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ENERGY TURNAROUND

The earthquake close to island followed
by the tsunami on the east coast of Ja-
pan and the nuclear accident Fukush-
ima on 11. March 2011 has motivated
the Swiss parliament to plan the phase
out of nuclear power in Switzerland. In
order to create the technological back-
ground it was decided to increase the
research activity on renewable energy
in order to enable a sustainable ener-
gy economy for the future. The approx.
3 GW of nuclear power in Switzerland
have to be replaced with renewable
energy and not with fossil fuels in or-
der to avoid further increase of the CO,
emission and as a consequence suffer
from the climate change. Furthermore,
the energy consumption is expected
to increase globally due to the grow-
ing population and in order to increase
wealth. Economic growth is increasing
with increasing efficiency of the ener-
gy conversion, however, the increase of
efficiency will not lower the energy de-
mand as it is sometimes assumed.

Several infrastructure projects have
been realized in Switzerland, e.g. hydro-
gen fueling stations, methanation re-
actors and Toyota has released the first
newly developed hydrogen powered car.
The development of hydrogen technol-
ogies is much advanced in Asia com-
pared to Europe and USA. China, Korea
and Japan offer fully designed hydrogen
infrastructures and various vehicles for
competitive market prices. The two ma-
jor challenges in storing renewable en-
ergy are the mobility and the seasonal
storage. Both require high energy densi-
ty in materials for affordable prices.

EPFL has created a new institute in Sion
called Energypolis, where the research
groups focus on the conversion and
storage of renewable energy. The major
challenge is to close the materials cycle
for energy by the production of hydro-
gen and the reduction of CO, from the
atmosphere in order to produce synthet-
ic fuels (hydrocarbons). Hydrocarbons

offer a high gravimetric and volumetric
energy density and are liquid at room
temperature, i.e. storage and transport is
simple and efficient. This unique energy
research center performing world lead-
ing research work and forms a bridge
between science, industry and the gov-
ernment with a close collaboration with
the University of applied science in
Sion (HES-SO). The research groups are
covering all-important topics to enable
mass storage of renewable energy, from
solar hydrogen production with new
photocatalytic materials over hydrogen
storage in hydrides and nanoporous
materials to the CO, capture in metal or-
ganic frameworks and finally the reduc-
tion of CO, to synthetic hydrocarbons
by heterogeneous catalysis as well as
in an electrochemical reaction. EPFL is
building up the scientific and technical
capacity in order to educate the engi-
neers for the future post fossil energy
economy, where Switzerland plays an
important role in view of the chemical
technology, e.g. catalysts, as well as the
functional nano-materials, which allow
new processes to be technologically im-
plemented. Furthermore, the location of
Energypolis in Sion, Valais/Wallis is ide-
al since large hydropower stations are
located just around the town and tradi-
tionally chemical industry in the Valais
was of great importance for the develop-
ment of Switzerland.

The inauguration of Energypolis was on
19. December 2014, and the labs became
fully operational at the end of 2015,
when already more than 150 research-
ers were working in Energypolis. It rep-
resents the largest and most promising
research activity on the future energy
technology for the storage of renewable
energy in Switzerland. It has the poten-
tial to make a global impact by realizing
the closed cycle from solar energy to
hydrogen and to hydrocarbons, i.e. the
technical synthesis of hydrocarbons by
efficient technical means.
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HYDROPOLE

The Swiss Hydrogen Association Hydro-
pole is the Swiss national platform for
the exchange of knowledge, stimulation
of collaborations and the promotion of
achieve-ments in the field of renewable
energy, especially hydrogen production,
storage and the use of hydrogen e.g. fuel
cells. Hydropole serves as a network for
fundamental and applied research, de-
velopment, industry and other public or
private organizations. The association
maintains close links with other hydro-
gen associations in Europe and world-
wide, the international energy agency
(IEA) and the international association
for hydrogen energy (IAHE) and the Eu-
ropean hydrogen association (EHA).

The association was founded on 23.
November 2001 and is legally located
in Monthey. The first president of Hy-
dropole was Bernard Mudry the former
director of Djeva, a company producing
synthetic saphire in a hydrogen / oxy-
gen flame. During the last ten years a
solid network of actors in the field of hy-
drogen in Switzerland was built up and
the association has approx. 50 members
today. Approximately one third from in-
dustry, one third academic institutions
and the remaining third are individual
members. The board consists of seven
members, the president, the vice-presi-
dent and five work group leaders.

Since 2006, Hydropole is in close con-
tact the European Hydrogen Associ-
ation (EHA). The association is repre-
sented through his board members in
several political and international or-
ganizations in order to actively connect
the members with the key playersin the
field of hydrogen worldwide.

Hydropole produces every second year
a hydrogen report. The first report was
devoted to the industry in Switzerland
and was published in 2006. Followed by
the second report about the hydrogen
research in Switzerland published in
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2008. The current report presents the major achive-
ments in the field of hydrogen science and technology
in Switzerland.

Fig. 3: H. J. Vock explaining the electrolyser
from Diamond Lite SA

Hydropole as a network stimulates the collaboration
between universities, institutions and industry. Nu-
merous research and development project have been
created between the members. Examples are the light
weight SAM fuel cell car with a metal hydride storage
system, the mini bar with a hydrogen/fuel cell ener-
gy system, the living unit SELF with an electrolyzer, a
metal hydride storage and a fuel cell, the research and
development project on new membranes for alkaline
electrolyzers, the CCEM project HyTech on hydrogen
production by photoelectrolysis and hydrogen storage.
In 2012 the Postauto AG introduced five hydrogen bus-
es and operates a hydrogen fueling station in Brugg

(AG). The buses are part of the reqular service and work
over the whole year. Postauto AG received in January
2013 together with its partners the Watt d'Or prize, a
very prestigious award from the federal office of en-
ergy (OFEN) in Switzerland for projects, which con-
tribute significantly to the reduction of fossil energy
consumption.

Since the foundation of the hydrogen association Hy-
dropole in 2001 it has brought the hydrogen communi-
ty in Switzerland close together and became the most
important platform and network for the development
of hydrogen technologies in Switzerland. The personal
contacts and the exchange of information within the
association are of great value for the members.

Furthermore, the association is well known outside
of Switzerland and makes a significant impact in re-
search and industry in Europe and Asia.

Hydropole produces the bianual Hydrogen Report
Switzerland (HRS), where an excellent summary of the
activities and achievements in the field of hydrogen in
Switzerland is presented. This report is free available
as a PDF on the Hydropole’s web page hydropole.ch/
publications.

Prof. Andreas Ziittel

EPFL Valais Wallis, Energypolis
Rue de I'Industrie 17, CP 440
1950 Sion, Switzerland
andreas.zuettel@epfl.ch
+4179 484 25 53

Imer.epfl.ch

Fig. 4: General Assembly 2016
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STEP MARTIGNY

HYDROGEN PRODUCTION USING
A REDOX FLOW BATTERY

One of the main challenges of the energetic transition
for a wide use of renewable energies is that of stor-
age. Electrochemical methods can partially answer
this key challenge. Megabatteries, i.e. batteries having
a power in the Megawatt range, are being developed
worldwide. Two main types of batteries are being de-
veloped: lithium (or other alkali-metal) batteries and
redox flow batteries.

The major difference is that in a lithium battery the
electricity is stored within the electrodes and that
power and energy are directly proportional to the elec-
trode areas. In a redox flow battery, the electricity is
stored in electrolyte solutions and as a consequence
the energy of the battery is proportional to the volume
of the storage tanks whereas the power is proportional
to the surface area of the electrodes.

Whereas megalithium batteries have an energy corre-
sponding to under 1 hour of discharge, megaredox flow
batteries can deliver for many hours.

The key question is what happens when a battery is
fully charged but the production of renewable electric-
ity is still active. In Martigny, the Laboratory of Ana-
lytical and Physical Chemistry from the new Energy-
polis-EPFL campus in Sion (Valais) has developed a
process to chemically discharge a redox flow battery
to produce hydrogen in order to store energy from ex-
cess electricity production, so-called “junk electricity”,
as its price is very low or even negative. The principle
of the process is shown in the diagram below.

0: Load H:
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IrO, or RuO, catalytic reactor
MoC catalytic reactor
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Valve Valve
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Membrane

i Ce-Vredox flow battery : conventional electrochemical discharge

== Dual-circuit system : discharge via two catalysed chemical reactions

Upon charging, Vanadium (IIl) is reduced to Vanadi-
um (I) and stored in the right tank while Cerium (III)
is oxidised to Cerium (IV) and stored in the left tank.
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To chemically discharge the battery in order to keep
its state-of-charge above 80% and simultaneously to
maintain it always ready to supply electricity, we have
developed an external circuit with two catalytic beds
to carry out the following chemical reactions:

2V*42H —E 52V 4+ H,
4Ce* +2H,0—"2>4Ce* +4H"+ 0,

In this way, we have a net consumption of water. This
process is an indirect water electrolysis where the wa-
ter reduction and oxidation do not occur directly on
electrodes as in a classical electrolyser but these reac-
tions are mediated by the Vanadium (II/1II) couple for
the production of hydrogen and by the Cerium (III/1V)
couple for the production of oxygen.

The pilot plant installed in Martigny is based on a
10kW-40kWh commercial all-vanadium redox flow
battery as illustrated below.

The main aim of this demonstration project, carried
out with the collaboration of Sinergy, the CREM and
the district of Martigny, is to scale-up the reaction of
the hydrogen evolution. The electrolyte solutions are
pumped from the main storage tanks to smaller tanks
located below the catalyticbed reactors as shownbelow.

At the end of the reaction, the discharged electrolytes
are returned to the main storage tanks thereby con-
trolling the state-of-charge of the battery. This process
circumvents one of the weaknesses of redox flow bat-
teries, namely the low energy density of the electrolyte
solutions, storing excess electricity under the form of
hydrogen with a much higher energy density.

This process allows performing intermittent water
electrolysis. Indeed, a key drawback of electrolysis to
meet the challenge of excess electricity storage is that
most electrolysers being either alkaline electrolysers
or polymer membranes (PEM) electrolysers cannot
meet the intermittency of electricity production.

In the present process, the redox flow battery acts as a
buffer that can adsorb irregular electricity supply, for
example when peak shaving the grid.

Furthermore, all the electrochemical reactions are one

electron reactions with aqueous species and the over-
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voltage is minimum where compared
to multi-electron electrochemical reac-
tions such as water oxidation where the
overvoltage is rather large.

The present process is also envisaged
as a platform for service stations for
electric cars, where the redox flow bat-
tery can act as a supercharger for lith-
ium battery based cars and the hydro-
gen produced can be delivered to fuel
cell based cars.

Hubert Girault

EPFL

Laboratory of Physical and Analytical Electrochemistry
EPFL-SB-ISIC-LEPA, Station 6

1015 Lausanne, Switzerland

This process circumvents one of the
weaknesses of redox flow batteries,
namely the low energy density of the
electrolyte solutions, storing excess
electricity under the form of hydrogen
with a much higher energy density. hubert.girault@epfl.ch
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SCCER HEAT

& ELECTRICITY STORAGE

A decarbonization of the energy system
requires temporal and spatial flexibility
of production and consumption. Ener-
gy storage acts as a buffer to relax the
constraints. Short-term and long-term
energy storage for heat, electricity and
chemical energy, centralized and de-
centralized will help to enable a com-
pletely renewable energy system. E.g.
hydrogen can play a significant a role
in future energy scenario as an eclectic
fuel and chemical feedstock. Within the
Swiss Competence Center for Energy
Research Heat and Electricity Storage
(SCCER HaE), activities involving hy-
drogen production, storage and conver-
sion are manifold.

This article gives an overview on the
SCCER HaE research lines.

SCCER Heat
& Electricity Storage

The Swiss Competence Center for En-
ergy Research (SCCER) "Heat and Elec-
tricity Storage” (HaE) is one of eight
centers, which have been established in
the research fields of mobility (SCCER
Mobility), efficiency (SCCER FEEB+D,
SCCER EIP), power supply (SCCER SoE),
grids (SCCER Furies), biomass (SCCER
Biosweet), as well as economy and en-
vironment (SCCER CREST) in light of
the Swiss Government's Energy Strate-
gy 2050. The implementation of the SC-
CERs is supervised by the Commission
for Technology and Innovation (CTI).

The declared aim of this energy strate-
gy is the transition from nuclear power
to a power supply system based on re-
newable sources to meet the CO2 emis-
sion targets. An important factor is to
expand and strengthen the knowledge
in the energy field through the increase
of personnel resources, e.g., scientists,
engineers, technicians alongside with
technology development.
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The centers are organized as virtual consortia of industrial and aca-
demic institutions (cantonal universities, federal universities, federal
research centers and universities of applied science) distributed all
across Switzerland with the intention to maximize the outcome by
combining the strongest competencies in each area of expertise. To
maintain a long-lasting effect on the Swiss power supply system, the
competence centers will receive financial support until 2020.

Within the framework of these eight SCCER, the SCCER on Heat and
Electricity Storage is dedicated to active research on:

+ Thermal Energy Storage, with a focus on buildings and processes
by exploring advanced adiabatic compressed air storage (AA-
CAES), pumped heat electric storage (PHES), high-temperature
process heat.

+ Advanced Battery and Battery Materials with focus on Li- and
Na-type batteries. In terms of energy density, cost and the high
explorative area of beyond Li-ion technologies.

+ Hydrogen Production and Storage by exploring emerging tech-
nologies in the field including redox flow batteries, radically lower
cost catalysts, and high energy density liquid storage routes.

+ The development of advanced catalysts for CO, reduction (catalyt-
ic and electrocatalytic) aiming at an efficiency of > 30% and with a
selectivity of > 60% for syngas/ hydro-carbons is planned. Hydro-
gen Production and Storage by exploring emerging technologies
in the field including redox flow batteries, radically lower cost
catalysts, and high energy density liquid storage routes.

+ Assessment of Energy Storage Systems explores the storage
technology in a wider context to make the SCCER more powerful.
Questions of technology interaction is part of the research, cov-
ering a wide range of aspects from socio-economical aspects to
system integration and modeling.

The declared aim of the SCCERs is to bring technologies to the next
level towards the implementation. The long term vision of our con-
sortium is illustrated in the innovation chart (Fig. 1) in can be seen
that there is a true commitment to provide a portfolio of ‘ready to use”
technologies for the 2030 timeframe.

Energy storage is a key element the future renewable energy system,
since energy, sourced from renewable sources like wind, sun or tidal
energy is only available on a stochastic basis, therefore the aim is
to store the surplus energy during times of low demand and release
during times of high demand. With an increasing contribution of the
aforementioned renewable energy sources to the power mix, the sig-
nificance of energy storage increases. Large intermittent discrepan-
cies between electricity production and demand are being observed
with the consequence of strongly fluctuating electricity prizes and
challenges for the stability of the power supply system. In order to
stabilize the grid, an increase in short term electricity storage capac-
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Fig. I: SCCER Heat and Electricity Storagev

ity (hrs) with high response time is needed within the
next years. In the long run, seasonal storage becomes
important to ensure constant electricity supply with-
out «gray» power generation. Besides electricity, about
50% of the primary energy carriers are transformed to
heat by modern industrialized societies required for
space heating, hot water and process heat. Thus, it be-
comes obvious that heat storage plays also an impor-
tant role to meet the CO, reduction goals of Paris.

Besides of the short term fluctuations in the order of
hours or day/night load management, which can be
covered already by heat- and battery storage systems,
the most demanding challenges, even on European
scale, are the two- to — three weeks long periods in fall
(November) and spring (February) with low sun and
wind contributions [1]. In order to secure the energy
supply in those periods, biomass and renewable fuel
technologies become important. Also for the long dis-
tance (and airborne) transportation power to fuel/gas
is a solution for the CO, emission free society.

HyororoLELM

Within the SCCER HaE, research on hydrogen tech-
nologies and CO, reduction is ongoing. Hydrogen pro-
duction from renewable energy and storage has a long
tradition in Switzerland. With the growing amount
of renewable energy, the demand for H, production
and storage increases. New and competitive conver-
sion and storage systems on the scale of pilot and
demonstrator units are developed to enable the tran-
sition from fossil to renewable energy. H, production
by electrolysis is an especially important issue since
this is the first step in the conversion of electricity to
synthetic fuels and realizes a closed material cycle
for energy. Inexpensive and safe storage of hydrogen
is also crucial in order to enable a hydrogen economy.
The emerging technologies in the field including re-
dox flow batteries radically lower cost catalysts, and
high energy density liquid storage routes are in focus.
A high impact on industry is expected by focusing on
these promising routes. Redox flow battery for hydro-
gen production is already established successfully on
the laboratory scale (funded and patented by EOS Hold-
ing), and will be implemented as a largescale demon-
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strator at Martigny, in collaboration with Sinergy and
CREM (both of Martigny, Vallais). The concept of the
flow battery separates the electrochemical conversion
from the hydrogen production, which enables contin-
uous hydrogen production, required for a good balance
of plant and utilization of investment — independent
from the availability of surplus electricity. More details
can be found in this report (Chapter STEP Martigny, H.
Girault).

The second of the more explorative research topics
within the SCCER HakE is the catalytic and electrocat-
alytic reduction of CO, to form either syngas or hydro-
carbons are highly challenging processes with respect
to catalyst activity and selectivity. This project will
mainly focus on the development of advanced cata-
lysts within the timeframe of this SCCER. In addition,
the demonstration the feasibility of the processes on
the laboratory scale reactor level (for catalytic CO, re-
duction) and on the full cell level (the electrocatalyt-
ic CO, reduction, also called co-electrolysis) with an
efficiency of >30% and with a selectivity of >60% for
syngas/hydrocarbons is planned. During phase I of the
SCCERs (2014-2016) the feasibility of this approach was
demonstrated on the lab scale [2] and a demonstrator
system will be designed by 2020.

A complete summary of the ongoing activities within
the SCCER Heat & Electricity Storage can be found in
references [3] and [4].
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THE KEY ROLE OF HYDROGEN
IN A MULTIPLE ENERGY CARRIER

ENVIRONMENT

A “Lighthouse Project”
for municipality utilities

In 2013, the Swiss government mandat-
ed the Swiss Federal Office of Energy
to launch the “Lighthouse program” to
demonstrate the practical feasibility of
the Energy Strategy 2050 of the Swiss
Confederation.

Within the program, some lighthouse
projects focus on key technologies to
improve the energy efficiency in sev-
eral domains e.g. in the industry, in the
services and in the mobility.

Regio Energie Solothurn (RES) took the
opportunity as a public utility company
to align its own energy supply strategy
with the Energy Strategy 2050 of the
Swiss Confederation.

With a turnover of about 100 Mio CHF,
RES provides the city of Solothurn and
its surrounding municipalities with
electricity, natural gas, biogas, district
heating and water.

RES installs and maintains photovolta-
ic panels for its client’s base. Most likely,
an energetic overproduction from pho-
tovoltaic electricity during the months
of June/July needs to be stored for fur-
ther use later in the year. At the same
time, the efficiency of district heating
depends on production/cinsumption
fluctuations of the industry connected
to the network. Natural gas would com-
pensate the fluctuation of district heat-
ing, but would increase the dependency
of RES from this external resource.

To compensate the fluctuations and op-
timise the mix of all energy carriers the
hybrid power plant Aarmatt (Fig. 1) was
realized (hybridwerk.ch).

At the core of the power plant (Fig. 2),
two PEM electrolysers (C30 by proton-
onsite.com) are installed, with a total

amriretl Hydragies ldsgens Hyss:
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Fig. 1. Four utility networks (water, electricity, natural gas, district heating)
as an opportunity to monitor between different energy resources

Electralyzer CHP
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Gas Distribution Net

Fig. 2: The electrolyser as a key component to absorb electricity

overproduction and use it in form of power to gas

input of 350 kW. The electrolysers operate based on the power availa-
bility i.e. the overproduction of electricity in the network.

The produced hydrogen is stored and later on blended with the nat-
ural gas (power to gas, PtG or P2G), to increase the combustion ca-
pacity in the gas network. This combustion capacity is then available
to compensate the fluctuation of the district heating. In the future,
the hydrogen will be used for a methanation process based on carbon
dioxide from a sewage and biogas plant close to Aarmatt. After an in
depth evaluation of the technology and a public tender, RES decided
to buy two electrolysers from Diamond Lite SA, diamondlite.com.

One of the key selection criteria was to use existing, safe, clean and

well proven technology. The PEM process within the Proton OnSite
electrolyser is safe due to its electrochemical differential pressurisa-
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tion process within the cell stacks (Fig.
3), which releases Hydrogen at 30 bar
and oxygen at atmospheric pressure.
The system never releases hydrogen
and oxygen at the same pressure, which
could lead to a combustible atmosphere.

The installation of the electrolysers
on the first floor of the Aarmatt hybrid
plant building was spectacular. The de-
livery of the boxes containing the elec-
trolysers and the mounting of the elec-
trolyser in the plant took not more than
half a day (Fig. 4).

Fig. 3: The cell stacks of the C30 at RES produce in a differential pressurisation Now thanks to the basic and easy to

the hydrogen at the necessary pressure to maintain safety within the plant handle principle of hydrogen produc-
tion “on demand’, the Proton OnSite
Electrolysers play the requested key
role to monitor the optimisation pro-
cess of all energy carriers at RES: elec-
tricity, natural gas and district heating.

Fig. 4: Delivery and installation of the electrolyzers

Hansjoérg Vock

Diamond Lite S.A.
Rheineckerstr. 12, PO Box 9
9425 Thal, Switzerland
hans.vock@diamondlite.com
Tel. +4171 880 02 00

Fax +4171880 02 01
diamondlite.com

Marc Uffer

Diamond Lite S.A.
Rheineckerstr. 12, PO Box 9
9425 Thal, Switzerland
marc.uffer@diamondlite.com
Tel +4171888 32 34
diamondlite.com
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HYDROGEN FOR THE ENERGY
AUTONOMOUS RESIDENTIAL BUILDING

How nine apartments without any utility grid
connection become reality

“Technologies have been enough tested, they all work.
But the combination of technologies is the key success
factor for such a project” as Walter Schmid explains in
an Interview. He is founder of the Umwelt Arena AG
in Spreitenbach (umweltarena.ch), and initiator of the
autonomous residential building in Briitten (Fig. 1).

Fig. I: Autonomous residential building

without connection to any public utility

To achieve an energy autonomous building, following
three topics are important in view of a better energy ef-
ficiency: the production, the storage and the consump-
tion of energy.

For the production of energy, thin—film solar cells are
covering the facades of the building and crystalline
photovoltaic modules cover the roofs. One hour of sun-
shine is sufficient for the daily energy power need of
the 9 resident families. Even on foggy days, the photo-
voltaic installation will still provide the residence with
a minimum of electricity. The building is packed with
a mix of innovative but proven technologies like per-
formance electronics, building automation, gas pro-
cess engineering, heat storage management, hydrogen
electrolyser and finally a fuel cell.

For the storage of energy overproduction — up to 8
hours per day during summertime — short term and
long term (seasonal) storage concepts are applied. The
short-term storage need will be managed by batteries

HyororoLEQ

and long-term storage need will be managed by ther-
mal energy storage and hydrogen produced by a Pro-
ton Onsite electrolyser (Fig. 2) delivered by Diamond
Lite SA (diamondlite.com).

o g )

Fig. 2: The Proton OnSite Electrolyser will convert
electricity overproduction into hydrogen

The electrolyser will be equipped with a “Start/Stop”
remote control to be able to synchronize the hydrogen
production with the available electricity overproduc-
tion of the photovoltaic installation.

Electricity shortage will probably happen for a maxi-
mum of 25 to 30 days mainly in December and Jan-
uary.

On those days, a fuel cell generator will convert the
stored hydrogen into electricity. To increase the effi-
ciency, the thermal encess will be used for the domes-
tic heating needs — water and radiator. Which leads
to 90% of total energy efficiency. To monitor the con-
sumption, every resident will have access to an infor-
mation system where he controls his individual ener-
gy consumption.

Moreover, biological waste from the households will
be converted to biogas in an external plant of "AXPO


http://www.umweltarena.ch
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Kompogas”. The resulting biogas of this process can be used for fuel-
ling a car equipped with a biogas engine.

The equivalent of this gas will result in a driving range for the resi-
dents of about 10 000 km per year. A second car available for the resi-
dentsis abattery fuelled electrical vehicle with also approx. 10 000 km
per year driving range. The PV panels installed on the building charge
the batteries of this car. Hydrogen has begun to be an obvious energy
carrier in residential building projects.

The Briitten project team decided to buy a Proton Onsite electrolyser
(protononsite.com) for this project due to following factors:

+ The electrolysers made by Proton OnSite are based on a technolo-
gy proven for more than 18 years.

+ The electrochemical differential pressurisation process within
the cell stacks (Fig. 3) and the ATEX conformity of the electrolyser
makes it easy and safe to be integrated in a residential building.

+ The pressurized hydrogen at 30 bar flows directly from the electro-
lyser to the storage tank. No intermediate pressurisation step has
been necessary.

Thanks to the Briitten autonomous building project of Umwelt Are-
na AG, hydrogen becomes a standard energy carrier for domestic use
now. More information about this project can be gathered during a
visit at Umwelt Arena exhibition hall.

Hansjoérg Vock

Diamond Lite S.A.
Rheineckerstr. 12, PO Box 9
9425 Thal, Switzerland
hans.vock@diamondlite.com
Tel. +4171 880 02 00

Fax +4171880 02 01
diamondlite.com

Fig. 3: Proton OnSite safety standard —

electrochemical differential

pressurisation process within the cell

stacks any explosive mix impossible
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PEM electrolyzers are available from 0.5 to 2 MW
(100 to 400 Nm3/h. Get more information:

L Diamond Lite SA www.diamondlite.com



H2 ENERGY INC IS SUPPORTING COOP
TO ESTABLISH AN INTEGRAL HYDROGEN
SYSTEM IN A CLOSED CYCLE

Supported by H2 Energy and in coop-
eration with ESORO and IBAarau, Coop
has established an integral hydrogen
system consisting of Switzerland’s first
public hydrogen fueling station, a fuel
cell 35 tonnes truck with trailer and a
hydrogen production facility located at
IBAarau's run-of-the-river plant. This
system set-up allows Coop to use hy-
drogen produced with 100% renewable
energy only and is the first of it's kind
— worldwide.

In recent years, efforts to reduce green-
house gas emissions have produced
a number of new drive systems in the
field of mobility. For decades, research-
ers have been working on vehicles that
emit less or even no CO, Hydrogen
technology has shown great promise.
As major global automotive s manu-
facturers, Hyundai, Toyota, Honda and
Mercedes have already unveiled their
first mass-produced fuel cell cars to the
public. These cars are powered by hy-
drogen.

Coop’s fueling station
infrastructure
and commercial fleet

Despite many recent press announce-
ments about launches, prototypes or
plans for hydrogen powered passenger
cars by several OEMs all involved par-
ties are well aware that the ramp-up
and market penetration for this seg-
ment will absorb quite some time.

It will not only depend on individual
product and marketing strategies of
leading OEMs but also on the market
acceptance, alternative new technol-
ogies, politics, permissions and many
other factors that cannot be steered or
managed by individual companies only.
Nevertheless, this process can be accel-
erated and supported massively by a

systematic infrastructure ramp-up on the back of Coop's future hy-
drogen heavy duty truck fleet.

Coop and its partners have all ingredients to dissolve the chicken and
egg dilemma:

+ An existing Coop Mineraloel network of fueling stations

+ A commercial fleet with the potential to create initial demand for
hydrogen

+ Supply of climate-neutral hydrogen thanks to the CO,-free hydro-
gen production by H2 Energy.

With its dense network of fueling stations Coop Mineraloel AG is well
positioned to initiate a hydrogen infrastructure for Switzerland.

After the opening of the first hydrogen fueling station in Hunzen-
schwil AG further stations will be added to the network in stages,
depending on demand. Coop on the other hand will use the technolo-
gy for part of its commercial fleet and immediately secure sufficient
utilization of this infrastructure. Industry expert H2 Energy Inc is not
only supporting this initiative by advising Coop and it's project part-
ner but also by investing in and operating the hydrogen production
plant at the hydro plant in Aarau.

Renewable Hydrogen to feed the Coop hydrogen

(grener
refilling stations (HRS) & 9y

Hydrogen production at the
plant (no grid fees) by H,
Energy Inc.

Storage and
transportation of
hydrogen to Coop HRS

Energy production at run-
of-the-river plant in Aarau

Fig. I: Hydrogen supply chain based on renewable energy
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Rolf Huber Hansjorg Vock

Chairman Vice Chairman
Education:  Dipl. Ing. ETH Education:  Dipl. Ing. Plant
Engineering
Experience: - McKinsey
- Coop Experience: - Buhler Uzwil
- Hero - Luwa Zirich

- Various CEO/Board Mandates
- Managing Partner Ceres Capital AG
- BoD Comet Holding

- Buss Pratteln/USA
- Zullig Rheineck
- CEO Diamond Lite

= Thomas Wirth
=1IE

Dr. Philipp Dietrich
CEO

Education: - Dipl. Ing. Masch ETH
- Hybrid Drive Trains

Education: - Lic. oec. HSG

Experience: - BMW AG, Minchen Experience: - Credit Suisse

- ABB - McKinsey
- ETH/PSI - Volg / Landi
- Axpo

Fig. 2: Owners and managers H2 Energy Inc
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Fig. 3: Value chain H2 Energy Inc

Hydrogen vehicles convert
hydrogen into electricity and
water vapor; on board electricity
then feeds electric engine; water
vapor transitions into rain and ~
feeds the run-of-the-river-plant

Run-of-the-river-plant
delivers renewable energy

Coop hydrogen
refueling station
offers hydrogen to it's
customers

H, Energy’s electrolyser
transforms water and
renewable energy into
hydrogen

H, Energy’s hydrogen trailer
stores and delivers hydrogen

Fig. 4: Coop’s closed hydrogen system

HyororoLEQ

CO, free production of
hydrogen by H2 Energy

Since Coop intents to leverage this
technology to help reaching its target
of becoming carbon-neutral by 2023 it
is essential to secure a supply chain for
hydrogen produced on a CO, free basis.

Hydrogen will be produced fully CO,
free in IBAarau's hydroelectric power
plant in Aarau, Switzerland. Via a Prot-
onOnsite-PEM Electrolyser delivered by
Diamond Lite SA the water will be split
into oxygen and hydrogen. The hydro-
gen will then be delivered to the fueling
stations in a point-to-point delivery
chain mode. Coop is thus enabling pas-
senger car users and commercial truck
companies using a closed hydrological
cycle for the first time.

Rolf Huber

Chairman H2 Energy AG
Sihlstrasse 21

8001 Zdrich, Switzerland

rolf.huber@h2energy.ch
+4179 418 11 48
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POLYMER ELECTROLYTE ELECTROLYSIS

At the Heart of Power-to-Gas

Local storage of excess renewable electricity helps to
prevent curtailment and supports grid stability. The
storage concept of power-to-gas, transforming electric
power into hydrogen and eventually synthetic natural
gas is based on water electrolysis. Polymer electrolyte
electrolysis is very well suited for this application due
to its operating dynamics.

Polymer electrolyte electrolysis research at PSI is
based on two pillars. On the one hand fundamentals
and materials are investigated and developed, aim-
ing at increasing efficiency and durability, as well as
reduction of the cost of the technology. On the other
hand in the context of the Energy System Integration
platform (ESI) at PSI, investigation of the technology
at industrial scale aims at supporting industry when
establishing power-to-gas installations.

Polymer electrolyte electrolysis cells (PEEC) are able
react to changes of the input power on very short
timescales, 1.e. milliseconds. This renders the tech-
nology suitable for load-following applications such as
power-to-gas. The PEEC consists of few main compo-
nents only, as shown in Figure 1.

AH* +4e >

2H,0>
0,+4H*+4¢e 2H,

Fig. I: Schematic of polymer electrolyte electrolysis
cell; red dots symbolize the electrocatalyst

Electrocatalysts (shown schematically as red dots) are
required for the electrochemical reactions, a mem-
brane electrolyte separates the two gas compartments
and porous current collectors allow simultaneous
mass, charge and heat transport to and from the cat-
alyst.In the Electrochemistry Laboratory at PSI fun-
damental research is directed towards the following
topics, critical for PEEC development:

+ Catalyst development — Iridium oxide is used as ox-
ygen evolution catalyst. Iridium however is a rare
and expensive material. In the CCEM /BFE / Swiss
Electric Research project RENERG2 alternative cat-
alyst materials to Iridium oxide are developed and
investigated.

+ Membrane development — A critical property of
the membrane electrolyte is the gas permeation.
Hydrogen and oxygen are crossing to the opposite
side. This reduces efficiency and is a potential safe-
ty threat. The figure of merit! of membranes is the
permeation vs. conductivity ratio. Membranes with
increased figure of meritl are developed and tested
in the EU JTI FCH project NOVEL.

+ Imaging — The operating voltage of PEEC is higher
than the thermodynamic potential, due to losses at
the catalyst, ohmic overvoltage but also mass trans-
port losses due to the two phase flow in the porous
electrodes. Mass transport in the PEEC is investigat-
ed in a BFE project by imaging thetwo phase proper-
ties using neutron radiography.

+ High pressure — In particular for transport applica-
tions, hydrogen at high pressure is required. In the
BFE/Industry project HP-ELY the characteristics and
trade-offs for PEEC operation up to 100 bar are inves-
tigated? Hydrogen compression by electrochemical
hydrogen pumping is also investigated.

On a pre-industrial scale of 100—200 kW, PSI builds a
power-to-gas energy storage chain on the Energy Sys-
tem Integration (ESI) platform. The processes include
a polymer electrolyte electrolyser with 200 kW max.
continuous and 300 kW peak load producing hydrogen
and oxygen at up to 50 bar, a gas drying and cleaning
process step, storage of hydrogen and oxygen without
mechanical compression at up to 50 bar with an ener-
gy equivalent of about 4 MWh (chemical) and hydro-
gen/oxygen fuel cell systems for efficient reconver-
sion of the gases to power?,

HyororoLEL



In the power-to-gas process hydrogen
is often further converted to synthetic
natural gas by methanation of carbon
dioxide. Therefore the ESI platform also
comprises a 300kW methanation re-
actor and two gasification paths for bi-
omass. The schematic and an illustra-
tion of the platform is shown in Figures
2 and 3.

All processes of the hydrogen path of
power-to-gas and gas-to-power chains
are realised as container solutions A
control centre and visitor station are
also included.
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Fig. 3: ESI platform at PSI — Illustration of the platform including one gas tank.

Dr. Felix Biichi, PhD

Fuel Cell Systems and Diagnostics
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felix.buechi@psi.ch
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EPFL BOOSTS HYDROGEN

AND OTHER RESEARCH
IN VALAIS-WALLIS

The EPFL Valais Wallis project comprises a partnership between the
EPFL and the Council of State of Canton Valais which aims to develop
a shared campus between the EPFL and the HES SO Valais Wallis.
There are four main facets of the partnership, the main one being the
construction of new research and development infrastructure, build-
ings, laboratories, offices, etc. to house EPFL faculty and their associ-
ated research groups in the Valais.

These new research laboratories will be supported by a number of
joint EPFL — HES SO Valais Wallis platforms that will also provide
support for start-ups and established industry and organizations in
the region. In addition to this more traditional core business of the
EPFL there will be a science park where both new companies will be
launched and companies from other regions/ countries will be at-
tracted, in particularly those with close connections to the on-going
EPFL — HES SO Valais Wallis research undertaken in the Valais. Dem-
onstrators are also a key part of the activities, especially with respect
to the energy-related research and development that will be under-
taken at the new campus to be based in Sion. A key feature of the
EPFL Valais Wallis is to address key questions for the welfare and the
economic development of Valais and beyond. Of the various themes
being developed, one of the major initiatives is known as the ENER-
GYPOLIS, part of which is concerned with research, development and
teaching in sustainable chemistry and, in particular, renewable en-

ergy.

A building in the very heart of Sion, known locally as industrie 17, has
been transformed at a cost of around CHF 20 million into approxi-
mately 8 000 m? of state-of-the-art research laboratories and offices
and will be home to around 10 research groups working at the inter-
face of chemistry and chemical engineering, and also to host the Ark,

amriretl Hydragies ldsgens Hyss:
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a Valasian foundation that promotes
innovation in the region. More than 150
researcher will eventually work in the
building. Indeed, the EPFL inaugurat-
ed the building in December 2014, two
years to the day after the signing of the
implementation agreement of the EPFL
Valais-Wallis pole, an event described
as ‘'historic’ by Marcel Maurer, the presi-
dent of the town of Sion.

Research and development of key tech-
nologies spanning the molecular level
to the industrial scale will help to bring
Switzerland to the forefront of expertise
in renewable hydrogen, carbon cap-
ture, synthetic fuels and sustainable
resource utilization. These topics are
of intense interest due to the decision
to close Switzerland nuclear reactors.
From the molecular point of view, ex-
ploration and discovery of new carbon
capture materials, new catalysts and
electrocatalysts and reaction pathways
will pioneer new routes for resource
conversion, while on an integrated sys-
tems level processes will be optimized
and scaled to an industrially relevant
dimension.

The key areas of focus are:

+ Renewable hydrogen production and
storage

+ Carbon capture materials

+ Synthetic fuels including photocata-
lytic processes

+ Energy systems control and optimi-
zation

+ Analytical chemistry

Research groups that will be based in
industrie 17 include those of Hubert Gi-
rault, Francois Maréchal, Mohammed
Nazeeruddin, Wendy Queen, Berend
Smit, Jan van Herle and Andreas Ziittel
(for further information about their spe-
cific research program please see isic.
epfl.ch). Further chairs are currently
being filled.
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Andreas Zttel Hubert Girault

Hybrides, surface Nazeeruddin

sciences, thermo-
dynamics and
mechanism

Analytical and

physical

electrochemistry
cells

Berend Smit

Wendy Queen

MOF’s for gas
separations

Molecular simula-
tions, multi-scale
modeling, catalysts,
soft-condensed
matter, biological
membranes, clays

Nanocrystal

mechanisms,

growth

The research areas listed above will be tackled via
close cooperation between the faculty based at the
EPFL Valais Wallis, other research groups at the EPFL,
the HES SO Valais Wallis and through other national
and international collaborations.

Analytical chemistry is also highly important to un-
derpin the research and facilitate synergies with the
HES SO Valais and other institutes, businesses and en-
terprises in the region.

Interactions with industry and the economy are key
features of this project and will be done in collabora-
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Energypolis EPFL Valais Wallis

CO, +H,

Mohammed Khaja

Molecular engineering
of dye-sensitized solar

Raffaela Bonsanti

synthesis and
studies of reaction

nucleation and

System

-
Jan Van Herle Frangois Maréchal

SOEC of steam
and CO,

Computer aided
process and energy
conversation
systems analysis
and synthesis

Kumar Varoon
Agrawal

Zeolite nanosheets
and their application
in high performance
zeolite membranes

tion with the Ark (a foundation for innovation in Val-
ais), CREM (a research center in energies and munici
palities) as well as other organizations. The Valais
region is one of the main regions in Switzerland for
chemical and associated industries; the region solid
fuels using carbon dioxide as the template.

The global concept is simple since we have all the
hydrogen we need in water and plentiful (increasing)
levels of carbon dioxide in the atmosphere. However,
the challenge is enormous as the synthetic fuels must
be economically viable and ultimately comparable in
price to fuels obtained from fossil fuels.
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The belief is that Switzerland should lead the way in
this area of research to maintain its status as one of
the world’s most environmentally driven economies.
Control and optimization of the energy landscape, es-
pecially in an economy where renewables are already
very is also a major player in renewable energy.

Similar to the EPFL in Lausanne that has created
many start-ups and attracted many companies to the
region, it is expected that the EPFL Valais Wallis will
have the same effect. Indeed, the process has already
started with one company wanting to establish a site
in Sion specifically attracted by the EPFL and other in-
ternational foundations and companies investigating
in new research projects that will be undertaken in In-
dustrie 17. In proximity to Industrie 17 further building
will be constructed and new chairs will be created. An-

© dransenergie
SI

@ SOLARONIX

_ an

Photovoltaics

amorph cies Perovskne

Mohammad Khaja

other part of the EPFL Valais Wallis will be installed in
the central Valais Health Pole with research activities
in the field of neuroprosthetics and motor rehabilita-
tion.

Prof. Paul J. Dyson

EPFL

Laboratory of organometallic
and medicinal Chemistry LCOM

paul.dyson@epfl.ch
+4121693 98 54
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MOVE: THE FUTURE MOBILITY
DEMONSTRATOR AT EMPA

Utilizing excess electricity
in the mobility sector

With the increasing share of renewa-
bles in the electricity production sector
the supplied power becomes subject to
strong fluctuations particularly stem-
ming from unsteady solar irradiance or
wind speed. In order to be able to fit pro-
duction and demand and avoid wast-
ing electricity from renewable sources,
storage technologies increasingly gain
significance. In this respect, the conver-
sion of excess electricity into chemical
energy carriers proves to be a promising
approach which is already pursued in-
tensively under the keyword Power-to-
Gas (PtG, P2G).

The demonstration plant “move” locat-
ed on the Empa Campus aims at show-
ing the opportunities of this technology.
Temporary electricity surpluses can be
stored on a decentralized level and used
in the mobility sector, namely for elec-
tric, fuel cell and gas-powered vehicles.
For hydrogen production a PEM-elec-
trolyzer capable of rapid load chang-
es and including a remote start/stop
function is employed which allows for
attenuation of grid fluctuations. The
gas obtained is compressed and stored
in high pressure vessels for later dis-
pensing.

Apart from using hydrogen to fuel
FC-vehicles it can also be added to
natural gas/biogas to form the mixture
HCNG (hydrogen compressed natural
gas) which has proven to significantly
reduce pollution and CO,-emissions in
conventional internal combustion en-
gines. Furthermore, employing a CO,-
source and a methanation plant, hy-
drogen can be converted into synthetic
methane with the strong benefit to at-
tain the possibility of seasonal storage
in the existing gas grid.

24

Within the scope of the project “‘move” investigations towards op-
timization of a PtG-plant's operation strategy will be conducted.
Alongside energetic considerations also economic aspects will be
addressed. Additionally, dispensers for each above-mentioned fuel
type have been installed including a blending-dispenser for HCNG
developed by Empa.

Project timeline and technical data
of the “move”

In fall 2014 the building accommodating the PtG-Demonstration plant
on the Empa campus has received an optical facelift as well as alter-
ations to meet safety regulations (Fig. 2).

The plants components for hydrogen production, compression, stor-
age and dispensing have been delivered and installed throughout

Electric L. \
\ vehicle %

\ Biogas plant

y / aatnerly storage
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Hydrogen .~ 4 o
vehicle \‘.“—‘\I

e J ) [
P ; Natural gas/Bi -
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Fig. 1: Pathways of renewable excess electricity to the mobility sector

1,

Fig. 2: Building accommodating the ‘move” (Future Mobility Demonstrator)
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2015 concluding with the official inau-
guration of the "move” on the 23 No-
vember 2015. Since then the plant is in
operation.

The hydrogen is be generated by an
electrolyzer of the Hogen© C-series
of Proton OnSite (supplier Diamond
Lite) with a nominal production rate of
30Nm®h. Thanks to PEM-technology
the electrical load can be varied with-
in the complete range of 0 to 100 % in a
fraction of a second allowing for quick
adaptions to changes in electricity pro-
duction from renewables.

To increase the volumetric storage ca-
pacity and enable short refilling times
at the fueling station, hydrogen is com-
pressed to a pressure of 44 MPa. This
task is performed by an air-cooled high
pressure piston compressor of type DM
manufactured by Atlas Copco. Employ-
ing an inverter the throughput of the
compressor may be varied from 30 to
65 Nm?h whereby the compressor-mo-
tor-unit with magnetic coupling pre-
vents from oil carry-over into the hy-
drogen.

At the north-eastern front of the build-
ing, facilities for refueling natural
gas/ biogas exist since 2010.

Dispensers for hydrogen as well as the
gas mixture HCNG were now installed
alongside to complete the supply of al-
ternative gaseous fuels (Fig 3). Thereby,
hydrogen is refueled according to the
protocol SAE J2601 which specifies re-
filling times below 3 minutes. In a first
step hydrogen was solely available at
a pressure of 35 MPa which represents
the standard for utility vehicles or bus-
es.

In the course of an extension project
further components (2" compressor,
100 MPa storage, pre-cooler, dispenser)
were installed and taken into operation

HyororoLEQ

during the 3% quarter of 2016 to also enable refueling at 70 MPa as
required for passenger cars.

Moreover, within the scope of follow-up projects the fast and ca-
ble-free recharging of electric vehicles as well as the conversion
of hydrogen into synthetic methane (in cooperation with PSI) are
planned to be addressed also. The “move” will serve as a platform for
various research endeavors linking electricity to the gas market and
thus securing the growth of sustainable energies to help accomplish
the energy turnaround.

Project partners: ETH board, SFOE-Swiss Federal Office of Energy, At-
las Copco-Crepelle, Glattwerk-Diibendorf, City of Diitbendorf, H2 Ener-
gy AG, Hyundai Suisse.

H,-Storage
(44 MPa, 90 MPa)

Fuel dispensers
(CNG, HCNG, H, 35 MPa, H, 70 MPa)

o
&

Compressor

3 “:‘)
(3065 Nm:=/h) Electrolyzer
(max. Hy-production: 30 Nm?/h}

Fig. 3: 3D layout chart of the ‘move” (Future Mobility Demonstrator)
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8600 Diibendorf, Switzerland
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Urs Cabalzar

Empa
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8600 Diibendorf, Switzerland
urs.cabalzar@empa.ch
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PUBLIC TRANSPORT
WITH FUEL CELL DRIVE

PostBus is the first company in Swit-
zerland to use fuel cell technology in
public transport. Since the end of 2011
five fuel cell postbuses are operating in
and around Brugg in the Swiss canton
of Aargau.

They convert hydrogen fuel into elec-
trical driving energy. Consequently the
electrically operated postbuses run very
quietly. PostBus is also operating a hy-
drogen fuelling station.

Since four years, five fuel cell postbuses
are operating in public transport. The
project will be completed at the end of
2016. Time to show up some of the re-
sults.

After a gradual introduction of the bus-
es have the task of getting every month
to drive 5000-5500km. The fuel cell
postbuses are taken very positive by the
passengers and the bus driver. Passen-
gers appreciate the quiet vehicle.

The fuel cell postbuses were used at
special events, such as the Film Festi-
val Lucarno or the World Economic Fo-
rum (WEF) Davos. Even the neighboring
country shows interest so that the bus-
es were already several times in France.

In summer 2015, the buses have reached
one million kilometre mark. With an av-
erage consumption of 8kg-H,/100 km
they have consumed 95000kg-H,.
Approximately 80000 kg-H, were pro-
duced with the own hydrogen fuelling
station in Brugg. For the production
4900 000 kWh were needed.
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100% of the hydrogen used to fill the fuel
cell postbuses is obtained from renew-
able energy sources such as hydroe-
lectricity, solar power, wind power and
biomass energy. The project is carried
out in cooperation with the European
project CHIC — Clean Hydrogen In Euro-
pean Cities.

PostBus has proven: Yes, the use of fuel

cell buses in public transport is possi-
ble!

Partners

+ PostBus Switzerland Ltd Hydrogenbus at WEF 2013, Davos

+ Swiss Post

+ EU project CHIC — Clean Hydrogen In
European

- Cities (JU FCH)

+ Swisslos Fund of the Ct. Aargau

+ Swiss Federal Office of energy

+ Empa

+ Paul Scherrer Institute, Villingen

+ Daimler Buses: EvoBus GmbH

+ IBB Holding Ltd., Brugg

+ Carbagas Ltd., Guimlingenv

Hydrogen fuelling station in Brugg

Nikoletta Seraidou PA-PN
PostAuto Schweiz AG
BelpStrasse 37

3030 Bern, Switzerland
nikoletta.seraidou@postauto.ch
+4158 386 69 62

postauto.ch
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HYDROGEN
FACTS

Hydrogen — (Gr. hydro, water, and genes, forming). Hy-
drogen was prepared many years before it was recog-
nised as a distinct substance by Cavendish in 1766. It
was named by Lavoisier. Hydrogen is the most abun-
dant of all elements in the universe, and it is thought
that the heavier elements were, and still are, being
built from hydrogen and helium. It has been estimated
that hydrogen makes up more than 90% of all the at-
oms or three quarters of the mass of the universe. Hy-
drogen is found in the sun and most stars, and plays an
important part in the proton-proton reaction and car-
bon-nitrogen cycle, which accounts for the energy of
the sun and stars. It is thought that hydrogen is a ma-
jor component of the planet Jupiter and that at some
depth in the planet’s interior the pressure is so great
that solid molecular hydrogen is converted into solid
metallic hydrogen. In 1973, it was reported that a group
of Russian experimenters may have produced metal-
lic hydrogen at a pressure of 2.8 Mbar. At the transition
the density changed from 1.08 to 1.3 g/cm?®. Earlier, in
1972, a Livermore (California) group also reported on
a similar experiment in which they observed a pres-
sure-volume point centered at 2 Mbar.

10
H Metal Liquid metal
1OE .........................
8 10,
o
3
g 10°
i Critical pgint
10° H,
H, liquid
solid Tripelpoint e
107 =8
! gas |
10° 10' 10° RT 10° 10* 10° 10°

Temperature [K]
Fig. I Primitive phase diagram for hydrogen [1]

It has been predicted that metallic hydrogen may be
metastable; others have predicted it would be a super-
conductor at room temperature.

On earth, hydrogen occurs chiefly in combination
with oxygen in water, but it is also present in organic
matter such as living plants, petroleum, coal, etc. It is
present as a free element in the atmosphere, but only
to the extent of less than 1 ppm by volume originates
from water splitting by UV-light. It is the lightest of all
gases, and combines with other elements, sometimes
explosively, to form compounds. Great quantities of
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Table 1: Vapor pressure and density of p-hydrogen at low tem-
peratures. (a) Triple point, (b) 101.3 kPa, (c) Critical point

Temperature  Vapor pressure Density (kg/m’]
[K] [kPa] ps e po
1 11-10-37 89.024
5 4.7610-3 88.965
10 255.6 88.136 0.006
12 1837 87.532 0.037
13.803° 7.0 86.503 77.019 0.126
20 935 71.086 1.247
20.268 101.3 70.779 1.338
30 822.3 53.930 10.887
32976 1293 31.43

hydrogen are required commercially for the fixation
of nitrogen from the air in the Haber-Bosch ammonia
process and for the hydrogenation of fats and oils. It
is also used in large quantities in organic chemistry
e.g. in methanol production, in hydrodealkylation, hy-
dro-cracking, and hydrodesulfurization. It is also used
as a rocket fuel, for welding, for production of hydro-
chloric acid, for the reduction of metallic ores, and for
filling balloons. The lifting power of 1 m?® of hydrogen
gas is about 1.16 kg at 0°C and 1 bar pressure.

Production of hydrogen worldwide now amounts to
about 5-1010 kg per year. It is prepared by the reaction
of steam on heated carbon, by thermal decomposition
of certain hydrocarbons, by the electrolysis of water, or
by the displacement from acids by certain metals. It is
also produced by the reaction of sodium or potassium
hydroxide with aluminum.

Liquid hydrogen is important in cryogenics and in the
study of superconductivity, as its melting point is only
20K. The ordinary isotope of hydrogen, H is known
protium. In 1932, Urey announced the preparation of a
stable isotope, deuterium (D) with an atomic weight of
2. Two years later an unstable isotope, tritium (T), with
an atomic weight of 3 was discovered. Tritium has a
half-life of about 12.5 years. One atom of deuterium is
found in about 6000 ordinary hydrogen atoms. Tritium
atoms are also present but in much smaller proportion.
Tritium is readily produced in nuclear reactors and
is used in the production of the hydrogen bomb. It is
also used as a radioactive agent in making luminous
paints, and as a tracer.

The current price of tritium, to authorised personnel
only, is about 2 €/Ci; deuterium gas is readily availa-
ble, without permit, at about 10 000 €/kg. Heavy water,
deuterium oxide (D20), which is used as a moderator-
to slow down neutrons, is available without permit at
a cost of 500 €/kg, depending on quantity and purity.
The price of hydrogen is directly bound to the price of
electricity (0.05 €/kWh) and therefore around 2.50 €/kg.

HyororoLEL
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Table 2: Combustion and explosion properties of hydrogen, methane, propane and gasoline. (a) 100 kPa and 15.5°C. (b) Average

value for a mixture of CI-C4 and higher hydrocarbons including benzene. (c) Based on the properties of n-pentane and benzene.

(d) Theoretical explosive yields.

Density of gas at standard conditions [kg/m3STP)]

Heat of vaporisation [kWh-kg ']

Lower heating value [kWh-kg']

Higher heating value [kWh-kg ']

Thermal conductivity of gas at standard conditions [mW-cm' K]
Diffusion coefficient in air at standard conditions [cm?+s]
Flammability limits in air [vol%)]

Detonability limits in air [vol%]

Limiting oxygen index [vol%)]

Stoichiometric composition in air [vel%)]

Minimum energy for ignition in air [mJ]

Autoignition temperature [K]

Flame temperature in air [K]

Maximum burning velocity in air at standard conditions [m*s]
Detonation velocity in air at standard conditions [km*s7]
Energy of explosion, mass-related [gTNT/g)

Energy of explosion, volume-related [gTNT* m*(STP)]

Quite apart from isotopes, it has been shown that hy-
drogen gas under ordinary conditions is a mixture of
two kinds of molecules, known as ortho- and para-hy-
drogen, which differ from one another by the spins of
their electrons and nuclei. Normal hydrogen at room
temperature contains 25% of the para form and 75% of
the ortho form.

800 -
Lean limit Rich limit
700 H

’600—

x
.- 500}

L00+

300

200 1 1 L ] 1 1 1
0 510 JVSO 60 70 80

Hydrogen in air, vol%% —=

90 100

Fig. 2: Effect of temperature on flammability
limits of hydrogen in air (pressure 100 kPa).

Consideration is being given to an entire economy
based on solar- and nuclear-generated hydrogen. Lo-
cated in remote regions, power plants would electro-
lyze sea water: the hydrogen produced would travel
to distant cities by pipelines. Pollution-free hydrogen
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Hydrogen Methane Propane Gasoline
0.084 0.65 2.42 4.4
0.01237 0.1416 0.07-0.11
33.314 13.894 12.875 12.361
39.389 15.361 14.003 13.333
1.897 0.33 0.18 0.112
0.61 0.16 0.12 0.05
4.0-75 53.15 2.1-95 1-7-06
18.3.59 6.3-13.5 1.1-3.3
5 12.1 11.6°
29.53 9.48 4.03 1.76
0.02 0.29 0.26 0.24

858 813 760 500-744
2318 2148 2385 2470
3.46 0.45 0.47 1.76
1.48-2.15 1.4-1.64 1.85 1.4-1.7¢
24 i 10 10

2,02 7.03 20.5 44.2

could replace natural gas, gasoline, etc., and could
serve as a reducing agent in metallurgy, chemical pro-
cessing, refining, etc. It could also be used to convert
organic waste into methane and ethylene.

100 80 60 - 40 20 0
-«———Hydrogen content, %

Fig. 3: Flammability and detonability limits of the three
component system hydrogen-air-water
(a) 42°C, 100 kPa (b) 167°C, 100 kPa (c) 167°C, 800 kPa

References
[1] Adapted from W. B. Leung, N. H. March and H.

Motz, Physics Letters 56A (6) (1976), pp. 425—
426
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Lead Empa & EPFL / Funding BFE / Period 2010-2014

Prof. Dr. Andreas Zittel

EPFL Valais/Wallis, ISIC LMER
Energypolis

Rue de I'Industrie 17

1950 Sion, Switzerland
andreas.zuettel@epfl.ch
+4179 484 2553

+4121695 8304 (Secretary)
Imer.epfl.ch

The goal of the project is to explore all simple and bi-
nary complex borohydrides by means of the empirical
model in order to identify interesting compounds for
hydrogen storage, which are less stable than required.
Furthermore, a special focus will be on compounds,
which are liquids at room temperature. The interest-
ing compounds will be synthesized directly from the
elements and investigated by means of spectroscopic
methods for there local structure and there thermody-
namic properties.

References

N. P Stadie, E. Callini, B. Richter, T. R. Jensen, A.
Borgschulte, A. Ziittel. Supercritical N2 Processing
as a Route to the Clean Dehydrogenation of Porous
Mg(BH,), Journal of the American Chemical Society
136:23 (2014), pp. 8181-8184
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Lead Htcearmix / Funding EU FCH JU / Period 2011-2014

Olivier Bucheli
SOLIDpower

Av. des Sports 26

1400 Yverdon-les-Bains

olivier.bucheli@solidpower.com
+4178 746 4535

The project aims at developing a new steam electro-
lyser concept, the so-called Intermediate Temperature
Steam Electrolysis (ITSE). The new concept will in-
crease the electrolyser lifetime by decreasing its op-
eration temperature while maintaining a satisfactory
performance level. This will allow a significant part of
the required energy to be provided as heat, the rest be-
ing provided as electricity (adel-energy.eu).

)
adels.

References

M. Roeb, N. Monnerie, A. Houaijia, C. Sattler, J. Sanz-Ber-
mejo, M. Romero, I. Canadas, A. Drisaldi Castro, Crist.
Coupling Heat and Electricity Sources to Intermediate
Temperature Steam Electrolysis. Journal of Energy
and Power Engineering 30.11.2013, 2068—2077
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Bio-Mimetic Chemistry
of [Fe]-Hydrogenase

Lead EPFL / Funding SNF / Period 2011-2014

Xile Hu

EPFL

Laboratoire de synthése
et de catalyse inorganique
LSCI

xile.hu@epfl.ch

Hydrogenases are enzymes that efficiently catalyze
the production and/or utilization of hydrogen (H,). In
light of the central role of H, in technologies (fuel cell)
and industries (hydrogenation), studies on the struc-
ture and function of hydrogenases are of significant
current interest. Bio-mimetic chemistry plays an im-
portant role here because it provides important chem-
ical precedents and insights.

Hz/pz I = H‘D
//C ""--»--‘Fa"'““ -.."'3 y
o 17| Scof
/ EQP e N, \
[Fe]-Hydrogenase
\ —
H,/RCHO RCHHOH

Optimierung und Charakterisierung der
NEP Solar Parabolrinnenkollektoren fir
Prozesswarme

Lead NEP Solar / Funding SPF KTl / Period 2012-2014
Stefan Minder

Matthias Rommel
matthias.rommel@solarenergy.ch

NEP Solar AG hat einen Parabolrinnenkollektor zur so-
laren Erzeugung von industrieller Prozesswarme ent-
wickelt. Fiir den Marktdurchbruch muss der Kollektor
kostenoptimiert und industrialisiert werden. Hierzu
wird die SPF Kompetenz fiir Modellierung und Kom-
ponentencharakterisierung genutzt. Am SPF wird ein
neuer Hochtemperatur-Teststand aufgebaut. Dieser er-
laubt prazise Wirkungsgradmessungen am Kollektor.
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BIOROBUR
Biogas robust processing with combined
catalytic reformer and trap

Lead SUPSI / Funding EU FCH JU / Period 2013-2016

Prof. ing Alberto Ortona

Hybrid Materials Laboratory

The iCIMSI Research Institute
University of Applied Sciences (SUPSI)
Department of Technology

and Innovation

Strada Cantonale, Galleria 2

6928 Manno, Switzerland
alberto.ortona@supsi.ch

+4158 666 66 47

In the BioROBUR project a robust and efficient fuel
processor for the direct reforming of biogas has been
developed and tested at a scale equivalent to 50 Nm?%h
production of PEM-grade hydrogen to demonstrate
the achievement of all the call mandates. The system
energy efficiency of biogas conversion into hydro-
gen will be 65%, for a reference biogas composition of
60% vol CH, and 40% vol CQ,.

References

Y.M. Camacho, S. Bensaid, D. Fino, D. Trimis, A. Herr-
mann, N. Guilhaume, Y. Schuurman, A. Konsatndo-
poulos, S. Lorentzou, and S. Gianella. Biogas robust
processing with combined catalytic reformer and trap:
BioRobur Project. WIT Transactions on Ecology and the
Environment, 2015. 195: p. 463-474.

A. Herrmann, M. Ponisch, E. Werzner, M. Laurinat, E.
Rezaei, A. Ortona, S. Bensaid, D. Fino, and D. Trimis.
Development of an Autothermal Biogas Processor for
Hydrogen Production. Proc. of the International Gas
Union Research Conference (IGRC 2014). Copenhagen,
Denmark, 2014: p. 1257-1267.
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Lead NEP Solar / Funding SPF KTl / Period 2012-2014

Prof. Dr. Andreas Zittel

EPFL Valais/Wallis, ISIC LMER
Energypolis

Rue de 'Industrie 17

1950 Sion, Switzerland
andreas.zuettel@epfl.ch
+4179 484 2553

+4121695 8222 (Secretary)
Imer.epfl.ch

The project proposes an integrated, multidisciplinary
approach for the development and testing of novel,
optimised and cost-efficient boron hydride based H,
storage materials with superior performance (capacity
more than 8 wt.% and 80 kg H,/ m?®). The most promis-
ing material(s), to be indicated by rigorous a down-se-
lection processes, will be used for the development of
a prototype laboratory H, storage system.

References

Y. Yan, A. Remhof, D. Rentsch, A. Ziittel, S. Giri, P. Jena.
A novel strategy for reversible hydrogen storage in
Ca(BH,),. Chemical Comm. 51:55 (2015), pp. 11008-11011

Y. Yan, A. Remhof, D. Rentsch, A. Ziittel. The role of Mg-

B,H,, in the hydrogen desorption process of Mg(BH,),.
Chemical Comm. 51:4 (2015), pp. 700—702
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Lead SPF / Funding BFE / Period 2013-2014

Matthias Rommel
Lead SPF

matthias.rommel@solarenergy.ch

Die Kernaufgabe des Ertragsrechners « GainBuddy »
ist das Berechnen von Bruttowarmeertragen von Kol-
lektorfeldern. Der Ertragsrechner GainBuddy ist eine
Erweiterung der Bruttowarmeertragsberechnung auf
der SPF Info-CD. Neuartig an diesem Ertragsrechner
ist, das der Rechner Bruttowarmeertrage fiir Kollektor-
felder und nicht nur fiir Kollektoren rechnen kann. Der
Rechner kann zudem auch Ertrage von Parabo|rinnen-
und Fresnel-Kollektoranlagen berechnen.

)
Qdels.
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Lead Empa & EPFL / EU COST MP 1103 / 2011-2015

Dr. Elsa Callini
EPFL Valais Wallis LMER
Energypolis

Imer.epfl.ch

This COST Action deals with the important topic of
energy storage and aims to set up a competitive and
coordinated network for Hydrogen (H)-storage materi-
als that stimulates innovative and interdisciplinary re-
search in field of Solid State Hydrogen Storage (SSHS)
within European Research Area (ERA). The Action on
SSHS in light-weight nanostructured materials aims
to contribute to the discovery of novel guidelines and
phenomena for the design of advanced SSHS systems.
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References

E. Callini, P. A. Szilagyi, M. Paskevicius, N. P. Stadie, J.
Rehault, C. E. Buckley, A. Borgschulte, A. Ziittel. Sta-
bilization of volatile Ti(BH,); by nano-confinement in
a metal-organic framework. Chemical Science (ISSN:
2041-6520), vol. 7, num. 1, p. 666-672, Cambridge: Royal
Soc Chemistry, 2016
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Lead Empa & EPFL / Funding EU-FP7 / Period 2011-2015

Luciana Vaccaro
EPFL

luciana.vaccaro@epfl.ch

There are two specific aims: (i) bio-inspired sulfur-rich
metal complexes as efficient and practical electro-cat-
alyst for hydrogen production and CO0, reduction,
(ii) well-defined Fe complexes of chelating pincer li-
gands for chemo- and stereo-selective organic syn-
thesis. An important feature of the proposed catalysts
is that they are made of earth-abundant and readily
available elements such as Fe, Co, Ni, S, N, etc.

Lead EPFL / Funding SNF / Period 2012—-2015

Prof. Dr. Gabor Laurenczy
EPFL

Laboratoire de chimie
organométallique

et médicinale LCOM

gabor.laurenczy@epfl.ch

This research project is proposed for a better under-
standing of the fundamental aspects and the possible
applications of these processes, strongly linked with
the homogeneous catalytic activation of H,, C0, CO
and N,, as well as small organic molecules (HCOOH,
alkenes, alkynes, methanol, etc.) in aqueous solution
and in different reaction media.
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IEA-Hydrogen, Task 32
Hydrogen Based Energy Storage

Lead EPFL / Funding EPFL / Period 2011-2015

Prof. Dr. Andreas Zittel

EPFL Valais/Wallis, ISIC LMER
Energypolis

Rue de I'Industrie 17

1950 Sion, Switzerland
andreas.zuettel@epfl.ch
+4179 484 2553

+4121695 8222 (Secretary)
Imer.epfl.ch

Task 32 addresses hydrogen-based energy storage by
developing reversible or regenerative hydrogen stor-
age materials. In these materials, the quantitative tar-
gets for hydrogen capacities vary significantly depend-
ing on the different applications, eg. the gravimetric
density is crucial for mobile applications whereas in
stationary systems it plays a minor role.

2 Li[BH,] + 58,H, -

Li,B,;H,; +13H,

References

E. Callini, Z. . K. Atakli, B. C. Hauback, S.-I. Orimo, C.
Jensen, M. Dornheim, D. Grant, Y. W.Cho, P. Chen, B.
Hjoérvarsson, P. de Jongh, C. Weidenthaler, M. Baricco,
M. Paskevicius, T. R. Jensen, M. E. Bowden, T. S. Autrey,
A. Zittel. Complex and liquid hydrides for energy stor-
age. Applied Physics A-Materials Science & Processing
122:4 Article Number: 353 (2016)
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COCHALPEC
Development of electrodes based on
copper chalcogenide nanocrystals for PEC

Lead EPFL / Funding EU FP7 / Period 2013-2017

Prof. Kevin Sivula

EPFL

Molecular engineering of opto-
electronic nanomaterials Lab LIMNO

kevin.sivula@epfl.ch
+4121693 7979

In this project, we propose the fabrication of photoelec-
trodes based on CZTS and ZCIS NCs to perform the wa-
ter splitting. First, the control over the size, shape and
composition of these NCs will be demonstrated using
inexpensive solution-based techniques. Next, two pho-
toelectrode configurations (viz. sensitized metal oxide
and 3D-arrays of NCs) will be pursued applying state
of the art overlayers to improve the charge separation
and the catalytic activity at the interface with water.

No additive

CIGS

References

N. Guijarro, M. S. Prévot, X. Yu, X. A. Jeanbourquin, P.
Bornoz, W. Bourée, M. Johnson, F. Le Formal, K. Sivula.
A Bottom-Up Approach toward All-Solution-Processed
High-Efficiency Cu(In,Ga)S, Photocathodes for Solar
Water Splitting. Adv. Energy Mater. 2016, 6, 1501949
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Lead Empa / Funding SNF / Period 20111-2014

Artur Braun
Empa

artur.braun@empa.ch
+4158 765 4850

In PEC anode materials, solar energy creates elec-
tron-hole pairs which separate under an external field;
the holes diffuse to the anode-electrolyte interface
into the electrolyte where they can oxidize water and
generate oxXygen gas; in return, an electron from the
electrolyte enters the anode material, and at the cath-
ode hydrogen is evolved which can be used as fuel.

Lead ETH Zirich / Funding SNF / Period 2013-2015

Christoph Miiller

ETH Zdrich

laboratory of Energy
Science and Engineering

muelchri@ethz.ch

The overall objective of this proposal is the develop-
ment of novel, synthetic, calciumbased sorbents for
CO, capture. These sorbents shall possess high cyclic
reactivity and capacity, tolerance towards sulphur and
a low tendency for attrition. Two advanced particle
preparation techniques, i.e. co-precipitation and sol-
gel, which offer the possibility to tailor key structural
parameters of the sorbent, such as pore size distribu-
tion will be applied.

Lead Empa & IHT / Funding EU FCH JU / Period 2011-2014

Uli Vogt
Empa
Materials for Energy Conversion

ulivogt@empa.ch
+4158 765 41 60

The project aims to reduce the total cost of hydro-
gen production via electrolysis coupled to renewable
energy sources, mainly wind. It is focusing on mega-
watt-scale electrolysers (~05 MIN) and current objec-
tives are to improve system efficiency by 20% (10%
stack and 10% electrical conversion) and to reduce
costs by 25%. The work will be divided into three pans:
cell improvements, power electronics, and balance of
plant (BOP).

References

D. Burnat, M. Schlupp, A. Wichser, B. Lothenbach, M.
Gorbar, A. Ziittel, U. F. Vogt. Composite membranes for
alkaline electrolysis based on polysulfone and mineral
fillers. Journal of Power Sources 291: (2015), pp. 163-172
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Lead PSI/ Funding BFE / Period 2013-2016

Dr. Felix Bichi
Paul Scherrer Institut
Fuel Cell Systems and Diagnosis

felix.buechi@psi.ch
+4156 310 24 11

When hydrogen is used as a fuel for mobility, high pres-
sures >300 bar are required. In order to avoid inefficient
mechanical compression, high pressure polymer elec-
trolyte membrane electrolysis in combination with
electrochemical compression of hydrogen is studied
with respect to influence of pressure and dynamics on
faradaic and electrical efficiency. The overall process
efficiency and dynamits are assessed and compared to
conventional technology.



Lead HZG Geesthacht, Germany / Funding EU FP7 ITN /
Period 2013-2017

Radovan Cerny

Lab. de Cristallographie, DQMP
Université de Genéve

24, quai Ernest-Ansermet

1211 Geneva 4, Switzerland

Tel +4122 37 964 50

Fax +4122 37 961 08
radovan.cerny@unige.ch
dgmp.unige.ch/cerny

Novel borohydride- and nitride based materials, the
scientific focus of ECOSTORE, are of special inter-
est obviously for hydrogen storage, but — as recently
found - also for electrochemical energy storage as
novel solid state ion conductors and anode conversion
materials. The objectives of ECOSTORE are therefore to
obtain a fundamental understanding of metal hydride
based energy storage materials, and to develop them
towards industrial implementation, achieving high
technical performance as well as cost effectiveness.
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Lead PSI / Funding BFE / Period 2013—-2017

Pierre Boillat
Paul Scherrer Institut

pierre.boillat@psi.ch

Electrolysis of water to produce hydrogen is an inter-
esting option to valuate the electrical energy produced
by renewable sources such as solar or wind power
during peak production periods. In this project, water
visualization with neutron imaging will be used to ob-
tain a better understanding of the complex two-phase
(mixed water and gas) flow processes in electrolysers
with the aim of optimizing their performance.

Lead PSI/ Funding BFE / Period 2013-2017

Prof. Thomas J. Schmidt
Paul Scherrer Institut
Electrochemistry Laboratory

thomasjustus.schmidt@psi.ch
+4156 310 57 65
psi.ch/lec

WP 1 is focused on the study of the oxygen evolution
reaction (OER) and the reduction of CO,. In addition to
the experimental work, theoretical calculations for the
two processes are performed. The main target for the
OER is to synthesize and characterize catalysts which
are reduced in Iridium content as compared to state-
of-the-art CO, catalysts.
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Lead Uni Zirich / Funding Uni Zirich, URPP / 2014-2016

Roger Alberto
University Zurich

ariel@aci.uzh.ch

The main objectives of the URPP Solar Light to Chem-
ical Energy Conversion are to discover and develop
new molecules, materials and processes for the direct
storage of solar light energy in chemical bonds. Artifi-
cial photosynthesis is the working principle: water
is split directly into oxygen and hydrogen, the latter
representing a highly efficient carrier for energy stor-
age and conversion into common liquid fuels, such as
methanol and gasoline.

Lead Uni Zurich / Funding BFE / Period 2011-2014

Christoph Miiller
ETH Zirich

muelchri@ethz.ch

This project is concerned with a novel method for the
production of hydrogen from woody biomass which is
of sufficient purity to be used directly in PEM fuel cells
without substantial gas clean-up, using a modified
chemical looping combustion process. First, a syngas
derived from the gasification of woody biomass is con-
verted to a pure stream of CO, and steam, achieved by
passing it through a bed of Fe,0, which is reduced to
Fe (or FeO).
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Lead EPFL / Funding SER | CCEM / 2011-2014
| Massimiliano Capezzali
EPFL

PECHouse@epfl.ch

The HyTech project is focused on the realization of
breakthroughs and advancing innovative technologies
in the field of sustainable H, utilization. These devel-
opment will have a large impact on future H, energy
systems. To maximize the efficacy of our efforts, both
the disciplines of solar H, production and H, storage
will be engaged by employing the top experts in each
field from Switzerland, and by pursuing pioneering ap-
proaches.

Lead HSR / Funding SNF NRP70 / Period 2014-2017
Markus Fried|

markus.friedl@hsr.ch

Power-to-gas is a process where excess electrical en-
ergy is used for producing hydrogen (H,) or methane
(CH,). The transformation from electricity to methane
can be achieved with an efficiency of 54 % using exist-
ing technologies. The H, can be stored or used locally.
H, (up to a concentration of 2 %) and CH, can be fed into
the existing Swiss gas grid, on the low-pressure or the
high-pressure side. This grid already offers significant
seasonal storage capacities in Europe today.



Lead Empa / Funding PSRP Polish Swiss Research
Program / Period 2011-2016

Arndt Remhof
Empa

arndt.remhof@empa.ch

This project focuses on the development of novel light-
weight complex hydrides with respect to their appli-
cability as solid electrolytes and high performance
hydrogen storage media. The hydrogen release reac-
tion, reaction intermediates and the reversibility of
these reactions as well as the ion dynamics in these
compounds are investigated. Experimental work and
theoretical calculations go hand in hand to gain un-
derstanding on the atomic level.

References

Y. Yan, A. Remhof, D. Rentsch, A. Ziittel, S. Giri, P. Jena.
A novel strategy for reversible hydrogen storage in
Ca(BH,),. Chem. Commun. 51 (2015), 11008-11011

Y. Yan, A. Remhof, D. Rentsch, A. Ziittel. The role of Mg-
B,H,, in the hydrogen desorption process of Mg(BH,),.
Chem. Commun. 51 (2015), 700-702

A. Remhof, Y. Yan, J. P. Embs, V. Garcia Sakai, A. Nale,

P de Jongh, Z. Lodziana, A. Zittel. Rotational disorder
in lithium borohydride. EPJ Web Conf. 83 (2015), 02014

HyororoLEQ

Lead EPFL / Funding SNF-Ambizione Energie / 2014-2017

Esther Alarcon Llado
EPFL

esther.alarconllado@epfl.ch

The splitting of water (ZHZO —> O,+2H,) is one the key
energy-storage reactions and can be divided into its
two half reactions: oxidation and reduction.Semicon-
ductors are robust and are well-known to exhibit reli-
able absorption and electric properties, which makes
them good candidates as light absorbers in a pho-
to-electro-chemical cell.

Lead PSI/ Funding EU FCH JU / Period 2012-2016

Dr. Lorenz Gubler
Paul Scherrer Institut
Electrochemistry Laboratory

+4156 310 26 73
lorenz.gubler@psi.ch
psi.ch/lec

This project will take advantage of the progress beyond
the state of the art achieved by the partners involved
in the NEXPEL project. In the initial phase of this pro-
ject, durability studies of electrolyser stacks developed
in NEXPEL will be performed. The stacks will be run at
different operating conditions (low pressure, constant
load, fluctuating load coupled with RES).

References

A. Albert, A. O. Barnett, M. S. Thomassen, T. J. Schmidt,
L. Gubler. Radiation Grafted Polymer Electrolyte Mem-
branes for Water Electrolysis Cells — Characterisation
of Key Membrane Properties. ACS Appl. Mater. Interf. 7
(2015), 22203-22212

A. Albert, T. Lochner, T. J. Schmidt, L. Gubler. Stabili-
ty and Degradation Mechanisms of Radiation-Grafted
Polymer Electrolyte Membranes for Water Electrolysis.
ACS Appl. Mater. Interf., DOI: 10.1021/acsami.6b03050
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Lead Empa, IHT / Funding EU FCH JU / Period 2011-2014

Michael Gratzel
EPFL

michael.graetzel@epfl.ch
pecdemo.eu

To address the challenges of solar energy capture and
storage in the form of a chemical fuel, we will develop
a hybrid photoelectrochemical-photovoltaic (PEC-PV)
tandem device for light-driven water splitting. This
concept is based on a visible light- absorbing metal
oxide photoelectrode, which is immersed in water and
placed in front of a smaller-bandgap thin film W cell.

References

G. Segev, H. Dotan, K. D. Malviya, A. Kay, M. T. Mayer,
M. Gratzel, A. Rothschild. Adv. Energy Mater,, 2016, 6,
201500817.

J. Luo, L. Steier, M.-K. Son, M. Schreier, M. T. Mayer, M.
Gratzel. Nano Lett,, 2016, 16, 1848-1857

Lead EPFL / Funding EU-FP7 / Period 2012-2015

Michael Gratzel
EPFL

michael.graetzel@epfl.ch
phocs.eu

The aim of the project is the realization of a new con-
cept, photoelectrochemical systems for hydrogen
production based on hybrid organic-inorganic and
organic-liquid interfaces. The project successfully
demonstrated organic-based photocathodes for PEC
hydrogen evolution with high efficiency and synthe-
sized by low-cost solution-based methods.

References

F. Fumagalli, S. Bellani, M. Schreier, S. Leonardi, H. C.
Rojas, A. Ghadirzadeh, G. Tullii, A. Savoini, G. Marra, L.
Meda, M. Gratzel, G. Lanzani, M. T. Mayer, M. R. Antog-
nazza, F. DiFonzo. J. Mater. Chem. A, 2016, 4, 2178—-2187
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Lead EPFL / Funding BFE / Period 2015-2018

Michael Gratzel
EPFL

michael.graetzel@epfl.ch
pechouse.epfl.ch

The project aims to achieve efficient conversion of
solar energy into hydrogen using the approach of
tandem photoelectrochemical (PEC) — photovoltaic
(PV) devices. The proposed PEC-PV tandems can gen-
erate hydrogen from the splitting of water, driven by
light from the sun. This project will produce complete
devices capable of solar-to-hydrogen conversion at
high efficiency using earth-abundant materials and
up-scalable design principles.

References

J. Luo, J.-H. Im, M. T. Mayer, M. Schreier, M. K. Nazeer-
uddin, N.-G. Park, S. D. Tilley, H. J. Fan, M. Gratzel. Sci-
ence, 2014, 345, 1593-1596

Lead EPFL / Funding SNF nano-tera / Period 2013-2016

Christophe Moser
EPFL

christophe.moser@epfl.ch

This project aims to develop a hydrogen production
system using sunlight in an integrated manner with
earth abundant materials mimicking natural photo-
synthesis. PhotoElectroChemical (PEC) systems use
semi-conductor materials to absorb photons from the
sun to generate a potential high enough (> 1.2 V) to split
water and produce hydrogen and oxygen at an inte-
grated electrolysis cell.


http://www.pecdemo.eu
http://pechouse.epfl.ch
http://www.phocs.eu

Lead EPFL / Funding SNF NFP70 / Period 2014-2017

Anders Hagfeldt
EPFL

anders.hagfeldt@epfl.ch
p3.snf.ch/project-154002

Process by photoelectrochemical (PEC) water splitting.
Using earth-abundant metal oxide materials, we will
develop sunlight-absorbing semiconductor devices
which, when immersed in water and illuminated, drive
the splitting of water into hydrogen and oxygen. Spe-
cifically, cuprous oxide covered with thin protective
oxide layers have shown promise toward the water
reduction half-reaction. These materials will be ad-
vanced and optimized toward the construction of a de-
vice capable of complete water splitting at solar-to-hy-
drogen efficiency exceeding 7% at room temperature
and wide range of light intensities.

References

P. Dias, M. Schreier, S. D. Tilley, J. Luo, J. Azevedo, L.
Andrade, D. Bi, A. Hagfeldt, A. Mendes, M. Gratzel, M. T.
Mayer. Adv. Energy Mater., 2015, 5, 201501537

Lead ETH Zirich / Funding BFE / Period 2011-2014

" Aldo Steinfeld
ETH Zrich

aldo.steinfeld@ethz.ch

A two-step solar thermochemical cycle for producing
syngas from H,0 and CO, via Zn/Zn0O redox reactions is
considered. The second, non-solar, exothermic step is
the reaction of Zn with mixtures of H,0 and CO, yield-
ing high-quality syngas and Zn0. Syngas is further
processed to liquid fuels via Fischer-Tropsch or other
catalytic reforming processes. This research project is
aimed at optimizing and scaling-up the chemical reac-
tor technology for the 2nd step of the cycle.

Lead ETH Zirich / Funding EU-FP7 / Period 2011-2015

" Aldo Steinfeld
ETH ZUrich

aldo.steinfeld@ethz.ch

The aim of the SOLAR-JET project is to demonstrate a
carbon-neutral path for producing aviation fuel, com-
patible with current infrastructure, in an economically
viable way. The SOLAR-JET project will demonstrate
on a laboratory-scale a process that combines concen-
trated sunlight with CO, captured from air and H,0 to
produce kerosene by coupling a two-step solar ther-
mochemical cycle based on non-stoichiometric ceria
redox reactions with the Fischer-Tropsch process.

m—.—m»,-—..-.m—-.-w-—-—n

HyDroPOL

Lead HTceramix / Funding EU FCH JU / Period 2014-2017

Olivier Bucheli
SOLIDpower

Av. des Sports 26

1400 Yverdon-les-Bains

olivier.bucheli@solidpower.com
+4178 746 4535

A 3 kWe-size pressurized HTE system, coupled to a
concentrated solar energy source will be designed,
fabricated and operated on-sun for proof of principle.
Second, it will prove the concept of co-electrolysis at
the stack level while operated also pressurized. The
achievement of such targets needs key developments
that are addressed into SOPHIA.
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Lead ZHAW / Funding SNF NFP70 / Period 2014-2017

Vicente Carabias

Vicente.carabias@zhaw.ch

In diesem Projekt wird die Methanisierung von CO,
in Bezug auf Nachhaltigkeit analysiert: von der Was-
serstoffherstellung aus photochemischer Wasser-
spaltung (Partnerprojekt 1), durch die katalytische
Methanisierung von CO, aus der Zementindustrie mit
erneuerbarem Wasserstoff (Partnerprojekt 2), bis zur
Anwendung des generienen Methans als Brennstoff
fiir die Strom- und Warmeerzeugung in neuartigen
stationaren und mobilen Brennstoffzellen (Partner-
projekte 3und 4).

Lead Empa / Funding Empa / Period 2013-2016

Christian Bach
Empa

christian.bach@empa.ch

In the frame of the project, a fully automated pilot-lab-
oratory electrolyser with a membrane diameter of
50 mm will be developed and built up at Empa. There-
with it is possible to test the membrane and total stack
concerning efficiency, durability, cell voltage, power
consumption, etc. under real conditions with elec-
trodes and membranes made of newly developed ad-
vanced materials for lower cell voltage and thus higher
efficiency.
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Lead ZHAW / Funding SNF NFP70 / Period 2014-2017

Uli Vogt
Empa
Materials for Energy Conversion

ulivogt@empa.ch
+4158 765 4160

In the frame of the project, a fully automated pilot-lab-
oratory electrolyser with a membrane diameter of 50
mm will be developed and built up at Empa. Therewith
it is possible to test the membrane and total stack
concerning efficiency, durability, cell voltage, power
consumption etc. under real conditions with elec-
trodes and membranes made of newly developed ad-
vanced materials for lower cell voltage and thus higher
efficiency.

Lead Regio Energie Solothurn / Funding BFE / 2014-2017
Marcel Rindlisbacher

marcel.rindlisbacher@regioenergie.ch

Das Leuchtturmprojekt Hybridwerk Aarmatt schafft
ein innovatives System, das Strom-, Erdgas- und
Fernwarme-Netz auf Basis verschiedener Energi-
eumwandlungssysteme miteinander verbindet. Das
Hybridwerk steht im Zeichen der Energiewende und
ist ein Vorzeigeprojekt fur die intelligente dezentrale
Energieversorgung.



Redox flow battery pilot installation for
hydrogen generation and energy storage

Lead Regio Energie Solothurn / Funding BFE / 2014-2017

Hubert Girault

EPFL

Laboratory of Physical and Analytical
Electrochemistry

r. hubert.girault@epfl.ch
lepa.epfl.chch/rfbdemo
The project is to develop a sustainable system for the
conversion of renewable energy into hydrogen. It uti-
lizes a dual-circuit redox flow battery to either produce
fuel (primarily hydrogen), or provide electrical energy
storage that can be discharged conventionally, on de-
mand. The hydrogen is generated from the charged

battery electrolyte using a low-cost catalyst, regener-
ating the discharged electrolyte for re-use.

DEMCAMER
Catalytic Membrane Reactors by
developing nano-architectured
membrane materials
Lead Quantis Sarl / Funding EU FCH JU / Period 2011-2015

Arnaud Dauriat

arnaud.dauriat@quantis-intl.com

The aim of the project is to develop multifunctional
Catalytic Membrane Reactors based on nano-archi-
tectured catalysts and selective membranes materials
to improve their performance, cost effectiveness and
sustainability over four selected chemical process-
es (Autothermal Reforming (ATR), Fischer-Tropsch
(FTS), Water Gas Shift (INGS), and Oxidative Coupling
of Methane (OCM)) for pure hydrogen, liquid hydrocar-
bons and ethylene production.

Warmmrie

SCCER Hydrogen storage in Hydrides
Lead PSI EPFL / Funding KTI CTI/ Period 2013-2016

Prof. Dr. Andreas Zittel

EPFL Valais/Wallis, ISIC LMER
Energypolis

Rue de I'Industrie 17

1950 Sion, Switzerland
andreas.zuettel@epfl.ch
+4179 484 2553

+41 21695 8222 (Secretary)
Imer.epfl.ch

Hydrogen storage is crucial for a long term (seasonal)
large scale storage system for renewable energy. Hy-
drides allow to store hydrogen with twice the density
of liquid hydrogen and at low pressure. Therefore, low
cost and abundant materials are required for the de-
velopment of large scale storage. Beside solid hydrides
the reduction of CO, from the atmosphere with hy-
drogen to produce synthetic hydrocarbons is an other
option. The surface of metal hydrides can be used as
heterogeneous catalyst for the CO, reduction, since
metal hydrides bind CO, and offer atomic hydrogen on
the surface.

‘ Na*

o‘o aHy @ T
References

Z. O. K. Atakli, E. Callini, S. Kato, Ph. Mauron, S.-I. Ori-
mo, A. Ziittel. The catalyzed hydrogen sorption mech-
anism in alkali alanates. Physical Chemistry Chemical
Physics 17:32 (2015), pp. 20932-20940

S. Kato, S. K. Matam, Ph. Kerger, L. Bernard, C. Battag-
lia, D. Vogel, M. Rohwerder, A. Ziittel. The Origin of the
Catalytic Activity of a Metal Hydride in CO, Reduction.
Angew. Chem. Int. Ed. 2016, 55, pp. 1-6
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Lead Empa / Funding Swisselectric / Period 2013-2016

Uli Vogt
Empa
Materials for Energy Conversion

ulivogt@empa.ch
+4158 765 4160

Development of a new type of membrane with higher
efficiency and better durability at higher temperature
and pressure and high gas purities for high quality H,
and O, The membranes will consist of commercial
low cost materials of natural (mineral) and/or syn-
thetic composition (Olivine, Wollastonite, BaSO,, TiO,,
BaTiO,, Zr0,). The new developed membranes will be
characterized at Empa and tested at IHTs pilot electro-
lyser (2130 mm).
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Lead PSI EPFL / Funding KTI CTI/ Period 2013-2016

Prof. Kevin Sivula

EPFL SB ISIC LIMNO
Station 6

1015 Lausanne, Switzerland

kevin.sivula@epfl.ch
+4121693 7979

The development and characterization of novel elec-
trodes for water electrolysis is one of the central ob-
jective of the new catalyst testing platform facilities
in LIMNO at EPFL. This project aims to build exper-
tise in the assessment of heterogeneous catalysts for
both water oxidation and reduction, the analysis of
produced gases, as well as in the advanced electronic
characterization of (photo-)electrodes and processes.
Within this framework, we have pursued our investi-
gations on 2-D transition metal dichalcogenides (TMD,
e.g. WS2 or WSe2), which are globally considered as
promising catalysts for both oxygen evolution reac-
tion (OER, water oxidation) and hydrogen evolution
reaction (HER, water reduction).

References
X.Yu, M. S. Prévot, N. Guijarro, K. Sivula. Nat. Commun,
6, 7596 (2015)
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