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liquefied cryogenic hydrogen in
automotive tanks
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EDITORIAL

In the beginning of the year 2008 the oil price reached
a new record mark of 100 US$ per barrel. The demand
for oil and other fossil fuels continuously increases and
the resources are limited. Furthermore, the climate
change due to the anthropic emission of CO, gets
beyond control, since ,the visual range worldwide is
much shorter than the breaking distance”. Finally, the
economy in the industrialized part of the world is total-
ly dependent on fossil fuels i.e. any shortage of fossil
fuels will lead to an economic crisis and in the worst
case to war.

The problem can be solved by using the energy from
our natural energy ,,sources”, i.e. the fusion in the sun,
the fission in the earth crust and the planet movement
causing tide on earth. The only difference between the
conventional use of fossil fuels and the future energy
household is that our energy systems today are based
on energy carriers and the future energy economy is
based on energy flows. Therefore, a synthetic energy
carrier has to be produced. Hydrogen is produced from
abundant water and stores three times more energy
per mass as compared to fossil energy carriers.
Furthermore, the combustion product of hydrogen is
water, which is naturally brought back to the beginning
of the cycle.

Switzerland is intensively working on the conversion of
renewable energy and the hydrogen cycle e.g. produc-
tion by electrolysis, the dense hydrogen storage in
solids and finally the combustion of hydrogen in fuel
cells. Small and medium size enterprises develop in
Switzerland world leading technology and products for
a sustainable future. Excellent research on the most
important challenges of the future hydrogen society is
performed at Swiss universities, universities of applied
sciences and federal research institutions.

The Swiss hydrogen association is a very appreciated
platform for the exchange of knowledge and a network
for project partners especially between industry and
academics. The numerous activities and results pre-
sented in this report exhibit the great competence in
Switzerland. The Swiss hydrogen report from 2006 was
devoted to the industry working in the field, while the
current report is an overview of the research activities
but includes also contributions from the industry. I'm
especially grateful to the Swiss Federal Institute of
Intellectual Property and the industrial partners for the
financial support of this report, it clearly indicates the
severe concern of the experts about the future role of
Switzerland in the energy economy.

Prof. Dr. Andreas Ziittel

Prof. Dr. Andreas Ziittel, president of the Swiss
Hydrogen Association
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INTRODUCTION

Until mid 19" century the major energy carrier used by
humans was biomass. The invention of the steam
engine by Thomas Savery in 1698 based on Denis
Papin’s pressure cooker of 1679 was the basis for the
industrialization because it allowed humans to convert
heat into work. However, the efficiency of the steam
engine was very limited until James Watt in 1769 made
significant improvements e.g. condenser and rotating
movement. In 1900 already half of the energy demand
by humans was covered by fossil coal. During the 20"
century the population world wide increased by a fac-
tor 4 and the energy demand by a factor of 12, in the
industrialized world by factors of 6 and 80, respective-
ly. More than 75% of the world energy demand today
is covered by fossil fuels.
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Fig. 1: World energy demand for the 19" and 20" cen-
tury. Ref.: Jean-Marie Martin-Amouroux, IEPE,
Grenoble, France

The amount of carbon compounds in the earth crust
and therefore the reserves of fossil fuels are limited. M.
King Hubbert elaborated a model for the depletion of
oil fields and published the results in ,Nuclear energy
and the fossil fuels”, Drilling and Production Practice
(1956). He was able to correctly predict the oil crisis in
1973, caused by demand in the USA, which exceeded
the national mining rate (US oil peak). Hubbert com-
mented his model with the words ,,Our ignorance is not
so vast as our failure to use what we know*.

The oil price is manly defined by OPEC (Organization of
petroleum exporting countries) and depends on the
world wide demand as well as the worldwide mining
rate of crude oil. Therefore, in the past political events
in the near east have caused fluctuations in the oil
price (Fig. 2). However, since 4 years we are facing a
very steep increase in the oil price which exceeded the
100 US$/barrel in the beginning of 2008. The growth
rate of renewable energy is currently not able to com-
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Fig. 2: Development of the crude oil price.
Ref. http://www.ioga.com/Special/crudeoil_Hist.htm

pensate the increasing demand for energy. The world-
wide oil peak is expected to take place in the coming
few years.

The extensive combustion of fossil fuels during the last
century caused a significant increase of the CO, con-
centration in the atmosphere. Svante Arrhenius ana-
lyzed the potential climat change due to the emission
of CO, in the work ,,On the Influence of Carbonic Acid
in the Air upon the Temperature of the Ground”,
Philosophical Magazine 41, (1896), pp. 237-276 and
calculated an increase of the temperature of the
atmosphere in case all the fossil fuels are burned of
6°C. This value is close to what the most modern cli-
mat models predict (IPCC).
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Fig. 3: The four major challanges of the 21" century:
1) worldwide growing energy demand, 2) the climate
change due to the emission of CO,, 3) limited fossil
fuels, 4) economic dependency on fossil fuels.

The future energy economy is based on the renewable
energy ,,sources” i.e. the nuclear fusion in the sun, the
nuclear fission in the earth crust and the planet move-
ment. The current energy technology is based on ener-
gy carriers, however the future energy systems have to
work with energy flows.
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Fig. 5: The possible energy carriers for the storage and
transport of renewable energy.

The plants produce -CHOH- compounds (biomass) by
photosynthesis of CO, and H,O releasing O, to the
atmosphere. The biomass is naturally converted by a
very slow anaerobic process into -CH,- compounds
(fossil fuels). The production of biomass by agriculture
is limited by the availability of crop land worldwide.
Finally, the high temperature of the sun allows the
reduction of metal oxides to metals as energy carriers.
However, the energy density in metals is comparably
small. The conversion of renewable energy to electric-
ity is rather efficient (10 - 20% for photovoltaics, 50%
for wind). Electricity can be stored in batteries with a
small energy density or used in electrolyzers to split
water into hydrogen an oxygen.

Hydrogen has an upper heating value of 39 kWh/kg,
therefore, contains 3 times more energy per mass
compared to fossil fuels. But hydrogen is a gas at room
temperature and due to its low critical temperature of
33 K can not be liquefied by compression. The great-
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est hydrogen densities are realized in hydrides, i.e.
metallic and complex hydrides, where the hydrogen
reaches double of the density of liquid hydrogen.
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Fig. 6: Hydrogen cycle: water dissociation by electrol-
ysis while the oxygen is released to the atmosphere,
hydrogen storage and finally combustion of hydrogen
with oxygen from the atmosphere in a fuel cell or inter-
nal combustion engine. The product of the combustion
is only water.
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Fig. 7: Electricity from renewable energy is either
stored in a battery or used in an electrolyzer to produce
hydrogen.

The energy stored in hydrogen is converted in an inter-
nal combustion engine or in a fuel cell to work and
heat. The efficiency of a fuel cell is high at low temper-
atures and decreases with increasing temperature,
while the efficiency of a combustion engine increases
with increasing temperature.

There are three key sections of the future energy econ-
omy where research and development has to focus on:
1) the conversion of renewable energy into electricity
and usable heat, 2) the compact and safe storage of
hydrogen and 3) the efficient conversion of the energy
from hydrogen into work.
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www.diamondlite.com

Diamond Lite S.A. /AG

Hydrogen from Water and Electricity

Diamond Lite S.A. was established in
1982 as an independent shareholding
company. The principal activity of
Diamond Lite consists engineering
and supplying industrial on-site gas
generating systems employing the
technology of selective separation of
gas components by means of
molecular sieve and membranes for
oxygen and nitrogen, as well as solid
electrolyte PEM electrolyses for
hydrogen. The scope of supply
includes basic and if requested
detailed engineering. Plants are
tailored to specific customer require-
ments and are built as completely
skidded systems or at the customer's
site by Diamond Lite personnel, or
customer's employees supervised by
our specialists. Our activities cover all
of Western and Eastern Europe. More
than 350 plants are in operation to the
full satisfaction of our customers.

The PEM technology which is based
on a unique diaphragm increases
efficiency and yield of hydrogen
generators applying solid polymer
electrolyte technology.

For decades, so called alkaline water
electrolysis was developed. The name
is used because 25 per cent caustic
potash solution serves as electrolyte
and potassium is an alkali. The
electrodes reach into the electrolyte
and facilitate production of hydrogen.
Caustic potash solution results as a
waste product, which must be properly
disposed of, and which increases
operating cost.

PEM - Technology

Another approach is the Proton
Exchange Membrane (PEM) diaphragm
technology, which was developed years
ago by engineers in the context of the
NASA space program and which was
refined for military applications.

Until today electrolyzers of this kind have
been operated for more than 10 million
operation hours without considerable
interruptions in the use. The experiences
made thereby are commercially applied
since 1996 for the market of the
industrial gas production.

The heart of the technology is the solid
polymer membrane, which was
developed in the 50's. Here, the liquid
electrolyte is replaced by a synthetic
diaphragm, which works like an acid and
serves at the same time as a kind of
septum.

Porous electrode material is applied on
both sides of the membrane. Water is
supplied to the anode. The water

molecule splits into two electrically
positively charged hydrogen ions and

into a neutral oxygen atom, herby
delivering two electrons. The two
hydrogen ions move across the

membrane to the cathode and recollect
the two electrons, which were conducted
from the anode via the outside electric
circuit. Now the hydrogen atoms form a
molecule, which collects itself with others
to hydrogen gas.

Fig. 1: The solid membrane acting as

electrolyte and septum

The Proton Exchange Membrane (PEM)
technology reaches up to 90 per cent
efficiency and permits much higher
specific power load per surface area
compared  to conventional alkali
electrolyzers. As a result more hydrogen
can be generated based on the same
size and efficiency of the cell.

The Proton Exchange Membrane is a
safe barrier and does not let pass
oxygen. Additionally it can bear a high
differential pressure between oxygen and
hydrogen. This is the most important
difference between the PEM technology
and the filter-press-like KOH plants using
a liquid electrolyte, instead of such a
solid membrane.

How PEM Electrolysis Works
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Unlike PEM fuel cells with limited lifetime
so far, PEM electrolyzer units run on a
24 hour/7day per week basis for at least
50’000 hours. The hydrogen pressure is
controlled by a back pressure regulator

after the cell stack. This is a big
advantage, because expensive
compressors are omitted. Current

generator models reach pressures of 30

bar. Systems with an operating pressure up
to 140 bar without using compressors are
under development.

Technical Solution

PEM hydrogen generators are supplied as
units completely ready to start The
capacities are from 0.5 to 6 Nm3/h. 50
Nm3/h units are under development.  Only
a few connections are necessary: water,
electricity and product gas. The plants
include power conversion, cooling system,
water polishing and a comprehensive, built-in
computer controlled operating and safety
monitoring and control system. The
generators operate automatically between 0
to 100% capacity.

Fig. 22 HOGEN® PEM Hydrogen Generator
connected to a PV array.

The gas quality is better than 99,999% purity
with a dew point of - 68°C. Analyses of the
hydrogen show less than 50 ppb oxygen,
nitrogen and other trace gases. No
hydrocarbons or sulfur components are
contained. The most important fact is that
gas quality remains constant.

The electricity consumption per cubic meter
hydrogen gas produced is approx. 6 kWi/h.
The adjustment to the hydrogen consumption
is automatic.

Applications

HOGEN® generators are in operation for
various applications such as heat treatment
of metals, generator cooling in power plants,
glass factories, electronics manufacturing,
laboratory (GC), fuel cell car fuelling stations
and hydrogen generation / storage from
renewable energy sources (wind and PV).

HOGEN® generators can be installed in any
ventilated area.
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EMPA: MATERIALS SCIENCE

AND TECHNOLOGY

The ,,Building materials test institute” started work in
1880 in the cellars of Zirich’s polytechnical university,
the forerunner of ETH Ziirich.

Fig. 1: Prof. Dr. Ludwig von Tetmajer (1850-1905) in his
office.

Intensive research work by the co-founder and first
director, Prof. Ludwig von Tetmajer, lead to the first pub-
lications on the testing and standardisation of building
materials and metals. Tetmajer was commissioned to
investigate the cause of the collapse in 1891 of a railway
bridge constructed by Gustav Eiffel at Miinchenstein in
Switzerland. His investigation of this collapse, which
was at that time the largest railway disaster to have
occurred in Europe, revealed that Euler’s formula, which
had hitherto been used to calculate such structures,
needed to be corrected for slender bars.

Fig. 2:

,,Report about the Ménchensteiner bridge
catastrophe”, © Wilhelm Ritter/Ludwig von Tetmajer,
Zurich 1891

In 1928, the Swiss Federal Fuel Testing Institute and in
1937, the textile testing organisation ,Swiss Test
Institute, St. Gallen” was incorporated. The establish-
ment was named the ,,Swiss Federal Laboratories for
Materials Testing and Research for Industry,
Construction and Commerce” in 1938, but was already
known by the acronym Empa. Since 1988, Empa’s
focus shifted from materials testing to materials
research and development. Empa is the materials sci-
ence and technology research organisation of the ETH-

domain and is a leading institution in education, sci-
ence and innovation in Switzerland.

Federal Board of Ministers
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Fig. 3: The ETH-Domain under the ETH Board and the
current federal board of ministers.

The research focuses on the relevant challenges of the
society in the field of sustainable materials science and
technology. The key areas of research are grouped in
five programs entitled Nanotechnology, Adaptive
Materials Systems, Materials for Health and
Performance, Materials for Energy Technologies and
Technosphere — Atmosphere. More than 800 scientists,
technicians and administrators work at the three sites
of Empa in Dubendorf, St. Gallen and Thun. Empa edu-
cates more then one hundred PhD candidates and
hundred undergraduates. Empa also offers training to
40 interns and trainees.

Fig. 4: Aereal view of the Empa campus in Diibendorf
6 km south of Zirich airport.

Empa employees published over 270 times in peer-
reviewed journals in 2005 (SCI and SCIE) and made
hundreds of scientific contributions (more than 300 as
key note speakers and invited guests) to national and
international conferences and scientific symposia.
Empa organized 52 conferences. Members of Empa’s
staff received 30 prizes and awards in recognition of
their outstanding achievements.
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SCIENCE AND TECHNOLOGY

FOR ENERGY

Our society faces a major change in energy supply du-
ring the 21" Century since we rely to a large degree on
fossil fuels. The reserves on fossil fuels are limited and
the demand worldwide continues to increase.

Technology Assessment

grated Energy S

Fig. 1: Empa’s energy related research subjects.

The technological challenges are the conversion of
solar energy into electricity, the production of synthet-
ic energy carriers for storage and mobility and the effi-
cient liberation of work and heat from the energy car-
ries. The solutions are found in material sciences and
technology. Empa works on the most relevant topics in
energy research, e.g.

High Performance Ceramics
Dr. Thomas Graule

" Functional Polymers
i Dr. Frank Niiesch
E Building Technologies

Mark Zimmermann

Mechanics of Materials and Nanostructures
Dr. Johann Michler

A Technology and Society
Prof. Dr. Lorenz Hilty

Internal Combustion Engines
Christian Bach

i |

Y
Hydrogen & Energy
Prof. Dr. Andreas Zittel
L | Solid State Chemistry and Catalysis
| Dr. Anke Weidenkaff
.‘-,‘ .r}-"lri /]

Fig. 2: Laboratories at Empa contributing significante-
ly to the program ,,Materials for Energy Technologies“.

¢ Photovoltaics

¢ Integrated energy systems for buildings
¢ Hydrogen production and storage

¢ Fuel combustion and fuel cells

° Emission and pollution assessment

HYDROGEN & ENERGY

The section 138, Hydrogen & Energy, adresses scientif-
ic questions and technological challenges from hydro-
gen in solids to hydrogen as an energy carrier. The
investigations range from the fundamental aspects of
the hydrogen interaction with solids e.g. the physisorp-
tion and chemisorption of hydrogen on the surface, the
hydrogen induced structural changes of solids like
metal insulator transitions, the occupation of interstitial
sites by deuterium and the thermodynamics of hydro-
gen in the lattice. Our experience ranges from hydro-
gen sorption in metals, hydrogen in metallic nanoclus-
ters, hydrogen adsorption on carbonous nanostruc-
tures, electrochemical hydrogen sorption in intermetal-
lic compounds to p-element complex hydrides. We
develop instruments for the specific investigation of
the properties of the complex hydrides e.g. the bond-
ing character between the consisting atoms.
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Fig. 3: The activities of section 138 ,Hydrogen &
Energy“ at Empa: 1) Education on Energy cycles,
Thermodynamics and solid state physics; 2) Research
on hydrogen storage materials, hydrogen production
and fuel cells; 3) Demonstrations of Hydrogen for
mobility; 4) National and international collaborations.

Current research concentrates on the empirical and
theoretical description of complex hydrides and espe-
cially boranates. We investigate the crystal structures
of boranates by means of X-ray diffraction at the syn-
chrotron as well as by means of neutron diffraction.
Furthermore, we have developed the methodology for
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Fig. 4: Schematic representation of the materials inves-
tigated as solid state hydrogen storage systems.

the determination of the charge density distribution i.e.
the bond characteristics from powder diffraction data.
The theoretical modeling of the complex hydrides is of
great importance since the materials are often difficult
to handle and the calculation of the properties allow to
select the interesting materials for the experimental
investigations. Furthermore, the theoretical models
improve the understanding of the interaction between
the consisting atoms in complex hydrides.

INTERNAL COVIBUSTION
ENGINES AND FUEL CELLS

The section ,internal combustion engines®“ headed by
Mr. Christian Bach investigates the behavior of natural
gas and hydrogen fueled internal combustion engines
as well as the system integration and performance of
PEM fuel cells. Furthermore, new models for the com-
bustion process and the catalytic exhaust gas treat-
ment are developed in order to reduce pollution and
increase efficiency.

Well-to-wheel energy use in MJ/a and CO, emissions in kg/a
400 MNa

|[mWIw Energy [MVa) #WtW CO2 [kg'a] |

350 Mya

300 Ma 287 MJia 272 MYa

230 Mda - 218 MJa

165kgia 16.0kg/a
100 MJa — . F
50 MXa B |
oMNa -

203 MVa

5 B 8 &8 &

WTW-CO ;Emissionen in kgla

200 Mya

218kga

150 Mya

&

=

o

Diesel- Fuel cell Diesel electric dive CNG electric drive
hydraulic drive electric drive
(55 kw) (30 kw)

Fig. 5: Comparison of well to wheel energy consump-
tion and CO, production.

HYDROGEN IN THE ATMOSPHERE
The section ,Air pollution / environmental technology“
headed by Dr. Brigitte Buchmann examines based on a
very high level of competence in measurement tech-
niques and analytics, combined with process analyses
and modeling, the following topics at the technos-
phere-atmosphere interface:

1) identification of problematic sources affecting out-

EMPAQ

Materials Science & Technoloay

door air quality (e.g. processes, regions). 2) examina-
tion of outdoor air through a combination of satellite-
and ground-based measurements. 3) reduction of
emissions from technical processes.

SOURCES

CH, and NMHC©Xidation

Fig. 6: Budget of atmospheric H, (Units Tg H,/year).
The sources and sinks for atmospheric hydrogen are
investigated in order to estimate the influence of the
hydrogen released by a hydrogen society on the cli-
mate and the environment in general.
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Fig. 7: Trajectories provided by MeteoSwiss for
Jungfraujoch and a number of other stations in

Switzerland and Europe.
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HIGH TEMPERATURE HYDROGEN
PRODUCTION FROM HA O

The wide variety of energy sources, including renew-
ables, which can be used to produce hydrogen, makes
it more and more attractive as an energy vector. An
easy way to transform renewable- and other non-fossil
sources of energy into hydrogen, is the water electrol-
ysis process. The specific targeted research project
»Highly Efficient, High Temperature, Hydrogen
Production by Water Electrolysis” (Hi,H,) was launched
in 2004 in the European Framework Program 6. The
aim of the project was to demonstrate the feasibility of
hydrogen production by high temperature water elec-
trolysis, using currently available Solid Oxide Fuel Cells
(SOFC) technology.

The Hi,H, project is a consortium of 4 European
research laboratories - EIFER (coordinator) and DLR in
Germany, Risg-DTU in Denmark, and EMPA in
Switzerland, bringing together skills and experience in
the field of material science, electrochemistry, and
renewable energy.

The uniqueness of the concept is to perform water
electrolysis at a rather high temperature, between 600
and 900°C. Very high performances were achieved
using electrode supported solid oxide electrolysis cell
SOEC’s made at Risg-DTU. A record-breaking per-
formance was reached at 950°C, where steam electrol-
ysis was operated at a current density of -3.6 A/cm?
and a cell voltage of only 1.48 V. These current densi-
ties were obtained at very high electrical efficiencies
which would correspond to a production rate of hydro-
gen of 1.34 kgmh".

Durability tests of up to 2500 hours were performed
with single cells. The tests demonstrated that a maxi-
mum degradation of 2%/1000h occurs at current den-
sities between 0 and -0.5 A/cm? temperatures
between 800 and 950°C, and a steam percentage of up
to 70% (volume).

Based on the achieved results, a techno-economical
analysis was made to predict the hydrogen production
cost. A cost of around 1.78 €/kg was calculated
assuming an average electricity price of 0.05 €/kWh
and an endothermal operation mode using a water
vapour source at 200°C. This study also revealed that
an increase in the temperature of the water source
would not decrease the hydrogen cost significantly.

The excellent results obtained have demonstrated that
hydrogen can be produced through water electrolysis
with extremely high efficiencies, greater than 90%. As
a comparison, typical low temperature electrolysers
have an average efficiency of about 60-70%. The con-

sequence is a possible strong lowering of the produc-
tion cost of hydrogen. The high efficiency also ensures
that energy is not wasted in the process.

H, separation
1

Fig. 1: Principle of an SOEC powered by solar energy.
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BFE: SWISS ENERGY RESEARCH
PROGRAM ;HYDROGEN?”

Switzerland has identified the major potential of hydro-
gen as an energy carrier which could drastically reduce
our dependence on non-renewable resources such as
oil and uranium. Research into hydrogen has been
ongoing in Switzerland since the 1970’s. The Swiss
hydrogen research program has never been extensive,
but nevertheless the Swiss researchers were and are
proud to work in the fore-front of their respective
research areas. Besides competences in energy
research, small and medium enterprises in Switzerland
are highly reputated original equipment manufacturers
for hydrogen applications in cryogenics, diamond
dressing, electrolysis, ammonia synthesis and micro-
electronics.

The main elements of the Swiss hydrogen research
activities fall into two categories: hydrogen production
and hydrogen storage [1]. In the area of hydrogen pro-
duction the main focus lies in the development of pro-
duction methods based on renewable energies such
as solar energy and electricity from hydro power, which
plays a very important role in Switzerland. For the for-
mer, research efforts are and will be invested into solar,
thermal and photo electrochemical (PEC) hydrogen
production. The PEC conversion of water into hydro-
gen and oxygen has been under development since
1972. In 1994 Switzerland introduced the PEC tandem-
cell as a very efficient method of water splitting.
Swiss research activities in this field are managed by
the Energy Center at the Swiss Federal Institute of
Technology in Lausanne. PEChouse Switzerland also
leads the corresponding IEA-program. Additionally,
basic research will continue on the thermal water-split-
ting based on the ZnO/Zn-cycle developed at the Paul
Scherrer Institute.

Fig. 1: Hydrogen snow cat as a pilot & demonstration
project (www.swissalps3000.ch).

Hydrogen storage is essential to establish a society in
which hydrogen shall become a viable fuel for trans-

portation. In Switzerland fundamental research focus-
es on storage in metal hydrides and complexes there-
of with a long term goal of lowering desorption temper-
atures in order to apply this storage technology to
automotive fleets powered by low-temperature fuel cell
engines.

The key players in Switzerland are the Swiss Federal
Laboratory for Materials Testing and Research (EMPA)
and the University of Geneva.

The Swiss energy research program is guided by the
Swiss Federal Office of Energy (SFOE) which sets the
guidelines for the different programs that are reviewed
by a Federal Energy Research Comission. To achieve
the milestones set in the guidelines, the SFOE coordi-
nates national and international activities and fosters
collaborations between universities, engineering
schools and private industry. SFOE has its own funds
for implementing the guidelines.

These funds are used to support energy research in
addition to means from public and private research
institutions. For hydrogen research approximately 1.5
Mio Euros/year are currently expended by public insti-
tutions in Switzerland [2]. Two parts are used for
research in hydrogen production, one part for hydro-
gen storage. In relation to the overall budget of 100 Mio
Euros/year for energy research this sum is very moder-
ate and should be increased in the future.

References

1 Concept of the Swiss federal energy research 2008 to 2011;
Swiss Federal Office of Energy, 3003 Bern, Switzerland
(www.energieforschung.ch).

2 List of projects of the Federal Energy Research 2004/2005;
Swiss Federal Office of Energy, 3003 Bern, Switzerland

(www.energieforschung.ch).

Contact

Stefan Oberholzer, PhD

Swiss Federal Office of Energy

Energy Research Hydrogen & Fuel Cells
3003 Bern, Switzerland

e-mail: stefan.oberholzer@bfe.admin.ch
URL: http://www.energieforschung.ch
Tel. (+41) (31) 325 8920

11



12

IGE:

INCREASING ECONOMIC IMPACT

OF HYDROGEN TECHNOLOGY

RELATED PATENTS

ABSTRACT

Patents in the field of hydrogen technologies are inves-
tigated in the present study in order to provide insights
into their present and future economic impact. The
scope of hydrogen technology in the present context is
limited to hydrogen as an alternative energy carrier. It
comprises fuel cells, reversible hydrogen storage,
electrolytic hydrogen production and the cogeneration
of heat and electricity.

The study is purely based on patent statistical data.
The findings show a growing technology with real
world economic impact. The absolute patent applica-
tion numbers, however, are still low when compared to
established technologies.

METHODS AND DEFINITIONS
European, International and US patent classes HO1M8
and 429/12 have been used to define the field of hydro-
gen technology in the present study. Bruns (2006)
describes the determination procedures.

Based on these patent classes patent statistics were
performed in the databases EPODOC, WPI, and
EUREG for patent publications, patent families and tri-
adic patent families.

A patent family consists of all patents derived from the
same initial patent application. Triadic patent families
are families that have at least one Japanese, one
European and one U.S. member. Note, that data from
2003 onwards are incomplete due to publication
delays.

RESULTS
The individual statistical compilations are shown in
Figures 1 to 3.

3000 Patent Families in Hydrogen Technology without pure JP
@ Triadic Patent Families in Hydrogen Technology
Patent Families in all Technologies without pure JP divided by 200

2500 @ Triadic Patent Families in all Technologies divided by.200
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Fig. 1: Patent Activity in Hydrogen Technology.

Fig. 1 shows the development of the number of patent
families and the number of triadic patent families in the
field of hydrogen technologies.

To put these numbers into perspective, fig. 1 also pro-
vides data on patent families and triadic patent families
for all technologies.

The numbers both for patent families and triadic patent
families in the field of hydrogen technologies show
marked increases from 1997 onwards. These increases
are much steeper than the overall trend for all tech-
nologies.

Hence the field of hydrogen technologies is growing
much faster than average and seems to sustain that
growth, albeit a flattening can be seen in the most
recent data.

12 Average Family Size of Triadic Patent Families (Hydrogen Technology)
@ Average Family Size of Triadic Patent Families (All Technologies)

Average Family Size of Patent Families (Hydrogen Technology) without pure JP
@ Average Family Size of Patent Families (all Technologies) without pure JP
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Fig. 2: Average Size of Patent Families.

Fig. 2 shows the average family size for patent families
and triadic patent families in the field of hydrogen tech-
nologies. Again, in order to put the results into per-
spective complementary data for all technologies are
provided. The family size in the field of hydrogen tech-
nologies is on average about one and a half to two
times as large as the average for all patents.

In the case of triadic patent families there is no signifi-
cant difference between hydrogen and non hydrogen
related patents.

Fig.3 shows that in the field of hydrogen technologies
both opposition rates and granted patents at the
European Patent Office per published patent filing are
similar to the overall average for all technologies since
about 1988.
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Fig. 3: EP-Patents and Oppositions in Hydrogen
Technology.

CONCLUSIONS

The increasing number of patent publications and
patent families in the field of hydrogen technologies
indicates a pronounced interest in this field of technol-
ogy. Any invention should be protected by patents in
order to maximize future benefits.

Thus, patent numbers per se do not necessarily indi-
cate an economic success, and, further evidence is
needed to discriminate between economic interest and
economic success.

The relative large family size in the field of hydrogen
technologies is a sign for economic success. The larg-
er the family size, the larger the costs and hence the
will, ability and financial assets an applicant invests in
intellectual property for having exclusive rights in a
technology. Additional evidence for economic success
in the field of hydrogen technologies comes from the
fact that even opposition rates are on par with the over-
all average of all technologies. Considering that some
fields in hydrogen are definitely not yet ready for wide
marketing, others fields in hydrogen technology must
compensate. This gives the strong impression that
hydrogen technologies - at least in part - have indeed
matured. The present data thus shows that even patent
related disputes in the field of hydrogen technologies
are worthwile in view of the obtainable profits.

DATABASES ACCESSED

e Derwent World Patent Index (DWPI): The database of
the Derwent World Patent Index contains patent
citations with information from approximately 40
countries.
(http://scientific.thomson.com/support/patents/cov-
erage/).

Eidgendssisches Institut fiir Geistiges Eigentum
Institut Fédéral de la Propriété Intellectuelle
Istituto Federale della Proprieta Intellettuale
Swiss Federal Institute of Intellectual Property

e EPODOC: The systematically classified collection of
research documents of the European Patent Office.
The database contains patent documents (published
applications and granted patents) from the most
important industrial countries.

e EUREG: (EUropean REGister) is a database contain-
ing bibliographic, legal and administrative informa-
tion on all published European and EURO-PCT appli-
cations (since 1978)

Peter Bruns and Daniel Kunz
Swiss Federal Institute of Intellectual Property
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HYDROGEN FOR EFFICIENCY IN

CONVERSION -

TRANSPORT AND

DEVICE SOLUTIONS DEVELOPED

AT PSI AND ETH

The efficient conversion of hydrogen in low-tem-
perature polymer electrolyte fuel cells at PSI dates
back to 1990, when a research group was formed
working on fundamentals of electrochemistry, elec-
trocatalysis, solid electrolytes, and the design of fuel
cell stacks and systems. Together with long-term
research in electrochemical energy storage in batteries
and capacitors, this know-how formed the basis for the
projects described below. Starting from an early
demonstration of a 1 kW stand-alone system, one
observes two parallel developments. On the one hand,
compact and efficient fuel cell supplies for portable
applications are advanced at the scales of 1000 W,
100 W, and 1-10 W. On the other hand, fuel-cell hybrid
systems are developed for transport applications.
Heavy frames such as municipal vehicles, standard
sized cars, and light-weight family vehicles are
equipped with efficient powertrains, with the aim of
launching the innovation in the market.

POWERPAC - BUILDING BLOCK TO-
WARDS MARKET INTRODUCTION
Besides proven reliability and durability for the service
life of the device, cost reduction of stack and system
remains the main challenge for the market introduction
of the fuel cell.

Realizing two major opportunities for cost reduction,
i.e. the manufacturing of multi-functional bipolar plates
and the potential for automation of the assembly, PSI
and ETH Zurich joined forces in the realization of a 1
kW portable fuel cell generator, the PowerPac. This
device was further developed at the University of

Fig. 1: The PowerPac of PSI and ETH Zurich.

Applied Sciences in Biel (www.hti-brennstoffzellen.ch),
and found its way into fuel cell boats and a three-wheel
vehicle. Today, the company CEKA (www.ceka.ch)
works on developing the PowerPac into a commercial
product.

PAC-CAR - CHALLENGING LOWER
LIMIT IN FUEL CONSUMPTION

The team around Lino Guzella at ETH Zurich tackled
the challenge to break the world record in fuel econo-
my. With a powertrain based on a PowerPac fuel cell,
the group designed an ultra-light weight eco-vehicle
for one person. Due to advanced aerodynamic design,
low rolling resistance, very low overall weight, and
sophisticated controls of the fuel cell system, Pac-Car
Il won the prestigious trophy of the 2006 Shell
EcoMarathon, demonstrating a traveled distance of
more than 5000 km with the hydrogen equivalent (in
energy) of one liter of gasoline.

Fig. 2: Pac-Car Il realized by the team of Prof. Lino
Guzzella, a demonstrator holding the world record with
respect to lowest fuel consumption per km.

HY.POWER - TECHNOLOGY PLAT-
FORM FOR A FAMILY-SIZED FUEL
CELL CAR

PSI has pursued a different strategy, i.e. drastically
increasing the fuel efficiency of family-sized cars by
the implementation of fuel cell power trains. The first
demonstration of a Swiss fuel cell car, the HY.POWER,
was realized together with ETH Zurich and industrial
partners. This was the first fuel cell vehicle ever to
master a mountain pass, by traversing the Simplon in
winter of 2002. Based on a VW Bora chassis, this tech-
nology platform demonstrated that 40% reduction of
fuel consumption was possible, in spite of the weight
added by the fuel cell system.
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HY-LIGHT - EXPLORING NOVEL
DESIGN OPTIONS FOR A FUEL
CELL VEHICLE

The next development stage at PSI (project lead by Dr.
Ph. Dietrich) took full advantage of the design freedom
offered by the fuel cell power train. In collaboration
with CDM Michelin (Givisiez FR), a light-weight hybrid
vehicle of 850 kg termed Hy-Light was developed that
offered space for four passengers. lts fuel cell system,
fed by structure-integrated hydrogen and oxygen
tanks, combined with supercapacitors for energy
recovery, excelled in 2004 by a tank-to-wheel efficien-
cy of 60% over the driving cycle, which resulted in a
consumption equivalent to 2.5 liters of diesel per 100
km. With four wheel-integrated electric motors, the car
also demonstrated excellent acceleration characteris-
tics and driving comfort by level control. This concept
was further developed by the industrial partner.

Fig. 3: The light-weight fuel cell hybrid vehicle
HY_Light at the Shanghai race track (October 2004).

TOWARDS PORTABLE DEVICES
Realizing the need for efficient power supplies at the
scale of 100 W, teams of ETH Zurich and the Paul
Scherrer Institute have recently joined forces within the
CEMTEC project, which aims at the demonstration of a
highly compact and efficient converter. The fuel,
butane, is converted to a hydrogen-rich feed in a par-
tial oxidation reformer. Electricity is produced in a
miniaturized Solid Oxide Fuel Cell that is equipped with
new types of electrodes, electrolytes, and an advanced
cooling concept. This project is carried out in the
framework of the Competence Center Energy and
Mobility, CCEM.

ONEBAT - FUEL CELL FOR THE
LAPTOP

Going one step further in miniaturization, the ONEBAT
project (Prof. L. Gauckler, ETH Zurich) aims at
demonstrating a fuel cell system with the size of a
match box that will deliver several Watts of electric
power, and will hence be suitable to power portable
devices such as laptops. With a view to ubiquitous
availability, liquid propane, the fuel used in cigarette

PAUL SCHERRER INSTITUT

lighters, was selected, which is again converted to a
hydrogen-containing mixture in a miniaturized
reformer. An innovative element is the small-scale
(1 cm’) solid oxide fuel cell which, due to the very thin
ceramic electrolyte of novel composition, can operate
at a temperature as low as 550 °C. Excellent thermal
packaging will make sure that this hot ,heart” of the
device will not be felt by the outside world. Again, this
project is part of a CCEM collaboration.

Fig. 4: Self-supporting ceramic membranes realized
within the ONEBAT project.

OUTLOOK

The above-mentioned projects are exploring niches
where hydrogen fuel cell technology could find its way
into the market. Another example is the CCEM project
hy.muve lead by Empa, in which a heavy municipal
vehicle is equipped with a fuel cell power train. This
project will explore the use of fuel cells under heavy-
duty conditions that are very different from normal pas-
senger car driving cycles. The intended use of the
municipal vehicles in the passenger zones of Swiss
inner cities will allow the population to encounter
hydrogen technology in everyday life and to experi-
ence its advantages - here in particular the operation
with locally zero emissions.
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SOLAR THERMOCHEMICAL
PRODUCTION OF HYDROGEN

The Solar Technology Laboratory at PSI and the
Professorship of Renewable Energy Carriers at ETH
Zurich jointly perform research aimed at developing
solar thermochemical processes for the production of
hydrogen, making use of concentrated solar radiation
as the energy source of high-temperature process
heat.

The strategy for developing technically and economi-

cally viable solar chemical technologies involves

research on two paths (Fig. 1):

1 long-term path via solar water-splitting thermochem-
ical cycles, e.g. the ZnO/Zn cycle;

2 short/medium-term path via solar decarbonization of
fossil fuels, e.g. cracking, reforming, and gasification
processes.

Benchmark is the water electrolysis using solar thermal

electric power (central line).

H0-splitling
T [
(NG, oil, coal)

BT | || | ey | [ o] [ ] [ ]

Solar Fuels (H,, syngas)

Fig. 1: Thermochemical paths for H, production using
concentrated solar energy.

SOLAR Zn0O/Zn

THERMOCHEMICAL CYCLE

Of special interest among the solar-driven H,0-splitting
thermochemical cycles is the 2-step cycle based on
Zn0O/Zn redox reactions, schematically shown in Fig. 2.
It consists of a 1st-step solar endothermic dissociation
of ZnO to Zn and O, at above 2000 K, and a 2"d-step
non-solar exothermic hydrolysis of Zn to form H, and
ZnO; the latter is recycled to the 1" step. The net reac-
tion is H,O = H, + 0.5 O,; H, and O, are derived in dif-
ferent steps, thereby eliminating the need for their
high-temperature gas separation. This cycle offers the
potential of reaching high solar-to-fuel energy conver-
sion efficiencies, and consequently, economic compet-
itiveness.

The solar reactor configuration for effecting the 1" step
of the cycle is depicted in Fig. 3, and features a rotat-
ing cavity-receiver lined with ZnO particles and direct-
ly exposed to high-flux irradiation. With this

Concentrated
Solar Energy

SOLAR REACTOR

Zno >0,

Zn0=Zn+% 0,
AH = 557 kJimal, T,,» 2000 K

HYDROLYSER

L

H,0 Zn+H,0=Zn0 + H,

AH =62 kJimol. T, = 700 K

focycla ZnO

b =/

Fig. 2: H,O-splitting thermochemical cycle based on
Zn0O/Zn redox reactions.

arrangement, ZnO serves simultaneously the functions
of radiant absorber, chemical reactant, and thermal
insulator. Zn/O, separation is accomplished by rapid
quenching.

ceramic

insulation Zno

cavity- ‘/ +1
receiver Y Zn+%0,
quartz
window

Concentrated
Solar
Radiation

Fig. 3: Solar chemical reactor configuration for thermal
dissociation of ZnO.

The reactor technology for effecting the 2" step of the
cycle features an aerosol flow for the formation and in-
situ hydrolysis of Zn nanoparticles. Their inherent high
specific surface area augments the reaction kinetics
for H, generation.

The temperature requirement for the reduction of ZnO
can be significantly reduced and the recombination of
Zn and O, avoided by using carbonaceous materials as
reducing agents. In the framework of the EU-project
SOLZINC, a 300 kW pilot scale plant for the carbother-
mic reduction of ZnO was successfully demonstrated
at WIS solar tower facility in Israel, yielding 50 kg/h
95%-purity Zn with a solar-to-fuel energy conversion
efficiency (ratio of the reaction enthalpy change to the
solar energy input) of 30%.
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SOLAR DECARBONIZATION
PROCESSES

Hybrid solar/fossil endothermic processes, e.g. crack-
ing, reforming, and gasification, offer viable routes for
fossil fuel decarbonization and create transition paths
towards solar hydrogen. The advantages of supplying
solar process heat are three-fold: 1) the calorific value
of the fossil fuel is upgraded; 2) the gaseous products
are not contaminated by the byproducts of combus-
tion; and 3) the discharge of pollutants to the environ-
ment is avoided. A 2"-law exergy analysis for generat-
ing electricity using the solar products indicates the
potential for halving the specific CO, emissions vis-a-
vis conventional fossil-fuel fired power plants. These
solar decarbonization processes are being investigat-
ed in the framework of the EU-projects SOLREF (solar
CH,-reforming) and SOLHYCARB (solar CH,-cracking),
and of the industrial funded project SYNPET (solar C-
gasification). The solar reactor configuration for the
gasification of carbonaceous materials (coal, coke,
biomass, etc.) is shown in Fig. 4; it features a vortex
flow of steam laden with C-particles that is confined to
a cavity-receiver and directly exposed to concentrated
solar radiation. This arrangement provides effective
radiative transfer to the reaction site and fast conver-
sion to high-quality syngas.

quartz window Petcoke + H,0 slurry

l ceramic cavity

Concentrated ({ r : /
Solar — . ) I
Radiation \\s P .

vortex flow

!

J ~

Syngas
(H, +CO)
H,O nozzle

Fig. 4: Solar vortex-flow reactor for the steam-gasifica-
tion of carbonaceous materials.

The research work for efficient use of solar energy
encompasses fundamental studies in chemical reactor
engineering, with emphasis on the analysis of radiation
heat transfer in gas-solid reacting flows. The PSI/ETH
state-of-the-art solar concentrating facilities - solar
furnace and high-flux solar simulator (Fig. 5) - serve as
unique experimental platforms for the development of
high-temperature thermochemical reactors.

PAUL SCHERRER INSTITUT

{ ' \ | T
Fig. 5: The PSI’s High-Flux Solar Simulator delivers 50
kW of radiative power with peak solar concentration of
11,000 suns (=11MW/m).

OUTLOOK

A 500 kW solar pilot plant for the steam-gasification of
C-materials is scheduled to be tested in 2008 at PSA
solar tower facility in Spain. A 100 kW solar pilot plant
for dissociating ZnO is being planned for 2011. Both
scale-up projects, if successful, will accomplish pio-
neer technology demonstrations of large-scale solar
chemical plants and support their technical feasibility
for industrial implementation. Solar thermochemical
processes have favorable long-term prospects
because of their inherent thermodynamic potential for
high energy conversion efficiencies and because they
avoid or reduce costs for CO, mitigation and pollution
abatement. A continuous program of research, devel-
opment, and demonstration is required to bring about
the commercial implementation of solar chemical tech-
nologies at an industrial scale that will lead to cleaner,
more efficient, and sustainable energy utilization.

The solar chemistry research program at PSI/ETH is
being funded primarily by the Swiss Federal Office of
Energy, Swiss National Science Foundation, European
Union, and private industry. PSI serves as the Solar
Chemistry Operating Agent of the IEA-SolarPACES,
and is an active member of the SOLLAB - a newly
formed alliance of leading European research laborato-
ries (CIEMAT, DLR, CNRS, PSI/ETH) for R&D on solar
concentrating systems.
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HYDROPOLE: SWISS HYDROGEN

ASSOCIATION

The Swiss Hydrogen Association HYDROPOLE is the
national network for hydrogen-related matters in
Switzerland. HYDROPOLE is a knowledge and infor-
mation cluster focused on all aspects of past, present
and future use of hydrogen. HYDROPOLE serves as a
platform for research, development, industry and other
public or private organizations. HYDROPOLE fosters
knowledge of hydrogen and its application in the ener-
gy sector by providing information to the general pub-
lic, the educational sector, developing industry as well
as for policy needs. The association maintains close
links with other hydrogen associations in Europe and
worldwide.
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Fig. 1: Location of the members of the association
Hydropole in Switzerland.

The association was founded on 23" Nov. 2001 and is
legally located in Monthey. The first president of
Hydropole was Bernard Mudry the former director of
Djeva. During the last 8 years a solid network of mem-
bers in Switzerland was built up and the number of
members is growing every year and is already greater
than fifty. Approximately one third from industry, one
third academic institutions and the remaining third are
individual members. The board consists of 7 members,
the president, the vice-president and 5 work group
leaders.

Since 2006 Hydropole is a member of the European
Hydrogen Association (EHA). The association is repre-
sented through his board members in several political
and international research organizations in order to
actively connect the members with the key players in
the field of hydrogen worldwide.
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Fig. 2 Organizational chart of Hydropole.

Fig. 3: Hydropole members after the general assembly
2007 at Empa in Diibendorf.

Hydropole produces every second year a hydrogen
report. The first report was devoted to the industry in
Switzerland and was published in 2006.
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HYDROGEN

REPORT SWITZERLAND

Fig. 4: The first Hydrogen Report Switzerland 2006.



Hydropole has organized the ,Swiss village” at the
World Hydrogen Energy Conference (WHEC) in June
2006 in Lyon, France. 7 members have represented the
activities in Switzerland. The exhibition was a big suc-
cess and has significantly increased the visibility of our
members.

Fig. 5: Swiss village at the WHEC 2006 in Lyon, France.

In February 2008 Hydropole participated in the Swiss
Pavillion organized by the Swiss embassy in Japan
(directed by Dr. Felix Mésner) at the Hydrogen and Fuel
Cell exhibition (FC Expo) in Tokyo, Japan. The exhibi-
tion had more than 24’000 visitors and was a very stim-
ulating event.

Fig. 6: Swiss Pavillion at the FC Expo 2008 in Tokyo,
Japan.

Hydropole as a network stimulates the collaboration
between universities, institutions and industry.
Numerous research and development projects have
been created between the members.

Examples are the light weight SAM fuel cell car with a
metal hydride storage system and the recently started
research and development project on new membranes
for alkaline electrolysers.
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Fig. 8: New membranes for alkaline electrolyzers (IHT,
Empa and Uni FR).
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HISTORY OF THE HYDROGEN
PRODUCTION IN SWITZERLAND

In the years 1940, the Swiss company Lonza SA, based
in Visp, was faced to a growing need in hydrogen for its
production activities in the field of chemistry. At that
time, the management decided, for strategic reasons,
that the company should be able to produce its own
hydrogen and mandated therefore one of its engineers,
Ewald A. Zdansky, for studying and developing a
hydrogen generator that could cover the gas require-
ments of the production. The large availability of elec-
trical power for hydropower stations in Switzerland for
a relatively low price, lead Zdansky to work on the
electrolysis as the most interesting process for the
hydrogen generation. He found at Giovanola Fréeres SA
(GFSA), located in Monthey, the right partner, the
equipment and the large manufacturing know-how for
the production and test of the first prototype elec-
trolyzer.

Fig. 1: Facilities of the Giovanola Fréres SA (GFSA),
located in Monthey, Switzerland.

After a few years of development, the first Zdansky-
system high pressure industrial electrolysers, manu-
factured at GFSA, were commissioned at Lonza.

The design of the electrolyser was patented by Lonza.
The main interest of Lonza was to produce hydrogen
for own chemical plant and when they realized the
growing interest from industry for the electrolyzer,
Lonza decided to sell the rights on the Zdansky design
to LURGI (,,Metallurgische Gesellschaft®), a large engi-
neering company located in Butzbach, Germany.
Keeping further the cooperation with GFSA, LURGI
started the commercialization of the high pressure
electrolyser while improving its design in particular
regarding the electrodes and special mechanical con-
structions. The research and development was carried
out at GFSA and managed by Jiirgen Borchardt, a
LURGI engineer based in Monthey. He also supervised
the fabrication of more than hundred electrolysers
installed worldwide.

Fig. 2: First prototype of an industrial Zdansky-elec-
trolyzer (1949).

Patented July 6, 1954
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Fig. 3: Patent of the Zdansky high pressure electrolyser.

In 1996, LURGI discontinued the electrolyser develop-
ment and manufacturing and closed the electrolyser
section. The rights on the design and on the develop-
ments as well as the customer database were then
acquired by the manufacturing partner, GFSA. In 2001,
GFSA faced financial shortage and soon after also



bankruptcy. Its daughter company, GTec SA, created in
2002 by taking over GFSA’s activities in a new legal and
financial frame, did also not survive and went some
time later in bankruptcy, too. In 2003 a new company,
IHT Industrie Haute Technologie SA (IHT), was funded.
IHT maintains and manufactures the Zdansky high
pressure electrolysers in the original factory in
Monthey.
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Fig. 4: Cross section of a bipolar, atmospheric pressure
electrolysis unit with alkaline electrolyte (Brown Boveri)
a) First anode with pre-electrode; b) Diaphragm; c)
Preelectrode of the cathode; d) Cathode for the first
cell compartment and anode for the second cell com-
partment-bipolar middle electrode; e) Cell frame with
insulation for the middle electrode; f) Distribution pipe
for electrolyte; g) Inlet pipe for electrolyte; h) Take-off
system for electrolyte and dissolved gases; i) Overflow
pipe and collecting vessel for electrolyte and H, (an
analogous system is used for O,); j) Electrolyte filter; k)
Circulation pump; I) End plate.

Today, IHT is a successful electrolysers company with
its own engineering, manufacturing and commercial
activities. After having completed different contracts in
Sweden, Switzerland and Argentinia, the company
focuses on the highly demanding hydrogen world mar-
ket where its unique large size electrolysers (up to 8
MW) perfectly fit the required mass production plants.

Fig. 5: Cross section and exploded view of cells of a
pressure electrolysis unit (Lurgi, Zdansky-Lonza pres-
sure electrolysis) a) Bipolar electrodes, dimple plate
cell partititon; b) Preelectrodes in the form of nets on
both sides of the asbestos diaphragm (c); d) Cell frame;
e) Sealing ring, sealing the electrolyte against the sur-
roundings and insulating the bipolar sections against
each other; f) Electrolyte duct; g) Bore in the electrolyte
duct for supplying the electrolyte solution to both sides
of the electrolyte; h) Parallel H, and O, ducts; i) Bore in
the gas duct; j) Electrolyte compartment. Zero gap cell
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geometry. Perforated cathodes and anodes, in direct
contact with the diaphragm and the membrane,
respectively. The conical apertures with different diam-
eters for O, and H,, respectively, facilitate the detach-
ment of the developing gas.
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IHT: A THIRD MILLENIUM’S OLD

TECHNOLOGY

After few years of a strong activity in the field of indus-
trial electrolyser plants, offering new installations and
realizing many retrofits on over 30 years old operating
plants, IHT’s Board of Directors understood that the
company was ideally positioned for the new challenges
of the so called Hydrogen Energy, not only as a serious
competitor worldwide but especially thanks to its
sophisticated high pressure electrolysers technology.

Fig. 1: Main production site of IHT in Monthey (VS),
Switzerland.

Indeed, this technology, which is synonym of high effi-
ciency, of reliability, of flexibility and of short response
times fits optimally when integrated into renewable
energy systems (RES), for pilot plants and for hydrogen
mass production farms as well.

Therefore, in order to consolidate its presence in these
modern applications fields, IHT has elaborated an
ambitious Research & Development program and rein-
forces its international position by attending to the
most prestigious world fairs like FC exhibition in Tokyo
and in Hannover.

Fig. 2: Zdansky-Lurgi Elektrolyser.

Disposing of a strong and experienced engineering
team, IHT cooperates with technical schools and high
institutes of technology (HIT Lausanne, EMPA,

Fribourg University, Dénish Technical University...) as
well as with industry partners in Switzerland and in fur-
ther European countries.

The running R&D projects where IHT is involved main-
ly concern the efficiency improvement of the alkaline
electrolysis. A European project from the 7" Frame
Program, WELTEMP, faces the high temperature elec-
trolysis. A Swiss Investigation Technical Commission
(ITC) supported project, NMAE2, looks for the develop-
ment of a new type of separation membrane which
should also contribute to an important increase of the
electrolysers efficiency.

Furthermore, IHT works together with the Aragon
Hydrogen Foundation (AHF) in Spain in the frame of an
International Energy Agency (IEA) project which goal is
to analyse and optimise the electrolysis integration
inside a ,,RES to H,” concept. A first realisation, the
ITHER project, is taking place actually in the techno-
logical park ,Walga” at the AHF headquarters.

IHT also develops new products (small electrolysers
units) and designs at the moment an universal test
equipment, a platform for performing all kind of tests
on new cells types to improve the electrolysis process-
es in regard of costs and performances.

Last but not least, being extremely concerned by envi-
ronmental issues, IHT has built up a cooperation proj-
ect with a Ukrainian research group based in Lviv for
the design and the realization of a hydrogen based
concept for CO, transforming and treatment plant. A
first demonstration plant will be designed and manu-
factured at IHT and should be in operation by middle of
2008. This project is supported financially by the
TheArk Foundation based in Monthey, next to IHT.

IHT also works actually on a few enquiries for large
hydrogen production plants that should provide gas to
high demanding consumers like refineries, gas manu-
facturers and agrarian and food industrial companies.
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FUELS CELLS FOR

From 1997, the Institute of electrical and energy sys-
tems (IESE) of the Applied University of Sciences of
Western Switzerland (HES-SO/HEIG-VD) developed
various FC boats to test this idea, as well as to
increase it’s practical teachings with new technologies,
accessible for practical applications to the students.
The main goals are to perform measurements and to
test FC technology under real application conditions,
as well as dissemination of that technology to a large
public by demonstrations.

These applications, supported by the Swiss Federal
Energy Dept., provide also an excellent didactical way
to teach energy, new means of electricity production
and to realize technology transfer to industrial part-
ners. In the mean time, FC where tested as APU. A
world first Atlantic crossing of a sailboat with a 300 W
PEMFC as APU was realized in 2002 during the
»course du Rhum”.

Fig. 1: Is showing a 300 W FC APU used as ,range
extender” for small fishermen’s boats.

A larger one, the Hydroxy3000 prefigures a family
leisure boat intended for 7 people, for fresh water
lakes. In operation from 2003, it reaches the speed of
12 km/h with a 3 kW PEMFC, developed in cooperation
with the PSI (Paul Scherer Institute).

Practical use of FC is showing quite good behavior.
The 3 kW PEMFC is reaching now more than 1’200
hours of work since 5 years and is still working with
satisfaction. Following favorable arguments may be
noticed :

e Absolute protection of the fresh water resources

¢ Navigation with no noise, no smell and no vibrations.

Haute Ecole d'Ingénierie et de Gestion
du Canton de Vaud

NAVIGATION

POSSIBILITIES AND LIMITATIONS
OF FC IN NAVIGATION

A recent study indicates possibilities and limitations of
FC in fresh water navigation. An important physical
limitation is the storage limitation of hydrogen. The
simpler solutions, gaseous, and metalhydrid, safer, are
acceptable solutions for fresh water lakes, as the user
may reach easily ports to fill the hydrogen reserve.

Fig. 2: Hydroxy 3000, Fuel cell boat.
Fig. 3: Fuel cell with BC9000 for process control.

Lack of FC stack or/and systems on the market; as
well, lack of maintenance structures for fixing and
spare pieces as well no existing structures for hydro-
gen distribution in the ports are also actual main limi-
tations. Those aspects are now under study and solu-
tions will be proposed.
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HYDROGEN: AN EFFERVESCENT AND
MULTI-FACETED RESEARCH FIELD

AT THE ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE (EPFL)

HYDROGEN STORAGE AND

CONTINUOUS HIGH PRESSURE H,

GENERATION

New potential in the use of formic acid as a hydrogen

storage material has been demonstrated via the devel-

opment of a homogeneous catalytic system using

ruthenium based water soluble catalysts to selectively

decompose HCOOH into H, and CO,. Continuous gen-

eration of H, of very high purity, over a wide range of

pressures and under mild conditions was achieved.

Main advantages are:

* No need for transport and storage of H, gas under
high pressure (or low temperature liquid H,)

¢ Hydrogen generation at any wanted pressure (from
0.5 atm to of 600 atm)

e Hydrogen production under mild conditions (25-
120°C) at very high rate

¢ The generated hydrogen is free from CO traces (CO <
3 ppm)

e The generated hydrogen is easily separated (the car-
bon dioxide can be captured and recycled)

e The H, generator is autonomous, i.e. it does not
require electricity or any particular conditions.

Hz

CO, | _L -
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r
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Fig. 1: H, production through conversion to formic acid.
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DESULFURIZATION OF SOFC
ANODES

The power density achievable with a solid oxide fuel
cell system is a key parameter for its technical and
commercial success. In regard to current density and
polarisation losses, no anode can compete with the so-
called Spacil structure. However two recalcitrant prob-
lems remain, namely carbon deposition when directly

oxidising any hydrocarbon fuel, and sensitivity even to
a minimal presence of a sulfur contaminant in the fuel
supply. Both problems are normally approached by the
introduction of a fuel processing subsystem, for desul-
furisation of the fuel supply. Commercial natural gas
and other hydrocarbon fuels contain traces of sulfur
components present as impurities or even additives (for
example as odorants due to safety regulations) that act
as catalyst poisons deactivating the anode and dramat-
ically affecting the performance of the fuel cell. During
the pre-reforming of fuel before its admittance to the
SOFC unit, S is converted to gaseous hydrogen sulfide
(H,S). An essential component in any large-scale SOFC
system is therefore a desulfuriser unit. Previously pub-
lished LPI work has indicated a procedure to minimise
the effect of sulfur without specific desulfurisation
equipment, thereby presenting an opportunity to avoid
capital and maintenance costs. The strategy involved
uses catalytic quantities of a heavy transition metal as
a hydrodesulfurisation catalyst into the anode struc-
ture, allowing the advantages of Spacil anodes to be
retained with only a minimal modification of their com-
position. Further recent work at LPIl has resulted in
anode systems capable of even long-term operation
with any level of sulfur likely to be found in commercial
fuels. This has very positive consequences for SOFC
system design, economy and reliability. Using this
invention sulfur containing fuels can be directly fed into
the SOFC anodes without scrubbing the anode deacti-
vating sulphides. This invention is filed under the patent
application PCT/IB2008/050729. Financial support of
CCEM-CH is acknowledged.
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HYDROGEN PRODUCTION
THROUGH PEC WATER SPLITTING
Hydrogen can be produced from various sources; how-
ever, H, production from renewable sources is highly
attractive. The most important renewable source of
energy is the Sun, which shines in 10 minutes on plan-
et Earth an amount of energy equal to the total yearly
human consumption, yet we harness less than 2% of
the world’s energy demand due to shortness of suit-
able materials [3]. PECHouse, a photoelectrochemistry
centre of competence based at EPFL, has been estab-



lished for research into semiconductor-based photo-
electrochemical (PEC) water splitting into H, and O,
using sunlight as the energy input. Current PECHouse
research is currently focusing on robust and inexpen-
sive semiconducting materials that can absorb visible
irradiation from the sun and drive the decomposition of
water into hydrogen and oxygen. This remains a great
challenge of photoelectochemistry and since no mate-
rial has been identified to perform this reaction effi-
ciently and continuously, a tandem approach is has
been developed. [4]
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Recent developments in our laboratories at EPFL have
shown that iron oxide (alpha-Fe,0;), when suitably
nanostructured and doped with silicon atoms, can
convert an unprecedented 3.3% of incident solar irra-
diation (at standard conditions) to hydrogen when in
tandem with a dye sensitized solar cell system. [5]
Current and future efforts seek to improve on the quan-
tum conversion efficiency of the iron oxide by under-
standing the role of the structuring, doping and the
interface of the material with both the transparent con-
ducing substrate and the aqueous solution. Advanced
nanostructuring and routes and new tandem configu-
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electrobysis

rations are also being pursued to increase the overall
solar to hydrogen efficiency.

SYSTEM INTEGRATION & OPTI-
MIZATION INVOLVING H.. SOFC
STACK DESIGN.

SOFC research at EPFL-LENI focuses on design, mod-
eling and characterization of fuel cell stacks, to under-
stand loss mechanisms and improve lifetime and relia-

i\
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bility. Theses (6) are carried out in close collaboration
with partner laboratories and industry. 5000h lifetime
on syngas (-2%/1000h loss) and 42% electrical effi-
ciency with 100-200 W stacks has been achieved.
Multi-level modeling is carried out: thermo-economic
optimisation of fuel cell systems including hybrid
cycles; fluid flow and thermal management in stacks;
computation of thermomechanical cell stress, diffusive
leakage in seals, dominant electrochemical losses; and
quantitative microstructural analysis of electrodes. The
figure shows the predicted current density distribution
(syngas fuel) on a 200 cm? cell of new design devel-
oped at LENI (to achieve up to 2.5 kW,, as part of a
European industrial project). An in house built ,,seg-
mented” test bench is capable of monitoring spatially
resolved parameters, such as local current density, to
validate experimentally the computed predictions.
Proof-of-concept operation achieved 100 A at 0.7 V
cell voltage. LENI especially develops system design
tools (with process integration and thermo-economic
optimisation techniques), applied not only to PEFC and
SOFC systems but to energy conversion technologies
in general, where also hydrogen is an option. Current
topics are hydrogen production processes, hydrogen
recovery in refineries (with Air Liquide) and the integra-
tion of electrolysis in biomass conversion. All publica-
tions available on the LENI website, http://leni.epfl.ch

Contact
Prof. Dr. Daniel Favrat, EPFL, IGM-LENI
e-mail: daniel.favrat@epfl.ch

Contact

Dr. Massimiliano Capezzali

EPFL Energy Center, Station 5
CH-1015 Lausanne, Switzerland
e-mail: massimiliano.capezzali@epfl.ch

URL: http://energycenter.epfl.ch



BIERI engineering
Hydrogen Storage Systems

We design and manufacture for you your special heat exchange equipment and your special pressure or
vacuum vessels as well as complete systems made from such components according your needs.

Our activities are based on over 30 years of experience in the design and manufacturing of special
equipment for many different industrial and research applications including the development of special
manufacturing processes where required. Our equipment is used in:

- Hydraulic, Nuclear and Gas Turbine Power Plants

- Chemical and Petrochemical Plants incl. Off-shore

- Mining Industry

- Vacuum and Cryogenic Installations

- Research Centers for High Energy Physics

- Space applications
We are specialised in welding of Aluminium, Stainless Steels and Nickel Base Materials

Special
(%) Heat Exchangers
B Pressure Vessels

UF6 / H2 Gas cooler for Uranium

Enrichment Vacuum Vessels

We solve your
problems !

2 Cryostats for the ESO Luzifer Helium Cryogenic Heat Exchanger
Infrared Telescope in Arizona Bundle Diameter 110mm, Length 150mm

Liquid Helium Vessel for the AMS-02 Cryomagnet on the Special Aluminium Flange. Welding of Aluminium with
International Space Station. Lig. He content > 2000 L minimum weld shrinkage.

H.BIERI Engineering GmbH Tel +41 (0)52 262 70 80
Sulzer Industriepark Fax +41 (0)52 262 70 81

CH-8404 Winterthur E-mail h.bieri@bieri-ing.ch
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HYDROGEN SPONGES

Solid-state metal hydrides (,hydrogen sponges”) rep-
resent the safest and most volume efficient way of
storing hydrogen (energy). They are being studied at
Geneva University for over 30 years with respect to
both fundamental aspects such as synthesis and prop-
erties of new materials, and practical aspects such as
their integration into practical devices like hydrogen
storage vessels, hydrogen engines, fuel cell systems,
hydrogen compressors and hydrogen sensors.

MATERIALS

Notable achievements during the past decade include
the discovery of a wide variety of so-called ,,complex”
metal hydrides. Over one hundred such compounds
based on transition (d-) metals are known to date of
which half have been discovered in Geneva. Many are
capable of storing hydrogen in concentrations exceed-
ing that of liquid hydrogen. Significant breakthroughs
were the discovery of Mg,FeH; and the characteriza-
tion of BaReH..

The former is cheap to fabricate and holds the record
for hydrogen volume storage efficiency (150g/liter, i.e.
twice that of liquid hydrogen), while the latter has the
highest hydrogen-to-metal ratio known to date for any
known solid-state compound (H/M = 4.5, i.e. more than
the H/C ratio in methane).

20 40 60
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Fig. 1: Diffraction spectra of transition metal complexes.

Their common structural feature is the presence of
metal-hydrogen complexes such as [FeHS]4' and
[ReHg]z’. Very recently Geneva scientists have discov-
ered the first example of mixed d-metal complexes
known in literature. This discovery opens the door
towards the discovery of other possible hydrogen stor-
age materials.

Geneva scientists have also performed the first struc-
ture analyses and spectroscopic studies of hydrogen
storage materials based on non-transition (p-) metals,
such as lithium borohydride LiBH,, magnesium borohy-
dride Mgz(BH4)4, and the mixed amide/borohydride
Li,BN;H,,. The latter compound was investigated in col-

Fig. 2: [Ni,H,]” and [Ni,H,,] complexes in La,MgNi,H,
Fig. 3: Hydrogen powered lawn mower after 16 years of
operation.

laboration with a major US car company and is the first
quaternary p-metal hydride of that type known in the
literature.

APPLICATIONS

Recently, the worldwide first example for a hydrogen
induced metal-insulator transition in a d-metal system
was found in LaMg,Ni-H [1]. This discovery is current-
ly being put to practical use in hydrogen detectors. On
a still more practical side, Geneva is known for the
development of the worldwide first hydrogen powered
lawn mower containing hydrogen sponges as storage
medium in 1992 [2]. It is one of the rare hydrogen pow-
ered devices still operational after 16 years of use.
Finally, scientists at Geneva University have evaluated
the first Photovoltaic Hydrogen Production and
Storage Installation for a Residential Home in
Switzerland in which hydrogen is stored in the form of
»sponges” (2000).
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APPLIED SCIENCES ON

PEM-FUEL CELLS

The main objective of the fuel cell group at the
University of Applied Sciences in Biel (BFH-TI) is to
bring fuel cells to the people. Ever since a small team
of engineers started at the turn of the century the fuel
cells activities at the BFH-TI with the installation of a
test lab for PEM fuel cells up to 10 kW, many demon-
strators had been developed.

Fig. 1: Side view of the Hybrid SAM: PEM-Fuel Cell and
Lithium-lon Battery.

One of the larger projects was the development of a
fuel cell battery hybrid system and the integration in a
lightweight electric vehicle, called ,,SAM” [1]. The SAM
is a three-wheel electric vehicle, which offers two seats
arranged in a row and has been developed for local
traffic. The PEM-stack consists of 96 cells and has a
maximum power of 6 kW. In combination with lithium-
polymer batteries the system can supply a power of 15
kW. In two cylinders filled with metal-hydride it is pos-
sible to store 400g of hydrogen. In 2005 the Hybrid
SAM was tested on the road and the results were very
satisfying: low consumption of about 450g H, / 100km
and a range of 130 km, which seems very interesting
for an urban electric light weight vehicle.

fuel cell system

heat exchanger

H, -storadé —
dc - dc converter ~ 8
motor electronics ~

li-polymer battery -~ %

Fig. 2: Placement of the components in the Hybrid SAM.

The project is an excellent example for the fruitful col-
laboration of BFH-TI with industry and other research
institutes. The design of the PEM-Stack, integrating a

special internal humidification, had been developed by
PSI/ETHZ for their PowerPac and was up-scaled to a
larger power. The most expensive part in a PEM fuel
cell, the Membrane-Electrode assemblies (MEA), had
been placed at disposal by Solvicore and the hydrogen
storage cylinders had been developed and produced
by the team of Prof. Andreas Ziittel (EMPA), which con-
tributed their high expertise in the field of hydrogen
solid state storage. As long as PEM fuel cell systems
are designed, there is still one main question: shall we
use air or oxygen [2]. To demonstrate the main differ-
ences an E-Scooter was converted at BFH-TI into a
Fuel Cell Scooter. Hydrogen and Oxygen are stored in
2 liters pressure cylinders of 200 bar. To approve the
electrical dynamics, a serious of super caps is con-
nected directly in parallel to the PEM - Stack.

Fig. 3: Fuel Cell Scooter with the H,/O, PEM fuel cell
(r.0.) and the super cap case (r.u.).

The performance of both systems has been proved
through extensive tests on an inhouse circuit, normally
used by go-carts. As soon as pressure cylinders can
be filled with gases with a pressure of 700 bar, the
range will be absolutely adequate for urban traffic.
Driven by the motivation to tackle the problem of high
fuel cell costs an important strategic in house project
was started in 2005 to develop a low-cost fuel cell
based on flexible and punchable low-cost cell materi-
als, which promises cheep production costs even by
small scale manufacture.

Instead of conventionally milled graphite plates the
new development is based on foil material which can
easily be dye cut ensuring low production time. This
results in a high reduction in the production costs
already at small production numbers.

Further focus was set on implementing the gas humid-
ification into the individual cells and enabling a con-



Fig. 3: 1 kW IHPoS Stack in transparent case and dif-
ferent layers.

cept of edge air cooling by providing each cell with
cooling fins. Air is passed along these fins propelled by
conventional axial ventilators to cool the cells.

Initial development steps were financed by the Swiss
federal office of energy (SFOE). This development
caught the interest of the Swiss company CEKA and
further development and industrialization steps had
been completed under the project name IHPoS
(Independent Hydrogen Power System) with a sub-
stantial financial support by the CTI. The stack is run-
ning on hydrogen as well as reform gas and has proven
his high endurance with over 3000 running hours with-
out losing much of its performance. The IHPoS devel-
opment has earned Swiss acknowledgment receiving
the Swiss technology award 2007. The presentation of
the IHPoS Stack in the halle of innovations at the
Hannover Messe, one of the biggest fair for industrial
products has been a big success. To demonstrate the
fields of application of the IHPoS, the fuel cell team of
the BFH-TI designed two different systems: PemPac
and the Fuel Cell Trailer.

Fig. 4: 1 kW fuel cell - super cap hybrid system inte-
grated in a clevertrailer.

The Fuel Cell Trailer is a project in cooperation with the
Swiss company Clevertrailer. The company produces
trailers fitting to the German automobile Smart. These
trailers are often used for company promotion stands.
The realized fuel cell system based on a IHPoS stack
supplies 500 W nominal power and 1 kW peek power
at a voltage of 230 VAC and 24 VDC. Super capacitors

Bern University of Applied Sciences
Engineering and Information Technology

were implemented to ensure high power dynamics
while buffering the stack. The implemented solid state
metal hydride storage tank has the capacity to store
enough hydrogen for up to 10 hours nominal power
output. An implemented micro controller unit steers the
periphery components such as pumps and valves. To
ensure safe functionality all relevant parameters such
as cell voltage and gas pressure are periodically con-
trolled.

Fig. 5: PemPac - drawing of the arrangement of the
components (l.) and prototype (r.).

The strategic goal for 2008/09 of the fuel cell group in
Biel is to enlarge their testing facilities with financial
support of the SFOE and in accordance with the PSI.
Supplement to in-house developed dynamic test
bench for PEM fuel cells up to 10 kW electrical power
output, our commercial 1 kW test bench is now
replaced by our own development with more function-
alities. In addition a test bench for smaller stacks and
single cells is now designed by our experts and will be
functional in 2009. The fuel cell group of the BFH-TI is
a competent partner in development and testing of
PEM fuel cells and systems.
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Packed with Energy. Hydrogen solutions
from LindeGas/PanGas.

Production
- Linde builds and operates Hydrogen production plants from laboratory scale up to 100000 Nm?/h
- In Ingolstadt and Leuna, Linde operates Germany’s only large industrial Hydrogen liqguefaction plants

Distribution
- PanGas offers Hydrogen in cylinders and cylinder-batteries up to 300 bar filling pressure
- With GH2-trailers and LH2-vehicles PanGas offers concepts to ensure the economic distribution of Hydrogen

Applications

- PanGas offers Hydrozon®, Hycontrol® and Hydroflex™-heat treatment processes for metals

- PanGas engineers create tailor-made supply systems for pure Hydrogen and Hydrogen-mixtures

- PanGas offers as well Linde’s unique Hydrogen infrastructure systems for automotive applications
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Lucerne University of
Applied Sciences and Arts

HOCHSCHULE
LUZERN

Technik & Architektur

PEM FUEL-CELL BACK-UP SYSTEM

The activities of the Lucerne University of Applied
Sciences and Arts (LUASA) in Central Switzerland are
focused on applied research and development. At the
LUASA more than 800 students are educated in seven
technical fields of study and more than 350 professors,
scientists, technicians and administrators work at the
site in Horw.

The LUASA is the connecting interface between
research and industrial partners. In the field of energy
the main focuses are thermal energy systems, process
optimisation, energy storages generally and especially
electrical energy storages including supercapacitors.
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Fig. 1: HSLU T&A energy related research subjects.

HYDROGEN & FUEL CELLS

In the field of hydrogen and fuel cells the LUASA is
specialised in system integration of fuel cells in con-
crete applications. One actual project is the ,PEM
Fuel-Cell Back-Up System”.

In this project, the lead-acid batteries of an
Uninterruptible Power Supply System (UPS) are

replaced by a 10 kW PEM fuel cell system. The delayed
start-up of the fuel cell is bridged with supercapacitor
technology.

The system is connected to a real working base station
of a telecommunication installation since January
2006. Hydrogen is provided by two 50 liter pressure
tanks. This quantity of Hydrogen assures a stand-alone
operation of the fuel cell system for about 6 hours with
antenna load.

The field test is undergoing under real conditions with
monthly grid failure simulations. Excellent results of the
more than 250 simulations to date confirm the reliabil-
ity and performance of the system.

The tests will continue until summer 2009 to get long-
running experience and to find out sensitive compo-
nents of the system.

The project takes place in close collaboration with two
industrial partners - producers and users of UPS-
Systems in telecommunications. The LUASA s

engaged in further projects exploring the concrete
application and system integration of fuel cells.
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HYDROGEN FACTS

Hydrogen — (Gr. hydro, water, and genes, forming).
Hydrogen was prepared many years before it was
recognised as a distinct substance by Cavendish in
1766. It was named by Lavoisier. Hydrogen is the most
abundant 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 esti-
mated that hydrogen makes up more than 90% of all
the atoms or three quarters of the mass of the uni-
verse. Hydrogen is found in the sun and most stars,
and plays an important part in the proton-proton reac-
tion and carbon-nitrogen cycle, which accounts for the
energy of the sun and stars. It is thought that hydrogen
is a major component of the planet Jupiter and that at
some depth in the planet’s interior the pressure is so
large that solid molecular hydrogen is converted into
solid metallic hydrogen. In 1973, it was reported that a
group of Russian experimenters may have produced
metallic hydrogen at a pressure of 2.8 Mbar. At the
transition the density changed from 1.08 to 1.3 g/cms.
Earlier, in 1972, a Livermore (California) group also
reported on a similar experiment in which they
observed a pressure-volume point centered at 2 Mbar.
It has been predicted that metallic hydrogen may be
metastable; others have predicted it would be a super-
conductor at room temperature.
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Fig. 1: Primitive phase diagram for hydrogen.

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 explo-
sively, to form compounds. Great quantities of hydro-
gen are required commercially for the fixation of nitro-
gen 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, hydro-
cracking, and hydrodesulfurization. It is also used as a
rocket fuel, for welding, for production of hydrochloric
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.

Tempera- Vapor pres- Density [kg/m3]

ture [K] sure [kPa]  Ps P. Pe

1 11107 89.024

5 4.7610° 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 93.5 71.086 1.247
20.268b 101.3 70.779 1.338
30 822.5 53.930 10.887
32.976° 1293 31.43

Tab. 1: Vapor pressure and density of p-hydrogen at low
temperatures, aTriple point, °101.3 kPa, “Critical point.

Production of hydrogen worldwide now amounts to
about 5-10" 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 20 K.

H D T

Fig. 2: Schematic representation of hydrogen isotopes
or protium (H), deuterium (D) and tritium (T).

The ordinary isotope of hydrogen, H is known as pro-
tium. In 1932, Urey announced the preparation of a sta-
ble 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 Euro/Ci; deuterium gas is readily avail-
able, without permit, at about 10’000 Euro/kg. Heavy
water, deuterium oxide (D,0), which is used as a mod-
erator to slow down neutrons, is available without per-
mit at a cost of 500 Euro/kg, depending on quantity
and purity. The price of hydrogen is directly bound to
the price of electricity (0.05 €/kWh) and therefore
around 2.5 Euro/kg.

Quite apart from isotopes, it has been shown that
hydrogen gas under ordinary conditions is a mixture of
two kinds of molecules, known as ortho- and para-
hydrogen, 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. The ortho form cannot be prepared in
the pure state. Since the two forms differ in energy, the
physical properties also differ. The melting and boiling
points of parahydrogen axe about 0.1K lower than
those of normal hydrogen.

Density of gas at standard conditions [kg/ms(STP)]
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 [vol %]

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-s']

Energycl of explosion, mass-related [gTNT/g]
Energycl of explosion, volume-related [gTNT-ma(STP)]
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Fig. 3: Energies and wave functions of rotational states
(J) of a para-hydrogen and an ortho-hydrogen mole-
cule. The total nuclear spin | is 0 or 1, respectively and
the rotational quantum number is 0, 1, 2.

Consideration is being given to an entire economy
based on solar- and nuclear-generated hydrogen.
Located in remote regions, power plants would elec-
trolyze sea water: the hydrogen produced would travel
to distant cities by pipelines. Pollution-free hydrogen
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.

Hydrogen Methane Propane Gasoline
0.084 0.65 2.42 4.4
0.1237 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 5.3-15 2.1-9.5 1-7.6
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 11 10 10

2.02 7.03 20.5 44.2

Tab. 2: Combustion and explosion properties of hydrogen, methane, propane and gasoline. 100 kPa and 15.5°C.
bAverage value for a mixture of C:-Cs and higher hydrocarbons including benzene. ‘Based on the properties of n-

pentane and benzene. “Theoretical explosive yields.
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LIQUEFACTION FOR

HIGHEST DENSITY

HYDROGEN SOLUTIONS

Linde Kryotechnik AG is one of the largest manufactur-
ers of cryogenic plants in the world, in particular for the
liquefaction of hydrogen. Linde Kryotechnik, a Swiss
company with registered office in Pfungen (ZH), is part
of the Engineering Division of the Linde Group and
therefore represented by service and sales partners
throughout the world. More than 80 experienced and
committed engineers and technicians are employed on
the planning, design and construction of plants for the
liquefaction of hydrogen and helium as well as special
cryogenic plants at the Pfungen location near
Winterthur / Switzerland. With the invention of the pro-
cedure for the liquefaction of atmospheric air and
diverse gases back in 1895, Dr. Carl von Linde herald-
ed in the era of cryogenic industry. In 1932 Linde
installed the first industrial helium liquefaction plant in
the world at Charkow University in the Ukraine. Today
the expert knowledge and competency of Linde
Kryotechnik in the area of lowest temperature technol-
ogy includes the following:

e plants for the liquefaction of hydrogen

e plants for the liquefaction of helium

e plants to generate coldness

¢ plants to recycle helium

e storage and distribution systems

e construction of special cryogenic plants

The temperature range for generating coldness is
between -193°C (80K) and -271.5°C (1.5K). All coldbox-
es are designed and engineered by Linde Kryotechnik
in Pfungen. Depending on the size of the coldbox, fab-
rication and assembly takes places either in the Linde
owned workshops in Schalchen, Germany and Tulsa,
Oklahoma, USA or by qualified companies in the vicin-
ity of Linde Kryotechnik. The quality assurance during
fabrication is under supervision of Linde Kryotechnik.
Key components, such as gas expansion turbines, are
all developed, assembled and also mechanically test-
ed at Linde Kryotechnik. The individual parts are pro-
duced in Switzerland by specialised manufacturers.

The installation and commissioning of the plants is
executed by Linde Kryotechnik personnel or takes
place under their supervision. Linde Kryotechnik addi-

I

YOUR CHALLENGE.
OUR COMPETENCE.
THE SOLUTION.

tionally places em-
phasis on customer
service. There is a
focus on supplying
spare parts and main-
tenance in particular
on operating and
maintaining cryogenic plants. Therefore the cryogenic
refrigerators at DESY and at CERN among others are
operated and maintained by Linde Kryotechnik teams.
The objective here is to guarantee optimal operation
and efficient maintenance of the plants for the cus-
tomer. Part of the customer service is also the retro-
fitting and modification of plants already in operation
to meet the most recent technological requirements
(some of which have been in use for thirty years). In the
area of hydrogen liquefaction Linde Kryrotechnik has
successfully executed projects in Europe, Japan,
China and India and is currently commissioning a 3000
I/h hydrogen liquefaction plant at the Leuna-Buna-
Bitterfeld chemicals region in Germany. Suitable and
economic processes are used depending on the lique-
faction capacities. Helium will be used as coolant for
lower performance levels, whereas a hydrogen closed
loop circuit will be deployed for plants with a capacity
which exceeds 2000 I/h.
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In addition to customer-specific solutions, Linde
Kryotechnik also offers a range of standard sizes for
hydrogen plants.

Linde Kryotechnik AG is certified to ISO9001:2000.

Contact

Linde Kryotechnik AG

Daetlikonerstrasse 5

8422 Pfungen, Switzerland

Tel.: (+41) (52) 304 0555, Fax: (+41) (52) 304 0550
e-mail: info@linde-kryotechnik.ch

URL: http://www.linde-kryotechnik.ch
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HYDROGEN SAFETY

Hydrogen reacts, when the ignition energy of 0.02 mJ
is provided, violently with oxidizing agents such as
oxygen (air), fluorine or chlorine, and N,O. Combustion,
deflagration or detonation may occur depending on
the conditions. The ignition and detonation properties
of hydrogen-air mixtures are particularly important
from the safety aspect. The flammability limits (i.e., the
minimum and the maximum concentration of hydrogen
in air) are exceptionally wide for hydrogen. The flam-
mability limits are affected by temperature, so that a
preheated mixture has considerably wider limits for
coherent flames. An increase in pressures up to 10 kPa
has only a small effect. Water vapor has a strongly
inhibiting influence on the oxyhydrogen reaction.

The flammability limits of hydrogen in pure oxygen at
room temperature are 4.65-93.9 vol% hydrogen, those
of deuterium in pure oxygen 5.0-95 vol%. In general,
the chemical properties of H, D, and T are essentially
identical. Small differences can be found in processes
where the atomic mass has a significant influence e.g.
the thermal dissociation of a D-X bond requires a
greater energy than for the comparable H-X bond.
Released hydrogen disperses rapidly by turbulent con-
vection, drift and buoyancy, thus shortening the hazard
duration. The prompt dispersion, however, favors the
formation of gas mixtures within the wide flammability
and detonation limits; the lower limit is the vital one in
most applications and is comparable to that of other
fuels. The minimum energy for ignition of hydrogen- air
mixtures is extremely low. However, the ignition energy
inherent in virtually every source is more than sufficient
for ignition of any other fuel-air mixture as well. Ignition
by catalytic action is also possible.

EXPLOSIVE HAZARDS

High laminar burning velocity as well as the high lami-
nar flame speed of hydrogen makes the transition to
turbulent flame speeds exceeding 800 m-s’ up to sev-
eral km-s’ easy. Hence, hydrogen is more sensitive to
deflagration to detonation transition (DDT) than hydro-
carbons. Hydrogen has by far the widest limits of det-
onability; detonation of stoichiometric hydrogen-air
mixtures in confined spaces will produce a static pres-
sure rise of ca. 15:1. If a DDT process proceeds, i.e.
unburned hydrogen-air mixtures are precompressed, a
pressure rise ratio of 120:1 could result. Experimental
data indicate, that real yield factors of 10% of TNT
equivalent are considered reasonable. Note that hydro-
gen is most potent on a mass basis and least potent on
a volumetric basis. It has also the least theoretical
explosive potential, when equivalent energy storage is
taken into account.

FIRE HAZARDS

Hydrogen flames are nearly invisible in daylight.
Hydrogen fires last only one fifth to one tenth of the
time of hydrocarbon fires, and the fire damage is less
severe because of several characteristics: 1) high
burning rate resulting from rapid mixing and high prop-
agation velocity, 2) high buoyant velocity, 3) high rate of
vapor generation of liquid hydrogen. Although the
maximum flame temperature is not much different from
that of other fuels, the thermal energy radiated from
the flame is only a part of that of a natural gas flame.
Smoke inhalation, one of the major causes of injury
and, therefore, a main parameter of fire damage, is
considered less serious in the case of hydrogen
because the sole combustion product is water vapor
and some nitrogen oxides (depending on the tempera-
ture of the flame).

PREVENTIVE MEASURES

Primary safety precautions aim at the exclusion of
causative risks such as leakage, formation of explosive
mixtures by proper conceptual design (inertization,
open-air installation, flame arrestors, etc.). Secondary
measures consist mainly in the avoidance of ignition
sources of any kind (electrostatically or mechanically
generated sparks). Tertiary measures should minimise
dangerous results in case fire or explosion occurs. This
is achieved by installation of explosion- proof or explo-
sion relief systems, hydrogen process shut-down sys-
tems and suitable fire extinguishing systems. Safety
Regulations (mandatory) and standards (mandatory or
nonmandatory) apply for the safe production, storage
and handling of hydrogen. They are mostly concerned
with transportation; other operations are covered by
more general regulations.

TOXICOLOGY

Hydrogen does not show any physiological effect. It is
nonpoisonous. Inhalation of the gas leads to sleepi-
ness and a high-pitched voice. A danger of asphyxia-
tion exists if the oxygen content sinks below 18 vol%
because of hydrogen accumulation in the air. Direct
skin contact with cold gaseous or liquid hydrogen
leads to numbness and a whitish coloring of the skin
and to frost bites. The risk is higher than, e.g., with lig-
uid nitrogen because of the greater temperature differ-
ences and the higher thermal conductivity of hydrogen.
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WHO IS WHO:
MEMBERS OF HYDROPOLE

INDUSTRY

Industrie Haute Technologie SA

Linde Kryotechnik AG

AccaGen SA

HRAND DJEVAHIRDJIAN S.A.

WEKA AG

Office de la circulation et de la navigation de FR ( OCN )
Ville de Lausanne, Direction des services industriels
Commune de Monthey, Service Industrielle
Diamond Lite S.A.

H. Bieri Engineering GmbH

Cellfed Sarl

RESEARCH & EDUCATION

Berner Fachhochschule - Technik und Informatik (BFH-TI)

Institut fiir Solartechnik SPF, Hochschule fiir Technik Rapperswil
HES-SO, Centre de compétences Energies

EMPA Materials Sciences and Technology

Swiss Federal Insitute of Technology Zurich (ETHZ)

Hochschule fiir Technik+Architektur HTA Luzern
Paul-Scherrer-Institut (PSI)

heig-vd, Haute Ecole d’Ingénierie et de Gestion du Canton de Vaud
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When a light goes on, make sure it’s for your own idea.

More illumination in your IP business! The Institute of
Intellectual Property doesn't only grant patents and
register trademarks and designs in Switzerland. It also
provides high-quality patent and trademark searches

worldwide. Challenging searches are our specialty, par-
ticularly when it comes to customized Prior Art Searches,
Infringement Searches, or Validity Searches. To become
even more enlightened, contact us directly.

=

“Ip-search

Everything from patents and trademarks

A service of the Swiss Federal Institute of Intellectual Property, Bern. www.ip-search.ch
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Eidgendssisches Institut fiir Geistiges Eigentum
Institut Fédéral de la Propriété Intellectuelle
Istituto Federale della Proprieta Intellettuale
Swiss Federal Institute of Intellectual Property

Schweizerische Eidgenossenschaft
Confédération suisse
Confederazione Svizzera

Confederaziun svizra

Swiss Confederation

Linde Kryotechnik AG

BIERI engineering

HYDROGEN

Office fédéral de I'énergie OFEN
Ufficio federale dell’energia UFE
Swiss Federal Office of Energy SFOE H

Bundesamt fiir Energie BFE . h t
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