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4.1 Final publishable summary report
A) Executive summary

CEOPS project focused on a sustainable approadhdgsroduction of methanol from GQvhich is

a precursor for fine chemical. The concept reliadweo chemical pathways, G@ CH; (pathway A)
and CH to CH:OH (pathway B) with the intermediate carbon vectoethane. Methane benefits from
the extended and existing natural gas networksifuature.

The technological work was based on the developrogaidvanced catalysts and electro-catalytic
processes. CEOPS investigated advanced catalysapgbcation in three promising electro-catalytic
processes (Dielectric barrier discharge plasmdysidéaPhoto-activated catalysis and Electro-cétaly
reduction) to increase their efficiency for bothhyeays.

For CQ conversion to Ck two DBD catalysts 20%Ni-30%Ce/Cs-USY and o.6Z#0.102-15% Ni
present a synergy with a DBD plasma below 200°@herCQ hydrogenation with a conversion rate
of about 80%. For the partial oxidation to methahelDBD plasma presented demonstrated the ability
to produce methanol but with limited conversion aagkctivity.

The PEC process allowed the synthesis of methanwibu a limited selectivity (Cklvs CO). The
photocatalytic process allowed the synthesis oharedl from methane with a selectivity of nearly
50% and a conversion rate limited at 2%. Two phati@igsts based on mesoporous 3A1@olLa, and
on a zeolite-based and 1%Ni-15%W/HBEA catalystsgmted the highest efficiency.

Methane formation by Cfelectro-reduction with COdissolved in ionic-liquid was demonstrated.
The best result, obtained with Ni-Cu bimetallicheades presented GHelectivity about 100%, with
productivity of about 400 mol.CH?! kg catalyst. Up to date no reports of methane production by
electrochemical reduction in ionic-liquids have mb@eblished and so these results are clearly beyond
the SoA. However, a lack of reproducibility of matie formation was observed.

The performances of the studied catalyst and psoseBemes were benchmarked and the most
efficient for each pathway were: the pathway A vatgas fluidised bed reactor with a DBD plasma
assistance; the pathway B with a photocatalystysteactor with methane with assistance of UV light

Prototype reactors were developed, built and testesdsess their performances for the two catalytic
pathways, which were respectively the synthesimethane from a mixture of G@nd H and the
synthesis of methanol from methane.

The pathway A gave noticeable results at low teatpee (<200°C) with the zeolite based catalyst. A
60% conversion with 99 % selectivity in methane whtained, with a plasma power consumption of
32 kJ/mol. The pathway B gave a very low productibmethanol with both optimised catalysts which
confirms the challenge of this reaction.

In the present market conditions and current reguia methane will be produced at a cost of 135
€/MWhycv, including investment costs, considering elediriaverage price of 42€/MWh. In the case
of methanol, the final price will be close to 18M&Vhucy. The electricity price per MWh to make
methane competitive is close to 3€/MWh. For methanwill be around 16€/MWh.

At the current stage, the environmental impact®athway A and Pathway B are larger than the
impacts of currently available technologies. Tkignainly due to the large energy demand and the
current electricity mix in the EU. An energy mix @00% of renewable energy can become an
environmentally favourable alternative to methane methanol from current sources.

During the project, 16 papers were published andi§§emination activities were done. Six workshops
and two summer schools were organised to prometerthject, the carbon dioxide utilisation approach
and disseminate the results.



B) Description of project context and objectives

i) Context & concept
The overall carbon footprint of the expected demanitiexceed 40 Gt/year of GOemissions by
203C¢. From CQ valorisation standpoint, scientific, industrialdagocietal authorities are urged to
propose new schemes for producing, consuming arytlneg carbon from fossil fuels for energy
market and chemical industry. In this context, viaktion of CQ (CCU approach) emissions
constitute a complementary strategy and not a ctongreto CQ geological sequestration (CCS
approach). Cetransformation into added value products will cimite to the transition from carbon
fossil sources products to low carbon footprintrio this end, the intensive industries (e.g. cgme
industry), as large emitters of gOrepresent a non-exploited source of carbon. Thddwide
production of cement represents 1.5-2 Gt, whickbsut 5% of anthropogenic global €€&missions.
To significantly reduce C&emissions, United Nations Industrial developnm@rganization predicts
for the cement industry that 1.1 Gt of £§hould be reduced (Capture nearly 50%) from tipeebed
2.5-3Gt of CQ by 2056. This will entail an additional cost of 40 — 8®@r ton of CQ captured,
which would have a severe impact on cost of cefment.

From a fine chemicals standpoint, methanol is aomiatermediate molecule for chemical industry
and fine chemical products
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large CQ emitters and especially for the cement industry.

2 World energy, technology and, climate policy outlook 2030, WETO report
CO2 Emissions from fuel combustion, | E A - Statistics - 2010 Edition

3 Global Technology Roadmap for CCS in industry, Sectoral Assessment: Cement, Mott MacDonald 2010
4 “Cement Technology Roadmap 2009” edited by World Business Council for Sustainable Development

5 European Cement Research Academy, Technical Report TR-ECRA-106/2009



The concept of the project (Figure B1) relies andkvelopment of two chemical pathways based on:
Sub-system A: Upstream, G@o methane conversion will be realised with ade@incatalysts to
promote the efficiency of CO> CHs electro-catalytic process (pathway A) at the p@htCO;
emission (cement works). Methane will act as ay sawable and transportable carbon vector.
Sub-system B: Downstream, the direct conversiom&thane to methanol will be done at the point of
fine chemicals production with advanced catalystprbmote the partial oxidation of methane into
methanol called “the direct pathway” (pathway Bytead of using the current pathway consisting of
a steam reforming of CHwvhich represents 60-70% of cost production ofentrmethanol, followed

by the CO hydrogenation reaction.

While large CQ emitters and fine chemicals producers are cugreartl geographically dispersed
throughout Europe, CEOPS concept proposes thefubke existing wide natural gas network via the
injection and transportation of an intermediatedpici: methane. Indeed, Ghs easily transported.
Furthermore, methane already benefits from thenebe@ and existing European natural gas network
infrastructure, so its distribution will prevent diional CQ emissions for transportation. This
sustainable approach will thus enable the decesdtmin of methanol production, which will favour
the emergence of distributed, small and flexibledoiction units of fine chemicals. This vision will
pave the way for several novel and sustainable ymtamh schemes. Moreover, the flexibility of
CEOPS production scheme, in low consumption peffa threshold price of energy / MWh) or
surplus of renewable energy production should enthe competitiveness of the concept.

CEOPS was focused on the development of advantalgsia and electro-catalytic processes for sub-
systems A and B. The most promising process folh athway was selected to provide a proof of
concept via the construction of prototype systernis Tprototype integrated both reactors: ,CO
reduction to methane (pathway A) and methane owidaio methanol (pathway B) in order to
demonstrate the pertinence of the concept.

1)) Scientific and technical objectives

Both pathways (Ce&to CH; and CH to CHsOH) have been developed by thermal catalysis fozrsd
years with remaining drawbacks such as low catalgfficiency (conversion rate * selectivity) and
deactivation. CEOPS have developed and evaluatkcerat advanced catalytic materials for
application in three promising electro-catalytiopesses (see figure B1) in order to increase their
conversion rates and selectivity:

- DBD (Dielectric Barrier Discharge) plasma catalysis

- Photo-activated catalysis,

- Electro-catalytic reduction.
The performances of the studied catalyst and psosgsemes were benchmarked. The most efficient
and durable scheme for both pathways was selectdéeobasis of conversion rate, selectivity and
energy (electricity) consumption.
A prototype of sub systems A and B was implememat integrated prototype reactors. This
prototype integrated the selected schemes to demteshe proof of concept and to generate the
required data for the techno-economic assessmaatsdalability of both schemes was studied with
the support of the industrial partners.




The project was structured with 4 scientific ancht@cal objectives s described as follows:

Objective 1: Advanced catalytic materials development (IST, GRéhd OMNIDEA)
Catalysts were developed in order to increase trevarsion rate and selectivity of the studied
pathways for sub-systems A&B:
— Nanostructured zeolite in combination with metaldes and mesoporous metal oxides for
DBD plasma catalysis for both pathways,
— Nanostructured Ti@(nanotubes) for pathway A and mesoporous tungskete® and beta
zeolites for photo-activated catalysis for pathugay
— Multifunctional cathode materials with bimetalliamoparticles for electro-catalytic reduction
of CO, [Pathway A].

Objective 2: Enabling electro-catalytic procesg€f”MC, CEA, IREC, NOVA)
Electro-catalytic processes were developed to prertite sustainable production of fine chemicals
from emitted CQvia pathway A and pathway B.
Pathway A:The chemical pathway starts by electrolysis of whikowed by the C@hydrogenation.
HO> H+% O AH>0
CO+4H > CHs+2HO AH<O
and the overall reaction is the sum of those t@@; + 2 HO - CHs+2 O
Pathway B: The partial oxidation of methane to rapth.
CHi+% Q> CHOH ; AH<O
The performance objectives for the competitivermédmth pathways set by the project was expressed
of conversion rate, selectivityandelectricity consumptionas shown in the table below:

Pathway A | Pathway B
DBD plasma catalysis CO2 hydrogenation
e Conversion rate > 65 % _
e Selectivity > 90% e Conversion rate > 30%

e Electricity consumption ¢ Select_i\{ity >50% _
(<12kJ/molena)(*) e Electricity consumption
(<5kJ/molecha)

Photo-activated catalysis | CO2 reduction to CHa

e Conversion rate > 65 %
e Selectivity > 90%

e Electricity consumption (<1,64 NA
MJ/molecha)(*)

(*) The energy required to produce 1 mabi waterelectrolysis is 407 KJ.mab™ for a yield of 70% [NREL dat4)]
1,628 MJ are consumed to produce 4 moles ohétessary for the GGhydrogenation. With the objective of
12kJ/molens for the CQ hydrogenation pathway the overall consumptiorttierpathway A is the same as the two
other processes (1,64 MJ/mglg).

Electro-catalytic reduction

These electro-catalytic processes were developkdbiacale reactors, incorporating advanced
catalysts (objective 1) as follows:

6 http://www.nrel.gov/hydrogen/pdfs/36734.pdf



» DBD plasma catalysisvas implemented ofixed bed reactor(UPMC) for mechanisms studies
and in parallel on #uidized bed reactor (CEA) for performance assessment. This was done for
both pathways. The plasma creates active specipalbg plasma nearby the catalyst surface and
improves kinetic by both surface reaction and, gagm of by-products liable to deactivate
catalysts active sites during operation.

* Photo-activated catalysiJIREC):
The photon activation of catalysts promotes loveteieity consumption and an enhancement of
the conversion rate and selectivity.
- Photo-electro-catalytic technology was implemented onpaoto-electrochemical cell
(PEC) with an innovative photo-anode (pathway A).
- Photocatalytic technologywas implemented onfexed bed reactor (pathway B).

* CO: electro-catalytic reduction (NOVA) was developed with ionic liquid which coute also
used for CQ capture instead of current amine based solveriis. dlectro-reduction reactor
integratesnultifunctional cathode materials.

Obijective 3: Set-up of a prototype for sub-systema&B (CEA + UPMC, IREC, IST)

The most efficient and durable catalytic scheme sedected for each pathway at M20. Catalysts and
processes were scaled up to a prototype scaleeatatitat CEA in a test bench. The same performance
indicators and targets (Objective 2) were addreaséae prototype level.

This prototype allowed the evaluation of thermalahae, electricity consumption, and catalytic
efficiency of both sub-systems.

Objective 4: Techno-economic and environmental assements(Industrial partners and CEA)
Based on the above evaluation, the economic andomnvental competitiveness of the CEOPS
process routes from industrial @@mitters to fine chemical customers was finalliedmined in
terms of:
- Techno-economic performances assessment;
- Environmental impact assessment for industria €&lorisation and “renewable”
methanol market evaluation of the need for low carfootprint methanol;
- Comparison of the competitiveness and the oveffatiency of the low carbon footprint
methanol with the one produced today from fossilrse by current technology (thermal
catalysis).

C) A description of the main S&T results/foregrounds

The core developments of the project was develapdwe WP2 dedicated to advanced catalyst and in
the WP3 dedicated to electro-catalytic processes.developed catalysts were characterised and then
supplied to WP3 for their catalytic performanceleaton. In WP3 lab-scale reactors processes were
set-up with integrated catalytic materials andrtb#iciency was measured with respect to conversio
rates, selectivity and energy consumption for lsoitrsystems A&B. At M20, a decisional milestone
selected the most performing process for each @Eati&B based on the objectives 2.



)] Catalyst developments performed in the WP2:

e Development of advanced catalysts for DBD plasmatalysis (IST & IREC)

Pathway A:
Zeolite based catalyst:

Zeolite-based catalysts were investigated throbgluse of bi/multi-functional systems, composed of
zeolites and metal species stabilised on zeolieendwork (USY/FAU).IST prepared and
characterized samples of initial and optimised &blite catalysts. All catalysts were based on ultra
stable FAU structure (USHY form), taking into acobthe good resistance of this particular structure
to water vapour presence, at high temperature.dsi wtroduced by incipient wetness impregnation
and Ni content varied between 2 and 30 wt.%.

Different parameters were studied, including: Nntemt, addition of Ce (activity and selectivity
promoter) and introduction of alkaline (Cs, Na) alkaline-earth (Mg) cations. Different zeolite
properties were also evaluated: acidity/basicityd{gm content), the influence of the presence of
extra-framework aluminium species, global Si/Aiodipe of structure compensating cation (Na, K,
Mg, Cs). Catalysts were characterised by adsorption, DRS-UV-Vis spectroscopy, hydrogen
temperature programmed reduction (H2-TPR), trarsomnselectron microscopy (TEM), XRD (X-
Ray diffraction) and thermal catalysis (consideaatharacterisation technique for all Pathway A, DBD
plasma prepared catalysts).

The performances of the prepared catalysts werduadea underthermal catalysis by
calculating the obtained GQonversion and CHselectivity. It is important to refer that the wnl
secondary product found in the reactor effluent @& the carbon molar balances closing at about
97-102%. Catalytic tests were carried out in a flalular reactor in Pyrex, under atmospheric
pressure. Before the reaction, catalysts weregutaeed in-situ at 470°C during 1h, under 8G#
stream, with a total gas flow of 250 tmin. For the reaction, a mixture of hydrogen, carbioxide
and nitrogen was fed into the reactor at gas hadice velocities (GHSV) of 43000.h

The first optimized catalysts contained 14 wt.%rM\a USHY zeolite with a global SI/AL ratio
of 40, ion-exchanged with Na. 15 and 30 wt.% ofw2es added to the catalysts. Resultshefmal
catalysisare presented on Figure C-1.
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Figure C-1: (a) Evolution of the CQ: conversion and (b) methane selectivity with tempeaiture for the
14%NiNaUSHY (4), 15%Cel4%NiNaUSHY @) and 30%Cel14%NiNaUSHY (&) catalysts, tested under thermal
catalysis. Thermodynamic values: dashed line.



A second set of optimised catalysts was preparsthguCs instead of Na as alkaline promoter.
Mixtures of Na-Cs ion-exchanged catalysts were tdsted. Results of thermal catalysis are depicted
on Figure C-2.
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Figure C-2: (a) Evolution of the CQ: conversion and (b) methane selectivity with tempeaiture for the
14%NiNaUSHY (4), 14%NiNaCsUSHY @), 14%NiCs (A) and 30%Cel14%NiCsUSHY (x) catalysts, tested
under thermal catalysis. Thermodynamic values: dastd line.

For all DBD plasma catalysts (Pathway A) the tgstuinder conventional thermal heating was
considered, from the very beginning of the projectieliable evaluation method of the catalytic
activity, as, in fact, it was possible to roughlyrelate the catalytic behaviour under thermal and
plasma induced catalysis. This was performedSadr andIREC catalysts, at IST catalytic test unit.
This procedure allowed the catalytic evaluatiom ¢tdrge number of parameters, also reflected in the
final results at UPMC (WP3).

Mesoporous catalysts:

Mesoporous nickel-ceria-zirconia catalysts weramigtd by replication method of mesoporous silica.
Mesoporous silica was synthesised under acidic itond using a non-ionic triblock copolymer
surfactant (EO20PO70EO20, Pluronic P123 from BA&Fa structure-directing agent.

A SBA-15 (two-dimensional
hexagonal with  p6mm
symmetry mesoporous silica
was obtained and used. SB/
15 was impregnated witl
solutions of nitrate salts o
the metal precursors. Afte
calcination at 800°C, sample
were hot-etched using NaOl
in order to remove the silice
template, to attain the
mesoporous nickel-ceria
zirconia catalysts. The mete 0
ratio  [Z*)/([Zr *]+[Ce™)) 200 250 300 350 400 450 500

. . [4]
was varied between 0 to 0.0 _ Temperstues(R) _
Figure C-3: COz hydrogenation to methane, obtained under conventiaai

and the nickel content heating, for mesoporous 15 wt.% Ni — GeZr 0102 catalyst.
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between 5 and 15%. Samples were prepared, chasadieaand sent to IST (to thermal catalysis
characterisation) and to UPMC for DBD catalysisleaton. The catalyst had high surface area, with
BET values ranging between 120 and 15%gmXRD measurements showed that all the samples
crystallise on the fluorite structure (cubic) armdavidences of NiO formation was found. Raman also
corroborates the nickel (N) insertion on the ceria lattice, which can be ipytejected as metallic
nickel (identified by XRD) after the pre-reductimeatment, in agreement with H2-TPR results.
Thermal catalysis carried out at IST demonstrdtesigh conversion rate at low temperatures (300°C)
and the high selectivity (higher than 98%). Als@bdity tests carried out during 10h, at 300°C or
400°C showed virtually no degradation of the catalAs depicted from figure C-3, the highest
conversion was obtained with 15 wt.% Ni —G2ro.1O- catalyst and this composition was chosen for
up scaling. A batch of 100 g was prepared andfsemesting at CEA.

Stability tests 100
(Figure C-4)
showed virtually no
degradation of the
catalyst, which
corroborates that the
stabilization at high
temperature inside
the template can
lead to nanocrystals
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sintering. Figure C-4 : Stability test at 400°C (conventional heating) of A%Ni-
CenoZro.102

Pathway B:

Zeolite based catalyst:

Two different zeolite structures were used: MFI NES), and FAU (Y zeolite) also used as

methanation catalysts support, in the present stumtr with 5wt.% Fe.

For all Fe/zeolite prepared samples, some commpaduwsions can be obtained from characterisation:
* XRD results suggest good dispersion of iron sgoin the zeolite structure; no FexOy species
were detected in the catalysts, prepared usingz3;@dN8bhO precursor; no modification of
cristallinity was detected;
 Nitrogen adsorption/desorption measurements dandacate pore blockage due to introduction
of the metal;

» The assessment of the distribution of iron speitiside the zeolite structure shows:
0 a heterogeneous distribution of iron species imm@as prepared via impregnation techniques,
while in ion-exchanged samples only one reductimtg@ss was observed;
o0 this evaluation should be complemented with tkalte of CH to MeOH activity, under DBD
plasma conditions (UPMC, WP3).

10



Until the end of WP2, it was not possible, to gsight of the role of the different iron specietedéed
on Fe-zeolite catalysts, mainly due to their paaalytic activity (WP3).

Mesoporous catalysts:

Mesoporous Cu-Fe-ceria-zirconia, with SBA-15 aslliamplate, was prepared for Pathway B, using
the same synthetic route previously described Herpreparation of catalyst for the pathway A, but
using copper and iron nitrate salts as precurosss prepared 15% Cu, 15% Fe, 15% Cu-Fe samples
(Cen.9Zro.102/SBA-15), using the same composition as the opathibr CQ hydrogenation. Prepared
samples were directly sent to UPMC, to be testgrlasma-induced catalysis reaction (WP3).

e Development of advanced photo-catalysts for the jpito anode (Pathway A CQto CH4) IREC
IREC was focused in the synthesis of photo-anodés bbased on nanostructured titanium oxide
(TiO2) and tungsten oxide (W4D prepared over transparent conductive subst(gtass coated with
fluorine tin oxide (FTO)). The optical absorptiof BiO> in the visible solar spectrum has been
implemented through a surface modification of Zit@nostructures by thermal treatment in a reductive
medium (ammonia or hydrogen).

The synthesis procedure of titanium dioxide nansreses titanium butoxide as titania precursor. It
was introduced in a teflon-lined stainless ste&baave, together with a piece of FTO glass, whid t
FTO side against the wall, at 200°C for 4 hoursrbter to get electrical access to the FTO, sulestra
were partially covered with Kapton tape. The appred samples were cleaned by sonication in water,
dried under nitrogen stream and finally treated458°C in air in order to remove any residual frdw t
synthesis procedure.

Titania rutile nanorods were also surface modifigcheat treatment under ammonia atmosphere at
different temperatures, aiming at improving PEdqgranances by nitrogen doping. Figure C-5a shows
that ammonia treatments increased the photocudemdity up to 2-fold with respect to bare 7iO
(NH3—-300 °C). However, IPCE measurements (Figure -&l®aled that the increasing photocurrent
density was mainly due to a more efficient photoenir response of the UV part of the spectrum and
to a lesser extent in the bandgap region also.
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Figure C-5 : Voltammogram under AM 1.5 illumination (a) and incident photon-to-electron conversion eifiency
(IPCE) taken at 0 V vs Ag/AgCI (b) of the ammonia+tteated samples at 300, 400, and 500 °C together wihe
non-treated sample.

Finally, due to the limited absorption of TiONOs photo-anodes were synthetized using pulsed laser
deposition. For the synthesis a pure Y#puttering target from Goodfellwas vaporised using a
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KrF laser and the material was deposited over des{~TO substrate heated at 400°C. Then, the layer
is recrystallized during synthesis, providing arcedlent performance as photo-anode, providing
almost 2 mA cn? under 1 sun illumination.

e Development of photo-catalysts for the Pathway B &4 to CH30OH (IST & IREC)

Zeolite based catalyst:
IST work consisted in the preparation of modified B@&A structure) zeolites, presenting several
levels of aluminium removal from the framework, abed by (i) controlled dealumination followed

by hydrothermal EEE) The best support

treatments, (i) acid

Incipient Wetness Impregnation

treatments and  (iii)
desilication, in order to / l \

obtain _ different 15% V 15% W 15% Mo

concentration and type \

of silanol  (SiOH) o | }

groups. Furthermore 15% V 15%V  15% V 15% W 15% Mo
. . + + + + +

different  photoactive 1%Bi  1%Ni  1%La 1% Ni 1% Ni

metal species (V, W,
Mo) containing samples Figure C-6 : Metal containing BEA zeolite photocatalysts for Patway B

were also prepared.

Parent Beta zeolite catalysts, in acidic form, wereexchanged into the Na form. Different samples,
with different Si/Al were used: Si/Al = 255; 32.52.5)

HBEA (Si/Al = 32.5) was impregnated with 15%wt af,Zinder acidic and sodium forms. After first
tests (atlREC), it was verified that the best support was HBESVAI= 12.5). Over this sample,
different metals (V, Bi, Ni, La, W, Mo) were intraded (Figure C-6). Final versions of BEA-based
catalysts, containing Ni and V, W or Mo were senfREC to be tested under photo-catalysis for the
partial oxidation of CHto MeOH (WP3).

Mesoporous catalysts:

Mesoporous tungsten oxide (WQwas prepared dREC by replication technique of KIT-6 silica
template. Additionally, this mesoporous \W@ere doped with metals to enhance electron-hole
separation and avoid charge recombination. La-d¥y@gl/was obtained by adding lanthanum nitrate
to the precursor of Wgollowing the same procedure of pure YW&ynthesis. M-doped WA IM=Fe,

Cu and Ni) was preparet
by impregnation. The
optimized nickel and =
lanthanum loading was
found to be 1%.

KIT-6 mesoporous silica
template, with  three- \
dimensional cubic la3d 4 e R e
structure, synthesized

o > _ I Figure C-7: SEM image of (a) mesoporot WOz and (b) image extractec
acidic conditions using & from the area marked by the dotted line square.

(a
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mixture of Pluronic P-123 and 1-butanol, consistsnm set of mesopores connected by micro-bridge
channels. Ordered mesoporous YWas prepared by incorporating as-prepared KiTh6asunder
stirring. After calcination, W@inside the hosting silica material was obtaindue dbtained material
was then suspended under stirring in a 10 % wtdiktien to remove the KIT-6 silica template. The
mesoporous WeXxatalyst was separated by centrifugation, wasegdentially with water and ethanol
and dried at room temperature.

Bismuth-based nano-catalysts:

Other types of materials forecasted in the DoW weepared, such as8BYOs and BiVQ. Indeed,
the latter is a very promising oxide for selectosadation reactions as, according to its band edge
positions, its valence band exhibits a more neggpetential than Tig) WOz and BpWOe, which
makes this material less oxidizing In principleghrer selectivity into Ciklcan be expected, with less
CQO, formation in oxidation processes.

Nanoparticles of BWOes or BiVOs were prepared by mixing the corresponding amouwits
Bi(NOz3)3:5H:0 and NawOs4-2HO or NaVQ dissolved in glacial acetic acid. The resulting
suspension was transferred into a Teflon recipiaside of stainless steel autoclave, where a
hydrothermal treatment was performed at 140°C folh@urs. After filtration and thermal treatments,
prepared catalysts were characterized by UV-Vis] BERD and SEM. Results show that the most
promising material is BiV@ Then, BiVQ doped with Mo and W was synthetized, resultingigher
photoactive materials but losing selectivity.

According to the obtained results in the photogatapartial oxidation of methane to methanol, two
extreme situations are presented. By on hangy®g, which is a more photoactive material with
relatively high oxidizing potential, leads to bett®nversion values at expenses of lower selegtivit
BiVOa, on the other hand, is more selective but lessizirg, so probably it is a more proper candidate
for this kind of reaction.

e Development of advanced catalysts for electro-cdiaic reduction (OMNIDEA)

The novelty of the strategy followed in CEOPS tdiace electrochemical reduction of €@to
methane was to develop bimetallic Zn-Cu catalystst@metallic Ni-Cu catalysts and to couple these
catalysts with ionic liquids-based electrolyteshahiigh solubility for CQ. Zn was chosen to evaluate
the capability of this metal in promoting the firsechanistic steps of G@eduction, due to its known
selectivity for CO production. Nickel was chosenite known low hydrogen overvoltage to improve
the efficiency of water electrolysis. It was decide focus the work on the preparation of cathodes
based upon copper foil substrates.

Zinc-copper bimetallic cathodes:

Work was carried out to investigate the preparatonditions that yield reproducible compositions
and morphologies. The compositions of Zn—Cu allmgtings were determined by EDS measurement.
It was observed that all coatings are mainly coradax Zn and Cu elements except a small amount
of O atoms due to the partial surface oxidation.

Several cathodes were prepared with compositianging from pure copper (0% atomic Zn) up to
pure zinc (100% atomic Zn) and were characteriaedylic voltammetry under high pressure (30
bar), at 45°C. Cyclic voltammetry was useful to pane the different cathodes among themselves. The
current densities give an indication of the magtetof all the reactions that occur at the cathawk a
the potential of onset currents are a measure eftekersibility of the system. As the potential of
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onset current becomes less negative, the lowebw/itlhe energy that is necessaryto supply toygtes
for an electrochemical reaction to occur. This

information allowed the preliminary selection ofet :
best cathodes, prior to the tests carried out uttterg {f{?’ 3
scope of WP3. ot
It was observed thall these cathode materials weS#S* 3
active towards C®reduction, showing the cataly:
Zn:Cu (80:20) at.% significantly higher currentsuth
the pure metals.

Nickel-copper bimetallic cathodes: } i::n:fsk:eo.oo.. g SIOKX  Sonaarniars Ok 8204 nF.._m
Work_ was also ca_rrled out to investigate the PrEfIEn o e C-8: Zn:Cu 5:95% atomic, catalyst
conditions that yield reproducible compositions a  SEM analysis of the cross-section of the
morphologies. The compositions of Ni—Cu allc electrodeposit

coatings are determined by EDS measurement. All the

electrodeposits were mainly composed of Ni and lEments.

Bimetallic Ni:Cu catalysts were prepared both bytoolled potential electro-deposition and current
controlled electro-deposition, current controllegpdsition yielded more reproductive results.
Crystalline structures of the bimetallic Ni-Cu dledeposits were determined by X-ray diffraction.
The diffraction spectra only showed peaks of comelr nickel. No NiCu, compounds were detected.
Several cathodes were prepared with compositiomging from pure copper (0% atomic Ni) up to
pure nickel (100% atomic Ni) and were characterizgdyclic voltammetry, as described for the Zn-
Cu catalysts.

Cathodic curves obtained with cathodes prepareculngnt controlled electro-deposition showed no
significant differences in currents and onset pidénbetween bimetallic cathodes and pure copper
with exception of the Ni:Cu (50:50) at.%, in whittte current seems to be suppressed in comparison
with pure copper at more negative potentials. H@wredifferent purities of ionic liquid was used in
the different batches, that seemed to play an itapbrole in the electrochemical reaction, prevwent
obtain definitive conclusions about the observdf&dint catalytic behaviour of the Ni:Cu (50:50) at
% atomic catalyst.

Similarly to Zn-Cu cathodes high faradaic efficiesc(> 60%) for methane were obtained specially
for the composition Ni:Cu (70:30)% atomic. HoweMack of reproducibility of Ckproduction was
also observed.

i) Processes development performed in the WP3:

e Plasma catalysis process (UPMC & CEA)

14



Lab scale reactors implemented at UPMC & CEA

Heated line
_UPMC designed and Outlet (H20+gases)
implemented a laboratory — > Prisma 200
scale DBD plasma Cadint g Wk
catalysis reactor in fixed [
bed configuration, for ware | HEX > o
&=

both pathways, methan
and methanol synthesis
The reactor consists o
two coaxial tubes with
integrated electrodes fo
the plasma discharge an
it can be heated up tc
550°C by an external Figure C-9: Scheme of the experimental setup for methane prodtion
heat-gun. Figure C-9 (UPMC)

shows a scheme of the

experimental setup for methane production. The ssehap is used for methanol production using
FTIR and GC with FID detector for the quantificatio

Water from
the process

HV probe

CEA has designed and implemented a lab scale DB&hya catalysis fluidized-bed reactor. The main
characteristics of the reactor are mentioned iuféigc-10. This reactor (in stainless steel) wasluse
up to 500°C.

200mm |

Outlet > 1 ==
collectar

112mm
Gas outlet

Cooling coil =

— 1256mm
79mm - ap | Differential
Hermetic high — pressure

voltage feedthrough - transmitter

Hermetic
thermocouple
feedthrough

Inlet collector Timm

Gas inlet

Figure C-10: Overview of the fluidized-bed reactorand of the test bench
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It integrates a cooling coil in order to evacu#ie lheat released by the reactions (cooling by #i§.w
The surface plasma technology is also integratedtims reactor. The size of the reactor allows a
COx+Ha flow of 12.5sIlm. This reactor was used for botthpays and was integrated to a test bench.
The test bench for CEOPS project at the CEA (Figth¥0) is composed of valves and mass flow
controllers for each gas §HCO,, Ar, CHs, Ar/Os), a preheater, the reactor, a bursting disc afedysa
valves (7bagx), a plate condenser, pressure regulation valvéstba gas analyser (LGC).

CO, hydrogenation to CH

Fixed bed:

Catalysts in powder form were supplied by IST &REC. Also, one commercial catalyst was supplied
by CEA (IBERCAT, 10%Ni-NiO on AlOs). Before each experiment the catalysts (300mg)
corresponding to a GHSV of 20 00% were activated in fHflow for 3 hours at the temperature 400°C.
The experiments were performed at 20°C, 320°C,G&0fd 420°C, with and without plasma. Typical
voltage values used were between 10 to 16 kVraaéncy of 40 kHz. This gives energy in the range
of 20 - 80 pJ/cycle, corresponding to a power betw®8 and 3.2 W.

For the catalyst 15%Ni-

100 Adiabatic sothermal ==

Ce.9Zro0.102 SBA-15 € 5 I t(s}_ 6 >

(IREC), the experiences ™ ©7 ) €) . ()
under adiabatic (120°C- *|(5) Xtp IESEE | (J -

) Xtp v vis) 3

170°C, without external_» (6) (5)¥

heating) and isotherma%
(220°C-420°C with externalZ
heating) conditions weres .
pe rformed. The resu |tS§ Xts #Total Conversion without plasma
(Figure C-11) show a very !
low (under 1%) production
of CO for all temperatures * A e “Gs)
except at 420°C and largr | == et g
amounts of ChH and water.

This catalyst is active unde Figure C-11: CO2 Conversion with(Xtp) and without(Xts) plasma for the
adlabatIC (120°C'170°C Catalyst 15%Ni-Ce.oZro0.102 SBA-15 (|REC)

S0

¥Total Conversion with plasma
20

( n): Nb of experiments

320 340 360 280 400 420

T :?!lpc rature (‘&E‘]

without external heating), with plasma, producinglyoCHs (not CO or other @Hy) with
conversions of 75 to 90%. Without plasma, with exééheating up to 170°C this catalyst is totally
inactive.

It was expected an increase of total conversioh wie plasma at 250°C- 300°C but not at 140°C
and without external heating. For this reason erpents were repeated several times (numbers in
bracket) and the effect of the DBD plasma on.€0nversion at low temperature was confirmed.
As conclusion, the action of the plasma was pdiatgt. With all catalysts, an increase of Q6tal
conversion was observed when plasma operates. $gihe catalysts this action occurs at low
temperature 150°C and without external heatingta tonversion as high as 80% was obtained with
selectivity to CH formation 100%. In particular all these catalysistain Ce. Action of Ce should be
investigated in cooperation with IST and IREC parsn The key step of the reaction, at this range of
temperatures should be the water desorption frencahalytic sites enhanced by the plasma.
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Fluidised bed:
The needed quantity of catalyst for the experiméntbe fluidized-bed reactor at CEA was around
300g of 200um catalytic particles. Partners workimgWP2 (IST, IREC) could not provide such
guantities and were not able to

make this size of catalyst. For th
. . 98.5 98.4 984 98.4

experiments, 300g of a commerci 100 o ,T, ,T, ,T | 100
Ni-NiO/y-Al,Os catalyst supplied ol %
by IBERCAT were used (10 Wt 80 | +
Ni-NiO/Al,0s, BET=169m2.d, 70§ ¥ - — 85

= 60 &F MR ¢ 80 ~
d=850kg.n). Before the| & o 022 64.7 650 66.6 . €
experlmer}ts,. the catglyst wg 8 20 20 S
reduced inside the fluidized-be 20 65
reactor during 6 hours. The 20 60
temperature was kept at 300°C al 10 sc
the pressure at 3bar. The volun 0 50
flow was 4slm of a mixture of 0 10 20 30
50%Ar-50%H which corresponds Power (W)
to a GHSV of 5008. The inlet gas
mixture consisted of Hand CQ Figure C-12 : Evolution of CO2 conversion and Cks selectivity as

function of injected power in the plasma at 330°Cdr a total inlet gas

with a stoichiometric ratio flowrate of 3.75sIm at 4.8bass

Ho/CO,=4. Different parameters
were studied such as the pressure (from 1.1 ta@ Sine temperature (from 280 to 350°C) and the
GHSV (from 1250 to 2500%).

The evolution of C@ conversion and CHselectivity as function of injected power in the
plasma is given on Figure C-12. At set residente tithermal boundary conditions of the bed and
pressure, an increase of the injected power inplasma leads to an enhancement of the CO
conversion into ClH Even though advanced catalysts were not testextelresults confirm the plasma
effect on the C@conversion. Furthermore CEA demonstrated the iat&m of the DBD surface
plasma into a fluidized bed reactor and a goodlgtabf the plasma at 5 bas.

Partial oxidation of CHinto CH;OH:

Partial oxidation of methane to methanol at atmesjghpressure was investigated in the
same experimental set-up as for the methanatigu(€iC-13). Catalysts were introduced to study
the effect of the catalyst in the plasma zone. fBleel gas was a mixture of methane and oxygen.
Some tests were performed with Argon on the lin@%6total flow). The partial oxidation of
methane was separately performed with a/Ogimolar ratio of 3:1. 100-200 mg of catalyst were
placed in the annular space of the discharge Zidmetests were conducted at three temperatures: 20,
150 and 200°C and a total flow rate of 160sccmhargon 260). The product analysis was done with
the use of two gas chromatographs (GC/TCD) and FEJ/and a FTIR. Outlet gases of the reaction
were cooled down to 1-3°C in order to collect ldjproducts.
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U nd e r p |as m a CO nd It IO ns as Production of CH30H, CO and CO2 for different tested catalysts (with
Whe n the d |scharge was SW|tChE 20 plasma) at temperature 60 - 150 °C from FREC and IST

on, temperature increased slow | =
till 150°C. However the amount o
the liquid collected was very low
In order to recover a sufficien
amount to make a balance, it * JJ

30
mCH3OH Production (%)
mCO Production (%)

25

20 W CO2 Production (%)

Production (%)

mTotal Conversion (%)
15

necessary to operate for at least o.|J ; IJT T : ‘
hour. In 1 hour experiment nearl &‘“’i;”i}’i‘?\l ;\f;gi%&;éj; Q;,«:j;“ci@»*;@igx:i,w
0.3ml of liquid were collected. &% T e oA S e T S S
Direct conversion of methane t| = =~ T % ‘“i:&& ey

methanol by partial oxidation in ¢ &
DBD reactor has a poor yield o-
about 2% which is less than th
expected economical vyield o
about 10%. DBD plasma reactor was proposed as mipirtg approach, due to strength of the
electrical energy which can break C-H bonds of rapéh

Figure C-13: Comparison between different catalysts tested wit
plasma of the total conversion and Ckl CO and CQO; production

e Photo-activated catalysis process (IREC)

PEC reactor for pathway A (GQo CHy)
IREC designed and implemented a PE
reactor for the conversion of carbon dioxic
to methane, with a size of electrodes of
cn?. The test bench also allows ti@
adjustment of the photon flux of the sol:
simulator and to introduce and extern
polarization by a potentiostat (Figure C-14

12 14 1

L[ —#—C,H, CuMeshKHCO,
—#—C,H, CuMesh KHCO, - CO+H0

L

.
—1— CH, Cu Mesh KHCO,
30] —s—CH, CuMesh KHCO, - CO,+H,0

Figure C-14: IREC test bench for photoelectrochemice

/ reactor

Selectivity (% )

1:: . ’/-_/'// : As photoactive material, it has been tested
N P — ‘ ‘ 1 photoanodes developed in the WP2 based on
“r \ 1 nanostructured Ti® and WQ prepared over
z: \ ] transparent conductive substrates (glass coatdd wit
R . . 1 fluorine tin oxide (FTO). In this cell, it is also
Ewe (v vs. AglAgC] (KCI satd)) required a cathode, which should be copper based fo

optimizing methane formation. The cathode was
Figure C-15 Selectivity to (zH4, CHs and CO for

different cathode polarizations, with CG dry or composed  of eIec'Frodeposned copper or a pure
humid as inlet gas. copper mesh, using KHGOor NaHCQ as
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catholytes. Results show a higher carbon dioxidevexsion when using KHCL as well as a higher
selectivity to methane when using a pure coppehmédsing copper mesh and KHg@s catholyte,

it was optimized carbon dioxide conversion by prafdification of the inlet flow of C@into the cell,
without a loss of methane selectivity (Figure C;Mich is in the range of 20-30% for polarizations
of -1.8 to -2.0 V vs Ag/AgCl(reference electrodehis allows to quantify the energetic requirements
for the PEC conversion, that will range between-1125 V under illumination when using TiGand
higher than 2V for W@

Photocatalytic reactor for pathway B (Gltb CHOH)

IREC implemented a photocatalytic reactor setugterpartial oxidation of methane to methanol, to
evaluate the catalysts within WP2 (from IREC and)IS

UV-power
supply

Water

Water 3> | ——=—poutlet
inlet

20% CHy/He

22.4min/min
CP(—MFC

UV-visible
lamp

GC
TCD/FID

Magnetic
bar

Catalyst slurry

Photocatalyst

* Hzo
stirrer -

Figure C-16: Scheme of the photocatalytic reactol€ft) and bench test at IREC (right)

UV irradiation of water at 185nm leads to the gatien of hydroxyl radicals by photolysis. Free
hydroxyl radicals can activate methane, so metigicals are formed. A series of subsequent reaction
involve the production of methanol, ethane,-G@d other by-products.

Figure C-16 right
shows some of Rate (umol g™ h)

the most % . %. .
significant results CH;OH CO; CGHs | Conversion | Selectivity

obtained in the Table W P3Resul sonlé&iucuivity‘?gt&, rrgthaﬁgggnvlersioar]rd%electi ity tofrethanol

: WO;-1%La 31.0 |for3@me sqlectedl@amples 1.7 46.5

hotocatal 3
fe:cfoia a y“;irst WOs-1%Ni | 110 19.3 13 14 46.0
' ' [ BivVO: 210 | 177 2.3 11 512

mesoporous We
(IREC) was selected as reference photocatalyse sincas a moderate oxidizing power. However,
after 2h of reaction, it was observed (for ¥@ self-reduction process due to the energetitipos

of the conduction band, which is not able to tranghe photogenerated electrons for hydrogen
production. To solve this, the use of electron scaers (like F¥), doping (La/WQ) or p/n junctions
(like WOs/NIO) are required. When using electron scavengkesproduction rates are highly favored
but the selectivity to methanol is decreased due parallel photo-phenton process which favors an
overoxidation of the methanol formed.
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Alternatively to WQ, BiVOs has an adequate position of the valence and ctindubands.
Additionally, despite a moderate conversion rdte delectivity is relatively high, which can bethear
improved by the addition of nitrite in the reactaotution. For BiVQ based photocatalysts, several
attempts have been done to dope either with W qrrsiulting in higher photoactivity (%conversion)
but losing selectivity.

e CO: electroreduction process (OMNIDEA-NOVA)

Design and construction of the @@lectro-catalytic reduction reactor

During the project, three types of high-pressueetebchemical cells were designed and built:

(1) a one-compartment test-bed for fast comparndahe performance of catalytic cathodes and ionic
liquids for carbon dioxide reduction to methaneluding a sacrificial zinc anode.

The simple design allowed a rapid construction, iamés used for intensive testing and optimisation
of carbon dioxide reduction. It allowed proof of timene electrochemical production from CO2, using
an ionic liquid as an electrolyte, a result thad hat been reported before.

(2) a complete electrolyser with recirculation bk tsaturated ionic liquid electrolyte, with two
compartments separated by a membrane. The desigrausbular configuration, with an inner anode
chamber separated from an outer cathode compartigentubular proton exchange membrane.

(3) As the membrane
suffered  significant
deformation during

operation, a radical | enicLiquid + co. +H0nlet
rethinking of the

design led t0 & NeW [anciguid +co. + .0 outet
cell with a membrane
planar configuration.
It accommodates 6 X
6 cm electrodes, a planar ionic exchange membretveekn electrodes and it has a pressure rating of
up to 100 bar. View ports were also incorporatémathe observation of the behavior of the eleatod
during operation.

Electric wire connections

‘ Gaseous Products outlet ‘

| Pressure resistant glass window ‘

4‘ Thermocouple port |

Figure C-17 : General view and cross section of planar hi¢-pressure electrolyse

CQO; electro-catalytic reduction tests

For the evaluation of the copper based electrodesldped in WP2, experiments carried out in test-
bed (1). Methane was produced production with sglgcnear 100% and with faradaic efficiencies
better than 60%lonic liquids 1-Buthyl-3-methylimidazolium tetraftwoborate (BMIMBF4) and 1-
Ethyl-3-methyl-imidazolium triflate were used aalolytes, and water was added in significant
amounts. Methane production was found dependettieoimpurity profile of different ionic liquid
batches. Thus, methane seems to be produced bynhiredl mechanism of heterogeneous and
homogeneous catalysis due to impurities presecwnmmercial batches of ionic liquids.
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e Selection of the most efficient process for eactafhway

An evaluation grid was constructed in order to carapthe electro-catalytic processes in term of
efficiency (conversion rate and selectivity), elmity consumption, and scalability. The following
process was selected for each pathway:

Pathway A:

The DBD plasma was selected which involved UPMC @Re\

For the catalyst, one from IREC (mesoporous CexAM{(pand one from IST (zeolite based with Ce +
alkaline metal) was up-scaled for the evaluatiothefprocess in fluidized bed.

Pathway B:

The photocatalysis process was selected whichveddREC.

For the catalyst, one from IREC (W@Qa) and one from IST (HBEA Ni-W) will be up-scaléat the
evaluation of the photocatalytic reactor.

i) I mplementation of prototype reactors and their performance assessment in a test bench:

e Fluidized bed DBD plasma catalysis reactor for pativay A
The prototype reactor for pathway A is a DBD pladioalized bed reactor, in which the methane
production is performed:
CO + 4H & CHs + 2H0 AH®298k= -165kJ/mol
The main parameters for the tests are the reaaoling

feedthrough temperature [200- 350°C], the gas outlet pressi fpaknd,
N ] and the inlet gas flowrates of hydrogen and carthoxide
T i [respectively: 0-10 and 0-3sIm]. CEA was resporesiot DBD
(MACOR) tube plasma fluidized-bed reactor design, taking intcoamt the
different issues of fluidization and surface DBDagha
et (srAPAL) = (7 technologies. The reactor, made of stainless stesldesigned
Catalyst ————1 ‘,, =] to work at a temperature up to 400°C and a presspré&o
:‘th'm‘t" — 4bakps (Figure C-18)
feedthrough Ll L The reactive part is composed of assembled comp®nelated
porous ditributor _/% = to DBD plasma catalytic fluidization. Contrary twetprevious
e _“"'ZE plasma fluidized reactor developed for WP3, thetqiype

fluidized bed reactor has an annular geometry ideoito
increase the ratio plasma surface over catalysinwe! The
annular space, which width can be adjusted from B6imm is
Figure C-18: Sectional view of the filled with catalyst (40-1209). Inside the reactobe, at the
prototype DBD plasma reactor. center, is inserted a MACOR tube (in purple onftgare C-

18) including the two electrodes (high voltage ajrdund
electrodes) needed to generate a DBD plasma. hevbitage (HV) comes from the top and passes
through the reactornia a hermetic electrical feedthrough whereas the teww@ectrode is connected to
the ground at the bottom of the reactor. The brasdf the HV electrode are located on the external
surface of the central MACOR tube. The electrodegh is equivalent to the bed height. The
dielectric material between the high voltage ar@diound electrodes is MACOR. An alumina tube
is inserted between the catalytic bed and the teetadll of the reactor to avoid electric arc doehe
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DBD plasma ignition in the reactor. The wall of tleactor is cooled by an oil circulation, generally
at a temperature of 300°C.

IST catalyst: 30%Ce 20%Ni Cs CBV780
Different synthesis methods were investigated deoto meet the fluidization requirements. Catalyst
reshaping at the required particle size have

been obtained by making extrudates 100 p— So00—00—C—m—a—-po o
catalyst in alumina gel, followed by griddin| 90 1
80 -

and sieving of the particles to the requirg
particle size. The ratio catalyst/alumina
the final mixture was about 30%/70Y
Compared to the initial nanometric catalyy
the scaled-up catalysts are less efficie
which was expected because the ratio
catalyst on alumina is only 30%. Th
catalyst synthesized showed quite satisfyi
catalytic performances in terms of &(
conversion (at latm, 70% at 350°
compared to 80% with the initial catalys'—
and CH selectivity (close to 1). .
Some tests performed at UPMC showed ‘IS'I"/('ICA(Scuknup catalyst prepared by IST

effect of plasma less noticeable with the

reshaped catalyst compared to the rest Figure C-19: Thermal catalytic test — performance bthe
obtained with the one optimized in th catalyst developed in WP2 and the Reshaped catalyssing
WP2 at the nanometric size. 350 g alumina gel

catalyst was sent to the CEA for the tests

in the fluidized bed reactor prototype.

70
60 -
50 |
40 -
30
20
10 -

CO, conversion and CH, selectivity (%)

150 200 250 300 350 400 450
Temperature (°C)

IST 30%Ce20%NiCs-USY (powder labscale catalyst)

IREC catalyst: 15%Ni GeZr0.10-

100

100

§90 _ - '\l—n—-\-
=1 20 —e—CO2 ] g
-g 50 conversion... S % ——CO02 conversion (%)
§ § —8- CH4 selectivity (%)
£ 60 2 60
O 5 8 50
e K
&40 > ¥
£30 - = 3
: —a - 30
gzo /7/ i
310
—— 10
0 Jo——xstr—7% .
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Temperature (2C) Temperature (2C)
Figure C-20: Thermal catalytic test - Reshaped Figure C-21: Thermal catalytic test - Reshaped catgst
catalyst using colloidal silica using alumina (IST method)
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IREC has the same issue than IST on the catalystifaeturing. Several trials were made at IREC in
order to reshape the catalyst. The reshaping ppdoda$e required particle size was finally obtdine
using colloidal silica, but the catalytic perfornsas (both C@conversion and CHselectivity) were
lower than previously. Eventually the reshapmgthod developed by IST was usedlhis new
reshaped catalyst was tested at IST and UPMC awassfuite noticeable results. Five batches of 50g
were sent to CEA with a ratio catalyst/alumina 0f7® (one was pre-reduced at 470°C during 2h in
Ar/5%H>), and one of the batches had a higher ratio cfalymina (45/55).

e Photocatalytic reactor for pathway B
The prototype reactor for pathway B is a photogétaleactor, in which the methanol production
was tested:

hv, H,0

CH;—— CHOH
- This reaction is a gaseous/liquid catalytic (slurry

reaction. IREC was in charge of the
manufacturing of this reactor. The maximum
inlet gas temperature is about 80°C and the
maximum pressure is 1kgg The maximum ChHl
flow rate permitted by the test bench is S5SNI/min.
The photo-reactor consists of a cylindrical vessel
with a double cooling jacket (see figure 16). The
wall of the vessel is in Pyrex. The volume for the
slurry is about 11 liters. The gas is injectechat t
bottom of the vessel. The UV light source is a
mercury vapor lamp with a spectra band from
200 to 600 pm. It is immersed in the slurry, on
the center axis. It is cooled by an internal argon
flow.
The slurry is contained in the annular space
between the lamp and the inner vessel wall. It is
stirred by a recirculation flow from top to bottom
realized by an external recirculating pump. To
improve the mixing of the gas and the slurry a
“rotaclean” body is moving inside the annular
gap by the motion of the recirculating flow.
The temperature of the slurry is controlled by artho-regulated ethylene glycol (30%) water
mixture circulation in the double cooling jackettbé vessel. This glycol- water mixture is coming
from an external Julabo thermo-regulator device fmge of the working temperature is 70-90°C.
The gas emerging on the top of the slurry is séntavtemperature controlled pipe (85 °C) to a
condenser which wall temperature is fixed below.0F6e out gas phase is directed to a pu-gas
chromatograph in which it is analyze in line. Tlmdensed liquid is collect to be analyzed at the
end of the test with a gas chromatograph coupléld avmass spectrometer.

Electrical cabinet: UV lamp power, Recirculation

pump, and temperature inside the reactor
Argon supply setto 7 U/min

Transfer line 85°C

UV lamp inside

Collection of
condensable Product

UV lamp power

Reactor set up assembled l

Figure C-22: Photocatalytic prototype reactor
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Catalysts preparation for pathway B

The catalyst manufacturing was the same as dunmg\uP2. The catalyst as a size of about 1um.
The composition of catalysts supplied by IREC &®d Wwere the following:

» Catalyst from IREC: the compositionWgO3/1%La.

» Catalyst from IST: the composition186Ni15%V/HBEA 12.5.
Nearly 80 g for each formulation was received aACE

e Testing and validation of both prototype reactoran a test bench
The flowmeters are working in ¢ T

special range: 0.5-10Nl/min fo|

argon and hydrogen, 0.15 t o , =
3NIl/min for CQ, 0.2 to 5NI/min = ‘ : EL‘
for CHs and 1 to 20NI/min for Bl
argon/oxygen. The Hand CH

lines are provided with a flow ) [
restrictor respectively at 27 an

1 0 N Vm I n. Photocatalytic
The pressure is regulated by ‘ reactor
system of two pressure contr(
valves. The gases are heated to 1
set point temperature by
preheater and trace heating tapes.

DBD

plasma
AH reactor
2]

Figure C-23: CEA test bench including both su-reactors

CO. methanation pathway A :

Methanation tests were performed under stoichiametmditions and with two annular spaces 5mm
and 15mm, in which respectively 40g and 1209 dadlgat have been inserted. Before test, the casalyst
were activated to transform NiO of the catalysiNinat 325°C, 3baksduring 4h with a flowrate of
3slm (respectively 6sim) of Ar/H(80% of H). Tests without and with plasma assistance were
performed for different flowrate values (3-12slmjessures (1 to 3.5had and temperatures (150 to
325°C). The applied voltage during the tests wittsma assistance ranges between 4 and 10kV and
the frequency from 100 to 4000Hz, which correspdndsn injected power in the catalytic bed up to
about 50W.

With an annular space of 15mm, the mass of catalgstted in the reactor is 120g (Volume =150mL).
The total inlet gas flowrate is 10sIm (GHSV=4000h.4 to 2.6Qy) and the pressure is 3bar The
evolution of CQ conversion and Clkelectivity as function of wall temperature iseavn Figure C-
24 for IREC catalyst and IST catalyst.
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Figure C-24: Evolution of CO; conversion and CH selectivity with IST catalyst as function of wall
temperature for a total inlet gas flowrate of 10slmat 3barabs.

A noticeable effect of the annular bed width isergsdwith the IST catalystas soon as 170°C and
with a jump of the conversion from 0 to 60% at thistemperature! We can notice that the
conversion rate is limited to 62% but it is maitthg height of the catalyst bed. A higher heighbexd
would have allowed a higher conversion rate.

Partial oxidation of methane to methanol. Pathway B

The total amount of catalyst was first mixed witheoliter of distilled water. This slurry was
introduced in the reactor and ten liters of distillwater were added to obtain the final catalyst
concentration in the slurry. The conditions of thets made are summarised in the following table.

Trial N°1 | Trial N°2| Trial N°3 | Trial N°4 | Trial N5 Trial
N°6
Catalyst IREC IREC IST IST IST without
Concentration g/L 0.25 0.5 0.25 0.5 0.5 0
CH4 flow (sIm) 0.2 0.2 0.2 0.2 0.4 0.2
Duration (hours) 1h30 1h30 1h30 1h30 1h30 1h30
Temperature of the 85 °C 85 °C 85 °C 85 °C 85 °C 85 °C
liquid pool

Table C-2: Results on photocatalytic tests

For each experiment, near 10 ml of condensed pliase obtained. The analysis of each one with a
GC/MS revealed that methanol was below the detedimit. At IREC the preliminary test allowed
the detection of methanol but at low concentration.

The nuGC signal shows only CH4 on the outlet gas@lod the condenser.

Nota Bene The rate of methanol in the catalyst suspendiquid phase) was not tested because of
the presence of particles in.
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e Conclusion

Tests were conducted to give some performancedsatdtee two catalytic pathways A and B, which
are devoted to synthetize respectively methane &amixture of CQ and B and methanol from
methane. The pathway A was done with a gas fluilies with a plasma assistance. The pathway
B was done with a catalyst slurry percolated witttimne with assistance of UV light.

The pathway A has given some noticeable resultsrettemperature (<200°C) with the IST catalyst.
A 60% conversion with >99 % selectivity in methawas obtained, with a plasma power
consumption of 32 kJ/mol. The pathway B has no¢giany production of methanol with both the
two catalysts provided by IST and IREC which canfirthe challenge of this reaction.

iv) Techno-economic and environmental assessments of the CEOPS concept

e Techno-Economic Assessment of the CEOPS process
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Figure C-25 : Overall CEOPS process flow.

The CEOPS project introduces a novel approachrmoadioxide trapping and valorization.
Such an approach is best suited to the Europeanrca®w of the upcoming chronical overproduction
of energy as consequence of the development ofvadrie resources. The CEOPS project innovates
with new reaction paths and methods to valorize éhergy overproduction by conversion into
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chemical energy carriers. The objective of thegubjs to make available competitive methanol and
methane products, when compared to the same psodeated from fossil fuel resources.

The process flow for CEOPS can be representedsoifigiure C-25. It assembles the four technological
bricks described in part I: alkaline electroly<), capture with amines, DBD plasma catalysis for
CO, conversion into Ck methane injection into the natural gas netwok ismpartial oxidation into
methanol.

The total investment for this capture and trans&diom facility, including the electrolysis process,
around 969M€. This installation will allow

the treatment of 160 tons/h of @OThe R Pathway B
installation will need a 1500 MW

(0.646M€/MW) alkaline electrolyser fol  MEA capture

stoichiometric feed of the methanation ste ~ Purification

implying a constant feed of 225 tons/h «

water for a 25 tons/h of hydrogen stream. T

operational cost for this installation will b

close to 70 k€/h including the hydroge

production (93.9%), CO© capture (2.4%),

methanation step (1.9%) and partial oxidati

to methanol, representing 49% of the CAPE

every year. The production energies per tor

trapped CQ are slightly higher (+5-10%) AR
than the classic methanol production meth Electrolysis
(syngas and Lurgi process) but lower th: -
the green methanol production from CRI
the Olah plant in Iceland (-9%). On the
capture department, the MEA step lowers by 90% @dissions, the methanation step 85% of the
initial flow and Pathway B only 81%.

Figure C-26: CEOPS project energy distribution by
unitary process

In terms of performance, the hydrogen produced beallapproximately 110 €/ MWhbv. Methane
under standard conditions will be produced at 4 €0686.8 €/ MWlcv and with a final price of 135
€/MWhycv, including investment costs. This figure couldidsered by selling the oxygen produced
at an optimum price of 42€/bottle, giving a voidto

In the case of methanol, the final price will besd to 133 €/MWilcv; the investment will increase
this price by 1.38 times to 184 €/ M\v.

As to the electricity cost, the MWh price to makethane competitive is close to 3€/MWh. For
methanol it will be around 16€/MWh. These prices ealculated based on the methane and methanol
prices as at January 2016.

e Life Cycle Impact Assessment

The impact assessment focussed on the impact ceeddlobal Warming Potential (GWP in kg
CO2e) and primary energy consumption from non-remevsources (PENRT in MJ) and the results
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were compared to methane and methanol from fossieoewable sources (biogas, syngas). The
current European energy mix was considered ina$sgssment.

Methane production:

The results show, that 1 kg of CEOPS methane acaged with a GWP of 3.7 kg CO2e and a PE of
62 MJ. As the following figure shows, the main agadnitions to the environmental impacts come from
the electrolysis and carbon capture processes.

GWP PENRT
100% 100% .
= hydrogenation
80% 80% .
m electrolysis
0,
60% 60% carbon
capture
40% 40% o oaiits
20% 20%  mmethane,
fossil
0% 0% [ rr?g?rllane,
. biogas
-20% -20%

Figure C-27: Environmental impacts of CEOPS methane comparedo methane from fossil and biogeni
sources. Avoided emissions from the CEOPS procesg daken into account.
Hence, at the current stage, the environmental aispare 20 — 80 % larger than for methane from
other sources. However, different scenarios sholgapotential for reducing the environmental
impacts, mainly from:

» adecreasing energy demand of the alkaline elgsisohnd the carbon capture process;
» covering the thermal energy demand by utilisingesscheat from the cement plant;

* improvements in the methane yield,

* anincreasing share of electricity from renewablerses in the future (cf figure C-28).

With the shift in electricity production to renewatsources in 2020 and 2030, the impacts of the
CEOPS process decrease. While the difference in GWRlY 0 — 5 % (due to the large share of coal),
PENRT decreases by 30 — 60 %. At the same time TREdReases significantly due to the change in
electricity composition.

28



140%

120%
100% - 66
80% - : , - mmix 2013
60% - = marg. mix 2020
40% - = marg. mix 2030
20% - mwind power
0% -

GWP (kg PENRT (MJ) PERT(MJ)  PE (MJ)
CO2e)

Figure C-28: Environmental impacts of 1kg CEOPS methane in scenario S7 (different electity mixes),
compared to the baseline year 2013. The results fBERT are cut.

In the case of using only surplus wind power, tMR>decreases by 80 % and PENRT decreases by
more than 95 %. This shows that the source of ridégt used has a significant influence on the
environmental impacts. The larger the share ofweahée energy becomes, the lower are the GWP and
fossil energy demand.

Methanol production:

GWP PENRT
100% 100% g4 partial
80% | 80% oxidation
mmethane
60% : 60% input
w credits
40% 1 40%
o o mmethanol,
20% 1 20% fossil
0% . , 0% “methanol,
syngas
-20% -20%

Figure C-29: Environmental impacts of CEOPS methane comparetb methanol from fossi and
biogenic sources. Avoided emissions from the CEORfBocess are taken into account.

The results for 1 kg of methanol from Pathway B lass favourable. A GWP of about 100 kg £0
and a PE of around 1.6 GJ is obtained, which isiypaue to the very small yield for methanol ofdes
than 2 % and the high GQroduction rate of 70 %. Therefore, the large amai methane input
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necessary to produce 1 kg of methanol is the rediplerfor most of the environmental impacts, as the
following figure shows.

Hence, the impacts of Pathway B are at least Sstimgher than for methanol from fossil or renewable
sources. Here, only significantly increased yieldsimprove the results. In a scenario with a legh
methanol yield of 10 % and a substantially reduC€d production rate of 25 %, the environmental
impacts can be reduced by a factor of 5, thusmipdie gap to conventional methanol.

e Conclusion

The global impact of the production of methane mmethanol is greatly dependent on the performance
of the reactant preparations. The investment fer tieatment process is overwhelming for any
company given the high price of the electrolysisgesss. The size of such units should be adapted
according the local context and according to theeryy with energy storage. Indeed units for energy
storage should have an average power from few M¥waens of MW. The production of synthetic
natural gas and methanol following the CEOPS pta@encept allows for the production of high purity
and quality products. Given that intermediates, @@ of high grade, it is illusory to simplify
production viability to the final price to competdéh lower grade products. A choice has therefore t
be made as to whether we still want to depend eapmér fossil resources or make an energy transition
to higher quality and greener fuels.

At the current stage, the environmental impact®athway A and Pathway B are larger than the
impacts of currently available technologies. Tkisnainly due to the large energy demand and the
current electricity mix in the EU, as well as popelds in the case of Pathway B. Given that

improvements in the areas mentioned above, maiitly the energy mix, can be achieved, methane
from Pathway A can become an environmentally faabler alternative to methane from other sources.
In the case of methanol from Pathway B, the simats less clear. To make the process viable,
significant improvements in the process yieldsreeessary.
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D) The potential impact (including the socio-economiampact and the wider societal implications of
the project so far) and the main dissemination actities and exploitation of results.

Publications, patents and roadmaps:

The CEOPS project has allowed the creation of neewkedge on the two chemical pathways and
electrocatalytic processes with publications artdmia. A bottom-up approach was proposed whereby
the rational design of various relevant advancelysts (chemical contents, morphology, size,
density, structure, conductivity) resulted in £€&nversion and CHconversion processes with low
energy consumption at the system scale.

i) DBD plasma catalysis:
Publications:
Title Main euthol Title of the periodical or the ser
CO2 Hydrogenation Over -Based Zeolites
Effect of Catalysts Preparation and Pre-| C. Henrigques, Topics in Catalysis
reduction Conditions on Methanation J.M. Lopes
Performance
Insight into CO2 methanation memism C. Henrique, : . . j
over NiUSY zeolites: An operando IR study J.M. Lopes Applied Catalysis B - Environmenta|
CO2 hydrogenation into Cson NiHNauSY | C. Henrique, Applied Catalysis B - Environmental
zeolites J.M. Lopes

Patents :

Application reference(s
(e.g. EP123456)

Subject or title of application Applicant (s) (as on the applicati

Electrode (surface plasma) &

FR 13 58965, cooling system integration into a Commissariat a I'énergie atomique &t
18/09/2013 fluidized bed aux énergies alternatives
uidized bed reactor
Fund. Institut Recerca Ener
. Process for the carbon dioxide Catalunya (30%), Universitat de
PZO;S/C:»)Oll/gg.lgpaln. reduction to methane by BDB Barcelona (10%), Université Pierre
plasma activated catalyst Marie et Curie (40%), Instituto

Técnico Superior Lisboa (20%)

For catalysts investigations, new formulations haeen developed and higher efficiency at low

temperature was demonstrated. To go further, arstndl catalyst manufacturer should be identified

in order to accelerate the industrialisation of ohthese formulations (30%Ce 20%Ni/ CsUSY(40))

from IST and (15%Ni G& Zro.1Ofrom IREC) .

Concerning the DBD plasma process, UMPC and CEAdRa®nstrated and validated the benefit of
plasma on the catalytic activity at low temperatusdPC has planned to continue fundamental
studies to investigate mechanism which improveathwity at lower temperature.

CEA will continue the technological developmentghef DBD surface plasma integrated in fluidized

bed. The CEA will investigate this technology faher chemicals reactions and also for endothermic
reactions. CEA has discussed with some industdalgcerning this technology. The interest is
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confirmed but seems to be too risky for industrgdsfar. More investigations must be conducted in
order to demonstrate the up-scalability of thisnpisang technology.

i) Photo-activated catalysis.

Publications:

Title Main author Title of the periodical or th

series
. . Murcia-LOpez, S.
Partlgl ox@aﬂon of methane to methanol villa, K.. Andreu. T., ACS Catalysis
using bismuth-based photocatalysts
Morante, J.R.
Mesoporous WO3 photocatalyst for Villa, K., Murcia- . L
partial oxidation of methane to methanol| Lopez, S., Andreu, T., Apgui?r;ﬁﬂﬁ;sl B:
using electron scavengers Morante, J.R.

Fabrega, C., Monlle
atoca, D., Ampudia,| Journal of Physical Chemistry
., Parra, A., Andreu, C
T., Morante, J.R.
On the roleof WO3 surface hydroxyl groug Villa, K., Murcia-

for the photocatalytic partial oxidation of | Lopez, S., Andreu, T.,| Catalysis Communications

Tuning the fermi level and the kinetics of
surface states of TiO2 nanorods by means og
ammonia treatments

methane to methanol Morante, J.R.
Improved selectivity for partial oxidation Murcia-LOpez, S.
methane to methanol in the presence of nitrit®/illa, K., Andreu, T., Chemical Communications
ions and BiVO4 photocatalyst Morante, J.R.
An insight on the role of La in mesoporc Villa, K., Murcia- Applied Catalvsis B:
WOQO3 for the photocatalytic conversion off Lépez, S., Morante, pEnvironmeﬁtal '
methane into methanol J.R., Andreu, T.
Photocatalytic behavior of TiO2 filn Daniela Gomes Catalysis Today

synthesized by microwave irradiation

Fabrega, C., Murc-
Lépez, S., Monllor-
Satoca, D., Prades,
J.D., Hernandez-
Alonso, M.D., Penelas|,
G., Morante, J.R.,
Andreu, T.

Efficient WO; photoanodes fabricated by
pulsed laser deposition for
photoelectrochemical water splitting with

high faradaic efficiency

Applied Catalysis B:
Environmental

The potential of PEC technology for @@onversion into methane has been proved and sestet
promising, saving energy and offering room enoughificreasing performances. So, the overall
productivities must still be improved in comparisonthe coupling of photovoltaic and electrolysis
technologies. Further scientific and technologicaéstigations are still required for envisionimgir
development at upper scale.

For methane to methanol conversion by photocat{f&tr) was investigated. PC technology is already
an industrial technology mostly implemented for evatlepollution. During the project IREC has
demonstrated the suitability of this process fdawoting the partial oxidation using catalysts depeld

by IST and IREC. The achievement of methanol prodnds a success. But the upscaling has not
confirmed the promising result obtained with thb-$zale reactor. Higher efficiencies with more
efficient photocatalysts (W Omesoporous, BiV@Q Bi:WOs) must be reached to be commercially
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viable. However, once achieved time to market @ashort due to the large market of photocatalysis
for air and water depollution.

iii) Electro-catalytic reduction:

Publications:
Title Main author Title of the periodical or therigs
C -Zi talysts for electrochemical CO2
opper .zmc.ca. @ YS S O_r electrochemica Ana Machado Green Chemistry
reduction inionic liquid-based electrolytes
Charging effects and surface potfentlal variations of Cu- Daniela Gomes Thin Solid Films
based nanowires
Room Temperature Synthesis of Cu20 Nanospheres: . . . .
Optical Properties and Thermal Behavior Daniela Gomes Microscopy and Microanalysis
Cu2 0 polyhedral nar:ﬁ)rv;/:jriziizaoduced by microwave Daniela Gomes Journal of Materials Chemistry C

Patents :

Application reference(s)
(e.g. EP123456)

PT2015/108442

Subject or title of application Applicant (s) (as on the application)

Catalytic System for Syngas Production angd

Process thereof Omnidea, Lda

This technology is promising but for a time to netrkf at least 5 years. This process could also
produce syngas with a high selectivity, an assioeiavith methanol synthesis, DME synthesis or FT
synthesis should pave the way to advanced prodessengy storage based on the power to liquid
concept.

Roadmaps of results:

The CEOPS project has allowed significant progbesgond the State of the Art. As the project was
focused on future emerging technologies, the TRAellevas below TR5 at the end of the project,
further works are required to bring one or sevegethnologies to the market level.

The consortium assessed the roadmap of results snaesented on the figure D-1.
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[any

2 3 4 5 6 7 | Partners
DBD plasma catalysis

IST - IREC
Fundamental studies on mechanisms upPmC
CO2 = CH4
Investigation on other chemical reactions UPMC - CEA
Upscaling of DBD technologies in fluidised bed reactor CEA
CH, = CH;0H Fundamental studies on the process UPMC
Photoactivated catalysis

Dvt of photoanode to improve the light absorption IREC
CO, = CH, by PEC process Upscaling of PEC technolog IREC

Dvt of more efficient photocatalysts IST - IREC

CH4 = CH30H by

X Fundamental studies on mechanisms IREC
photocatalysis

i

Upscaling of photocatalysis technology IREC

CO2 electroreduction process with ionic liquid

lonic liquid studies NOVA - OMNIDEA

CO2 = CH4 Catalytic cathode upscaling NOVA - OMNIDEA
Investigate synthesis of syngas and CH4 NOVA - OMNIDEA

I

Continuous process flow Upscaling - demonstration OMNIDEA

Figure D-1: Roadmap of results proposed by partners

Workshops and summer schools:

i) Workshops
CEOPS contributed to the promotion of the carboptwa and utilization approach which is
complementary to the sequestration one. Duringptiogect three workshops were organised in the
frame of the E-MRS conference in 2014 and 2015@@® organised three workshops during the

general assembly of CCB cluster with all the memlvgnere the results of the CEOPS projects were
presented.

First CEOPS workshop:

It was organised in the frame of the EMRS springfeence in May 26, 2014. It was the opportunity
to interact with other coordinators of project feed of CQuitilisation.

Agenda:
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14:00 |Jacques Amouroux Introduction and generalities on future CO2 utilization
“Fine chemicals from CO2" projects:
14:20 Guido Saracco  |ECOCO2 project
14:40 Erin Schols Cydicco2R project
15:00 Laurent Bedel CEOPS project
15:20 |Coffee Break
Other CO2 initiatives:
15:40 Philippe Mengal |SCOT project
16:00 Peter Styring  |4CU project
1620 |X@VAMSIONER f01) Chem cluster, UK
Peter Styring
16:40 Adelbert Goede |Research on CO2 - neutral fuels for energy storage
17:00 Round table (Chair: Jacques Amouroux)
17:30 |End of workshop

Second CEOPS workshop:

The topic of the ? workshop was on the CO2 recovery and circular eagnof carbon. It was
organised on May 11, 2015 during the EMRS springfe@@nce.

Agenda:

Carbon dioxide recovery & circular economy of carbon

Monday 11 May 2015
Room Jeanne de Flandre 3 (Level 11)

(Join session with Symposium A: Materials, mechanism and devices in nano energy)

GENERAL INTRODUCTION
9:00-9:15 European strategy on CO2, Rodrigo Martins, EMRS

POINT OF VIEW OF A PIONEER

9:15-9:45 Carbon dioxide to methane via electrolytic hydrogen generation for
intermittent renewable energy supply, K. Hashimoto, Tohoku Institute of Technology,
Japan

STRATEGIES AND PERSPECTIVES
9:45-10:15 CO2 chemical conversion to
A_El khamlichi. ADEME, France

€ fuels, ch and

10:15-10:30 Coffee break

CARBON DIOXIDE AS A RAW MATERIAL FOR INDUSTRIAL PROCESSES
10:30-11:00 Ital i Group CCS initiatives, G. Cinti. CT.G. Sp A, Italy

11:00-11:30 CO2 as a raw ial for ch
Mignani, Solvay. France

v: An industrial perspective, G.

11:30-12:00 The CO2 in the Cement Industry Emissions, Capture & Uses, M.

Gimenez, Lafarge, France

12:00-12:30 CO2 reutilization in industrial projects — state of art and realization of
concrete projects for the production of renewable methane and solid products based
on CO2, S. Rieke, ETOGAS GmbH, Germany

12:30-13:00: Pilot arc process for waste treatment, I Kumkova & V. Popov, Institute
for Electrophysics and electric Power, RAS, Russia

13:00-14:30 Lunch time

THE EUROPEAN PROJECT CEOPS AND ITS RESULTS

14:30-14:50 CEOPS project: a sustainable approach of fine electrochemistry catalysis
from CO2 reduction under different processes, L. Bedel. CEA LITEN, France

14:50-15:10 Carbon dioxide reduction for energy storage under a plasma fluidized
catalytic bed reactor A_ Stephane, CEA LITEN. France

15:10-15:30 Activation of CO2 by plasma electrocatalysis, J. Amouroux. ENSCP

15:30-15:50 Photocatalytic synthesis of methanol via partial oxidation of synthetic
natural gas, T. Andreu, IREC, Spain

15:50-16:10 Photocatalytic CO2 Reduction Utilizing Cp*Rh-based Catalysts within
Metal-Organic Frameworks J. Bonnefoy, IRCELYON, France

16:10-16:40 Coffee break

16:40-17:00 Efficient carbon dioxide reduction in ionic liquid based electrolytes A.
Machado, Omnidea, Portugal

17:00-17:20 CO2 is an emerging raw material in polvmer industry, X. Wang, Key lab
of Polymer Ecomaterials, Chinese Academy of Sciences. Changchun Institute of Applied
Chemustry, CAS

17:20-17:50 Environmental evaluation of low carbon footprint methanol produced by
the CEOPS process, M. Pohlmann, CCB, Germany

17:50-18:05 European cluster on catalysis, S. Gross, IENI-CNR, Dipartimento di
Scienze Chimiche. Universita di Padova, Italy

18:05-18:20 The SCOT project, T. Brun, Axelera, France

18:20-18:40 Insight into a solar refinery based on photoelectrocatalysis J R Morante,
IREC, Spain
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Third CEOPS workshop:

The last workshop was devoted to CO2 valorisatogict It was organised on Sept 17-18, 2015 in
Warsaw during the EMRS fall conference. The bfi¢his workshop was “Materials for G@apture
and storage”.

Agenda:

Programme Sept 17:
8.30-9.00: General introduction, Rodrigo Martin€TH UNINOVA, Portugal
9.00-9.30: Methane formation from carbon dioxida electrolytic hydrogen generation - Koji Hashimoto
Tohoku Institute, Japan
9.30-10.00: Advanced CO2 capture pilot plant abht$ coal —fired power plant - Wieclaw-Solny, Ihste of
chemical processing of Coal, Poland
10.00-10.20: Environmental Assessment of solid esoid towards ‘safe by design’ - Andy Booth, Sintef
Material and chemistry, Norway
10.20-10.40: CO2 capture on solid sorbents, Urddatkiewicz, West Pomeranian Univ. of technologylafd
11.00-11.20: Calcium oxide based CO2 sorbents:aomhtal aspects of carbonation - Christoph MUl
Zurich, Switzerland
11.20-11.40: MOF's for adsorptive CO2 capture tiaal aspects, Richard Blom, Sintef, Norway
11.40-12.00: Preparation of activated carbons fowal as the CO2 adsorbents - Karolina Glonek, West
Pomeranian Univ. of Technology, Poland
12.00-12.20: Commercial activated carbons enhancetoward better CO2 capacity — Rafal Wrogel, West
Pomeranian Univ. of Technology, Poland
14.00-14.25: Challenges for CO2 Utilizations- Ogpoities for materials? Richard H. Heyn, Sinteftbtals
and chemistry, Norway
14.25-14.50: Conversion of CO2 into high value addeemical by a catalytic approach - Zhenshan Hou,
Research institute of industrial catalysis, China
14.50-15.10: Comparison of activated carbons and olites in COo2 capture
Michal Zgrzebnicki, West Pomeranian Univ. of Teclugy, Poland
15.10-15.30: Steam assisted carbon dioxide perame#itrough a dual phase molten salt membrane -nBria
Ray, Newcastle University, UK
15.50-16.10: Dynamics and energetics of carbonidéadsorption on carbon compounds Jacek A. Majewsk
University of Warsaw, Poland
16.10-16.30: CO2 capture by mesoporous alumincasdispheres prepared by drip casting method esBan
Kunjalukka , University de Salento, Italy
16.30-16.50: CO2 separation via dual phase higpé¢eature membrane
Wen Xing, Sintef, Norway
16.50-17.10: Activated carbons obtained from suigduistry waste, as CO2 sorbents - Jacek MiodzikstWe
Pomeranian Univ. of Technology, Poland
17.10-18.00: Forum Discussion On Co2 Capture

Programme Day 2:

14.00-14.25: Perspective in catalytic CO2 conversito valuable products, Wojciech GAC, Maria-Curie
Sklodowska University, Poland

14.25-14.50: Copper based materials for CO2 reslucMohammed Bettahar, Lorraine university, France

14.50-15.10: CEOPS project & last internationalltss Laurent Bedel, CEA, France

15.10-15.30: Photocatalysis process for CO2 redncfiuan Ramon Morante, IREC, Spain

15.30-15.50: The development of Ni-zeolite catalyet the methanation of carbon dioxide with hydnoga
case study - Carlos Henriques, IST, Portugal

16.10-16.30: Low temperature plasma catalytic meitian of carbon dioxide over ceria zirconia cataly
Magdalena Nizio, University Pierre et Marie Cufteance

16.30-16.50: Pilot arc process for waste treatméator Popov, Institute for Electrophysics anddite Power
RAS, Russia
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16.50-17.10: Production of CaMnOxFeyTiO3z granuwpsmization of their Redox kinetic rate - Vincent
Thoreton, NTNU, Nosecond worway

17.10-17.30: Pb-Ag bimetallic catalysts for selstiformic acid decomposition toward hydrogen and
sequestration ready CO2 - Olga Sneka, Lodz UniyerBbland

17.30-17.50: H-Bonded organic semiconductor thimdifor electrochemical capture and release ofararb
dioxide - Dogukan Hazar Apaydin, Johannes Keplawéisity, Austria

17.50-18.10: The role of ionic liquids from CO2 tap to CO2 valorization, Ana Machado, Omnidea |L.da
Portugal

CCB workshops: The three workshops were organisgteaame time of the annual general assembly
of the CCB cluster gathering all members.

On November 2013, the CEOPS project was presentedgdthe CCB general assembly and a
discussion occurred with the members.

During the second workshop on Nov. 2014, the melmexvements of the project during the first 18
months were presented. Laurent Bedel contributédet@ound table on the topic of €Qtilization
and also during the poster session.

The last CCB workshop was organized in Novembeb204ds devoted to GQrvalorization with
external speakers, and a debate was organized ofii@i@ation for fuels.

Parallel dazu im S&ulensaal:
CEOPS Workshop on CO,-Valorization

15:30 Uhr Results of the FP7 Project CEOPS
(CO,-loop for Energy storage and conversion
to Organic chemistry Processes through
advanced catalytic Systems)

GRTgaz and its P2G Demonstration Plant
Laurent Bedel, CEA Liten

15:55 Uhr CO,-Circular Economy
Prof. Dr. Jaques Amouroux,
European Materials Research Society

16:10 Uhr CO,-Valorization
Dr. Hans Jiirgen Wernicke,
CCB Steering Committee

16:30 Uhr The AUDI e-gas project
Elias Hammer, AUDI AG

16:50 Uhr Open Discussion

i) Summer schools

Summer schools were organised during EMRS confeeerithey were composed of PhDs, post-doc
and academy people.

The main topic of the first Summer School was: ‘leoar dioxide recovery”.

Agenda:
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Time Presentation Tit Speake

9.00-9.3C Registratiol

9.30-10.(0 | Carbon recovery and circular econor| J. Amourou, ENSCP/UPMC/EMRS (Franc

10.00- 10.3C | An industrial point of view G. Mignan, Solvay (France

10.30- 11.0C | Coffee break & poste

11.00- 11.3( | Catalysis for industrial challenge Z. Ismagiloy, Boreskov Institute of Catalysi
RAS (Russia)

11.30- 12.0C | Photo catalysis and hydrocg J.R. Morant, IREC (Spain

12.00- 12.3( | Questions & challenges, posit

12.30- 14.0C | Lunch & poster

14.00- 14.3C | An overview of our futur K. Hashimoti, Tohoku Institute of Technolog
Tohoku University (Japan)

14.30- 15.0C | Electro catalysi— Presentation of th | L. Bede, CEA Liten (France

European project CEOPS

15.00- 15.3( | Waste treatment and carbon diox I. Kumkove, Institute for Electrophysics a
electric Power, RAS (Russia)

15.30- 16.0( | Coffee break & poste

16.00- 16.3( | European Cluster on cataly S. Gros, IENI-CNR, Dipartimento di Scienz
Chimiche, Universita di Padova (ltaly)

16.30- 17.0C | An overview of the world CO J. Amourou;, ENSCP/UPMC/EMRS (Franc

industrial program
17.00- 18.0( | Questions & discussion, post

Second CEOPS Summer School

The second Summer School took place in the franieeoE-MRS Fall meeting on 19 September 2015
in Warsaw. The main topic of this intergeneratiofoatm for students and scientists was: "Carbon
dioxide Management: the raw material of the indabtevolution of the 21st century".

Agenda:

First part: the circular economy of carbon: the challenge of the next 50 years

9.00-9.30: General introduction, Rodrigo Ferraddesa Martins, CEMOP / UNINOVA, Portugal Member of
the advisory Board of Horizon 2020 in DG Researnuth lanovation

9.30-10.00: Carbon recovery and circular econompmfresearch to industrial scale up, Jacques
Amouroux, UPMC/ENSCP DHC, E-MRS, France

10.00-10.30: Carbon dioxide and energy storagerdwable energy sources, Koji Hashimoto,

Tohoku Institute of Technology/Tohoku Universitgpan

10.30-11.00: Coffee break and posters

11.00-11.30: Photocatalysis and new materialsydrdgen production, Juan-Ramon Morante, IREC, Spain
11.30-12.00: Discussion with the audience

Second part: innovations and new materials

14.00-14.30: Advanced CO2 capture pilot plant abits coal-fired power plant, Lucyna Wieclaw-Solny,
Institute of chemical processing of Coal, Poland
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14.30-15.00: Carbon capture on solid sorbents, Wkddarkiewicz, West Pomeranian University of
Technology, Poland

15.00-15.30: Waste treatment and carbon dioxidetovPopov, Institute of Electrophysics and Electri
power, RSA, Russia

15.30-16.00: Electrocatalysis for Carbon dioxidsoreery, Laurent Bedel, CEA, France

16.00-16.30: Coffee break and posters

16.30-17.00: Catalysis innovation a key step farbGa dioxide reduction, Carlos Henriques, IST Ursitg,
Portugal

17.00-17.15: Bio-fixation of CO2 emitted from certeplants through micro algal culture: the Italcathe
experience

Piero Negro, Italcementi, Italy

17.15-17.30: Perspective in catalytic CO2 conversito valuable products, Wojciech Gac, Marie-Curie
Sklodowska University, Poland

17.30-18.00: Forum of discussion and industriaketfgwment followed by poster presentations.

i) Website and newsdletters

The CEOPS websitéitp://www.ceops-project.euvas implemented during the first 6 months of the
project. It presents the project, and it was usedigseminate the main results of the project tginou
the 6 newsletters published every 6 months. Torenthe large dissemination, these newsletters
circulated through the EMRS and CCB networks.

iv) CEOPS vision: high environmental value chemicals from CO2 and use of carbon as a
flexible energy vector

The project proposed the development and the asses®f an innovative route for converting £0
into added value chemicals. This is completed i contribution to the storage of renewable
energies. The interest of energy storage by Powdbds and Power to Chemicals is nowadays
investigated at EU level with several demonstrafiwajects. CEOPS did not investigate mature
technologies but future emerging technologies wrsbbuld overcome the limitations of current
technologies in terms of CAPEX and efficiency. Toacept proposed by CEOPS fits perfectly with
the requirement of storage and conversion of sarptuntermittent of renewable energies.
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4.2
Section A (public)

Use and dissemination of foreground

TEMPLATE Al: LIST OF SCIENTIFIC (PEER REVIEWED ) PUBLICATIONS , STARTING WITH THE MOST IMPORTANT ONES

Permanent identifiefs Is/Will
. (if available) open
Title of the &
. . - Number, date or] . Place of Year of acces
NO. Title Main author periodical Publisher ™ g Relevant pages ided t
. frequency publication | publication provided to
or the series| this
publication?
Partial oxidation of methane to Murcia-Lépez, S., ) . )
1 methanol using bismuth-based Villa, K., Andreu, T., ACS 4(9) ACS Washington 2014 3013-3019 http://dx.dot.org/ No
Catalysis publications ,Us 10.1021/cs500821r
photocatalysts Morante, J.R.
M WO3 photocatalyst Applied
oo 01
2 methangto methanol usin Lépez, S., Andreu, T., Envirznme. 163 Elsevier 2015 150-155 16/ No
s Morante, J.R. j.apcatb.2014.07.055
electron scavengers ntal
Tuning the fermi level and the Fabrega, C., Monllor- Journal of
kinetics of surface states of TiO2 Satoca, D., Ampudia, Physical ACS http://dx.doi.org/10.10
3 117 (40 2013 20517-20524 N
nanorods by means of ammonia S., Parra, A, Andreu, Chemistry (40) publications 21/jp407167z °
treatments T., Morante, J.R. C
OTZ‘:OTI:? ?'];Zvi)?‘:ru{;aece Villa, K., Murcia- Catalysis http://dx.cicgl/.org/lo.lo
4 v y g p o Lépez, S., Andreu, T., | Communica 58 Elsevier 2015 200-203 . No
photocatalytic partial oxidation of . j.catcom.2014.09.025>.
Morante, J.R. tions
methane to methanol
o;;j‘:tzz\r:egfs:wlt:tcr:;vr:zyt?:npeat:;anlol Murcia-Lopez, 5., Chemical http://dx.doi.org/
5 in the presence of nitrite ions and Villa, K., Andreu, T., Com'munlca 51(33) RSC Pub. London, UK 2015 7249-7252 10.1039/C5CC009788 Yes
. Morante, J.R. tions
BiVO4 photocatalyst
A”ﬁ:g:'ogh;rm:f:;g:'?;:fti'” Villa, K., Murcia- c :"\t’;lp';‘?sdB. http://dx.doi.org/10.10
6 hotocgtal tic conversion of Lépez, S., Morante, Envirc:,nme;w 187 Elsevier 2016 30-36 16/ No
P y' J.R., Andreu, T. j.apcatb.2016.01.032
methane into methanol tal
Tabrcated by puised mser | Lopen % Monllor. | Catayss B http//d.doi.org/
7 yp Pez, 5. alysis B: 189 Elsevier 2016 133-140 10.1016/j.apcatb.2016. no
deposition for Satoca, D., Prades, Environmen
. 02.047
photoelectrochemical water J.D., Hernandez- tal

7 A permanent identifier should be a persistent fmthe published version full text if open accesabstract if article is pay per view) or to tiveaf manuscript accepted for publication (link to

article in repository).

80pen Access is defined as free of charge accessijane via Internet. Please answer "yes" if then@rcess to the publication is already establiahddilso if the embargo period for open
access is not yet over but you intend to establimn access afterwards.
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splitting with high faradaic
efficiency

Alonso, M.D.,
Penelas, G.,
Morante, J.R.,
Andreu, T.

Copper-zinc catalysts for

8 electrochemical CO2 reduction in Ana Machado Gregn submitted Royal Sogety London no
o Chemistry of Chemistry
ionic liquid-based electrolytes
CO2 Hyd tion Over Ni-Based
ZeZIiEng~egf?‘elcotnof \Clz;allstsse Topics in Springer http://link springer.co
> yst , pics Volume 59 (2) pring Cham (2G), m/article/10.1007/s11
9 Preparation and Pre-reduction C. Henriques Catalysis International . 2016 Pp 314-325 no
. . February 2016 L Switzerland 244-015-0435-
Conditions on Methanation Publishing AG
4/fulltext.html
Performance
http://apps.webofkno
Aoplied wledge.com/full_recor
Insight into CO2 methanation Cat:Ipsis B Volume: 174 Elsevier Amsterdam d.do?product=UA&sear
10 mechanism over NiUSY zeolites: An C. Henriques Envil}:)nme Published: SEP Science BV Netherlands' 2015 Pp 120-125 ch_mode=GeneralSear no
operando IR study ntal 2015 ch&qid=4&SID=T1DSeh
g3CEpKOy39yYT&page
=1&doc=1
Charging effects and surface Thin Solid
11 potential variations of Cu-based Daniela Gomes Films published Elsevier 2016 25-53 no
nanowires
Photocatalytic behavior of TiO2 Catalvsis
12 films synthesized by microwave Daniela Gomes Tod: published Elsevier 2016 no
irradiation v
i
Room Temperature Synthesis of |C;C:;0py
13 Cu20 Nanospheres: Optical Daniela Gomes . published MRS USA 2015 no
. . Microanaly
Properties and Thermal Behavior sis
Journal of Royal Society
14 cu20 polyhedral nan'own"es' Daniela Gomes Matel"lals published of Chemistry 2014 6097-6103 no
produced by microwave irradiation Chemistry
C
http://apps.webofkno
Applied wledge.com/full_recor
CO2 hydrogenation into CHs on Catalysis B Volume: 147 Elsevier Amsterdam d.do?product=UA&sear
15 ‘;\liHﬁaUSY Jeolites ¢ C. Henriques Envil};nme Published: APR Science BV Netherlands' 2014 Pp 101-110 ch_mode=GeneralSear no
ntal 52014 ch&qid=4&SID=T1DSeh
g3CEpKOy39yYT&page
=1&doc=2
Progress in Chinese
s Elsevier MRS,
Natural production Internationa
16 Carbon dioxide: A new material for Jacques Amouroux Suenc'e: Volume 24, and Elsevier | Union of August p. 295-304 No
energy storage Materials Issue 4 . . 2014
Internation hosting ISSN Materials
al 1002-0071 Research
Society
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TEMPLATE AZ2: LIST OF DISSEMINATION ACTIVITIES
Countries
addressed
Size of
A . . . Type of audience
NO. Type of activitie$ Main leader Title Date/Period Place :
audiencé®
Europe in motion: Storage and
) ) valorization of renewable energy E-MRS Spring Meeting 2013, Scientific
1 Presentation CEA-L. Bedd by hydrogenation of captured COR 21/05/2013 Strasbourg, France Community 40 Europe
for energy and chemical markets
CO2 - loop for Energy storage and .
- ! : International Conference on —
2 Presentation CEA-L. Bedg Cconversion to Organic chemistry 25/06/2013 Carbon Dioxide Utilization, Smentlflp 100 International
Processes through advanced hi Community
catalytic Systems Washington DC, USA
CO2 - loop for Energy storage and
. conversion to Organic chemistry| 1st CEOPS Workshop (Lille) Scientific .
3 Presentation CEA - L. Bedel Processes through advanced 26/05/2014 EMRS spring meeting Community 30 International
catalytic Systems
CEOPS project: a sustainable
4 Presentation CEA - L. Beddl approach of fine electrochemistry 10/05/2015 2" CEOPS Workshop (Lille) Scientific 30 International
' catalysis from CO2 EMRS spring meeting Community
reduction under different processes
5 Presentation CEA - L. Beddl CEOPS project & last international 18/09/2015 3dCEOPS Workshop_ (Warsaw| Smentlflp 30 International
results EMRS fall meeting Community
6 Presentation CEA - L. Bedel Electro catalysis and European 09/05/2015 3 Summer School (Lille) Smentlflp 20 International
program CEOPS Community
7 Presentation CEA - L. Bedel CEOPS project & last international 19/09/2015 2 Summer School (Warsaw) Smentlflg 20 International
results Community
CO2 Reduction for chemical cCB
8 Presentation CEA - L. Bedel energy storage 03/11/2014 2 CCB Workshop (Munich) Members 130 Germany
A reasonnable technology
Results of the FP7 Project CEOPS cCB
Presentation CEA - L. Bede| GRTgaz and its P2G 09/11/2015 3 CCB Workshop (Munich) Members 130 Germany
Demonstration Plant

9 A drop down list allows choosing the dissemination activity: publications, conferences, workshops, web, press releases, flyers, articles published in the popular press, videos, media

briefings, presentations, exhibitions, thesis, interviews, films, TV clips, posters, Other.

10 A drop down list allows choosing the type of pabscientific Community (higher education, Resejrtidustry, Civil Society, Policy makers, Medi&@ther (‘multiple choices' is
possible).

43



EMRS —

Scientific

9 Presentation UPMC Carbon dioxide a raw material fof ;5 13/09/5013 RIH2013, Le Havre, France| Community, 80 Europe
energy storage policy
J. Amouroux
makers
EMRS — Carbon Recovery for a Sustainable IUMRS-ICAM meetin Scientific
10 Presentation UPMC Y 23/09/2013 ; : 9, . 2500 Asia
Development Qingdao, China Community
J. Amouroux
Forum for Next Generation Scientific
EMRS — Researchers: Materials: A Key “IV World Materials Summit”, Communit
11 Workshop UPMC Enabling Technology for Secure 12-13/10/2013 Council of Europe, Strasbourg, olic Y, 50 Europe
J. Amouroux Energy & Sustainable France poticy
makers
Development
. Scientific
Nanostructured Electrodes in . . .
12 Presentation IREC - JR. Photoelectrochemical Cells for 10-14/03/2014 Nano and Giga 2014, Phoenix Commumty, 80 USA
Morante - USA policy
Solar Fuel Production
makers
EMRS — Carbon dioxide a material for . - R
13 Workshop UPMC sustainable development and 20/03/2014 Paul Scherrgr Institut, Villingen, Smentmg 30 Europe
Switzerland Community
J. Amouroux energy storage
CO2 - loop for Energy storage and . Scientific
: ? - NIS Colloquium Photo and .
14 Presentation IREC - T. conversion to Organic Chemistry 28/03/2014 Electrochemical Cells for Solar Communlty, 50 Europe
Andreu Processes through advanced - policy
: Fuels, Torino, Italy
catalytic Systems makers
EMRS — E-MRS spring meeting 2014 Scientific
15 Workshop UPMC R&D on CO2 utilization in Europe 26/05/2014 pring 9 ’ . 50 Europe + Asia
Lille, France Community
J. Amouroux
EMRS — Scientific
16 Presentation UPMC Valorisation du CO2 07/07/2014 Ademe, Paris, France . 30 France
Community
J. Amouroux
Meeting on Carbon Dioxide and  Scientific
EMRS — Carbon Recovery by Clara de la Communit
17 Presentation UPMC Carbon Recovery 23/02/2015 y by unity, 30 Europe
Torre - European deputy, policy
J. Amouroux .
Brussels, Belgium makers
EMRS — liers de la valorisation d haire de I'Ecole des Mi Scientific
18 Presentation UPMC Les ate‘ler‘s e la valorisation dul 04/05/2015 Chaire de I'Ecole des Mines, Lé Community 70 France
dioxide de carbone Havre, France
J. Amouroux
EMRS — 1t CEOPS S School Scientific
19 Summer School UPMC >ummer Schooton 10/05/2015 Lille, France Community 20 Europe + Asia
Carbon dioxide recovery
J. Amouroux
EMRS - Carbon dioxid d E-MRS spri ing 2015, | _centific
20 Workshop UPMC arbon cloxide recovery an 11/05/2015 -MRS spring meeting *|  Community 130 Europe + Asia
circular economy of carbon Lille, France
J. Amouroux
EMRS — Matgrials.and devices If_or gnergy RS fall o oo1s Scientific
21 Workshop UPMC and environment applications: | ;7 4 g/09/5015 - all meeting 2015, | o mmunity 50 Europe + Asia
Materials for CO2 capture and Warsaw, Poland
J. Amouroux
storage
EMRS — 2"; CE(jQPSdSummer Schogl: ) Scientific
22 Summer School UPMC Carbon dioxide Management: the 1 4,,q/9515 Warsaw, Poland Community 20 Europe + Asia
3. AMOUroux raw material of the industrial

revolution of the 21st century

44



EMRS — Chemie-Cluster Bayern, Munich Scientific
23 Presentation UPMC Circular Economy of Carbon 09/11/2015 Germany ’ ' Community 180 Germany
J. Amouroux y
EMRS — Maison de la Chimie, Paris Scientific
24 Presentation UPMC Biomimetisme et chimie durable 10/11/2015 France ’ ’ Community 120 France
J. Amouroux
Liquid fuels from carbon dioxide
and hydrogen: a way to safely R
25 Presentation uPMC . S. transport and distribute, hydrogen.  2-5 mars 2014 lle de Tatihou Smentlﬂp 40 France
Cavadias Community
What non - thermal plasma can
do?
26 Poster UPM.C. -M. CO, methanatlon by plasma 10 May 2015 Summer school, EMRS, Lille Smentmp 100 International
Nizio assisted catalysis Community
High throughput production of
IREC - JR synthetic methane using dielectric The International Conference on Scientific
27 Presentation Morante ’ barrier discharge reactor and 5-9 July 2015 Carbon Dioxide Utilization Communit 250 Singapore
mesoporous Ni/Ce based catalyts (ICCDU). Singapore Y
from RT to 400 °C
Electrochemical Reduction of Scientif
idea — Carbon Dioxide Dissolved in Ionig i i cientific i
28 Poster Omnidea — A. 10XI le L [ ved | | 10 May 2015 EMRS_ Spring Meeting Community 1000 International
Machado Liquids Lille, France conference
and Industry
Efficient Carbon Dioxide o
29 Oral Omnidea — A. Electrochemical Reduction in 11 May 2015 EMRS Spring Meeting CSO?':’\e;EfrI\(i:t 70 International
communication Machado lonic Liquid- Based Electrolytes Y Lille, France Y conference
and Industry
. The role of ionic liquids from CO2 . Scientific .
30 Oral_ . Omnidea — A. Capture to CO2 Valorization 18 September 2015 EMRS Fall Meeting Community 70 International
communication Machado Warshaw Poland conference
and Industry
Electrochemical reduction of Scientif
Carbon Dioxide Dissolved in Ionig ' cientific i
31 Poster NOVA 5 19 September 2015 EMRS Fall Meeting Community 70 International
Liquids Warshaw Poland conference
and Industry
32 Web page Omnidea Synthetic Fuels from, CO www.omnidea.net (;F‘ter”?"°ﬁa'
issemination
Andrés Parra Puerto. Towards Scientific
. artificial phtosynthesis: 2012-2015 . . . Community .
33 Thesis IREC Photoelectrochemical CO (26/11/2015) University of Barcelona (Spain) (higher 1 Thesis
reduction to solar fuels education)
Forum next generation Scientific
34 Workshop IRNIIEoCra-niéR. Energy storage using sun fuels 12-13/10/2013 researchers (school) Strasbourg C(J(Lri\mhuerllty 2 Workshop
(France) ghe
education)
Scientific
Optimization of surface charge Community
IREC - J.R. transfer processes on rutile TiOZ International battery association,  (higher
35 Conference Morante nanorods photoanodes for wate 1-5/04/2013 2013. San Francisco, US education, 3 Conference
splitting. Oral. Research),
Industry
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Scientific

Modified Metal Oxide Based 2013 MRS Spring Meeting - Community
IREC - J.R. Nanostructures for Renewable . pring g (higher
36 Conference 3/04/2013 Symp Z: Nanotechnology and : Conference
Morante Fuels from Photo Electro Sustainability San Francisco. US education,
Chemical CO2 Reuse. Y el Research),
Industry
Scientific
Community
37 Conference IREC - J.R. Materials for green energy. 14-15/10/2013 IV'World Material Summit. (h'gh?r Conference
Morante Strasbourg (France) education,
Research),
Industry
On the Synergistic Effect of C?)?nerzﬂzﬁy
i i 27-31/05/2013
IREC - JR. | /A\mmonia Treatments over TIO2] E-MRS 2013 Spring meeting | (higher
38 Conference Rutile Nanorods: Tuning the Fermi : Conference
Morante L Strasbourg, France education,
Level and the Kinetics of Surfacs
Research),
States.
Industry
Scientific
Community
Workshops (3) and 01/02/2013- Organised in parallel of EMRS (higher
39 Summer schools (2 EMRS CEOPS 31/01/2016 conferences education, Conferences
Research),
Industry
Scientific
Forum next generation Community
40 Workshop — IREC - JR. Energy storage using sun fuels 12-13/10/2013) researchers (school). Strasbourg  (higher Workshop —
summer school Morante : summer schoo
(France) education,
Research),
Scientific
Photo and Electrochemical Cells Community
41 Conference - IREC —T. CEOPS project 18/03/2014 for Solar Fuels (NIS (higher Conference -
workshop Andreu . . : workshop
Colloquium). Torino (ltaly) education,
Research)
Nano and_ Giga Chall‘enges in Scientific
Nanostructured Electrodes in Electronics, Photonics and Community
IREC - J.R. ; 10/04/2014 - Renewable Energy From .
42 Conference Photoelectrochemical Cells for - - (higher Conference
Morante - 14/04/2014 Materials to Devices to System :
Solar Fuel Production ; - education,
Architecture Symposium and Research)
Spring School. Phoenix, Arizon
27/07/2014 - _ Scientific
IREC — S New 3D Structured Photo Anodep 01/08/2014 20th International Conference on . Community
43 Conference T based on Pulsed Laser Depositign Conversion and Storage of Solar  (higher Conference
Murcia ; ) :
of Tungsten Oxide Energy. Berlin (Germany) education,
Research)
Tungsten Oxide PhotoAnodes Scientific
Deposited by Pulsed Laser Community
IREC - JR deposition for Water Splitting 17/02/2014 - 2014 MRS Spring Meeting. Sa (higher
44 Conference Morante Devices. Oral 20/02/2014 Francisco, US education, Conference
Research),
Industry
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Insight into the Surface

T Scientific
Characterization of the Community
45 Conference IREC - JR Photoelectrochemical Cell 17/02/2014 - 2014 MRS Spring Meeting. Sa (higher Conference
Morante Electrode Materials for 20/02/2014 Francisco, US education,
Sustainable Solar Fuel Production Research),
Industry
. Scientific
Improved metal oxide based 5th international symposium orf Community
6 Conference IREC - JR photoanodes for 15/10/2014 - Transparent Conductive (higher Conference
Morante photoelectrochemical cells 17/10/2014 Materials education,
Platanias-Chania, Greece Research),
Industry
Scientific
. N Community
Photocatalytic oxidation of . . .
47 Conference IREC N S: methane to methanol using BivO4  11-15/05/2015 2015 E'MRS Spring Meeting. (hlght_er Conference
Murcia ) Lille (France) education,
in presence of scavengers. Poster
Research),
Industry
Scientific
Cu and CuxO Electrodes for Community
48 Conference IREC - A. Selective conversion into 11-15/05/2015 2015 E-MRS Spring Meeting. (hlght_er Conference
Parra Hydrocarbons in Different Lille (France) education,
Electrolytes. Poster Research),
Industry
Scientific
Photocatalytic conversion of Community
) ] methane into methanol over B 2015 E-MRS Spring Meeting. (higher
49 Conference IREC - K. Villa| ordered mesoporous La/WO3 . 11-15/05/2015 Lille (France) education, Conference
Oral Research),
Industry
Scientific
. . Community
50 Conference. IREC - me}tjr?e(\):c)alc?/itzlygftiz\);notzi?jztsio(g of 11-15/05/2015 2015 E-MRS Spring Meeting. (higher Conference.
Workshop T.Andreu P CEOPS workshop. Lille (France) education, Workshop
synthetic natural gas
Research),
Industry
Scientific
_ 2015 E-MRS Spring Meeting. | Community
51 Conference IREC - JR Photo Catalysis and hydrogen 11-15/05/2015| CEOPS summer school. Lille (higher Conference
Workshop Morante : Workshop
(France) education,
Research),
Scientific
Community
52 Conference IREC - J.R. Photo electrocatalys_ls process far 15-18/09/2015 2015 E-MRS fall Meeting. (hlght_er Conference
Morante CO2 reduction Warsaw, Poland education,
Research),
Industry
. 2015 E-MRS fall Meeting. Scientific
53 Conference IREC - J.R. Phot_o electrocatalysis and new 15-18/09/2015 CEOPS Summer school. Community Conference
Workshop Morante materials for hydrogen production . Workshop
Warsaw, Poland (higher
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education,

Research),
Industry
Room temperature synthesis of Smentmp
. : . Community
IREC - T synthetl_c ne_ltural gasusing a 2nd International Conference on (higher
54 Conference ' catalytic-dielectric barrier 7-8/05/2015 Renewable Energy Gas : Conference
Andreu ) . education,
discharge (BDB) plasma reactor Technology. Barcelona, Spain
Research),
Poster
Industry
Scientific
IREC - T CO2 valorization to fuels based on CO2 Capture & utilization C(J(Lri\mhuerllty
55 Workshop ' a photoelectrochemical process 17/12/2015 (XARMAE network). Barcelona, gne Workshop
Andreu L . education,
Oral invited Spain
Research),
Industry
Scientific
. o Community
IREC - S. Partial omdapon _of methane to 30/08/2015 - _ (higher
56 Conference . methanol with bismuth-based Europacat XIl. Kazan, Russia : Conference
Murcia 04/09/2015 education,
photocatalysts
Research),
Industry
Scientific
Conversion of methane into 30/08/2015 - C(J(Lri\mhuerllty
57 Conference IREC - K. Villa] methanol over doped mesoporoys Europacat XIl. Kazan, Russia ghe Conference
04/09/2015 education,
WO3. Poster
Research),
Industry
Scientific
Ordered mesoporous WO3 4th International Symposium oy Community
) . photocatalyst for the selective B Energy Challenges and (higher
58 Conference IREC - K. Villa oxidation of methane to Methano|. 11-16/08/2015 Mechanics (ECM4) Aberdeen,| education, Conference
Oral United Kingdom Research),
Industry
Scientific
X conference: Barcelona Globa] Community
IREC - J.R. - Energy Challenges: Workshop |l (higher
59 Workshop Morante CO2 reutilization. Oral 18/06/2015 - CO?2 valorization and syntheti¢  education, Workshop
fuels Research),
Industry
Scientific
InsighT.into added value . Community
. The International Conference on .
60 Conference IREC - J.R. chemicals from reused C.02 basgd 5-9/7/2015 Carbon Dioxide Utilization (h'gh?r Conference
Morante on photoelectrochemistry . education,
(ICCDU). Singapore
processes. Oral Research),
Industry
Scientific
. Community
IREC - JR. Barth Abundant Materials for a 28/06/2015 - ICMAT.2015 & IUMRS- (higher
61 Conference Photo Electrochemical Based . : Conference
Morante ; - 03/07/2015 ICA2015. Singapore education,
Solar Refinery. Oral invited
Research),
Industry
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Roche Diagnostics Site in

Industry

62 workshop CCB st Workshop with CCB memberg 11.3.2013 Scientific 16 Germany
Penzberg, Germany :
Community
03.11. 2014 Industry
63 workshop CCB " Workshop with CCB member Kunstlerhaus, Munich,, Germanly  Scientific 180 Germany
Community
Industry France,
64 workshop cce $Workshop with CCB members 09.11. 2015 Event Forum Firstenfeld, Scientific 155 Germany,
Germany : Netherlands,
Community )
Spain, Portuga
6th International IST-C From a greenhouse waste to a Scientific
65 Annual Meeting of . valuable raw-material: C@for 9-13 September 201 Wierzba, Poland - ~100 -
Henriques . Community
GDRI methane production
XXIV Congresso Conversion of CO2 into methane, 14-19 September Scientific
66 Ibero—Americano | IST - F. Ribeiro | using nickel catalysts supported an p Medellin, Colombia - ~500
e . 2014 Community
de Catdlise zeolite USY
The development of Ni-zeolite
EMRS Spring IST-C. catalysts for the methanation of . Scientific N
67 Meeting Henriques carbon dioxide with hydrogen: a 11-15 May 2015 Lille, France Community 100 )
case study
Ni based USY zeolites for CO2
. conversion into methane: R
70 EMRS Fall Meeting IST_- C. evaluation of magnesium 15-18 September Warsaw, Poland Smentm(_: 30 )
2015 Henriques . ) . 2015 Community
incorporation on the catalytic
performances
EMRS Fall Meeting IST-C. Hydrogenation of C@over Ni- 15-18 September Scientific ) }
69 2015 Henriques Zeolite catalysts: a case study 2015 Warsaw, Poland Community 50
. . . Q - .
70 CEOPS Website EMRS CEOPS Website 01/05/2013 WWW CEOPS All International
project.eu
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Section B (Confidential* or public: confidential information to be marked clearly)

Part B1
TEMPLATE B1:LIST OF APPLICATIONS FOR PATENTS , TRADEMARKS , REGISTERED DESIGNS, ETC.
Confidential Foreseen
Click on embargo date
YES/NO dd/mmlyyyy
Application . _
Tgfigzl_lj reference(s) (e.g. Subject or title of application Applicant (s) (as on the application)
gnts= EP123456)
Electrode (surface plasma) angl
FR 13 58965, - - P . o a pA . . . )
Patent No cooling system integration into p Commissariat a I'énergie atomique et aux énerdtesmatives
18/09/2013 >
fluidized bed reactor
Process for the carbon dioxidg Fund. Institut Recerca Energia
Patent No P201530109. Spain. reduction to methane by BDB Catalunya (30%), Universitat de Barcelona (10%)iveirsité
28/01/2015 . Y Pierre Marie et Curie (40%), Instituto Técnico SueLisboa
plasma activated catalyst (20%)
Patent No PT2015/108442 | _Ca@ltic System for Syngas Omnidea, Lda
Production and Process thereqf

11 Note to be confused with the "EU CONFIDENTIAL" cification for some security research projects.

12 A drop down list allows choosing the type of IPhig; Patents, Trademarks, Registered designstyutibidels, Others.
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Part B2

Description

Confidential

Foreseen

Patents or other

OF METHANE

Type .Of of exploitable Click on embargo Exploitable s g Tlmetablg, IPR exploitation Owner & Other
Exploitable P d YES/NO date product(s) or Sector(s) of applicatiort commercial or (licences) Beneficiary(s) involved
Foreground® oregroun dd/ measure(s) any other use y
mm/yyyy
1- PATENT 1) NEW HIGH- YES FrROM 1.CO2 1. C27 - Manufacture of 2021 PAT APPL OMNIDEA (OWNER)
PRESSURECO, 06/05/2015 | ELECTROLYSER electrical equipment PT2015/108442 UNIVERSIDADE NOVA DE
ELECTROLYSER 2.C20.1.1 - Manufacture of LISBOA, ROYALTIES
2) NEw PROCESS 2.SYNGAS industrial gases
FOR PRODUCING 3. C20 - Manufacture of
SYNGAS chemicals and chemical
products
2 - PATENT INTEGRATION DBD YES FrROM 1. FLUIDISED BED 1. C20 - Manufacture of 2020 Patent application | ROYALTIES
SURFACE PLAMSA 18/09/2013 | REACTOR chemicals and chemical FR 13 58965,
TECHNOLOGY INTO
A FLUIDISED BED 2.SYNTHESIS OF products
REACTOR CHEMICAL PRODUCTS | 2. C27.9.0 - Manufacture of
other electrical equipment
3. C20.1.1 - Manufacture of
industrial gases
3- PATENT PROCESS FOR THE YES FROM 1.PROCESS OFCO2 1. C20.1.1 - Manufacture of 2020 Patent application | ROYALTIES
CARBON DIOXIDE 28/01/2015 | REDUCTION INTO industrial gases P201530109
REDUCTION TO METHANE C27.9.0 - Manufacture of
METHANE BY BDB other electrical equipment
PLASMA 2. C20 - Manufacture of
chemicals and chemical
products
4- EXPLOITATION CATALYST YES FrROM CATALYST C24.4.5 - Other non-ferrous 2020 Patents are planned ROYALTIES
OF R&D RESULTS | FORMULATION JANUARY FORMULATION FOR metal production to protect
2016 METHANE AND formulations
METHANOL
SYNTHESIS
5- EXPLOITATION PHOTOCATALYTIC YES FrROM PHOTOCATALYTIC C20 - Manufacture of 2020 Patents is planned to ROYALTIES
OF R&D RESULTS | PROCESS JANUARY PROCESS FOR chemicals and chemical protect a reactor
2016 PARTIAL OXIDATION products configuration

In addition to the table, please provide a tex¢xtplain the exploitable foreground, in particular:

Its purpose
How the foreground might be exploited, when anavibpm

19 A drop down list allows choosing the type of formgnd: General advancement of knowledge, Commeesigloitation of R&D results, Exploitation of R&D salts via standards,
exploitation of results through EU policies, exption of results through (social) innovation.

14 A drop down list allows choosing the type sectd®ACE nomenclature) http://ec.europa.eu/competition/mergers/cases/indeg_all.html
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. IPR exploitable measures taken or intended
. Further research necessary, if any
. Potential/expected impact (quantify where possible

1- CO2, ELECTROREDUCTION PROCESS USING IONIC LIQUID:
A new high-pressure G(lectrolyser that is capable to work at pressupet® 100 bar at near room temperature was dewelop©mnidea and
Universidade Nova de Lisboa. This high-pressuretedfyser includes an innovative catalytic systateyeloped also by Omnidea and
Universidade Nova de Lisboa which is able to predfuels, such as methane and syngas. As the rdésulsyngas production were more
promising and in a more advanced stage of devaoapr®mnidea, Lda will focus its exploitation a@igs on syngas. It will commercialize the
technology directly or by licensing the technolagyyngas producers that will use £43 feedstock instead of methane derived fromlffusss,
coal, or biomass.
Energy intensive industries can also convert @@ syngas and use it as a substitution fuel.t&ébknology still needs further development before
entering a demonstration stage. Time to marketbeilat least five years.
The technology under development is expected to-openew technological possibilities for the designal development of industrial processes
with significantly reduced GHG emissions as syrigasvery valuable and versatile product. It pregidpportunities for its use as either a heating
gas (due to the heating value of CO anyl Br by using Hand CO as the basic building blocks for chemiodl fael production applications. The
market of syngas for gasification represents maaa 100 GW thermal and could exceed 117GW by 20tBam expected annual growth rate of
more than 8%.
In 2005 the total world annual use of fossil-dedigyngas has been calculdfe be approximately 6000 PetaJ/year which reptes of the
total primary energy consumption. Considering #tiedyngas is produced by steam reforming of nhggas.and the heating value of demethanized
syngas is 1152 kcalf’ at H/CO ratio of 5:1, this process produces large dtiesitof CQ, ranging from 0.35 to 0.42%0f CQO; per n? of Hy
produced®, due to both reaction and the heat requiremehésl ethane steam reforming would be replacea Ibgchnology where energy is
supplied from renewable or non-fossil sourcessdhea case of CEOPS technology, this technologida@auce 654 MTon-785 MTon of CO2
emissions annually in the worst case scenaris.thi@ worst case scenario, because although spngdsction from methane steam reforming is
the technology which operates with less @@neration from the current industrial employezhtmlogies the actual trends are that more pogutin
technologies are being more and more deployedatticplar, reforming of naphtha and coal is ofteefprred when they are available at lower

15 http://www.technavio.com/blog/global-syngas-markesting-up ; Global Syngas Market Heating Up

16 H.Boerrigter, A. van der Drift Bio key intermedéan production of renewable transportation fudle@icals and Electricity, Optimum and Economic lertips of Fisher-
Tropsch Plants, ETA, 2005

17 Emmanuel O. Oluyede. "Fundamental Impact of Fiiyggas in Gas Turbines". Clemson/EPRI

18 B. Fidalgo and J. A. Menéndez In: Syngas: Prodagthpplications and Environmental Impact ISBN: 9782100-870-5

Editors: A. Indarto, J. Palguandi. 2013 Nova SageRablishers, Inc. pp: 121-149
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cost with comparison to natural gaand the coal gasification is growing at a fastepdhese latter raw materials are responsible daegating
larger amounts of GHG emissions.

2- INTEGRATION DBD SURFACE PLAMSA TECHNOLOGY INTO A FL UIDISED BED REACTOR

The integration of DBD surface plasma into a flaétl bed reactor is a technological success. Funtirer; this technology of plasma allows the
achievement of a stability up to at least 5 bae fiésults on C@conversion into methane confirms the results obthin fixed bed reactor with
a volumetric DBD plasma. CEA has planned to ingadé this technology for other chemicals reactams also for endothermic reactions. CEA
has discussed with some industrials concerning tddbnology. The interest is confirmed but seem$doctoo risky for industrials. More
investigations must be conducted in order to detnatesthe up-scalability of this technology whishpromising.

3- PROCESS FOR THE CARBON DIOXIDE REDUCTION TO METHANE BY DDB PLASMA

CEOPS was a project of three years and excellsattsewere obtained but fundamental studies atecstie conducted to:

- investigate mechanism which improves the activitipaer temperature. The hypothesis of water degorfrom active sites was
proposed but not demonstrated.

- the influence of plasma parameters

- identify the role active species generated by thsma

- Identify the role of photons created by the plasma

4- CATALYST FORMULATION

Zeolite based catalyst:

The application of zeolite-based catalysts to C@fhanation and/or to methane to MeOH conversiarrécent subject and is related to some of
the cited developments that also constitute glabal challenges in catalysis, also reflected in CE©&alysts development.

CEOPS zeolite-based catalysts preparation and @atilon was centred in three types: (i) Ni contagnUSHY catalysts for DBD plasma CO2 to
methane (Pathway A), (ii) Fe containing FAU and MEuctures, for DBD plasma partial oxidation of £ MeOH conversion (Pathway B)
and (iii) modified BEA zeolites and Zn, V, W, Mo,-B, Ni-V, La-V, Ni-W and Ni-Mo promoted BEA catadys, also for Pathway B, by
photocatalysis.

19 Office of Air and Radiation, U.S. EnvironmentabRrction Agency Technical support document for bgen production: proposed rule for mandatory répgprf
greenhouse gases (2008)
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For the CQmethanation catalysts developed, they presenthehmctivity in thermal catalysis than industriaes. However the upscaling done
has shown a reduction of activity at 300°C. IST pasined to discuss with catalyst manufacturergsgess the opportunity to industrialize the
formulation developed in the frame of the CEOP3auto IST is being assessed the patentabilityfofmulation. A time to market is dependent
on the interest of catalyst manufacturer.

For the use of catalyst with DBD plasma technolagparallel development must be done with partmarsived in the DBD technologies.

Mesoporous based catalyst:

Mesoporous nickel-ceria zirconia catalyst has ague high catalytic activity together with uniqu®perties for DBD plasma catalysis for CO2
conversion to methane. A patent was done with URME IST on these developments. The second maitengalwas their implementation on
fluidized bed reactor which was also achieved.

The expected roadmap in their development to comaleration IREC has planned a way to the induktasion of their catalyst in two steps:

- Investigate deactivation mechanisms, and estaldigeneration protocols (if required)

- Identify possible industrial manufacturers

In both cases, CEA is interested by these activadtations since it develops milli-structured Héachanger Reactors. An industrial catalyst
manufacturer should be identify in order to acakethe industrialisation of one of these formolasi (30%Ce 20%Ni / CsUSY(40)) from IST
and (15%Ni Ce0.9 Zr0.1 O from IREC) .

5- PHOTOCATALYTIC PROCESS

For methane to methanol conversion, a photocatgytC) technology was investigated. PC technole@gnialready industrial technology mostly
implemented for water depollution. During the podjdREC has demonstrated the suitability of thisgeiss for obtaining the partial oxidation
using catalysts developed by IST and IREC. Theeagiment of methanol production is a success bif. ifBeis process was selected for the
prototype system. But the upscaling has not coefirtine promising result obtained with the lab-scedetor. According to the catalytic material
and reaction conditions, methane to methanol ceivercan be realized with a selectivity close t&050ut with low conversion rate. Higher
efficiencies with more efficient photocatalysts (W@esoporous, BiVQ Bi;WOs) must be reached to be commercially viable. Howewece
achieved time to market can be short due to thye lavarket of photocatalysis for air and water depoh
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4.3 Report on societal implications

Replies to the following questions will assist @@mmission to obtain statistics and indicators
on societal and socio-economic issues addressgdolcts. The questions are arranged in a
number of key themes. As well as producing cedtafistics, the replies will also help identify
those projects that have shown a real engageméhtwider societal issues, and thereby
identify interesting approaches to these issueshastl practices. The replies for individual
projects will not be made public.

A General Information (completed automatically wheBrant Agreement number is
entered.

Grant Agreement Number: [ 309 984

Title of Project:
CO2 - Loop for Energy storage and conversion to Organic
chemistry Processes through advanced catalytic Systems

Name and Title of Coordinator: [ Ing. Bedel Lauret
B  Ethics
1. Did your project undergo an Ethics Review (andfoScreening)®
E) If Yes: have you described the progress of compéanith the relevant Ethics Review/Screen|ng
Requirements in the frame of the periodic/finaljgcbreports?
Special Reminder: the progress of compliance with Ethics Review/Screening Requirements should be
described in the Period/Final Project Reports uttteiSection 3.2.2Vork Progress and Achievements'
2. Please indicate whether your project invokd any of the following issues (tick
box) :
RESEARCH ON HUMANS
F) Did the project involve childrer No
G) Did the project involve patient No
H) Did the project involve persons not able to givesemt No
I) Did the project involve adult healthy voluntee No
J) Did the project involve Human genetic matel No
» Did the project involve Human biological samples? No
» Did the project involve Human data collection? No
RESEARCH ON HUMAN EMBRYO /FOETUS
K) Did the froject involve Human Embryo No
L) Did the project involve Human Foetal Tissue / Ci No
M) Did the project involve Human Embryonic Stem CEESCs) No
N) Did the project on human Embryonic Stem Cells ingatells in culture No
0O) Did the project on humgEmbryonic Stem Cells involve the derivation of sétlom Embryos No
PRIVACY
P) Did the project involve processing of genetic infation or personal data (eg. health, se No
lifestyle, ethnicity, political opinion, religiousr philosophical conviction)?
Q) Did the project involve tracking the location orsebvation of people No
RESEARCH ON ANIMALS
R) Did the project involve research on anim No
S) Were those animals transgenic small laboratory alsii No
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T) Were those animals transgenic farm anin No
U) Were those animals cloned farm anim No
V) Were those animals n-human primates No
RESEARCH INVOLVING DEVELOPING COUNTRIES
W) Did the project involve the use of local resour@netic, animal, plant et No
X) Was the project of benefit to local corunity (capacity building, access to healthcarecatian No
etc)?
DuAL Use
» Research having direct military use No
Y) Research having the potential for terrorist a No

C Workforce Statistics

3. Workforce statistics for the project: Pleae indicate in the table below the number of
people who worked on the project (on a headcount Is&s).

Type of Position Number of Women Number of Men
Scientific Coordinator 4
Work package leaders 1 6
Experienced researchers (i.e. PhD holders) 12 20
PhD Students 6
Other 10 8

7

4.  How many additional researchers (in companies ahuniversities) were
recruited specifically for this project?

Of which, indicate the number of me 3
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D Gender Aspects

5. Did you carry out specific Gender EqualityActions under the projeci? o Yes
For 4/10 partners the main scientific contact wénzale. ) No
6.  Which of the following actions did you carry outand how effective were they?
Not at all Very
effective effective
@ Design and implement equal opportunity polic e OCOOO
@ Set targets to achieve a gender balance in thefovoe ° O00O0
@ Organise conferences and workshops on g ° O00O0
@ Actions to improve wor-life balanc ° O00O0
e Other For 4/10 partners the main scientific contact wénaale.

7. Was there a gender dimension associated with tihesearch content-i.e. wherever people were
the focus of the research as, for example, consunsgusers, patients or in trials, was the issue oégder
considered and addressed?

O  Yes please specif |
Py No

E  Synergies with Science Education

8. Did your project involve working with students and/or school pupils (e.g. open days,
participation in science festivals and events, pres/competitions or joint projects)?

e '&F please specif 2 summer schools were organised during
O No the project

9. Did the project generate any science educationaterial (e.g. kits, websites, explanatory

booklets, DVDs)?
o Yes- please specif IST included results of the project in lesson for
students
O No
F Interdisciplinarity
10.  Which disciplines (see list below) are inieed in your project?
O Main discipline®: 2.2
O  Associated disciplir®: 1.2 ‘ @) ‘ Associated disciplir?®: 1.2
G Engaging with Civil society and policy makers
lla Did your project engage with societal actors ly@nd the research o Yes
community? (if 'No', go to Question 14) ° No
11b If yes, did you engage with citizens (citizenpanels / juries) or organised civil society

(NGOs, patients' groups etc.)?

O No
O  Yes in determining what research should be perfor
O Yes-in implementing the resean
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O  Yes in communicating /disseminating / using the ressaf the projec

1lic

In doing so, did your project involve actors whse role is mainly to

organise the dialogue with citizens and organisedwl society (e.g.
professional mediator; communication company, sciere museums)?

o0

Yes
No

12. Did you engage with government / public bodies orglicy makers (including international

organisations)

No

Yes- in framing the research agel
Yes- in implementing the research age

ONONON

Yes, in communicating /disseminating / using theuts of the proje

13a Will the project generate outputs (expertise oscientific advice) which could be used by

policy makers?

O Yes-as aprimary objective (please indicate areas be- multiple answers possib
O Yes-as asecondan objective (please indicate areas be- multiple answer possibl

.No

13b If Yes, in which fields?

Agriculture

Audiovisual and Media
Budget

Competition

Consumers

Culture

Customs

Development Economic and
Monetary Affairs

Education, Training, Youth
Employment and Social Affairs

Energy

Enlargement

Enterprise

Environment

External Relations

External Trade

Fisheries and Maritime Affairs
Food Safety

Foreign and Security Policy
Fraud

Humanitarian aid

Human rights
Information Society
Institutional affairs
Internal Market

Justice, freedom and security
Public Health

Regional Policy
Research and Innovation
Space

Taxation

Transport

20 Insert number from list below (Frascati Manual).
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13c If Yes, at which level?
O Local /regional leve
O National leve
O  European lew
O International leve

H Use and dissemination

14. How many Articles were published/accepted f@ublication in 16

peer-reviewed journals?

To how many of these is open accésprovided? 0
How many of these are published in open acjournals? 0
How many of these are published in open repitories? 0

To how many of these is open access not provided? 61

Please check all applicable reasons for natoviding open access:

O publisher's licensing agreement would not permiifliphing in a repositol
O no suitable repository available

Il no suitable open access journal available

O no funds available to publish in an open accash

Q lack of time and resources

O lack of information on open access

Q othef% ...............

15. How many new patent applications (‘priority fiings’) have been made? | 3 during the
("Technologically unique": multiple applicationsrfthe same invention in different during the
jurisdictions should be counted as just one appilicaof grant). project + 1 in

progress

16. Indicate how many of the following Intellectual Trademark 0
Property Rights were applied for (give number in . .
each box). Registered design 0

Other 3

17. How many spin-off companies were created feaplanned as a direct 0
result of the project?

I ndicate the approximate number of additional jobsin these companies:

18. Please indicate whether your project has a f@ntial impact on employment, in comparison
with the situation before your project:

[ ncrease in employment, B | In small & mediun-sized enterpris:
@ Safeguard employment, a In large companit
@ Decrease in employmer a None of the above / not relevant to the pr¢

@ Difficult to estimate / not possible to quant

21 Open Access is defined as free of charge accessyone via Internet.
22 For instance: classification for security project.
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19. For your project partnership please estimatéhe employment effect Indicate figure
resulting directly from your participation in Full Time Equivalent (FTE =
one person working fulltime for ayear) jobs:

Difficult to estimate / not possible to quantify u

| Media and Communication to the general public

20. As part of the project, were any of the benefiaries professionals in communication or
media relations?

e Yes(EMRS & CCB O No

21. As part of the project, have any beneficiariereceived professional media / communication
training / advice to improve communication with thegeneral public?

O  Yes ° No

22 Which of the following have been used to commurate information about your project to
the general public, or have resulted from your progct?

Press Relea Coverage in specialist prt

Media briefing Coverage in general (n-specialist) pres

TV coverage / repc Coverage in national pre

Radio coverage / rep: Coverage in international pr

Brochures /posters / flye Website for the general public / inter
DVD /Film /Multimedie Event targeting general public (festival, confer
exhibition, science café)

CORC0O000
EECCCCO

23 In which languages are the information productdor the general public produced?

@ Language of the coordina
@  Other language(

» ‘ Englist
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2. FINAL REPORT ON THE DISTRIBUTION OF THE
EUROPEAN UNION FINANCIAL CONTRIBUTION

This report shall be submitted to the Commissiothwi30 days after receipt of the final
payment of the European Union financial contribatio

Report on the distribution of the European Union fhancial contribution
between beneficiaries

Name of beneficiary Final amount of EU contributipar
beneficiary in Euros
Commissariat & I'énergie atomique et aux éne| 775 348,00
alternatives
C.T.G. SPA 87 193,89
Instituto Superior Técnico 374 770,55
OMNIDEA 165 512,00
Faculdade de Ciéncias e Tecnologi Universidade 225 176,00
Nova de Lisboa
GDF-Suez Energy Romania 16 535,50
Fundacio Institut De Recercee L'energia D¢ 484 065,70
Catalunya
European Materials Research Society 83 893,68
Chemie-Cluster Bayern 146 350,53
Université Pierre et Marie Curie 211 283,00
Total 2643 210,41

61



