale simulation and modeltpgproaches for sound life time predictions.

The main drivers of the global energy systems avevth in energy demand, challenges linked to ensegyrity
and mitigation of environmental impacts. The clienelhange mitigation requires that the net amougte¥nhouse
gases released into the atmosphere is reduceda& hthoduced following key targets for the yeaB@QAt least
40% cuts in greenhouse gas emissions from 1990s|eakeleast 27% share for renewable energy, at &%
improvement in energy efficiency. These targetsdemmanding and the transition to a low carbon #utara big
challenge, which requires innovative ways for thevedlopment and implementation of low carbon energy
technologies and systems.

Figure 1. CQemissions vs. primary energy consumption for setecountries [1]

The competitive carbon neutral combustion requtteg future boilers can utilise biomass and cafjriof
challenging fuels without undue compromise on trexrnal efficiency. There will be significant comitien on
suitable renewable fuels in the future althougteedéed biomass and other renewable fuel sourcderaseen in
e.g. agricultural and process waste and sludgeforgétting new sources not considered at predéniv fuels
are likely to introduce more impurities that makembustion more difficult, causing fouling, slaggihggh
temperature corrosion and erosion threatening eagrip durability. On the other hand, less fuel isdes if high
combustion efficiency can be achieved. This reguiigher operating temperatures and pressurearhdéimited
by materials performance under severe conditionsoofbustion. The continuous trend to increase seaie
efficiency (through higher steam data) in convamidhermal power plants helps also to reduce dr@ese gas
and other emissions, and to save valuable fuelrese. The high steam pressure and temperaturs lgileset
increasingly stringent requirements for mecharpcaperties, like creep resistance, as well as sgi@@oxidation
resistance even without introducing new combusfiotesses. The performance of the overall systeass
much affected by the characteristics of the pradaamix, network (grid) connectivity and market gmss in
the system. For example the ever increasing stfavariable renewable energy generation (wind & golill
enhance the fluctuation of supply, with the consege that other power sources has to compensatestiiability
by operating in more demanding load following moaheaning in a regime of fluctuating temperatureyrtal
cycles and reduced operating hours. This will affecall for new material solutions and technology.
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Figure 2. CQ emission reduction possibilities with supercritibailers by improving efficiency and fuel selent[@].

Extreme high temperatures and aggressive envirotsmage present also in other energy applicatidees il
concentrating solar power (CSP) systems, wherg sokergy can be converted into heat to create steanm
turbines to generate electric power or to convaersenergy to fuels in thermochemical conversiorCSP some
of the components can reach extreme temperatugtpm@sent very challenging problems in terms ofydai
extreme thermal cycling and lifetime. The trenéhitrease efficiency increase temperatures furthépmses new
demands e.g. for salt heat transfer fluids. Thiksst again new demands for materials and catladav solutions.
Similar type high temperature and non-aqueous otahkallenges are faced also e.g. in fourth gelmerdGEN
IV) nuclear systems: Gen IV sodium-cooled fast r@a(SFR), lead-cooled fast reactor (LFR) and nmHalt
reactor (MSR) concepts. In addition to these conatibes are found also from other clean energynetdgies
like deep geothermal and solid oxide fuel cells aekctrolysers (SOFC/SOEC) that also operate &b hig
temperatures and corrosive environments.

Figure 3. Schematic of solar energy conversioméisfin thermochemical conversion modified aftér [3

As shown above materials play an important rotaédevelopment and innovation of more efficienstainable,
safe and reliable energy conversion technologiethfofuture. In the energy sector we are facightér emission
standards, wider fuel spectrum, new technologiesiilduted production, more demanding process ¢ and
increasing required efficiency. These demands teagperation with high temperatures and severe a#mand
mechanical loads. The need for economical use ayiddificiencies with longer service life will alset new
challenges for materials performance. Materialsettgyment for energy uses is typically a very slawcpss,
from the time of material innovation to the materi@nstruction phase, but it can be fostered. Mater
development requires fundamental understandingosf the processing, microstructure, nanostructuré an
properties interact in order to enhance performamzker more severe operating conditions. Achietfig goal
will necessitate the development and adaption of ciearacterisation, manufacturing, modelling anlidetion
processes.
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The AMPEA Materials for extreme operating condis@ub-programme will support these goals by gaibethie

important players in the field of materials on ar@pean level together and thus enabling the inereds
collaboration between different players and théciefifit use of infrastructures and facilities in &oe. Several
experts of the field already enrolled in AMPEA sidhe importance of basic work to be done in tble fof

materials, characterisation and modelling. Sucdesthis requires cooperation and coordination cfeegch
activities with other interest groups and platforlike The Energy Materials Industrial Researchi#tite

(EMIRI), European Technology Platform for Advandeagineering Materials and Technologies (EuMatyvel

as with similar interest groups in the U.S.A. aagahe.g.Materials Genome Initiative (MGI) and global Missi
Innovation (M) initiative / Clean Energy Materidisnovation Challenge (IC6).

The expected long term impact of SP B “Materials éatreme operating conditions” sub-programme & th
development of material research and related noalésmodelling, characterisation and experimentzilifies to
accelerate and strengthen the competitivenessrapEan Industry in the field of low carbon energyneration.
The first mandatory step is to increase the coliatimn among different players and to form a netwtbiat will
establish a European plan (roadmap) on materialsxfireme operating conditions.

At the beginning, the SPB will focus on the highvize temperatures, new combustion or heat traisseres and
aggressive operating environments faced in the &fitiency combustion processes and in solar vecsiand
thermochemical reactors. In this context the sudggamme will be closely linked to the Fuel Cells &tydrogen,
Bioenergy, Carbon Capture and Storage, GeothemabMaterials for Nuclear Energy EERA joint progragsnm
concentrating on material research.

Materials for power plant applications
Improved efficiency through higher steam valuesunexg improved materials and coatings able to ‘it
increasingly aggressive process conditions at higdmperatures.

Conventional power sources (with or without carlesapture, utilization and storage - CCUS) are neetlgthg
the energy transition. In case of coal -fired @asuperheating temperatures will exceed 600°C fanther to
700°C. The basis for boiler materials remains theetbpment of creep, creep-fatigue and thermomecdlan
fatigue resistant steels and stainless steelshthat to meet the requirements of thick-wall pressgquipment.
Most demanding applications will require Ni-basdldys that today are mainly used in gas turbinemyo In
contrast, smaller tubes and other boiler surfaddssuffer from fireside corrosion and erosion, astdam-side
oxidation. Therefore, the number of usable mateiglimited. Stress corrosion, corrosion fatignd ather more
localised forms of damage may show increasing itnpéb newer steels.

Shift to renewable and other challenging fuels With-melting and corrosive impurities, such as hlaad heavy
metal salts, alter materials to fireside corrosionmany cases, the best available materials hailedfyielding
reduction of steam conditions to a maximum of ab&@®-530°C, and/or shortened component lifetime. It
becomes necessary to develop and produce new ioorneEsistant materials, coatings as well as cotitus
additives to tackle the high temperature corrosgsues. These protective coatings (also with neegnated
sensor functionalities), ceramic matrix compos#ed new high strength alloys (ferritic-martensitdastenitics,
Ni-, (Mo,Nb)-base alloys) and combustion additivel be developed.

Additional challenge will come from the increasisigare of variable renewable energy (VRE) generétian
requires load following mode operation from boilérs. low partials loads (down to 10-25%) withtfesmping
and this calls high performance materials that wathstand higher stresses in terms of mechanicd an
environmental loads. The same applies also to dthkancing power technologies, like gas turbinesemines,
suitable not only for distributed production, bigeadaptable for challenging multi-/biofuel opérat

Improved characteristics concerning strain toleeamhase stability, fatigue strength, corrosiornstaace, and
performance under alternative combustion gasesessential. Furthermore, new functionalitiesg( sensor
structures) should be integrated. Joining methodadw and dissimilar materials is needed to ensh@eservice
reliability of advanced processes with increasetlise parameters. Advanced materials for separatfayases
with higher flux and better selectivity will be ddeped for carbon capture, utilization and stor@@€US)
technologies (CCS) to strike the global warmingpdtsally the materials used in gas treatment glatevelop
the CCS technologies should resist to corrosivelensate in long-term conditions up to several teug$and
hours.

DoW version 2018/11/18 66



Materials for CSP applications
To use highly concentrated solar radiation for pogeneration and for thermochemical processestataland
functional materials with specific properties agquired.

Mirror materials

There are various approaches to optimize performdife time and economics of mirror systems. CantVvD

coating systems are applied to increase reflegtivid-layers) and for protection against environmeattdcks.
The identification of degradation mechanism dusegvice is important from technological and scfenpoint

of view. Mechanistically data interpretation of erigal and accelerated aging tests is mandatorydiable life

time predictions. Interactions between tempera(W¥)-irradiation, corrosion, and abrasion by midetust must
be understood for constructive optimization ofeefbr systems.

Absorbers

The ideal absorber for innovative high-temperatigh-efficiency solar plants merges the charadies®f high
absorbance at the wavelengths of the sun spectndiniosav emittance at the operating temperature aiée to
accumulate thermal energy with minimal loses. Asacaber material which does not re-radiate heatisen
unavoidably to store thermal energy and to raisdeimperature. Therefore the conditions of highpemature
stability, high thermal conductivity, good mechatiproperties and good resistance to oxidatiomeqaired too.
Moreover, interactions between absorber materiadsair-borne mineral dusts, or melts, respectivetyguld be
investigated in detail. Another promising concept €oncentrated solar technology is the so-calladigle
receiver. In this approach, suitable particlesusesl as absorber, heat carrier and heat storage.riiee particles
should have high spectral absorptivity togethehwiermal and mechanical stability against abraaf@herosion.
Besides conventional silicon carbide-based cergmzicsonium diboride represents a promising makdoa
application as absorber. ZrB2 has the potentiatitiress many of the issues outlined above, in gidgtg melting
point exceeding 3000°C, good thermo-mechanical gntags, coupled with intrinsic selective opticabperties.
R&D is currently focussing on punctual investigasoon the process-microstructure-properties relatipps and
on efficient fabrication techniques to obtain tegid microstructure.

Heat carriers and materials for thermal thermalstge

In case of liquid heat carriers (multinary salt teetonstitutional issues (low temperature eutecttongruent
melting, and stability against decomposition) aresmimportant as well as possible interactions tfthir

containments. For solid particle heat carriers giigaty, heat resistance, flow behavior, abrasiesistance and
heat exchange must be optimized. Again, cost @ffedabrication processes are required. Anothereot

research issue deals with redox materials as fimese storage media making use of reversible ctemgactions
with high reaction enthalpies. Molten salt hearage is state-of-the-art but suitable salt compwsst ("Solar

salt") still are relatively expensive. Hence, a reproach is under development focused on theiatilaf salt

melts by cheap inorganic solid particles with shlisheat capacity and chemical stability.

Materials for thermochemical water/G®plitting cycles

The use of redox materials for (solar)thermochehvigder or CQ splitting to produce b CO or derivates is a
promising approach to produce synthetic fuels. mmraent of suitable redox materials is an interigigtary
field. Beyond thermodynamics, the role of matersli®nce covers microstructural design and stgpdilid state
diffusion, reaction reversibility, nucleation phemena and transformation kinetics. Moreover, suiabl
containments must be provided, stable against liarsperatures, thermal shock and water vapor.

The understanding and improvement of energy agjgitsirequire powerful tools to investigate materia their
physical and chemical environment, or processésdipresence of the true materials configuratiopeEmental
characterisation platforms for materials and dessatdaboratory and in-field scale are needed #sawenultiscale
modelling to reduce timescale from an idea to cptioa. Through fundamental process understanding, t
objective would be to improve prediction capaliktias well as long-term operation assessment. Mergeo
materials development can also be supported byigglynodel development.

Outline

The problem of materials for energy applications ladready been addressed in many National, Eurppean
International initiatives and programmes. Howeweing an enabling technology, in most cases matex$aarch
has been moved to the background. In order to lsapidet the new demands for materials, a numbeaspécts
need to be improved. It is mandatory to understama alloy composition, microstructure, nanostruetand
processing interact and affect performance of ri@$sn operating conditions. In this context, risdale material
modelling needs to be developed to predict andrabptocesses to give the desired properties anuredict
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lifetime. In the frame of this project, we needdentify the expertise and facilities and combihernh in a new
efficient way to achieve these long-term goals.

The AMPEA Materials for extreme operating condis@ub-programme will be composed of three actaigas:
materials development for extreme operation comaktj
characterisation and testing of materials and @sviic operating conditions,
development of multiscale modelling approach, iaféif intelligence (incl. data centric
modelling techniques such as machine learning)

The great challenges are presented below at aajdeeel. The time scale of basic research beimggdly long,

this appears in the milestones of materials rebearkich span from 5 to 20 years. The developméanabling

tools like characterisation and multiscale modgliitatforms has nearer milestones, in the randetofl0 years.
This sub-programme will be closely interacting WkMPEA SP 1 "Materials", SP2 “Multiscale Modellinghd

SP3 "Characterization”.

Grand challenges “Materials for Power Plants”

Year Challenge

5 Functional graded coatings for advanced power plantl new power plant concepts (e.g. IGCC)
Advanced surface engineering methods (e.g. to imepirtternal oxidation resistance)

10 Materials modelling capabilities to reduce timertarket for new alloys
Integrated sensor technology to increase performand integrity

20 Materials for new generation high efficient zeroigsion power plants (e.g. long term stable matefiai multi-fuel operation)
Joining and fabrication of new materials (redesignomponents)
Light weighting of gas turbine blading

50 Ultrahigh temperature materials for direct eledtyigeneration and fuel production in a greenh@eseemission free society

Grand challenges “Materials for Concentrated SolaPower”

Year Challenge

20 Long term stable redox materials and corresponslystems available for water splitting and CO2 8plitsuitable for solar fuel
production with an efficiency > 10 %.

Figure 4. lllustration of processing-structure-pufes-performance (PSPP) approach modified affemfich links performance criteria to
material structure and processing.
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Figure 5. lllustration SP B activity areas and time

- Extreme materials network and roadmap

A first workshop on this sub-programme was orgathize June 2013 at VTT (Espoo, Finland). It gathered

members of the Joint Programme willing to be activ&PB. On this occasion, first contacts with otBERA

Joint Programmes were also made to define comnterests and connections in the future. The EMIRIefBy

Materials Industrial Research Initiative) initiagiwas also represented to share common interetstedre SPB

and industrials players in the field of materiaésearch [5]. Besides networking for possible futtwenmon

projects, the major outcomes of this first worksludsSPB were the outline of the strategy and roguofathe

sub-programme, its cross-linking with other SPAMIPEA as well as with other EERA-JPs. THé iaternational

workshop was in April 2014 together with expertanfrother EERA JP's and most important interestggda.g.

EMIRI, EuMaT) to identify and define the criticatgertise's needed and common interests and projéddtswas

followed by series of HT materials workshops latesing

- Materials resistant to extreme conditions for fatanergy systems, European Commission funded
International Workshop, 12-14 June 2017, Kyiv —&lke

- EERA HTM workshop & EUPRO Il Seminar, 20-21 Novemi®#9017, J. Heyrovsky Institute, Prague

- EERA AMPEA - EoCoE WS Brussels Jun& 2018. Brussels

Mission Innovation / Clean Energy Materials InndwatChallenge (IC6) co-operation was started inobet
2017, when our representative was participatinghéo“Clean Energy Materials Innovation Challenggpé&ix
Workshop” in Mexico as official EU observer. Theadmap work is in progress, though slowly. At fipstase
EERA joint JP position paper “Materials for highmeerature energy applications” with the contributiof

EuMaT was published in June 2018 [6] and was ptedeto EU DG Research and Innovation in Brussels Oc

19", 2018.

Milestone Measurable objective Project year

Extreme materials network and roadmap

MB.1 Sub-programme content 0 (completed)

Tentative definition of the sub-programme focus Bmerest groups
MB.2 Extreme materials network 0 (completed)

1stworkshop
MB.3 Sub-programme content 1

SPB DoW - Sub-programme update (completed 2014)
MB.4 Extreme materials network 1

2"d International workshop (completed 2014)

Definition of members and define tasks of workimgups
MB.5 Identification of the most promising topics for tliest pilot projects and 1

propositions of calls for future H2020 work-prograes. - Two brokerages in 2014 and
2015 yielding to several proposals

MB.6 European roadmap - Extreme materials 2
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- Material research

The goal is to create and achieve deep fundamentirstanding on the relationships between praugssid
properties of new generation of materials for fatenergy applications. At the beginning, the foailsbe on
high temperature and aggressive environments rgisti the high efficiency combustion processesiansblar
receivers and thermochemical reactors. Materialsludled are high strength steels/alloys, coatings,
refractories/ceramics and composites. Specialtatewill be paid to question how composition, naistructure,
nanostructure and processing interact and affedoqmeance, not forgetting the effects of differesurface
treatments, fabricability and joinability of matas.

Material development needs for high temperaturdiegtipns (T > 500 °C) in boilers, steam/gas tudsinheat
exchangers, gas clean up devices):
Materials with higher high temperature strength:

Optimization of ferritic-martensitic steels up t6C and materials with higher Cr contents for apen up to
670°C, Ni base alloys up to 800 °C. Improvementhef microstructural stability as well as the medtain
properties, creep strength and fatigue charadtsistDeeper knowledge from strengthening mechasiphase
stability and ageing interactions, definitionaafcelerated aging tests, life time predictionsntifiging the needs
for new sealing and joining systems, manufactuahgomponents and repairing.

Innovative coating technologies:
Improvement of protective coatings, overlays aratrial barriers systems for boiler components, steadngas
turbines, heat exchangers suitable to withstanticoyperation.

Novel material concepts:
New fabrication methods for oxide dispersion-sgteened (ODS) materials. Development of non ok@ISiC,
SiC/SiC) and oxide (alumina, mullite, zirconia) @eic matrix composites (CMC). Development of oXithers
with higher thermal stability. Development manutaitg and repairing methods for gradient materidisw era,
possibilities of high entropy alloys.

Environmental effects on advanced materials:
Mechanisms and evaluation of steam side oxidatiwhits effects in creep, fatigue, creep assistédua crack
growth. Oxidation mechanisms in new combustion mrents e.g. due to oxyfuel combustion or dudteved
working fluids for IGCC. Development of firesidercasion resistant alloys and coatings to meet #reahds of
renewable and other challenging fuels with low-mgltand corrosive impurities, such as alkali andvyemetal
salts.

Monitoring and process control:
The use of wide fuel spectrum, higher thermal loadd cyclic operation bring the increasing need thar
continuous monitoring of service conditions and faaction ability when unwanted critical changesg, fouling,
high heat fluxes and increased corrosion are obderddvanced combustion additives, like hot coonsi
inhibitors and self-cleaning additives, are devebb increase fuel flexibility. New online monitog techniques
and integrated sensor technology developed toaserperformance and availability.

Material development for low temperature applicagidT < 200 °C) in pipelines, heat exchangers:
Evaluation of materials focarbon capture, utilization and storage (CCt#ghnologies:

Identification of degradation mechanism in £@nd the effects of pressure (up to supercriticalpjsture,

impurities and brine. Definition afccelerated aging tests.

Low temperature heat exchangers:
Acid dewpoint corrosion and the effects of depgsitsrganic and organic impurities. Definition afcalerated
aging tests and development of monitoring sensors.

Pipelines:
Environmentally assisted cracking (EAC) mechanisniégh strength materials and the phase stalsitityageing
interactions, definition odccelerated aging tests, life time predictions.

Novel material concepts:

Development of coatings and surface engineerinchoakst to mitigate dewpoint corrosion. Developmeht o
composites and hybrid materials for £&orage.
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Material development for CSP applications

Mirror materials:
Identification of degradation mechanism duringjiiébn of accelerated aging tests, life time predictionse i
insight into interactions between temperature, (xgdiation, corrosion, and abrasion by mineratduaust.

Absorbers:
Process technologies for cost efficient fabricabbporous SiC ceramic bodies and prevention ofgss-related
material flaws. Life time prediction, interactiobstween SiC ceramics and mineral dusts or melts.

Heat carriers and materials for thermal thermalrstge:
Constitutional issues (low temperature eutectiosgeuent melting, stability against decompositioteractions
with their containments). Optimization of absorftivheat resistance, flow behavior, abrasion tasise and heat
exchange for solid particle heat carriers. Redotenils as heat storage media making use of rdolershemical
reactions with high reaction enthalpies.

Materials for thermochemical water/G@plitting cycles:
Development of suitable redox materials. Thermodyineébased materials screening, microstructuralgteand
stability, optimization of transformation kineticBevelopment of suitable containments, stableregdiarsh
temperatures, thermal shock and water vapor.

Anisotropic materials for very high temperaturegp(to 3500 °C)

High anisotropy Carbide-Graphite composites (>38)06r Tungsten-Nickel-Copper alloy (>1800-
2000°C) used as "Facing Plasma Components" (FPQs}ion reactor (Tokomaks) to face with high hiat
depositions due to the ELMs (Edge-Localized Moaea¥hes in Divertor Plasma.

Silicon carbide powder or foam (2600-2900°C) usitkee like energy vectors and absorbers in solar
furnace in for concentrated solar energy (see gbove

Yttria-stabilized zirconia (>2000°C), nanostructlireAIN coatings (2200°C), Tungsten-Carbide
(2870°C), Boron Nitride (2600°C-2800°C) used asrried shields in turbo machineries (gas turbines,
turbomachines working at high temperature for imprg their energy efficiency).

Zirconium diboride (>2000°C) for reactor fuel as&dies, heaters, burners, refractory elements, oesict
gas turbine components

Material research - Main Milestones and deliverabls

Milestone Measurable objective Project year

Material research

M B.7 New high strength ferritic- martensitic, austengteels and nickel base alloys5
with improved creep strength and high resistaneénag steam oxidation

M B.8 Cost effective use of new and coatings to meetdfreands of renewable and5
other challenging fuels in high efficiency boilers.

MB.9 New hybrid and gradient material concepts with eclkd high temperature 10
oxidation and corrosion resistance.

Characterization and testing

Test facilities and best practices of charactddeatre shared with the AMPEA SP 3, and round-raégts are
foreseen. The SP 3 will forexperimental characterisation and demonstratiotigpias of energy materials and
devices under operating conditions. The charaetiéwis tools will be developed with a clear visidmeeds from
material and energy scientists. The research wdu$ on different environmental effects and mudtipl
mechanisms, such as the influence of steam andusiiob gases in creep and creep assisted fatigak growth
and oxidation/corrosion as well as erosion-cornosio

Characterisation and testing of environmental éffec
The effects of mechanical loads, development of ndged experiments in climate
chambers/autoclaves/pilot plants and on site
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Characterisation of materials behaviour under ¢geafs streams (turbines, boiler components)

Characterisation of materials behaviour under ¢gesfs streams in burner-rigs and pilot plants (hebj
boiler components)

Characterization of thermal properties at very hgyhperatures
- Development of specific facilities for thermal cheterization of anisotropic materials, coatings and
deposits (anisotropic due to their elaboration psses (evaporation, sputtering, PVD or CVD)) athhig
temperature.
- Measurement of transient high heat fluxes and tegiperatures (MegaJoule Laser, atmospheric re-entry
of space vehicles) by multi-spectral methods ot m&flective materials in hot environments (divef®Cs in
Tore-Supra or ITER) using electrically tunableefik or dichroic detection (pyro-reflectometry).

Characterisation and testing - Main Milestones andleliverables

Milestone Measurable objective Project year

Characterisation and testing

M B.10 Identification of characterisation facilities, tegs, and pilot| 2
plants as well as onsite

M B.11 Definition of accelerated aging test requirementsd p5
development of new procedures for climate chambetstlaves

M B.12 Development of test methodologies at pilot plamd ansite 5

Multiscale modelling

Multiscale modelling will generate fundamental ursdending of mechanisms that influence the durtgtdli the
different properties of construction materials, garots and components. This activity is shared With SP2.
Multiscale modelling in materials technology shobklfostered to reduce timescale from an idea nocejation.
Development and experimental validation of integglanodels focussed on the material-component peéioce
evolution during long-term service. Experimentalidation should be based mainly on field data (agienal
data, results from materials tested in operatimglitions, post-mortem analysis of critical compasgio improve
the prediction capability of models.

Multiscale modelling:
Current status and collection of tools
Selection and integration of potential models fonwdltiscale approach
Computational and experimental validation of modeéévelopment of a multiscale approach
Models based on field and laboratory data fortlifee prediction and assessment of critical comptsen
Operating conditions, kinetic and thermodynamic eisdfor fouling/slagging/corrosion/ erosion in
advanced processes.

Life time models need to be established to expi@mage mechanisms and to optimize coating chaistiter
systematically.

Modelling - Main Milestones and deliverables

Milestone Measurable objective Project year
The

Multiscale modelling

M B.13 Phase transformation and microstructural stabifitydels for| 5
ageing at high temperatures

M B.14 Kinetic and thermodynamic models development |fér
fouling/corrosion in combustion

M B.15 Validated material degradation models for multigkdlure | 10
mechanisms to predict performance

M B.16 Multiscale modelling capabilities to reduce timemarket for 10
new alloys

Materials and technology developments undertakethén AMPEA SPB Materials for Extreme Operating
Conditionsare of interest for several other JPs and paatibtyul
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the Carbon Capture and Storage JP, where matesahraterial concepts for carbon capture,
utilization and storage (CCUS) technologies awded.

the Nuclear Materials JP, with following commonuiss with AMPEA SPB: High temperature (HT)
guestions, creep-fatigue, welding and joining, mateevelopment, aggressive and corrosive enviems

the Bioenergy JP, where verified material concepés needed for the new aggressive bioenergy and
biofuel processes.

the Concentrated Solar Power JP.

the Geothermal JP.

IEA Key World Energy Statistics 2010. InternatioBadergy Agency, Paris 2010. 78 p

Energy Visions2050. Edita; VTT. Helsinki; Espoo (20, pp. 143-225

Meier, A. & Steinfeld, A. Advances in Science angciinology Vol. 74 (2010) pp 303-312

Olsson GB. Designing a new material world. Sciel@@7; 288(5468), pp. 993-998.

The Energy Materials Industrial Research Initia{lg®IRI). http://www.emiri.eu/

Materials for high temperature energy applicatidfSRA position paper, with the contribution of ELiMa
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Abstract sub-programme C “Advanced Materials for Heat Exploitation and Energy Conversion”

This subprogram of the AMPEA EERA Joint Initiativeas been revised according to the new insights of
participants. Therefore, the updated subprograimdes ionic liquids with peculiar thermoelectrioperties and
thermoelectric materials for high temperature agions. In agreement with the new version, tHe &tso has
been updated and now it is “Advanced MaterialdHeat Recovery and Energy Conversion”.

Given the advancement of the state of the art,iipeeview concerned the “Grand challenges” thavd been
amended and focused on targets that appear mdisticea

Heat recovery and energy conversion topics incinday applications and technologies but only fewsoses
considered in sub-programme. With this premise,sille-programme C is a kind of work-in-progress that
participants will update following the evolution thieir own research interests.

The SPC relates to research, development and debtimperando conditions of materials for intensified
temperature heat exploitation. Five focus areasamnsidered:

- Energy harvesting materials;

- Polymer nano-composites for intensified heatsfan

- Micro- and nano-structured heat exchange surfaces

- Nanofluids,

- Materials for thermochemical energy storage.

Each of these focus areas is characterised withtifiea research targets to be achieved in a figarytime
perspective by resorting the tools made availapléhb TOOLS subprogrammes of AMPEA. Tight connettio
with the relevant EU initiativese(g. ICT-Flagship, SPIRE) and associatioagg(EMIRI, CEFIC) are desirable,
as well as with other EERA joint programmesy(Energy storage, Concentrated Solar Power, HydragdrFuel
Cells, Geothermal Energy).

The research efforts carried out should be capatbtgEnerating new devices based on the advancegriaiat
developed (thermo-electric modules, polymer heahargers, innovative heat exchange and storag2)2y.

1. Background

Introduction

A dominant fraction of the world’s power, roughl§ tillion watts, is produced by burning fossil fs@nd running
internal combustion engines. For every watt of ragidal power generated, almost one and a half vea#s
dumped as waste thermal power. This is in parttduetrinsic thermodynamic constraints and in partechno-
economic feasibility limits. Reference temperatusesl cost effectiveness boundaries for heat regoaes
application sensitive (building, industry, mobilitgnewables sectors,...); this suggests that weisaa different
indicator for heat exploitation, such as the exempntent. Heat with low exergy (i.e. related tahhi
entropy/irreversible processes)) is indeed diffitoilrecover to valuable heat or mechanical worarireconomic
manner, mainly due to low driving forces (a typieahmple is the temperature difference betweefiuftkin the
low temperature range of the energy cycle and ¢eipient fluid or solid at ambient temperature) wamid
temperature (waste) heat is generated by severedgses and can be derived from some renewablgyesmirces
(geothermal, solar thermal, heat of anthropic arigtc.) to increase their efficiency. Within tkisenario Fig. 1
outlines some of the major technologies availatieffective heat recovery for power applicationb@at transfer
purposes.
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Figure. 1. Main technologies for heat recovery andrgy conversion for power applications or hemtgfer purposes along
with their fields of impact. The main R&D focus aseaithin the AMPEA EERA programme are pointed ounagl with
possible interactions with other EERA programmesasrewables.

Some technologies for heat recovery are now availalihe market (e.g. absorption cycles, Stirkmgines, ORC
cycles, phase change materials, etc...), but fudbgelopment is required, as confirmed by the higt-Tocus

of Horizon 2020 calls. All the proposed technolesgi@quire significant progress in materials scieaod

engineering to express their full potential. Moregvsome topics (thermo-electricity, polymer nanmoposites
for low temperature heat exchangers, nanofluidsos@uctured surfaces for heat transfer enhancemaoht
thermochemical energy storage) show great crossgudpplication potential and limited market expdtion,

which renders this overall R&D worth addressingmwapecific emphasis in the current basic&appliestaech-
driven AMPEA sub-programme.

As a whole, the present AMPEA subprogramme willhpote and coordinate research in the closely relgéts
above by the use of common methodologies and mngetols and agreed upon roadmaps.

The main aim of this sub-programme is to establslEU level, a valuable connection between theakehers
operating in these fields to:

Achieve convincing progress in these promisintfifiehrough coordinated research efforts within AP
and beyond.

Provide suitable R&D results and arguments to cw@the EU stakeholders to include funding opputies
in the next biannual calls (2016-2017, 2018-20Z0he Horizon 2020 framework programme includingy&
programme areas like the Energy section (whereggredficiency, closely related to the present sogpemme,
is one of the three main challenges) or publicgtgyartnerships like e.g. SPIRE (www.SPIRE2030.eu)

Pursue in the meanwhile cooperation within theentty available EU programmes in the Horizon 2020
calls'.

Increase the participation to international eveams initiatives centred on advanced materialshieat
exploitation and energy conversion

The international R&D context of the addressed texhogies

Energy harvesting materials

Thermoelectric materialsThermoelectric power generation is based on tleb&ek effect, according to which a
temperature difference generates charge displadeandrconsequently an electrical voltage betweerntt and
cold ends of the thermoelectric material. This nsedinect conversion of thermal into electrical gyeand in
effect thermoelectric generators (TEGS) show matwaatages, such as the high simplicity and reitgtof the
system, the absence of moving parts and the Itetgie ensured. Thanks to its compactness and stalid-based
static operation, TE converters are especiallyabigtfor efficient compact portable energy sourassyell as for
(static or portable) remote sensor power suppJ3A and China market, some companies have theettoiel
modules and generators in their product portfokowvyv.tellurex.com, www.thermoelectric-generator.com,
www.tegpower.com, etc.). Similar companies are ats&urope (OFLEXX, Grentech, Micropelt, Siemes,..
However, in spite of a number of TEG devices hanbaready developed in diverse technological $i€lkchrs,

! e.g. Future and Emerging Technologies; Europeaedeh Grants; Graphene Flagskipw.graphene-flagship.ewhere some of the
AMPEA partners are already members)
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casting houses, residential boilers, wood pellehdoes, glass manufacturing plants, chemical andegs
industries,...), new thermoelectric materials stiis significant market penetration.

The TEG efficiency closely depends on the figurenwdrit ZT of the TE materials, involving the Sedbec
coefficient, the electrical conductivity and thetimal conductivity, as expressed in the followiggation:

_as
k +k
It is commonly accepted that a ZT higher than & iecommended condition for the employ of TE matsiin
practical applications, giving a target conversidficiency of 5-7%. As shown in Figure 2, the reasbahas led to

even better results than those envisaged abovie,materials covering on turn various temperaturgea for
different applications (Figure 2 left).

Figure 2. Highlights on thermoelectric materiatsl @evices. See text for detailed explanation.

Semiconductors based on heavy elements (eeBiCoSh, PbTe, Si-Ge alloys) show the highest values of ZT
achievable and are at present at pre-industrieyen commercial (mainly Bies) level. Thus, the progress in the
last 10 years has led to nanostructured semicooduictuch as filled skutterudites and half-heustenpounds
allowing a significant improvement of the figure merit and of the working temperature, as showRigure 2
(right). The enhancement of the thermoelectric gremfince in these new materials has been mainlytaltiee
independent control of thermal and electrical caniglity. However, they show some drawbacks, likeidity,
chemical reactivity at high temperatures and preserf critical raw materials. Based on this shoenpse, it is
immediately envisaged that practical, efficient ah@ap TEGs can be engineered only if safe andcribcal
materials will be developed in a wide range of temapures. These aspects are outlined in some psajedicated
to this technology by the National Countrfaghere it is outlined the importance of widening tork temperature
range of TEGs and investigating alternative maltstractures for new TE module design.

In recent years, large international efforts haserbon new inorganic semiconductors to substialiigrides, with
the potential to achieve high-efficiency TEG based earth-abundant, inexpensive and non-toxic elésnen
Particularly promising compounds can be found anmmaifiHeusler alloys, Zintl phases, silicides |Wg,Si and
the Mn-Si system, antimonides like the Zn-Sb faméynd naturally occurring tetrahedrites. Some @s¢h
alternatives are about to reach commercial matwidythe development of these materials presestigst place
atvirtually all TRL levels. This involves discoyeof new materials, optimization of doping regimgsyelopment
of processing and compacting routes, establishofardvel metallization and bonding technologies;aduction
of new generator designs, optimization of systechiggcture, integration of TEG in real environmewtth heat
exchangers and power control, etc. A small, butvgrg European industry is ready to employ resutsnf this
research and development.

There has also been increasing attention on polgreemposites fotoT thermoelectric applications. Polymers
are made of low cost raw materials and possesmarkably low thermal conductivity. Moreover, thdateve
ease of solution processing, their mechanical Igiabind flexibility together with low density makaonductive
polymers suitable for integration in a thermoelieajenerator. Nevertheless, the effective utilmatf conducting
polymers is hindered by their low electrical contikity and Seebeck coefficient, therefore an inseeaf the
power factor has been recognized as the key syrategnhancing the ZT of conductive polymers. Themse be
arranged through the selection of suitable dopamsdequate doping level and by controlling thestatlinity

2in Italy the Research Program for the Nationatfie System 2006-2009, 2010-2012 2015-2017 oMirestry of Economic Development,
in Spain a large Project Consolider-NANOTERM 2011%2) and in the VII Framework Programme (NANOHITEXD11-2014;
THERMOMAG 2010-2014, NEXTEC 2010-2014). In Norwagveral large projects, including the researchejepts NEAT (2017-2019),
HEATER (2018-2020), COMET (2017-2020), OXIPATH (202020), ANSWER (2018-2021), THELMA (2013-2017)etmnovation
projects TESIL (2017-2019), 3D-TEM (2018-2021), TRIBOMAT (2013-2016), the innovation cluster THERM{2016-2020).
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during the synthesis process, but nanocompositeriaks offer a more promising approach for prepanaof
effective flexible and cheap TE modules that caasgs=mbled and engineered into a variety of deshiapges and
scales.

In general, the thermoelectric conversion efficken€ most oxides is not comparable yet to thatamfwentional
TE compounds and a major breakthrough is needéahpoove their properties and make them appealimg fo
practical applications. In the case of large terapee difference, that allows to achieve high Cagfficiency, it

is necessary to maximize the device ZT, and natgyseak materials zT. The device segmenting wifbreént
materials or functionally graded materials thatéhpeak zT at different temperatures can be aneistieg route

to improve device ZT. In this view, transition metaides such as ZnO, NaCe@@aCa,Oy, CaMnQ, LaCoQ,
SrnBas xNb.Os, EuTiOs, BaTiO; and SrTiQ have recently attracted considerable interesttamative bulk TE
materials even if oxides require a very delicagppration since minor changes in the oxygen comaytresult

in large changes of device properties.

Pyroelectric materials. Pyroelectric materials have the potential to comget the efficiency and effects of
thermoelectric materials. Thermoelectric energwésting occurs when there is a temperature gradidmte
pyroelectric energy harvesting needs time varyamyterature. Pyroelectricity is probably one ofldast-known
electrical properties of solids. The pyroelectffeet refers to the so-called spontaneous polaoadPs) in certain
anisotropic solids due to temperature fluctuatiming the direct conversion of the polarizatiordggat to electric
voltage and vice versa. At steady-state (dT/dt#0g, spontaneous polarization of a pyroelectric neltés
constant, and leads to a charge on each surfate ahaterial which attracts free charges. Whemthterial is
subjected to heating (dT/dt > 0) or cooling (dHdk), the changes in surface charge cause a fl@hkeofrons and
the generation of an electric current. The curig(t) is proportional to the rate of change of thegajectric
material temperaturep(f)=pA dT(t)/dt; p is the material pyroelectric d¢feient, A is the surface area of the
electrode connected to the pyroelectric materiaindumeasurements with electrodes orientated notmnéhe
polar direction, dT(t)/dt is the rate of temperat@hange. The pyroelectric current is independémbaterial
thickness but to maximize it the material needargdr effective surface, a large pyroelectric doifit and a
high rate of temperature change. Hence, the lameérature gradients that exist in car engine®wepturbines
make them ideal candidates for pyroelectric endagyesting. It is worth mentioning that pyroelectmaterials
are also piezoelectric, and it is possible to lmmbined piezo-pyroelectric energy harvesting.

Thermally conductive polymer nanocomposites

With few, rather expensive exceptions (Cevallosakt 2012; www.coolpolymers.com; www.stanyl.com;
www.polyone.com;_www.lati.com), polymers typicalBxhibit low thermal conductivity (generally below 1
W/mK). The thermal conductivity of polymers can dr@hanced by the addition of thermally conductiVlers,
including graphite, carbon black, carbon fibersapdrene, ceramic or metal particles which have therm
conductivities higher by orders of magnitude. Uslksowledge based innovative techniques are addpted et
al., 2012; Colonna et al, 2018), high filler loagn(>30 vol.%) are typically necessary to achiéveappropriate
level of thermal conductivity in thermally condueti polymer nanocomposites (PNC), which implies sgve
drawbacks from several viewpoints: i) cost (thetadillers is higher than that of polymers); pyocessability
(with high filler loading the polymer reological ggerties change significantly which, in turn, rersdeome
moulding techniques impossible, e.g. injection rdmgd).

Figure 3. Normalized thermal conductivity () dataCNT or GRM polymer nanocomposites as functiowaifime carbon
particle loading. Reproduced from Colonna et al, Qa2@il6.
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Carbon-based fillers appear to be the best promi§iters, coupling high thermal conductivity, chial
resistance to acids and bases, and light weighithwik in line with the prevalent application fislfor polymer
heat exchangers (e.g. chemical processing, biofiiesgas heat recovery, marine diesel engine iotdet, etc.).
Nanoparticles have also been widely investigateafploitation in thermally conductive materials¢liuding in
combination with more conventional microparticlesparticular, graphene and related materials wecegnized
as the most effective nanoparticles for the enhmeoe of thermal conductivity in polymers (Figure &d
attracted significant research efforts in the fagears?

Beside the transfer to industrial application, fienresearch is currently focused on the engingeoil thermal
interfaces for the enhancement of thermal contastiween percolative networks of conductive parici#Vvith a
strong synergism with the Graphene flagship, theP&W consortium involved in the present proposal wil
develop new PNCs based on innovative nano-mateziaifeering, new processing route and a widererarig
fillers and polymer matrixes in order to maximise tinter-filler-particles contact conditions, fouikling an
effective phonon percolation pattern at the lowesssible filler loadings. The use of co-continupal/mer blends
depicted in Figure 3, is just a possible exampikeeiopossibilities being: the processing of polympeliet pre-
coated with conductive nano-particles, the prommtid post-processing self-assembling phenomena gmon
dispersed nanoparticles, etc. To foster these dprents and provide a valuable interpretation efabhieved
results specific multiscale modelling tools will developed, as later explained. If nano-compobiée®s provided
a distinctive increase of the thermal conductigitiaside solids, other nano-technologies or mdtenaay
influence the heat transfer coefficients at thédfleolid interfaces. In the presence of low driviiogces / low
temperature differences across heat transfer @gfas in the case of low temperature heat exchelptjfgey may
give rise to significant benefits in terms of herahsfer efficiency and heat exchanger compactness.

Micro- and nano-engineered heat transfer surfaces
Micro- and nano-engineered heat transfer surfages recently shown significant potential in variapplication
fields:

heat exchange with fluids in the turbulent regime

heat exchange with fluids undergoing phase chafeggsboiling or condensation)

Figure 4. Highlights on nanostructured heat exchangfaces. See text for detailed explanation.

In the first case, the heat transfer enhancemanttisnly due to the increase of heat transfea argailed by the
presence of ordered micro-edges over the surfat@|$o to appositive perturbation of the turbultuit! pattern
close to the heat transfer surface which can leadjrinduced by rather low amounts of materialdiéed over
the surface. Particularly, Figure 4 shows the ¢ftetthe heat transfer coefficient of the heightCaf pillars
obtained by laser etching at the premises of ortbetpin-off companies incubated at the POLIT@&ubator
I3P. Up to 60% increase of the heat transfer cdiefit could be obtained in the turbulent regimedetailed
modelling with explanation of the dominant mecharisentailing such a performance enhancement has bee
provided, on the grounds of a multi-variable geoioat study validated by means of various heatsf@rsurfaces
obtained by additive manufacturing techniques.

As confirmed by other recent studies, nanostrudtw@face provides a more homogeneous and contshtra
pattern for the nucleation sites of steam bubbigble boiling process or the liquid droplet in cendation ones,

% In fact, the exploitation of graphene and relateterials for the thermal transport enhancementpaasof the activities carried out within
the Graphene FlagsHigwww.graphene-flagship.eu), 1 G€ EU funded itiiga started in 2014 and currently focused on #aeetbpment of
industrial applications for graphene and technalalgiransfer.

4 An ongoing project on the Design, manufacturind eontrol of INterfaces in THERMally conductive poier Nanocomposites was funded
by the European Research Council at Polito.
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which results in twofold increases of the heat exgfe coefficients and very low boiling inceptiopstheats or
condensation inception undercoolings (1-2°C).

The AMPEA partnership will make progress in thishea recent research field either in the fundanienta
understanding via adequate modelling tools or éndiavelopment of new micro- and nano- designedthaagfer
surfaces.

Nanofluids

Nanofluids are advanced and functionalized fluibgimed by adding nanosized solid particles intownoderate
volumetric fractions to a base fluid (Figure 5).nMdfuids can provide the following advantages:n@nosized
particles have enhanced stability against sedirtientaince surface forces easily balance the grdwitce, and
(ii) thermal, optical, mechanical, electrical, rlegical, and magnetic properties of nanopartickdsich depend
significantly on size and shape, can be customizethg manufacture. Hence, nanofluids are ofteresapto

the reference fluid alone. Since the early stutieMasuda et al. (1993) and Choi (1995), a numibeesearch
efforts have shown that the nanofluids exhibit piecithermal properties even at very low concemdraiof

suspended nanoparticles, which makes them pronmésidgost-effective for applications in thermal agement
systems. Indirect advantages of enhanced heafdrarmefficients could be miniaturized (smaller digter)

heat exchangers with reduced fluid inventory amtliced life-cycle impact.

Figure 5. Highlights on nanofluids: (right) a sunmgnaf thermal application for different nanofluid$eft) an example of the
effect of the amount of suspended nanoparticleh@r®nhancement of the fluid thermal conductivity.

Recent experiments have also demonstrated thafln@sohave attractive properties for applicatiomshe area

of heat transfer, drag reduction, binding abilir §and consolidation, gel formation, wettabilityeeation,
significant enhancement of boiling critical heaixfland corrosive control. The tribological performa of
nanolubricants obtained with addition of carbon aretal nanoparticles can be usefully applied tagefating
devices but also to cogeneration engifes.

Several industrial applications have been develams#dg nanofluids as cooling/heating media (Chasekar,
2012; Buschmann, 2013): electronic liquid coolisigstem, nuclear power plant cooling systems, rubber
processing, public utilities, oil and gas indusfiged and beverage processing industry, chemicalspéastics
industry, solar energy conversion to electricityd &eating, ventilation, and air conditioning (HVASystems for
buildings, etc. To explore just one example, letomssider the application of copper-ethylene glytahofluids

in a demanding automotive cooling system studieddmng et al (2010). It was observed that, ovéredit transfer
coefficient and heat transfer rate in engine capigstem increased with the usage of nanofluidspesed to
ethylene glycol (i.e. base fluid) alone. It is obvesl that about 3.8% of heat transfer enhancemeult doe
achieved and also estimated that the air frontd apuld be reduced by 18.7% with the addition%fpper
particles in a base fluid.

Moreover, nanofluids can be advantageously intedraiith renewable energy sources. In particulair tiise for
sunlight absorption in direct-absorption solar eclors is worth of study, as black nanofluids camkaboth as
solar absorbers and as heat-transfer media (Otagtieh 2010, Sani et al. 2011) and overcome sédeawbacks
of conventional systems.

Very recent papers also showed the significant ecdraent in thermal conductivity and/or heat trangfe
nanofluids based on magnetic nanoparticles, abdrrécent paper on the effect of magnetic fieldamminar
convective heat transfer of magnetite nanofluidaZian et al., 2014).

Thermochemical energy storage materials

5 Recently enlightened by POLITO for diesel engineel oils in the EU funded ADDNANO project (Deorselaal., 2012), by CNR for gas
engine oil (Zin et al., 2013) and for air conditiiogn equipment oils and oil-refrigerant mixtures fBo et al. 2010) in the projects funded by
the National Research Program for the Italian Ee&ystem
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The possibility to store thermal energy when extesd is available (e.g. from the environment dythe day or
during the summer, as well as from batch induspiatesses or “waste” heat) is representing arfasog way
to enhance energy efficiency. In particular seasstmaage and controllable stored energy releasaesearch
topics currently attracting significant researclfods$. In fact, the traditional phase change matsriwidely

exploited in daily solar energy storage, are uguadit suitable for seasonal storage owing to timfinsic low

density of energy stored. Furthermore the heathdige of PCM is triggered by temperature only, tst the

discharge cannot be controlled or programmed, ltmitng their use in more flexible applicationgquiring on-

demand heat discharge from the storage device.

On the other hand, thermochemical Storage, bas#ueadsorption/desorption of water on/from hydiaalts is
an excellent option for controlled storage andas¢eof energy «on demand».

Figure 6: Hydrated salts examples and properties

Nonetheless, there are technological challengescidsd with the use of hydrated salts includeikatupon

aggregation, excess water absorption, durabilitijckv require integrated efforts to overcome thesent¢
limitations and provide industrially viable soluti®for large scale applications.

In particular, the combination of hydrated saltdwhermally conductive, porous and mechanicalypk carbon
structures have been recently explored at politd demonstrated promising at lab scale. It is alswtiw
mentioning that development of hydrated salt-batechge is directly linked to polymer-based heahexgers,
which are required to provide a low-cost, desigaxifble and highly resistant materials in the harstrosive
saline environment.

2. Objectives
In term of general objectives, this sub-programinesaat developing new (micro- or nano-designed)enials
according to the EU scenario by the year 2028at¥ 20% energy; 2) decrease 20% of E@ission; 3) achieve
20% of renewable energies.
Each area of technological impact (Figure 1) shbasever its specific own conditions, operating doads,
reference heat transfer fluids, economical conssaiGenerally, the materials developed in thisgugramme
are expected to be costly in comparison with cotiveal materials, but significantly improving tha@exgy
efficiency of benchmark applications.

In the next section, specific and semi-quantitatibgectives are provided along a succinct roadnigetivities.
3. Work programme and roadmap

Coming into specific details, some grand challerageshereafter outlined, based on a survey ofuheist patents
and literature in the respective areas as welhath® expertise of the AMPEA partners. Timescated#ferent
for different applications, depending on their emtrlevel of development, the further efforts regdifor their
improvement, the respective market constraintsréfbee, along the time coordinates the table repmmumber
of milestones with measurable objectives for antheftechnological areas of interest.

Grand challenges, defined on 2014, directed som@BMactions, such as the workshop “Low temperatest
recovery” held in Torino on 2015 and dedicated tJBimgram Steering Committee (JPSC).

Grand challenges

topic 5 years 10 years 20 years
Energy harvesting Integration of the current Development of stable and | Integration of energy
materials materials in sustainable devicgssustainable thermoelectric harvesting devices in
everyday life to reduce GO
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materials with ZT = 1.5 for
power generation

emission and to produce
electrical generation with ZT
= 2. Highly efficient green
solid state cooling devices
alternative to heat pumps.

3 years

5 years

10 years

Polymer nano-

composites for
intensified heat

Exploit the potential of current
compounding techniques (e.g.
screw extrusion) to generate

Significant improvement of
the thermal conductivity and
reduction of filler contents

Develop self assembling
techniques guaranteeing a
further stepwise increase in

designed surfaces
for intensified

heat transfer

potential of micro/nano-
designed surfaces for
intensified heat transfer
manufactured with reproducibl
lab scale techniques (e.g. rapi
prototyping,laser etching, etc.)

effective manufacturing
techniques to derive
marketable products and
e demonstrate practical
Il applications

transfer nanofilled polymer compoundg through new, improved thermal conductivity for an
with improved thermal compounding techniques equal filler content or
conductivity and minimized optimised on the grounds of | sufficient thermal
costs at the lowest possible appropriate multiscale conductivities for minimised
filler content modeling filler contents and
manufacturing costs.
3 years 5 years 10 years
Micro/nano- Clearly demonstrate the Optimise industrial cost- Optimise through a

knowledge based approach
self-cleaning antifouling
surface expanding the
potential application of these
heat transfer surface to a
wider span of appliances.

5 years

10 years

15 years

Nanofluids

Repeatability and
reproducibility of experimental
data

Comprehension of
relationship between
chemical-physics
characteristics of
nanoparticles and lubricant
properties of nanofluids

Comprehension of
relationship between
chemical-physics
characteristics of
nanoparticles and thermal
properties of nanofluids

3 years

5 years

10 years

Thermochemical
energy storage
materials

Lab-validated solutions for the
hydrated salt stabilization upo
aggregation, excess water
absorption, durability

Integration of stabilized
thermochemical heat storage
materials into demonstration
devices

System integration and
control systems developed fd
the to management of the
thermal battery

charge/discharge

Milestones and Actions

Section 1 — Energy harvesting materials
Polymeric TE materials work at low/mid temperatused are very attractive due to its easy fabricapimcesses
and low material cost, but it is necessary to imprtheir electrical conductivity. Promising strateginclude the
addition of carbon nanostructures and semicondsioabormetals. Before real engineering of polymerbdas
thermoelectric devices, there is reasonable advianige achieved.
As an example of achievement in the field, dopelggrilines composite have been studied to obtaioridy
organic/inorganic thermoelectric materials. Pregggsroute has been set up for obtaining flexi#&Tleg with
state-of- the-art ZT. The best ZT was calculated HANI-DBSA containing SWCNH 15 wt%. Preliminary
encouraging results were obtained with additioBi&eTe NMP .
New topic has been explored, not included in thgalnDoW. Thermoelectric liquids (nanofluids) awmder
investigation containing redox couples (thermogaivaffect) and/or charged colloidal particles (theelectric
diffusion and adsorption) in search of novel theetaotric phenomenaThe host liquids (electrolytes) include
water, organic solvents, ionic liquids and theixtmies. Charge stabilized magnetic nanoparticlesf@ind to
increase the thermoelectric power-output by 100%egt low concentratioris
For liquids, the definition of “high temperatures’ ¢onsiderably lower than that of solid counteiparhat being
said, instead of using aqueous electrolytes at @& are now integrating ionic liquids which alldie use of
thermoelectric liquids at temperature much higlent100°C. Current operational temperature rangibait
200°C. This limit is expected to be increased toval300°C by introducing suitable thermocell materi

For mid-temperature power generation (500-900 Kicat semiconductor alloys have been thoroughlydigd
and developed thanks to their high figure of méyjtart from the relevant issues of chemical stgbiliith respect

5 H2020 FET-Proactive project MAGENTA (https://wwwagenta-h2020.eu) has been successfully submittédePzhip include two

AMPEA members, CNR and

CEA

7 PhD thesis of T. Salez, 2017.
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to sublimation and oxidation, such materials areonflict with clear indications of the RoHS Eurapedirective.
Compared to the traditional thermoelectrics useithénsame temperature range, many new materiaésiegun
to appear, characterized by low environmental ihg@acvirtue of their low element toxicity, low dpsnd higher
natural abundances. In the medium-long term, egiigaa wider development and spread of TE convertbe
switch to sustainable materials will turn out torhandatory. They can realistically face the chajénof a real
exploitation of the TEG technologies in a wide ramd temperatures.

Study on ancillary materials are in progress, coning the deposition protective coatings onto treduie legs,
metal connectors and joining for lowering the intdresistance.

Detailed and systematic fundamental studies areingdor assessing the effects of structure andedsionality
on the thermal conductivity and thermoelectric mmies, together with technological research ded/dab
material processing.

Finally, as shown by many studies, multiphysics elliy applied to TEG elements is a powerful toot f
materials and modules design and limits the nurobekperiments; numerical analysis can contribatfnd the
optimal geometry for the module; to solve the meatal problem of coupling elements with differenefficient
of thermal expansion; to localize the maximum oftke stresses

Table 1a
Milestone | Measurable Objectives | Project Year
Thermoelectric Materials
M C.2 Avoidance of rare earth, noble metals or toxic mial® (e.g. Pb) in 5
the thermoelectric devices
M C.4 Achieve higher compactness and lightness of devitesigh 15

adequate system engineering and process intetisifiqz.g.
combination with other technologies of the preseitprogramme)
M C.5 Expansion of the temperature range of effectivefress 100°C 20
(enhancement of efficiency required) to 1000°C (echanent of
durability required) through a better engineerifithermal-electrical
properties of materials

Pyrolectric materials could harvest energy fromuredly occurring temperature changes such as clsaimge
ambient temperature, and artificial temperaturengkea due to exhaust gases, convection or solagyernenese
materials can operate with a high thermodynamitcieficy and, showing an advantage over thermoéectr
materials, they do not require bulky heat sinksitntain the required heat difference. Hence, ggatgc energy
harvesting represents another potential methoddlmggscue some of the enormous amount of energiedas
heat by converting the thermal fluctuations intecélical energy.

Current activity carried out under the supervisidfENEA concerns a novel approach to the formatibdnS
wurtzite nanopowder and nanotextured wurztite caramwhich can offer new pathways in pyroelectrioda
piezoelectric) energy harvesting, leading to sigaift breakthroughs in the development of highityuahd non-
toxic materials for use in ambient energy harveséina lower cost. The two years research projécbedone
in collaboration with other stakeholde?s.

Section 2 — Polymer nano-composites for intensifieeht transfer

This area of research requires both short termmadium term progresses. In the short term, thegee&irmances
achievable with commonly used compounding techriagnest be assessed. Any significant progress asthiey
these could possibly lead to early market products.

In the medium term, the achievement of a betteddmmental knowledge of phonon transfer mechanishes, t
development of accurate design tools and the promatf self-assembling techniques to obtain théerfil
percolation pathways at minimal filler content, kkblead to a radically innovative class of matesial

As achievements in the field, thermally conductielymer nanocomposites were developed in terms of
processing, performance and modelling.

Aiming at obtaining superior nanoparticles dispamsvia an industrially viable and scalable procesactive
polymer processing was studies thoroughly. In paldr , polymerization during extrusion via ringesfing were
found to be a convenient method to infiltrate ldarehanoparticles (graphene nanoplatelets, redgcgpohene
oxide) and subsequently disperse those takingaidtantage of the increasing viscosity upon polyzagion. This
was applied to cyclic oligomers of polybutylenectgnatalate as well as lactide, to obtain nanocoitgzolsased
on polybutylene terephthalate. Isotropic thermahdrativity was obtained in the range of 1 to 2.5mMK/
depending on the particle type and loading (<20%séjnonstrated to possibility to produce, via rpettcessing
in extruder, materials with thermal conductivityrfeemance in line with the state of the art materi@oduced

8 This project has received funding from the Européaion’s Horizon 2020 research and innovation paogne under the Marie
Sk odowska-Curie grant agreement No 797951
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with thermosets solvent-assisted methods. On ther gide, strong orientation and excellent dispersbtained
via a potentially scalable pressing-and-folding et demonstrated in-plane thermal conductivitie@ YW/mK
(i.e. >30times the pristine polymer) with partitdadings of 25%.

Table 1b
Milestone | Measurable Objectives |  Project Year
Polymer nano-composites for intensified heat transf

M C.6 Achieve a 10-fold increase in thermal conductiviympared to the bulk 3
polymer material with nano-filler loading < 5 wt% at least 10 W/(mK);

M C.7 Achieve a 20-fold increase in thermal conductiviympared to the bulk 5
polymer material with nano-filler loading < 5 wt% at least 10 W/(mK);

M C.9 Expand the viability of these nano-composite matenip to 200°C; 7

M C.10 Develop self-assembly techniques for the build-fipplronon perculation 7

activity with 20-fold increase in thermal condudivcompared to the bul
polymer material with nano-filler loading < 2 wt%

M C.12 Achieve the level of knowledge to develop multiftional exploiting the| 15
potential of nanofillers to tune thermal, electliaad mechanical propertig
of polymer materials.

n

Section 3 — Micro/nano-designed surfaces for intéiesd heat transfer

Beyond the full exploitation of the potentialitiebmicro- and nano-structured heat exchange suifabeosting
sensible and latent heat transfer the main chafehgre are in the development of economic manurfagt
techniques and in the development of self-cleaninfaces to avoid fouling processes.

Beside surface top-down microstructuration, bottgmnnanostructured coatings on surfaces have asla be
explored. Indeed, some organic/inorganic coatingsewdemonstrated as a mechanical flexible andgthou
alternative to high temperature inorganic insulaicespecially aerogels. For instance, “brick andan” organic-
inorganic coatings were also demonstrated abledtegt bulk substate in the presence of a flamén@io their
delamination to produce multilayered porous insngatoatings.

Table 1c
Milestone | Measurable Objectives | Project Year
Micro/nano-designed surfaces for intensified heatsfer

M C.13 50% increase of convective heat transfer coefftdigrsurface micro-| 3
structuring through a better engineering of wall
M C.14 push forward nanostructured surfaces in indusapglications for 3

boosting heat transfer coefficients in the presarigghase changes
(e.g. pool boiling, condensation, etc.)

M C.16 development of surface nano-patterning for eletatsheat transfer | 7
enhancement (e.g. ionic wind).

M C.17 development of nano-structured anti-fouling coatifgy heat transfer| 10
surfaces;

Section 4 — Nanofluids

In spite of this great potential, there are a nundféssues which have not been fully investigged. the exact
mechanism for alteration of thermophysical propsrind forced convective heat transfer charadtsrist still
unclear) as well as technological hurdles that nedzk overcome to ensure practical applicatiorgs (rability
of the particles suspension; avoidance of depasitib nanoparticles; safety issues related to tha&dge of
nanoparticles in case of defaults, increased vigcaad pumping power, field effect on magnetic oparticles
depending on particles size, etc.). Some of theggan AMPEA are focusing their research effortevercome
these barriers, also on the ground of recent adsachieved in controlling the aggregation statb@suspended
nanoparticles’

One of the main issues in the interpretation obfilaid thermal and lubricant properties is probatly significant
differences among the conductivity values repoitethe literature, even for nanofluids based onghme base

% The on-going European Cost Action “NanoUptake'delicated to developing and fostering the use obfiigsids as advanced heat
transfer/thermal storage materials to increaseffi@ency of heat exchange and storage systemé.i€Bn the management committee, and
ENEA, DUT and CNR are members. Joint events AMPEs&dUptake can be envisaged in the near future
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fluid and on the same type of nanostructured nmalteCionsidering the same type of particles and Bagk such
variations may be due to different shapes or sidazanoparticles, to different stability of the paasion that
could affect the properties over time, to the pneseof surfactants that can alter the thermal cotndty, besides
a variability of the results depending on the mdthbevaluation of the conductivity.

Concerning nanolubricants, although consideralitatsfhave been made to understand how nanopartiaiek
to reduce friction and wear, the friction decreamxhanism has still to be clarified. Several meidms have
been presented to enhance the lubricant propevitesdifferent nano-oils, as rolling/sliding effegtrotective
film, third body effect, and mending effect. Among availablaaparticles, carbon nanostructures, in particular
fullerene and nanotubes are promising candidataedditives in lubricant oils, thanks to the easstedaring their
individual layers. However, in most cases the peproducibility is due to insufficient control di¢ synthesis
process, which must ensure reproducibility in thepe, size and stability of the suspended nanopestiThis
suggests that the development of synthesis metbhodanofluids is still one of the challenges todan this field.
Same examples of the activities carried out in AMRIEe shortly described below. With commercial loants
as base oil, nanolubricants were prepared disgemital/metal oxide NMPs and C nanostructures (SWCN
graphene nanoplatelets). The validation of theciefficy and improvements of nanoparticles used dgiaek in
conventional oils were carried out in laboratoririf®ck test for friction coefficient and wear ®sand in working
conditions on engine test bench cycle. These néviclants containing nanoparticles were able to avdrbetter
performances than commercial oils in terms of dilitgbwear resistance, friction and heat transf2escription
is in progress of the real role played by nanopledias additives in oils and their activity durgmgine working,
as well as the investigation of the synergistieetfbf nanolubricants and hard protective coatings.

Moreover, in order to reach an efficient managenoétiie energy at all levels (conversion, produttimansfer,
transport...) basic research is required to investi¢faermal processes and the different means eneiaging
transported and converted. Energy transfer andnéilgorocesses should be considered in various miediaids
(fluid, gaseous, diphasic), in solids and at ddferscales, up to scales of nanofluids. As manggsses in energy
conversion occur in turbulent conditions, it is @us that energy efficiency will benefit a betteiderstanding of
turbulence; eventually, it is necessary to condideicomplex interactions taking place in energtesys in order
to maximize their efficiency, comparing liquid caats from both a thermal and hydraulic perspective.
Finally, if the base fluid/nanoparticles systeragroached in a holistic way, many applicationshmenvisaged.
One interesting example is their possible userforgasing the overall efficiency of solar devicrgleiting both
optical and thermal properties of nanofluids inwief their use as sunlight absorber fluids. In igatar, the use
of them for direct sunlight absorption (“black flisi'’) has to be explored by combining the experiment
characterization of optical properties, the nunaréimulation of heat transfer performances andetigineering
upscaling towards real systems. With this aim, netngies have been carried out involving AMPEA @8P JP
groups and a direct absorption receiver has begigrEd and set up to investigate the capabilithefanofluid
to absorb the concentrated sunlight. The thermasiphproperties of SWCNH suspension in water lagesame
as those of the base fluid, but the presence bbcananoparticles greatly enhances the opticabcheristics. The
efficiency is comparable to that obtained with #ate receiver tested in the same system, buttéidisy of the
absorbing fluids is always a challenge.

Table 1d
Milestone | Measurable Objectives Project Year
Nanofluids
M C.18 To achieve a 15% increase in thermal conductivity @o more than | 5

5% increase in viscosity, compared to the bulldflbiy low-cost
nano-particles loading < 1 v%;

M C.19 To increase the durability of nanofluids by impruyithe stability, by | 10
reducing the amount of surfactants and by engingdréetter the nano
coated particles

M C.20 To improve of 30% the lubricant properties of ndiuids in 10
industrial applications (T range 80-300 °C)

Intensive cooperation have been established wéhtliree AMPEA tool-related sub-programs on “Matstia
“Characterisation” and “Modelling”. These intera@bnships are crucial to cement and provide aseros
fertilisation among the different technological @ef the present sub-program. It is indeed evitteitcommon
materials development routes, characterisation meamodelling tools may be adopted throughoutéisearch
areas. One research line may draw inspiration fieendiscoveries of another one. For this reasonipgie
workshops (at least one per year) are held withreompatrticipation of all the R&D performers invoten the
sub-program.

Cooperation with the tool-related sub-programmes
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- Materials

As mentioned in earlier sections, nanomaterialeasential for nearly all the technologies involirethe present
sub-program, with the only exception concerningrotistructured surface for heat transfer enhanceinettite
turbulent regime (Fig. 4). For this very applicatiiield, rapid prototyping, as pioneered by Ventetal. (2014),
could provide large benefits to understand theiciahip between the shape of the surface pilladslae achieved
heat transfer enhancement. Moreover, nano-engitgereders for rapid prototyping could be used tbagite
even further the desired features of the fluidesoiterfaces with enhanced heat transfer.

Anyway, in all fields, nanotechnologies have t@kploited keeping an eye on economic feasibilitgraindustrial
level. In this perspective, in the area of nanocasitps with enhanced heat transfer propertiesgévelopment
of self-assembling methods for the formation ofcpéating filler particles are as complex as potdhtihighly
beneficial from en economic point of view, providédt no changes to the main polymer compoundidgstrial
processes (e.g. screw extrusion) are requiredahdmrlow cost polymer matrixes are used.

By analogy, the deposition of nano-structured nialeon the surface of condensers or pool-boilelishave to
be cost effective to be fully justified by the enhament of heat transfer coefficients in thesedamtexts.
Conversely, in the area of thermoelectricity, therelack of detailed and systematic studies em#nostructuring
techniques and the effect of the nanostructur@éethtermal conductivity and thermoelectric progsrdf different
materials covering the entire span from inorgaoiorganic ones.

In order to achieve suitable TRL for TEGs basedafe materials and components, it is necessangdgrate the
material study with the design and numerical sitite.of the module, considering the possibility fafther
optimizing the TE properties, but it is also neeegsto find a so-called “killer application” injéng new
enthusiasm into the research community.

Moreover, in the area of nanofluids, particularecarill be taken to achieve the integration of néuidé in
different applications, as fdnlack fluidsin solar applications.

Beyond techno-economical issues, life-cycle assessmill be a commonly employed tool for the desan
materials and synthesis/deposition processes. Mergas a crucial issue for any nano-material,tgafaalysis
of both materials manufacturing processes and piaterlease of nanoparticles in use or after digpavill be

carefully evaluated. Finally, pre-normative issuéls also be considered, in line with the proceduestablished
by the NANOfutures initiative (“European initiatifer sustainable development by Nanotechnologiart) the
need of techno-economic assessment of new techieslog

Figure 7: Route for the development of nanomatedaleloped by the former NANOfutures initiativenfw.nanofutures.info).
- Characterization

Beyond the overall thermal and electrical conduti¢is measured at a macroscale via convention#syss the
need to measure thermal conductivities at a natedesel to understand the effectiveness of theenwls
preparation routes and provide validation datanoroscale models, may lead to further developmerie area
of nano-thermal analysis (TA) and temperature mappi

The sufficiently accurate and precise measuremetiteomal diffusivity of fluids has been a majomeern for
several years in the past. Estimations on diffefleids have been reported by authors with largeeads than
reported experimental errors. Effective resultsenbeen obtained designing and building a devicedan
photoacoustic effect for the estimation of the mhar diffusivity of fluids at different temperature3he
photoacustic technique demonstrated a potentiahforore accurate estimates of thermal diffusivityfluids
compared to more conventional techniques suchesHbtDisk” and “Laser Flash” methods that seemseno
suitable for the characterization of solids and gers. This is an example of instrumental reseaachied out on
cheap but useful instrumentation that can be rafgitby the groups interested to this kind of attar&ation.
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- Modelling

A specific thrust area of interest is the discowamgew techniques for modeling, measuring, andyaimay thermal
phenomena at multiple time and length scales inrgimg novel material systems with the ultimate gofl
exploiting these phenomena to design future masedad components that break the paradigm of tesday
materials.

As for the thermoelectric applications, modellingl ywrovide a fundamental understanding of the jtsis
phenomena, in order to fix the requirements ofrtiag¢erials and to address their development in thet suitable
way. DFT methods, Boltzmann transport modelling, ddatinuum theory are modeling approaches of aertai
interest in the development of new TE materials enthe proper understanding of the physical meismas
affecting their performance.

4, Interface with other JPs

The overall set of EERA joint programmes (JPs)lmarfound in http://www.eera-set.eu/.

The materials developments undertaken in the presdiprogramme of the AMPEA JP can be of interest f
several other JPs and particularly:

Energy Storage JP, where a subprogramme on “Thatoralge” has been issued including phase change
materials, advanced fluids and thermochemical systéor thermal storage. Any mean to transfer heat
effectively to these storage media is obviouslyomsie and technology integrations are expectedréisydarly
fruitful, as mentioned above.

Concentrated Solar Power JP, where the storageomdentrated solar power deserves a specific
subprogramme. It has to be mentioned to these s1bet one of the most promising applications afafiaids
lies in the recovery of heat from solar thermaleyss (Javadi et al., 2013).

Geothermal Energy JP, an area where the low tetypereanges of the geothermal fluids coupled with
their corrosive nature offer good application opipoities for heat recovery through polymer heathexgers.

Hydrogen and Fuel Cells JP, where once again palymaat exchangers could be integrated with the
polymer-electrolyte-membrane (PEM) related techgiel® (electrolysers and/or fuel cells) for systéficiency
maximisation purposes, with no major prejudiceigiitness , as highly welcome on board cars.

Specific meetings will have to be organised wite tielevant persons of the above JPs for the mestdion
technological challenges.
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