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Do scientists really occupy ivory towers? Do they live a com-

fortable, even luxurious life without contact to the real world? 

Researchers prefer to see themselves rather as hearty mem-

bers of the Swiss Alpine Club, where, until recently, one 

needed special training and equipment to overnight in high 

mountain huts. Only those who were prepared for a diffi cult 

hike the next day could stay at the top of the mountain.

Earlier, a scientifi c experiment, like a mountain climb was done 

in the company of a few colleagues, without mobile phone 

contact, cut off from the rest of the world. This has changed 

dramatically in the last few decades. Even inexperienced hik-

ers can stay overnight in alpine huts, transported to their 

destinations by cable-cars. Responding to the increasing inter-

est of the lay public in research, science has also become more 

accessible and public-friendly.

Spectacular moments are rare

Mountain climbers were accompanied by live TV cameras for 

their ascent of the north face of the Eiger. In a similar search 

for the dramatic, TV crews install themselves in labs in the 

hope of broadcasting scientifi c fi rst ascents. Yet spectacular 

discoveries are rare and often only years later achieve popu-

lar recognition and acclaim.

An excellent example of this is the ground-breaking work of 

Albert Einstein from 1905. One-hundred-years later his works 

were exulted at PSI and around the world. During the Inter-

national Year of Physics, Einstein theme tours for the public 

were organised at PSI providing basic explanations of the 

three papers published in his “annus mirabilis”. Last year the 

number of visitors at the PSI open day was nearly 10,000 – 

illustrating that the world of science has learnt to present itself 

competently and attractively.

Research needs freedom

The question often emerges as to whether taxpayers’ money 

is being used effi ciently for research. Perhaps the question 

should be more directly formulated as: can Switzerland com-

pete globally for the best talent? The usual answers are thus; 

we need to join forces through better co-ordination, eliminate 

duplication of efforts and found centres of competence. How-

ever, often the most important factor is overlooked: excellence 

in research requires tolerance and space for unconventional 

ideas to fl ourish.

Competence requires time

The Swiss Nobel prize-winner Heinrich Rohrer used to say that; 

“One cannot establish a competence centre, at the most it is 

something that one can become.” In this sense the year 2005 

was the start of a vision. Under the leadership of PSI, and 

supported by the accumulated intelligence of the ETH Domain, 

large energy research projects will be started which will lead 

to secure and sustainable energy solutions for Switzerland 

From ivory towers to alpine huts



(see page 9). Creative heads will engage with projects to do 

with mobility, electricity and low temperature heat. We are 

very grateful for the fi nancial support of the Swiss government 

and the Canton of Aargau.

Scientifi c success in 2005

One scientifi c success was the rediscovery of uses for phase-

contrast microscopy. Thanks to innovative ideas and technical 

skills, diffraction grating with an absorber of a few nanometers 

thick can be created for X-rays or neutrons which then produce 

razor sharp images after a few minutes exposure time. The 

potential applications for use with X-rays come from biology 

and medicine and for neutrons from the material sciences. 

Both techniques show promising applications for external 

clients of PSI, patents have been applied for.

This volume of the Scientifi c Report 2005 (Volume 3) highlights 

general, nuclear and environmental energy research. Among 

other themes is the research progress made in the catalytic 

production of methane from biomass, and the pioneering work 

of the SOLZINC project. The nuclear research department 

reports on waste management and safety in the design of 

Generation IV reactors. Technology transfer to industry is oc-

curring in the areas of hydrogen fuel cells; iodine dose man-

agement and new catalysts for diesel particle fi lters.

Scientifi c excellence is always the fi rst priority of PSI and 

precisely because of this, science must be more accountable 

to society. Visitor tours and science communication to the 

public have become part of daily business. The myth that 

researchers work in an ivory tower is obsolete. As testimony 

to this is PSI’s positive reputation within the international 

scientifi c community, in Swiss national politics and in our lo-

cal community. For this trust and recognition, our warmest 

thanks.

Ralph Eichler, Director PSI
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The overarching goal of energy research at PSI is to provide scien-

tifi c and technical solutions for the development of cost-effective, 

reliable, socially acceptable and environmentally sustainable energy. 

This research is done within two departments: General Energy and 

Nuclear Energy and Safety, their research highlights from 2005 are 

documented in the following chapter.

Major accomplishments of the past year include: a pioneer solar 

power-plant; improvements in catalysts and processes for the produc-

tion of methane from wood; development of characterization tools 

to improve combustion processes; fuel cells, and batteries under 

operating conditions; carbon dioxide in forests; and a new dating 

method for glacial ice. Progress was made in determining the suit-

ability of opalinus clay to store radioactive waste and how iodine 

exposure could be reduced under normal operation and in the event 

of a severe accident at a nuclear power-plant. Systems analysis re-

search also included a report on the external environmental costs of 

electricity and whether the Swiss population are willing to pay for 

renewable energy. This report only highlights a selection of the work 

done at PSI in the past year; information about many other ongoing 

projects can be accessed through our website, (www.psi.ch).

Research focus and highlights
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Driving power for the future: 

a hydrogen fuel-cell stack 

with polymer-electrolytes on 

the test stand at PSI. 

(Photo: H.R. Bramaz)



General Energy Research Department:
strategy and selected highlights

Alexander Wokaun, Samuel Stucki, Aldo Steinfeld, Peter Jansohn, Günther G. Scherer, 

Research Department General Energy, PSI

Important steps have been achieved in the catalytic production of methane (Synthetic Natural Gas SNG) from 

biomass. In a world fi rst the SOLZINC project successfully demonstrated solar thermochemical zinc production 

at the 300 kW solar power scale. The development of highly effi cient zero-emission converters has been advanced 

by laser-based diagnostics and by in situ characterization at PSI’s large facilities. Plans for a Competence 

Center for Energy and Mobility of the ETH domain and its partners have been approved, and operations started 

at the beginning of 2006.

As a national research laboratory, PSI is contributing towards 

Swiss and global goals for the development of the energy 

system. That is, the provision of adequate, reliable and afford-

able energy services which are acceptable to society, while 

respecting the integrity of the environment, protecting the 

earth’s climate, and reducing the depletion of non-renewable 

resources.

Strategy

In targeting the above goals, the General Energy Department 

focuses on two major strategies. Firstly, the production of fuels 

from renewable primary energy aims to substitute scarce oil 

and gas resources, reduce the dependence on imported fossil 

fuels, and mitigate CO2 emissions. This strategy will, in the long 

run, both enhance security of supply and create domestic 

employment. Secondly, energy services should be rendered 

with the highest possible effi ciency at minimum emissions. 

Rather than referring to “energy saving”, the (reasonable) 

societal demand for energy services is acknowledged, with the 

aim of meeting the demands with minimum energy input.

The research portfolio

Targeting fuels from renewables, the production of synthetic 

natural gas (SNG) is promoted in the Laboratory for Energy and 

Materials Cycles, while the Solar Technology Laboratory pursues 

the long-term goal of producing hydrogen from solar energy.

Among the conversion processes that render energy services, 

Combustion Research focuses on gas turbine technology for 

producing electricity with highest effi ciency at minimum NOx 

emissions, and on the reduction of pollutant (gaseous and 

particulate) emissions from internal combustion engines. 

Power production for transportation by fuel cells and electric 

energy storage (e.g. for hybrid vehicles) are at the centre of 

activities in the Electrochemistry Laboratory. The respective 

portfolios of the four mentioned laboratories are described 

in more detail in the sections below.

A further important cornerstone of General Energy is the 

Laboratory of Atmospheric Chemistry which studies the fate 

of man-made pollutants subsequent to emission. The Energy 

Economy Group assesses the consequences of energy-related 

policies, and elaborates scenarios for the future development 

of the global energy system. The latter two activities are dis-

cussed in the “Environment and Energy System Analysis 

Section” of this report.

Activities at the large research facilities

The Swiss Light Source (SLS) and the spallation neutron source, 

SINQ offer unique opportunities for in situ characterization of 

energy-related materials and devices, and are intensely used 

in a number of projects throughout the department. General 

Energy will take responsibility for the operation of three beam-

lines under construction at the SLS, i.e. the Infrared, Vacuum 

Ultraviolet, and SuperXAS beamlines. In addition, the depart-

ment operates its own large research facilities, including the 

Smog Chamber and the Solar Furnace. Our most recent addi-

tion is a high-fl ux Solar Simulator inaugurated in November 

2005, which delivers light concentrated to an intensity of up 

to 10,000 suns, with a total power of up to 50 kW.
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Competence Center for Energy and Mobility

The Competence Center for Energy and Mobility (CCEM-CH) 

will bring together research partners of the ETH Domain, the 

Universities of Applied Sciences, Swiss industry, and other 

national and international partners. As mentioned in the Edi-

torial, the plans for the Center were approved after intense 

deliberation, and the Center started operating on January 1, 

2006. Preliminary work includes the construction of a Technol-

ogy Center at the PSI site that will host cutting edge infra-

structure for fuel processing and testing of stationary combus-

tion devices, as well as heavy-duty internal combustion 

engines. This new installation adds to the existing facilities, 

including electrochemistry research, fuel cell, and materials 

testing.

PSI has been given the opportunity to act as the leading house 

for the Center, and the two energy departments will engage 

in large-scale collaborative projects. In the area of electricity, 

gas turbine technologies with highest effi ciency and the co-

fi ring of biogenic gases will be one of the focal points. For the 

mobility sector, General Energy will work with partners to 

realize the “zero impact” vision for internal combustion en-

gines, i.e. minimizing the emissions of particulates and gase-

ous pollutants (including those of CO2 as far as biogenic fuels 

can be employed). Another strategic goal is the lightweight 

hybrid vehicle with drastically lowered fuel consumption, in 

which an engine or a fuel cell as continuous power source, 

off-heat utilization, innovative electrochemical solutions for 

energy storage, modern power electronics, and control strat-

egies will be combined to realize a power train demonstrating 

the limits of achievable effi ciency.

 

Laboratory for Energy and Material Cycles

The Laboratory for Energy and Materials Cycles carries out 

R&D in the fi eld of new technologies for processing fuels to 

meet the specifi cations of modern energy conversion proc-

esses. Low carbon fuels such as hydrogen, methane or hydro-

gen-rich reformates show the highest promise for clean and 

effi cient conversion to stationary power or in transportation. 

In the mid-term, biomass is the most important renewable 

fuel resource. Clean and effi cient utilisation of biomass re-

quires new technologies to eliminate emissions and to raise 

effi ciency, for example by gasifying solid fuels to a gas which 

can be conditioned to meet end-use specifi cations. 

Processing of carbonaceous fuels relies on fundamental 

knowledge of thermo-chemical and catalytic reactions of hy-

drocarbons. Applied catalytic processes tend to be limited by 

catalyst deactivation and poisoning, which must be controlled 

to guarantee suffi cient catalyst lifetime. In 2005 we success-

fully applied XAS techniques for characterizing the nature of 

sulfur contaminants on spent catalysts from our mini-pilot 

plant for methanation of producer gas at the wood gasifi cation 

site in Güssing (A). As a new challenge we committed ourselves 

to realizing the new SuperXAS beamline at SLS, which will 

among others allow in situ investigations of applied catalytic 

processes. 

Catalyst life is also a central issue in the gasifi cation of wet 

biomass to methane in supercritical water. We have made 

progress in identifying a catalyst which is suffi ciently stable 

in the harsh environment of supercritical water. Under these 

reaction conditions, soluble nutrient salts precipitate and can 

be separated for recycling. Neutron imaging has been used 

for the fi rst time to visualize in situ salt precipitation in super-

critical water. 

The year 2005 was important in our endeavours to bring PSI’s 

“SNG from wood” process to industrial application. Together 

with our industrial partners we are ready for a massive scale-

Along the road to biogas: catalysts for the production of 

methane are being tested here.
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up of the technology. Based on the experience gained with 

our 10 kW unit, a 1 MW methanation plant will be built in 2006 

within the framework of a European cooperation.

High temperature fuel cells are an emerging technology with 

a high potential for direct and effi cient utilization of producer 

gas from biomass gasifi cation. Using our small-scale fi xed-bed 

wood gasifi er as a source we have been able to show that a 1 

kW SOFC stack can be operated with tar-laden gas.

 

Laboratory for Solar Technology

Energy-effi cient thermochemical production of solar fuels is 

the research focus of the Laboratory for Solar Technology, 

which encompasses fundamental thermochemical reaction 

studies and high-temperature solar reactor engineering. A 

major accomplishment in 2005 was the pioneering technol-

ogy demonstration of a large-scale solar chemical pilot plant, 

realized within the framework of the EU-project SOL ZINC. The 

key component was PSI’s 300-kW solar chemical reactor for 

the production of zinc by carbothermic reduction of ZnO, 

which, when operated in the 1300–1500 K range, yielded up 

to 50 kg/h of 95%-pure Zn with a solar-to-fuel energy conver-

sion effi ciency of 30%. Solar-made zinc fi nds application as a 

renewable fuel for Zn-air fuel cells and batteries, and can also 

be reacted with water to form high-purity hydrogen. The latter 

has been successfully demonstrated via a novel evaporation-

condensation process developed jointly by PSI and ETH Zurich 

that consisted of the formation of Zn nanoparticles followed 

by their in situ hydrolysis for H2 generation. Using an aerosol-

fl ow tubular reactor featuring Zn-evaporation, steam-quench-

ing, and Zn/H2O-reaction zones, up to 90% chemical conver-

sion was achieved in steady-state continuous operation. The 

high specifi c surface area of the Zn nanoparticles enhanced 

the reaction kinetics and heat/mass transfer, which in turn 

permitted operating at short residence times (~1s) and small 

reactor volumes. Further progress was accomplished towards 

the solar reactor design and Zn(g)/O2 separation technique 

for the thermal dissociation of ZnO at above 2000 K, as part 

of our long-term goal of effi ciently closing the 2-step water 

splitting thermochemical cycle. 

In parallel, the transition path to solar hydrogen is being 

pursued by the solar decarbonization of fossil fuels via crack-

ing, reforming, and gasifi cation reactions, in which fossil fuels 

are used exclusively as the chemical source for H2 production 

and concentrated solar radiation is used exclusively as the 

energy source of process heat. The products of these hybrid 

solar/fossil processes are cleaner fuels than their feedstock 

because their energy content has been upgraded by the solar 

input, resulting in signifi cant CO2 avoidance. Finally, the labo-

ratory’s highlight event was marked by the commissioning of 

the new high-fl ux solar simulator, which offers the world’s 

highest performance level of combined radiative power (over 

50 kW) and power fl ux (exceeding 10,000 suns), and can 

generate extremely high temperatures for effi ciently driving 

thermochemical processes. The solar furnace and the new 

high-fl ux solar simulator serve as state-of-the-art experimen-

tal platforms for investigating the production of solar fuels 

(e.g. hydrogen), the processing of energy-intensive material 

commodities (e.g. lime), and for testing advanced ceramic 

materials at temperatures up to 3000 K. 

Optical confi guration of 

the solar tower at the 

Weizmann Institute: fi eld of 

heliostats focusing sun rays 

onto a hyperbolic refl ector 

at the top of the tower, 

which redirects concentra-

ted solar radiation to the 

solar reactor located on the 

ground level.
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Combustion Research Laboratory

The project portfolio of the Combustion Research Laboratory 

is centred on combustion processes for systems which offer 

the highest effi ciencies and lowest emissions: gas turbine 

based processes and internal combustion engines. Besides 

application oriented research projects, the basics of relevant 

physical-chemical mechanisms for “near zero emission” fuel 

conversion systems are being studied:

Combustion fundamentals and technologies

with main focus on processes at pressures up to 30 bar

• Turbulent Lean Premixed Combustion

 [stability characteristics of CH4/H2 fuel mixtures]

• Catalytic Combustion

 [modelling and experimental validation of fuel lean/fuel rich 

(partial) catalytic oxidation systems]

Laser spectroscopy

• Combustion Diagnostics

 [laser induced fl uorescence on combustion species/radicals 

such as formaldehyde (HCHO)/OH]

• Elementary Reaction Analysis

 [molecular dynamics of low-temperature combustion spe-

cies (e.g. HCHO) and peroxyl radicals]

In order to complement laser spectroscopic experiments (also 

beyond combustion relevant species), a VUV beamline is be-

ing designed and set up at the SLS at PSI. First light is ex-

pected by the end of 2006.

Exhaust gas clean-up technologies

• Selective Catalytic Reduction (SCR)

 [De-NOx SCR with urea on vanadia-based catalysts and 

zeolites for automotive applications].

An essential strategic element of the activities of the Combus-

tion Research Laboratory at PSI continues to be the close 

cooperation with the Laboratory for Aerothermo-chemistry 

and Combustion Systems at ETH Zurich (Prof. K. Boulouchos). 

Current collaboration is focused on a combined contribution 

to the EU project “HERCULES” (High Effi ciency R&D on Com-

bustion with Ultra-Low Emissions for Ships) which investigates 

large diesel engines in marine applications. Strong collabora-

tion with other groups in the ETH domain is anticipated 

within the framework of the Competence Center for Energy 

and Mobility (CCEM-CH). The laboratory will be mainly active 

in the areas of electricity generation (large combined cycle 

plants as well as decentralized combined heat and power 

technologies) and low emission/high effi ciency internal com-

bustion engines (ship diesel, gas engines).

Electrochemistry Laboratory

The Electrochemistry Laboratory is dedicated to research in 

various areas of advanced electrochemical energy storage and 

conversion processes. In addition, the Electrochemistry Lab-

oratory provides expertise and innovative solutions in the 

fi elds of fuel cells, batteries, supercapacitors, electrolysis, 

electrocatalysis, electro-chemical material science, and mod-

ern methods of electrochemical interface analysis. With this 

particular research effort PSI’s Electrochemistry Laboratory, 

as the leading institution in this area in Switzerland, will 

contribute to the long-term development of zero emission 

converters and energy storage systems in the context of sus-

tainable development. 

According to the laboratory’s philosophy we carry out research 

and development at the materials, cell, and systems levels. 

This is the reason why many of our projects are materials 

development oriented, including surface, interface, and inter-

phase aspects. During the past year progress was again made 

in the understanding of functional materials in the above 

mentioned electrochemical devices and their tailoring to im-

prove performance and longevity whilst at the same time 

addressing cost considerations. 

The implementation of novel in situ diagnostic methods for 

electrochemical cells will be highlighted in this report. Fuel 

cells exchange mass and heat with their environment, hence, 

local conditions for current generation vary across the active 

area. This calls for sophisticated local in situ characterization 

techniques to understand area gradients in electrochemical 

performance, caused for example by catalyst utilization, 

membrane humidifi cation, mass and heat transport, etc. In 

particular, the combination of methods results in a syner-

getic understanding of the infl uence of the various materials 

and operational parameters. Hence progress has been made 

in the development of such methods, as neutron imaging of 

water in fuel cells, impedance spectroscopy and sub millime-

tre resolution DC measurements, among others. 

Batteries and supercapacitors as storage devices undergo 

changes to their active materials during fi rst forming proc-

esses and lifetime. Again, the development of advanced 

methods has progressed in addressing problems like electro-

lyte decomposition and its infl uence on the lifetime of the 

Li-battery, as well as of supercapacitors by differential elec-

trochemical mass spectroscopy. Further, fundamentals of 

intercalation processes, which are responsible for the function-

ing of the Li-battery and possibly detrimental to the longevity 

of supercapacitors, were studied by atomic force microscopy 

and dilatometry. Both methods yield important results in 

further advancing the technology of these storage devices for 

various applications.
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A 300 kW solar chemical plant for the 
carbothermic production of zinc

Christian Wieckert, Solar Technology Laboratory, PSI; Michael Epstein, Solar Research Unit, The Weizmann 

Institute of Science, Rehovot, Israel; Gabriel Olalde, PROMES-CNRS, Odeillo, France; Sven Santén, 

Scanarc Plasma Technologies AB, Hofors, Sweden; Aldo Steinfeld, Department of Mechanical and Process 

Engineering, ETH Zurich, and Solar Technology Laboratory, PSI

The EU research project SOLZINC accomplished a pioneer technology demonstration of a large-scale solar 

chemical plant. The key component is PSI’s 300-kW solar chemical reactor for the production of zinc by carbo-

thermic reduction of ZnO. Its testing at a large-scale solar concentrating facility in the 1300–1500 K range 

yielded up to 50 kg/h of 95%-purity Zn with energy conversion effi ciency (ratio of the reaction enthalpy change 

to the solar power input) of about 30%. The SOLZINC process provides an effi cient thermochemical route for the 

storage and transportation of solar energy.

Solar-made zinc fi nds application as a renewable fuel for Zn-

air batteries and fuel cells, and can also be reacted with water 

to form high-purity hydrogen. In either case, the chemical 

product from these power generation processes is ZnO, which 

in turn is solar-reduced to Zn (Figure 1). The carbothermic 

reduction of ZnO, represented by ZnO+C→Zn(g)+CO, proceeds 

endothermically (ΔH°1500K = 350 kJ/mol) at above 1200 K. The 

use of concentrated solar energy as the source of high-tem-

perature process heat offers a CO2 emission reduction by a 

factor of 5 vis-à-vis the conventional fossil-fuel-driven elec-

trolytic or imperial smelting processes. Obviously, if biomass 

is used as a reducing agent, it becomes a zero-net CO2 process. 

The cyclic process from solar energy to electricity via solar-

processed Zn/air fuel cells is being investigated within the 

EU’s R&D project SOLZINC [1]. We describe the engineering 

design and present recent experimental results of the 300-kW 

solar chemical pilot plant installed at the solar tower concen-

trating facility of the Weizmann Institute (WIS), in Israel (see 

photo on page 10).

The pilot solar reactor technology

The design, modelling, fabrication, and experimental investi-

gation of a 5-kW solar chemical reactor prototype for perform-

ing the carbothermic reduction of ZnO has been described 

previously [2, 3]. The 300-kW pilot solar reactor, shown sche-

matically in Figure 2, features two cavities in series, with the 

upper one functioning as the solar absorber, and the lower 

one as the reaction chamber. With this arrangement, the upper 

cavity protects the window against particles and condensable 

gases, and further serves as a thermal shock absorber. The 

upper cavity contains the 48-cm diameter aperture with a 

12-mm thick quartz window mounted on a water-cooled Cu 

ring, the 0.8-cm thick SiC partition plates, and inlet/outlet 

ports for the inert carrier gas for window fl ushing. The lower, 

140-cm diameter and 0.8-m high cylindrical cavity contains 

the packed bed of ZnO-C mixture. The maximal initial height 

of the batch is 0.5 m, corresponding to about 500 kg for a full 

day’s operation, so that cooling and recharging of a new batch 

can be accomplished overnight.

The main components of the SOLZINC pilot plant are depicted 

in Figure 3. The SiC off-gas pipe is electrically heated to prevent 

ZnO + C 
->

Zn + CO

Reactants

Offgas
(CO)

C
(Coke, Coal,
Biomass,..) Electric Power

Zinc-air fuel cell
Zn + ½ O2 -> ZnO

Solar Zn Reactor
1200ºC

„Beam Down“ Optics

ZnO-Recycling

Zn

Hydrogen

Hydrolyser
Zn + H2O -> ZnO + H2

Figure 1: Closed zinc cycle: producing zinc with solar energy 

forms a zinc oxide-zinc cycle and allows generation of electricity 

or hydrogen on demand.
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Zn condensation, and extends into the quenching section, 

where the gas is mixed with recycled off-gas. More than 150 

sensors for temperatures, pressures, fl ow rates, radiative 

power, gas analysis etc. monitor and control the process.

Experimental results

A 116 kg batch of industrial ZnO powder (Grillo 2011) and in-

dustrial beech charcoal powder (Chemviron) with a typical 

molar stoichiometry α=C/ZnO of 0.9 was distributed uni-

formly in the lower cavity, resulting in a 12-13-cm thick packed 

bed. Typically, the solar reactor was heated at a rate of about 

10 K/min by successively introducing heliostats until the de-

sired temperature level was reached. The table lists the major 

operational conditions of selected pilot experimental runs.

Figure 4 shows the time variation of the reactor temperatures 

during experiment C. Highest temperature of 1535 K is ob-

tained on the partition wall (TRP2), while the temperature in 

the upper part of the reaction chamber is about 50–100 K 

lower, as predicted by radiation heat transfer modelling [3, 4]. 

The temperature at the SiC fl oor (TLP9) of the reactor indicates 

a high temperature gradient through the packed bed, which 

is typical of ablation processes where heat transfer through 

the bed becomes the rate controlling mechanism. Figure 4 

also includes the Zn production rate – with peak at 0.7 kmol/h 

– determined from the oxygen balance: ṅZn = ṅCO + 2ṅCO2, 

where ṅi is the molar fl ow rate of species i, measured by GC. 

X-ray-diffraction analysis of samples collected in the cyclone 

and the bag fi lter indicated a Zn purity of 95%.

The thermal effi ciency of the solar reactor, defi ned as the ratio 

of the reaction enthalpy change to the solar power input into 

the reactor, amounts to about 30%. Losses are mainly due to 

re-radiation through the aperture and heat conduction through 

the walls. Higher effi ciencies are expected for larger indus-

trial plants because of the improved reaction surface area to 

wall area ratio. The conceptual design and economic analysis 

of a 5 MW chemical plant is in progress.
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Figure 2: Schematic of the 300 kW solar 

chemical reactor: solar absorber (upper cavity) 

and reaction chamber containing a ZnO-C 

packed bed (lower cavity) [1].

Figure 3: Flow diagram of SOLZINC solar 

chemical pilot plant: solar concentrating 

system, solar reactor, off-gas system, and 

diagnostic instrumentation.

Figure 4: Temperatures and production rate 

during a typical test (experiment C in table). 

TRP2: partition plates; TLP1: reaction 

chamber; TLP8: SiC lateral wall; TLP9: SiC 

bottom plate. 

Experiment A B C D E

Stoichiometry α= C/ZnO 0.9 0.9 0.9 1 0.8

N2 fl ow rate in upper chamber [Nm3/h] 6 6 6 6 6

N2 fl ow rate in lower chamber [Nm3/h] 3 3 3–9 3–9 3–9

Outer recycled gas fl ow rate [Nm3/h] 0–6 16 0–10 0–10 0–10

Inner recycled gas fl ow rate [Nm3/h] 500 500 350 350 350

At maximum power input (plateau):

Tlower cavity = TLP1 [K] 1440 1390 1450 1460 1470

Zn molar fl ow rate (maximal) [kmol/h] 0.64 0.44 0.67 0.7 0.61

Batch height after test [cm] 4 <1 <1 <1 <1
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Solar hydrogen production: in situ formation and 
hydrolysis of Zn nanoparticles

Aldo Steinfeld, Inst. of Energy Technology, Dept. Mechanical and Process Engineering, ETH Zurich, and Solar 

Technology Laboratory, PSI; Frank Ernst, Sotiris Pratsinis, Inst. Process Engineering, Dept. Mechanical 

and Process Engineering, ETH Zurich; Tom Melchior, Inst. of Energy Technology, Dept. Mechanical and Process 

Engineering, ETH Zurich

The production of solar hydrogen via the Zn/ZnO water-splitting thermochemical cycle consists of a 1st-step 

solar endothermic dissociation of ZnO and a 2nd-step non-solar exothermic hydrolysis of Zn. We report on a 

novel combined process for the effi cient execution of the second step that encompasses the formation of Zn 

nanoparticles followed by their in-situ hydrolysis for H2 generation. This combined process is experimentally 

demonstrated using a tubular aerosol fl ow reactor featuring Zn-evaporation, steam-quenching, and Zn/H2O-

reaction zones. The reactor was operated continuously at 1 bar and 623–1023 K, yielding up to 90% chemical 

conversion and producing nanoparticles with Zn and ZnO mean crystallite sizes of 100 and 40 nm, respectively, 

containing up to 88 wt% ZnO.

Formation of H2 by hydrolysis of metals is the exothermic 2nd-

step of the so-called two-step water-splitting thermochemical 

cycle, the 1st-step being the endothermic reduction of metal 

oxides to metals using concentrated solar energy [1]. In par-

ticular, the ZnO/Zn redox system is most attractive for its 

potential in achieving high energy conversion effi ciencies [2]. 

This note focuses on the hydrolysis of Zn, which is thermody-

namically favourable below about 1400 K, where the Zn phase 

can either be solid, liquid, or gaseous. There are, however, 

some kinetic constraints due to formation of a ZnO(s) layer 

that inhibits the reaction rate. The use of Zn-nanoparticles for 

the hydrolysis reaction offers some intriguing advantages. 

Firstly, under proper conditions, Zn nanoparticles undergo 

complete or nearly complete oxidation to ZnO because of the 

large surface to volume ratio. Secondly, their inherent high 

specifi c surface area augments the reaction kinetics, heat 

transfer, and mass transfer. Finally, their entrainment in a gas 

fl ow allows for simple, continuous, and controllable feeding 

of reactants and removal of products. Such Zn nanoparticles 

can be produced by evaporation-condensation processes in 

which a Zn(g)-laden gas fl ow is rapidly quenched to reach 

over-saturation and thus condensation, either by expansion 

or by dilution.

Hydrolysis reactor concept

The reactor concept, shown in Figure 1, features three tem-

perature-controlled zones: 1) a mixing zone where separate 

streams of Zn vapor and steam are brought together and ef-

fi ciently mixed; 2) a nanoparticle formation zone, where Zn 

vapor is steam-cooled below its saturation temperature to 

form nanodroplets and/or nanoparticles, and 3) a hydrolysis 

reaction zone, where Zn nanodroplets/nanoparticles react 

with steam to generate H2 and ZnO(s) [3]. The quenching and 

chemical reaction regions contain optional inlets for steam. 

Overlapping of any of these three regions as well as different 

geometrical confi gurations are possible. Such an arrangement 

allows the continuous feeding of the reactants at controlled 

stoichiometry, and the continuous removal of products. The 

high specifi c surface area of the nanoparticles further en-

hances the reaction kinetics and heat/mass transfer, which in 

turn permits operating at short residence times and, conse-

Figure 1: Schematic of the aerosol reactor concept featuring 

three temperature-controlled zones for mixing, nanoparticle 

formation, and hydrolysis reaction.
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quently, small reactor volumes. The energy required for gen-

erating Zn(g) and steam at the reaction temperature could be 

partially delivered by the heat of the reaction in an autother-

mal reactor.

 A prototype laboratory-scale aerosol fl ow reactor was fabri-

cated and its scheme is shown in Figure 2 [4]. It features a 

vertical hot-wall 5.5 cm-diameter 170 cm-length tubular quartz 

reactor, consisting of three zones for metal evaporation, cool-

ing, and hydrolysis. The electrically-heated evaporation zone 

contains an Al2O3 crucible, initially loaded with Zn, which is 

supported by a rod resting on a balance, allowing for on-line 

monitoring of zinc evaporation rate. An Ar stream carries Zn(g) 

from the evaporation zone through the cooling zone into the 

reaction zone where it is T-mixed with a steam fl ow. Product 

particles are collected downstream on a glass fi bre fi lter while 

excess steam was condensed downstream. Gas composition 

is analyzed by GC while solid products are characterized by 

XRD, TEM, and BET.

Experimental results

The molar rates for Zn evaporation and the corresponding H2 

production are shown in Figure 3 as a function of process time 

for a representative run at 923 K [4]. The process time begins 

as soon as Zn evaporation is detected by the loss of Zn weight 

from the evaporation zone; the synchrony between the two 

rates confi rms H2 formation by Zn hydrolysis. The reactor was 

operated continuously at 1 bar, yielding up to 90% chemical 

conversion and producing nanoparticles with Zn and ZnO 

XRD-based crystallite mean sizes of 100 and 40 nm, respec-

tively, containing up to 88 wt% ZnO. An optimal temperature 

for the combined nanoparticle formation and in-situ hydroly-

sis for H2 production appears to be just below the Zn(g) satu-

ration temperature.
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Figure 2: Experimental setup for the co-production of H2 and 

Zn/ZnO particles by in-situ formation and hydrolysis of Zn 

aerosol, featuring distinct evaporation, cooling, and reaction 

zones. Figure 3: Molar rates of Zn evaporation and H2 production at 

973 K, yielding up to 90% chemical conversion. 
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Solar chemistry research at PSI and ETH Zurich takes a leap 

into the future with the commissioning of the High-Flux Solar 

Simulator (HFSS), shown in Figure 1. This unique solar con-

centrating research facility can simulate the radiation inten-

sity of more than 10,000 suns (1 sun = 1kW/m2) and generate 

extremely high temperatures for effi ciently driving thermo-

chemical processes. It provides an external source of intense 

thermal radiation that closely approximates the heat transfer 

characteristics of highly concentrating solar systems, such as 

solar towers and solar furnaces; yet it enables experimental 

work under controlled steady and unsteady conditions for 

reproducible measurements and model validation, regardless 

of weather conditions. 

PSI’s solar furnace and the new high-fl ux solar simulator offer 

state-of-the-art experimental platforms for developing the 

solar chemical reactor technology for the production of solar 

fuels (e.g. hydrogen), for the processing of energy-intensive 

material commodities (e.g. lime), and for testing advanced 

ceramic materials at temperatures up to 3000 K.

Optical design

The new High-Flux Solar Simulator comprises an array of ten 

15 kWe high-pressure Xenon arcs, each closed-coupled with 

truncated ellipsoidal specular refl ectors of common focus, as 

depicted in Figure 2. The Monte Carlo ray tracing technique 

was applied to optimize the geometrical design of the ellip-

soidal specular refl ectors for highest point intensity with 

minimum spherical aberration (Figure 3), and for maximum 

radiation transfer effi ciency, i.e. the portion of radiation 

originating at the arcs that is refl ected in the elliptical mirrors 

and intercepted by a circular target cantered at the common 

focal point [1].

The parameters varied included the truncation diameter, focal 

length, eccentricity, arc diameter, and angular error of specu-

lar refl ection. The optimum design uses a truncated ellipsoid 

of revolution of 3 m focal length, 0.95 m truncation diameter, 

and 0.89 eccentricity. The truncation diameter is limited by 

practical manufacturing considerations, while the focal dis-

tance is determined by imposing optical clearance for an array 

Anton Meier, Max Brack, Patrick Coray, Peter Häberling, Daniel Wuillemin, Solar Technology Laboratory, PSI;

Jörg Petrasch, Department of Mechanical and Process Engineering, ETH Zurich; Aldo Steinfeld, Department of 

Mechanical and Process Engineering, ETH Zurich, and Solar Technology Laboratory, PSI

A novel high-fl ux solar simulator, capable of delivering over 50 kW at peak radiative power fl uxes exceeding 

10,000 suns, is operational at PSI. It comprises an array of 10 Xenon arcs, each closed-coupled with ellipsoidal 

specular refl ectors of common focus. Its optical design characteristics, main engineering features, and operat-

ing performance are described. This solar concentrating facility will serve as an experimental platform for in-

vestigating the thermochemical processing of solar fuels and for testing advanced ceramic materials at tem-

peratures up to 3000 K.

High-fl ux solar simulator for high-temperature 
thermochemical research

Figure 1: PSI’s new High-Flux Solar Simulator, capable 

of delivering over 50 kW at peak radiative power fl uxes 

exceeding 10,000 suns.
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of 10 ellipsoidal refl ectors delivering radiation confi ned to a 

90° rim angle. It is found that the arc’s characteristic dimen-

sion, determined by the electrode gap distance, considerably 

affects the transfer effi ciency: its variation by 10% results in 

an effi ciency change of 7%. The protected aluminium coating 

provides a specular surface with a hemispherical total refl ec-

tivity of 0.9. Imperfections in the mirror surface of up to 5 mrad 

can be tolerated and lead to satisfactory results. The Xe-arc 

spectrum approaches the solar one in the visible range, with 

the exception of a peak around 480 nm. In the infrared, the 

discrepancies are more pronounced. Advanced optical fi lters 

may be applied to the quartz envelope for adjusting the arc’s 

spectral distribution to closely match the solar spectrum.

Operating performance

Each Xe-arc can be switched on and off individually, allowing 

for adjustment of the radiative power input into the chemical 

reactor. The radiation fl ux distribution in the focal plane is 

measured optically by recording the image on a Lambertian 

Al2O3 plasma-coated water-cooled target, acquired by a fast 

CCD camera equipped with optical fi lters. A typical 3-dimen-

sional radiative fl ux map measured at the focal plane is shown 

in Figure 4. The total radiative power is 50 kW and the peak 

radiative fl ux is 11,000 suns. Figure 5 shows the radiative 

power and the mean power fl ux intercepted by a circular 

target placed at the focal plane as a function of its diameter, 

calculated by numerical integration of the measured power 

fl uxes of Figure 4. For example, the total radiative power in-

tercepted by a 6-cm diameter circular target – representing 

the reactor’s aperture – is 20 kW, and the average radiative 

power fl ux over this aperture is more than 7000 suns. Such 

high radiation fl uxes correspond to stagnation blackbody 

temperatures exceeding 3300 K. Further coupling with a 

tandem 3D-CPC may augment the power fl ux concentration 

by approximately 90%. Thus, PSI’s HFSS features the world’s 

highest performance level of combined radiative power and 

power fl ux.
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Figure 5: Radiative power and mean power fl ux intercepted by a 

circular target at the focal plane as a function of its diameter.

Figure 2: Optical layout of an array of ten 

Xe-arcs with truncated ellipsoidal refl ectors 

of common focus.

Figure 3: Truncated ellipsoidal refl ector 

(dt: truncation diameter, 2c: focal distance, 

f1: target; f2: radiation source), optimized 

for maximum radiation transfer effi ciency.

Figure 4: Radiative fl ux map measured 

optically on a Lambertian target. The total 

radiative power is 50 kW; the peak radiative 

fl ux exceeds 10 MW/m2.
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Advanced in situ diagnostic methods for 
polymer electrolyte fuel cells

Ingo A. Schneider, Denis Kramer, Holger Kuhn, Stefan A. Freunberger, Alexander Wokaun, Felix N. Büchi, 

Günther G. Scherer, Electrochemistry Laboratory, Research Department General Energy, PSI; Eberhard Lehmann, 

Gabriel Frei, Condensed Matter Research with Neutrons and Myons, ASQ Division, PSI

Polymer electrolyte fuel cells (PEFCs) are electrochemical power sources with high effi ciency. However, the 

performance as well as the longevity of technical PEFCs have to be increased if this technology is to be more 

competitive to conventional power conversion technologies. Advanced in situ diagnostic methods to identify the 

rate limiting and degradation processes in PEFCs of technical scale are urgently needed for the further advance-

ment of this technology. PSI has developed unique in situ diagnostic tools to meet this challenge.

The performance of polymer electrolyte fuel cells is limited by 

ohmic, kinetic, and mass transport losses. Proper water man-

agement is one of the most critical factors to ensure high per-

formance. Water formation is benefi cial for keeping the proton 

conductivity of the ionomeric components of the membrane 

and the catalyst layer high, and thereby ohmic and kinetic 

losses low. However, liquid water might impede the transport 

of the reactant gases to the active sites of the electrodes. 

Proper operation of cells of technical scale is complex, since 

the active electrode area can exceed values of several hun-

dreds of square centimetres. In plane differences in the local 

operating conditions and locally limiting processes are high-

ly likely to occur and result in nonuniform performance over 

the active area. 

Advanced spatially resolved methods are needed to identify 

limiting processes at the anode and cathode on a local scale: 

They are a prerequisite to improving the overall cell perform-

ance. To meet this challenge PSI has developed a unique 

portfolio of in situ methods. 

Locally resolved EIS with simultaneous neutron 
imaging of liquid water

Electrochemical impedance spectroscopy (EIS) is an in situ 

technique which discerns the limiting processes which occur 

on different time scales in an operating PEFC. However, due 

to inhomogeneities in local operating conditions, EIS per-

formed on entire PEFCs is of limited value and can be mislead-

ing [1,2]. Therefore, we have developed a new more meaning-

ful method to apply EIS to operating PEFCs of technical scale 

in a fast locally resolved approach (LEIS). This advanced spa-

Figure 1: Spatially resolved characterization of a linear 200cm2 

PEFC (i) using simultaneously neutron radiography and locally 

resolved EIS: local ii) current density, iii) ohmic resistance and 

water content, iv) impedance spectra (anode vs. cathode).
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tially resolved in situ method provides unique information 

about the local cell performance and the respective locally 

limiting processes.

Neutron radiography

Another in situ method developed at PSI is neutron radiogra-

phy (NR) in PEFCs. The operating fuel cell is placed into a 

collimated neutron beam. The beam becomes attenuated (e.g. 

by liquid water) while passing through the cell perpendicular 

to the fl ow-fi eld area. With our approach we are able to extract 

quantitative values for the liquid water content in the porous 

gas diffusion media from the relative transmission and to map 

quantitatively the liquid water distribution in PEFCs [3].

We have recently performed LEIS and NR measurements in 

PEFCs simultaneously. For the fi rst time the impact of liquid 

water on cell performance and the respective limiting proc-

esses could be monitored in situ in an operating PEFC on a 

local scale [4].

Results of combined in situ LEIS/NR measurements in a lin-

ear 10-fold segmented PEFC with an active area of 200 cm2 

are shown in Figure 1. As hydrogen and air pass through the 

cell in co-fl ow mode, due to the electrochemical reactions, 

oxygen is depleted and water is formed. In the gas inlet region 

(segment 1-4) no liquid water is present. The cell performance 

is controlled by the hydration of the membrane and the cata-

lyst layer by product water, as refl ected in the strongly decreas-

ing ohmic and charge transfer resistance (diameter of higher 

frequency arc in spectra). This benefi t compensates the det-

rimental effect of oxygen depletion by far, and therefore the 

current density strongly increases. However, as liquid water 

is formed towards the gas outlets and the membrane becomes 

fully hydrated in segments 7-10, oxygen depletion dominates 

cell performance and the current density decreases. The in-

creasing gas phase mass transport resistance, which is ag-

gravated by the increasing amount of liquid water in the porous 

diffusion media towards the gas outlets, might be refl ected 

in the strongly increasing diameter of the lower frequency arc 

in the respective local impedance spectra.

Half cell EIS measurements in PEFCs

Usually EIS measurements in PEFCs are carried out between 

anode and cathode. This is reasonable, if the impedance 

spectrum is dominated by the cathode impedance and anode 

contributions can be neglected. However, under certain con-

ditions (e.g. high current densities, thicker membranes) the 

anode impedance can signifi cantly contribute to the overall 

cell impedance. 

To get more insight, we have performed half-cell EIS measure-

ments in PEFCs (Figure 2). A micrometer sized pseudo refer-

ence electrode was placed between two membranes of a 

membrane electrode assembly. Half-cell EIS measurements 

were performed in a 1-dimensional cell operated on pure hy-

drogen and oxygen. For the fi rst time, individual anode and 

cathode spectra could be obtained. The method allows de-

tailed investigations of single electrode reactions in PEFCs. 

The impedance response of anode and cathode could be 

modelled, based on kinetic schemes for the hydrogen oxida-

tion reaction [5] and the oxygen reduction reaction. The reac-

tion mechanisms can deliver deeper insights and a better 

understanding of the processes at the individual electrodes 

within a PEFC. 

An important step towards a deeper understanding of fuel cell 

operation on a local scale will be the incorporation of reference 

electrodes into technical PEFCs – a challenge we will tackle in 

the near future. 
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Figure 2: Half cell EIS measurements in PEFCs: i) pseudo reference 

electrode, ii) 1-dimensional PEFC, iii) cathode spectrum, iv) 

anode spectrum. 
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In situ analytical tools for the investigation of
lithium-ion batteries and supercapacitors

Olivier Barbieri, Annette Foelske, Matthias Hahn, Laurence J. Hardwick, Michael Holzapfel, Rüdiger Kötz, 

Petr Novák, Jean-Claude Sauter, Werner Scheifele, Joachim Ufheil, Jens Vetter, Electrochemistry Laboratory, PSI

Today’s and future societies depend on electrical energy independent of the primary energy source. Storage and 

conversion of electrical energy is therefore a major issue especially in relation to mobility and communication. 

Effi cient energy conversion and storage utilizing electrochemical devices is a high-priority research topic in the 

Electrochemistry Laboratory of PSI. For example, utilizing modern analytical in situ tools, it was possible to 

follow CO2 evolution by oxidative electrolyte decomposition on cathodes for lithium-ion batteries and superca-

pacitors and to monitor dimensional changes and fi lm formation on the respective electrodes.

An important aspect in the effi cient use of electricity relates 

to the storage of electric energy in electrochemical storage 

devices such as batteries and supercapacitors. Optimization 

of batteries and supercapacitors in terms of effi ciency and life 

time eventually represents an important contribution to a 

more sustainable energy system. In order to optimize these 

devices a fundamental understanding of the charge storage 

processes is mandatory.

During recent years numerous in situ analytical tools were 

developed in the Electrochemistry Laboratory and success-

fully applied to battery and supercapacitor electrode investi-

gations, thus creating new insights into the basic electro-

chemical processes. The scientifi c challenge here is the 

understanding of how the structure and composition of ma-

terials are correlated with their electrochemical properties, in 

particular with their specifi c charge, cycling stability, rate 

capability, and mechanisms of side reactions.

Differential electrochemical mass spectrometry

With the differential electrochemical mass spectrometry (DEMS) 

technique it is possible to detect the various volatile reaction 

products that are evolved during side reactions on the elec-

trode/electrolyte interfaces. Hence, intensity changes in mass 

signals can be detected as a function of time and/or potential 

and, thus, can be correlated with electrochemical processes. 

The amounts of major volatile reaction products (typically 

hydrogen, ethylene, and/or propylene) are rather high. How-

ever, for answering the question if additional trace gases such 

as CO2 are developed during the cycling of lithium-ion batter-

ies and supercapacitors, the previously used DEMS measure-

ment cell had to be considerably improved. The gaseous reac-

tion products are now pumped off continuously from the top 

of an electrochemical cell via a capillary into a quadrupole 

mass spectrometer where they are analyzed on line [1].

With this electrochemical cell it is now possible to identify 

much smaller quantities of gas. Within the recently fi nished 

European collaborative research project CAMELiA the forma-

tion of CO2 by oxidative electrolyte decomposition was inves-

tigated in detail. The onset voltage of gas evolution and the 

quantity of the gases were shown to depend strongly on the 

type of oxide material, electrolyte mixture, temperature, and 

electrolyte additives. A very low CO2 signal, close to the detec-

tion limit, was measured on an optimized electroactive oxide 

(Figure 1) which is therefore the preferred material for lithium-

ion batteries.

DEMS analysis of activated carbons for supercapacitors re-

vealed electrolyte decomposition at potentials close to the 

Figure 1: Voltage and CO2 DEMS traces for Li[Ni,Co,Mn]O2 

cathode at 60°C (EC/PC/DMC, LiPF6 electrolyte).
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upper limit of the nominal voltage. For a propylene carbonate 

based electrolyte the formation of CO2 and propene was de-

tected [2].

Dimensional changes

Charge induced dimensional changes of electrodes are ob-

served in both lithium-ion batteries and supercapacitors.

In both systems the dimensional changes are interpreted in 

terms of ion insertion into graphitic domains and/or into the 

electroactive oxide, respectively, contained in the electrodes. 

Such periodic insertion and extraction reactions may eventu-

ally result in active material / electrode degradation. For 

fundamental investigations of such reactions a dilatometer 

was developed (Figure 2), which allows in situ monitoring of 

height changes of real electrode materials during cycling with 

a precision of < 100 nm [3].

As an example the dimensional changes of a graphite electrode 

are shown in Figure 3. Much smaller effects were found for 

activated carbon electrodes used in supercapacitors [3].

Atomic force microscopy

For Li-ion batteries, graphitic carbon appears to be the most 

adequate electroactive material for the negative electrode. 

However, there are still some surface effects on graphite 

electrodes not fully understood. During the fi rst charging 

cycle a passivation fi lm is formed by decomposition of the 

electrolyte, which covers the graphite surface. This so-called 

solid electrolyte interphase (SEI) is essential for the good 

performance of the graphite electrode. We could visualize the 

SEI using atomic force microscopy (AFM) as an in situ local 

probe technique [4]. Moreover, in propylene carbonate con-

taining electrolytes we observed for the fi rst time that cracks 

are formed in the surface-near graphene sheets covered by 

the SEI (Figure 4), most probably showing the beginning of 

graphite exfoliation.

For lithium-free supercapacitor electrolytes in situ AFM could 

be used to prove the insertion of large cations (TEA+) into 

pyrolytic graphite. Such ion intercalation and de-intercalation 

may be utilized to increase the capacitor’s energy density. In 

addition, similar to lithium ion batteries, formation of a SEI-

like fi lm was observed on the negative supercapacitor elec-

trode.
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Figure 2: Dilatometer used to measure dimensional changes of 

real electrode materials in situ [3].

Figure 4: Contact 

mode AFM image 

(10 x 10 µm) of a 

graphite surface 

(HOPG) after 71 min. 

at 0.005 V vs. 

Li/Li+ in EC/PC, LiClO4 

electrolyte.

Figure 3: Dilatation and potential record of a Li-ion battery 

graphite electrode (MCMB 25) during constant current cycling; 

initial height 120 µm.
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From waste to clean energy: hydrothermal 
gasifi cation produces synthetic natural gas

Frédéric Vogel, Jörg Wochele, Maurice H. Waldner, Christian Ludwig, Laboratory for Energy and Materials 

Cycles, PSI

Hydrothermal gasifi cation is a novel thermo-chemical process operating at 30 MPa and 400-450°C. Laboratory 

tests have shown that with a suitable catalyst, milled wood (sawdust) can be completely gasifi ed to a gas con-

taining up to 49 vol % of methane. An industrial process was designed and simulated to obtain mass and en-

ergy balances. For sewage sludge and manure, overall thermal process effi ciencies of 65-70% for the production 

of pipeline-grade synthetic natural gas (SNG) were calculated. Based on these results a continuous small-scale 

plant is under construction to test a variety of waste biomass slurries.

Synthetic natural gas (SNG) is a viable option as a renewable 

energy carrier when produced from biomass. It can also allow 

countries to be less dependent on imported fossil fuels. Con-

ventional gasifi cation of the biomass to syngas and the sub-

sequent methanation of the syngas to SNG suffers from poor 

effi ciency when using wet biomass as feed, because these 

processes can only accommodate relatively dry biomass. As 

an alternative, hydrothermal gasifi cation has emerged over 

the last two decades.

“Hydrothermal” means an aqueous system at elevated pres-

sures and temperatures, especially near the critical point of 

water (374°C, 22.1 MPa) or above. Near-critical and super-

critical water provide an interesting environment for chemical 

reactions. In particular, hydrolytic reactions and reforming 

reactions involving water both as reactant and as solvent look 

promising for converting biomass into liquid and gaseous 

fuels. There is no need to dry the biomass. Furthermore, 

pumping slurries at high pressure does not require much 

energy. Depending on the process conditions and the catalyst 

used, the process can be tuned to produce a methane-rich or 

a hydrogen-rich product gas. Solids settle and are separated 

out easily. Contaminants typical of incineration exhaust gases 

such as HCl, SOx, NOx remain in the liquid phase as innocuous 

salts, i.e. chlorides, sulfates and nitrates. Many of these salts 

can be used as fertilizers or for other purposes.

Figure 1: Biomass and its liquid gasifi cation product.

Figure 2: Input and 

output composition and 

thermal energy balance 

referring to dry input of 

the hydrothermal 

manure gasifi cation 

process.
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In order to assess the technical, environmental and eco-

nomic potential of this technology, an industrial process using 

manure, corresponding to 2 MW thermal input, was designed 

and simulated to obtain mass and energy balances. As a fi rst 

step, the manure has to be mechanically concentrated from 

6.7% to 20% dry matter. Then the feed is pumped and pres-

surized to 30 MPa and heated up to 400–450 °C. In the salt 

separator the salts and minerals precipitate and can be sepa-

rated as brine. The organic part of the manure, (see Figure 2, 

left) enters the gasifi er, where using an appropriate catalyst 

the gasifi cation and methanation take place. A methane rich 

supercritical water fl uid of 30 MPa and 400 °C leaves the reac-

tor. It has now to be cooled, separated and cleaned. Cooling 

down the fl uid by exchanging heat with the input manure feed 

recuperates 83% of the heat.

After cooling to about 130°C, the fl uid is separated and cleaned 

by scrubbing with water which yields the product gas and a 

clear effl uent. The product gas is a synthetic natural gas (SNG) 

with a calculated pipeline-grade of 95.2 % CH4, 4.7 % H2 and 

0.1 % CO, C2H6 and H2O. The clear effl uent is water with 

traces of salts and organic acids, which can be discharged 

into the sewer. The fl ue gas, mainly CO2 and water vapour, 

originates from heating the feed to about 400 °C, which is 

done by burning a part of the produced SNG. The brine is rich 

in phosphate and potassium and is an excellent fertilizer. The 

overall thermal effi ciency of the simulated process is 70 % 

(Figure 2, energy balance).

The innovation in the process is twofold: the separation of the 

salts prior to gasifi cation to use them as fertilizer, and a stable 

catalyst that drives the reaction at an acceptable rate selec-

tively towards SNG. These are the two main areas which re-

search at PSI focuses on.

The ideal catalyst has three qualities: high activity, high stabil-

ity and high selectivity. It must not only be active enough to 

ensure high throughputs and a compact reactor design, it 

also has to be stable over a long time as replacement is 

costly, especially if the plant has to be shut down. Thirdly, the 

biomass should be selectively gasifi ed towards SNG, with as 

few side-products as possible. Figure 3 shows the qualities 

of a selection of catalysts tested (and some developed) at PSI. 

More detailed information is available in [1-3].

 As can be seen, Ni-A shows the highest activity but with very 

little stability. A stabilized nickel catalyst, Ni-B, has equal 

activity but trades stability versus selectivity.

XRD measurements of the Ni-B catalyst before and after 100 

h of gasifi cation can be seen in Figure 4. It deactivated due to 

chemical sintering. Most promising are Ru-(Ruthenium) based 

catalysts, despite their somewhat lower activity.

 

Conclusions

• Synthetic natural gas can be produced from wet biomass 

with a production effi ciency of 65–70%. 

• Research at PSI has identifi ed promising catalysts, which 

represents a major step forward towards a commercial 

process.
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Post-test analysis of a deactivated 
methanation catalyst

Tilman J. Schildhauer, Rudolf P.W.J. Struis, Serge Biollaz, Laboratory for Energy and Materials Cycles, PSI

During the methanation of product gas from an industrial biomass gasifi er, the catalyst used in methanation 

becomes deactivated. Subsequent post-test analysis of the deactivated catalyst by X-ray Photoelectron Spec-

troscopy (XPS) showed deposition of carbon and sulphur on the surface. As an important step towards under-

standing the mechanism of the deactivation, XANES-measurements (X-ray Absorption Near Edge Structure) at 

the Swiss Light Source (SLS) and analysis of catalyst samples by Temperature Programmed Oxidation (TPO) 

allowed the determination of the type of carbon and sulphur deposited on the catalyst. 

The Laboratory for Energy and Materials Cycles has been in-

vestigating the production of synthetic natural gas (SNG) from 

wood for a number of years. Whereas the fi rst step in this 

process, the gasifi cation of wood, has been realised on an 

industrial scale, the research at PSI is focused on the conver-

sion of the product gas from the gasifi er to a methane-rich 

mixture in a fl uidised bed reactor fi lled with particles of nickel 

catalyst. For this purpose, a fully automated methanation set-

up in 10 kW scale was constructed at PSI and then connected 

to an industrial biomass gasifi er in Güssing/Austria [1]. The 

product gas from the gasifi er contains – besides hydrogen, CO, 

CO2, steam and methane – species that may cause deactivation 

of nickel catalysts such as ethylene, tars, hydrogen sulphide 

and organic sulphur species (e.g. mercaptans, thiophenes). 

Therefore, it was no surprise that XPS-analysis showed carbon 

and sulphur accumulation on deactivated catalyst samples.

For the investigation of the deactivation mechanism, detailed 

analyses of the catalyst samples were carried out.

Figure 1: TPO of Ni/γ-Al2O3 catalyst deactivated during methanation experiments with product gas from the industrial biomass 

gasifi er in Güssing/Austria.
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Temperature programmed oxidation 

With this method, a catalyst sample is heated under a fl ow of 

an oxygen/argon mixture while a microbalance records the 

change in mass of the catalyst sample. The gas fl ow leaving 

the sample chamber is analysed by an infrared spectrometer. 

Figure 1 shows a typical result of such an analysis. The red 

curve gives the temperature measured at the sample while 

the blue curve shows the relative change in weight. It can be 

observed that after ten minutes drying time an exothermic 

reaction takes place at about 250°C, accompanied by an in-

crease in sample mass. The evolution of the CO2 (green curve) 

shows a narrow peak at the same moment. While this CO2-peak 

can be assigned to the combustion of adsorbed tars, the in-

crease in weight can only be explained with the complete 

oxidation of bulk metallic nickel. 

In the further progress of the analysis, the weight curve only 

shows losses indicating the combustion of different carbon 

and sulphur species. At around 480°C, the combustion of 

polymeric carbon causes the evolution of CO2. At 730°C, graph-

ite is burned that is a constituent of the catalyst. Above 800°C, 

the weight curve and the SO2 signal (brown curve) allow the 

quantifi cation of the sulphur content (1 weight-%). However, 

no further information on the nature of sulphur compounds 

can be obtained, because all sulphur species on the nickel 

catalyst are converted to sulphate under TPO conditions. 

 

XANES

To obtain further insights, X-ray absorption spectroscopic 

studies have been carried out at the LUCIA beamline of the 

Swiss Light Source (SLS) at PSI. The XANES part of the spec-

trum reveals element specifi c information on the oxidation 

state. XANES measurements focusing on the sulphur K-edge 

of active and deactivated catalyst sampled oxygen-free from 

the test reactor and subsequent comparison with XANES 

spectra for reference and model samples allowed identifying 

the nature of the sulphur species on the catalyst surface (see 

Figure 2). Whereas the active catalysts shows sulphur in form 

of sulphides (e.g. Ni3S2), the fully deactivated catalyst shows 

clear signs of organic sulphur. 

Conclusions and outlook

With H2S alone, the methanation catalyst is sulphur tolerant 

over a long period of time, but not in the additional presence 

of organic sulphur. Further research is focusing on removing 

organic sulphur compounds from the product gas and on a 

better understanding of the conditions leading to carbon 

depositions on the catalyst surface to develop effi cient regen-

eration methods.
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Figure 2: Sulphur K-edge XANES spectrum of active (green) and deactivated (blue) Ni/γ-Al2O3 catalyst from methanation experiments 

in Güssing/Austria.
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Stabilization of ultra lean premixed fl ames 
by the addition of hydrogen

Peter Griebel, Erik Boschek, Daniel Erne, Adrian Schneider, Ioannis Mantzaras, Rolf Schären, 

Combustion Research Laboratory, PSI

Flame stability is a crucial issue in low NOx combustion, especially in stationary gas turbines operating at ex-

tremely lean conditions. Hydrogen enrichment seems to be a promising option to extend the lean blow-out 

limit (LBO) of natural gas combustion in gas turbines. Because of a lower combustion temperature, NOx emis-

sions could be signifi cantly reduced. Catalytic partial oxidation (CPO) of methane to synthesis gas is a candidate 

process for on-line H2 generation in gas turbines of power generation systems.

Lean Blowout (LBO) and NOx emission

Currently, lean premixed combustion is the favoured method 

for low-emission power generation from natural gas used in 

stationary gas turbines. Homogeneous mixing of the fuel and 

air combined with ultra-lean operation keeps peak fl ame 

temperatures to a minimum and is the key element in reduc-

ing NOx formation. Environmental concerns will lead to even 

more stringent limits for NOx emissions from gas turbines, 

prompting a need to exploit this combustion technique to its 

maximum potential. One of the major challenges is the fl ame 

stability at these lean conditions. Since further reduction of 

NOx will require even leaner mixtures, schemes for lean stabil-

ity extension must be considered. H2-enrichment is an option, 

but so far literature data [1,2] are limited to atmospheric pres-

sure. In this study LBO limits and NOx emissions are investi-

gated at gas turbine relevant conditions (pressures up to 14 

bars). The fl ame is stabilized by recirculation of hot combus-

tion gases due to the sudden expansion geometry of the ge-

neric, tubular, high-pressure combustor [3]. Pure methane/air 

mixtures as well as mixtures with H2-enrichment up to 20 Vol. 

% of the fuel were investigated. LBO limits are typically de-

termined by slowly decreasing the fuel fl ow rate in steps until 

LBO occurs. Proximity to lean extinction is made evident by a 

rapid increase in the CO concentration indicating incomplete 

combustion due to local extinction events. Figure 1 shows the 

LBO limits as a function of the hydrogen content of the fuel 

for two preheating temperatures (673 K, 773 K), two pressures 

(5 bars, 14 bars), and a bulk velocity at the inlet of 40 m/s. 

The critical equivalence ratio linearly depends on the hydrogen 

content of the fuel. In consideration of the reproducibility of 

the measured LBO limits (ΔΦ ≈ ± 0.005) the gradient is con-
Figure 1: Effect of H2-enrichment on LBO limits for different inlet 

temperatures and pressures (40 m/s).

Figure 2: Effect of LBO extension due to H2-enrichment on NOx 

and exhaust gas temperature (673 K, 5 bars, 40 m/s).
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stant for all conditions. The high pressure results document 

that the extension of the lean stability limits is also valid at 

typical gas turbine pressures.

The positive impact of the discussed LBO extension on the 

emission characteristics of lean premixed fl ames is presented 

in Figure 2. Due to the extension of the LBO limits for hydrogen 

addition, lower minimum NOx emissions can be reached be-

cause of lower combustion temperatures at lower equivalence 

ratios. The maximum NOx reduction is about 35 % compared 

to pure methane fl ames. For a given equivalence ratio at very 

lean conditions (Φ < 0.43) the NOx emissions of pure methane 

and methane/hydrogen fl ames are almost the same indicating 

no chemical effect of hydrogen addition on NOx. More results 

of this experimental work can be found in [4].

Hydrogen generation via catalytic partial 
oxidation (CPO)

In order to generate hydrogen containing gases for fl ame 

stabilization “on line”, catalytic partial oxidation (CPO) of 

methane to synthesis gas (mainly H2 and CO) has received 

increased attention in gas turbines of power generation sys-

tems. The adopted approach involves mixing of fuel with air 

and subsequent partial oxidation of the resulting fuel-rich 

mixture in a catalytic reactor. 

Fundamental and applied research is being performed to 

elucidate the CPO of methane and to address key gas turbine 

reactor design issues. In the former front, experiments have 

been carried out in a high pressure optically accessible chan-

nel fl ow reactor [5]; in situ laser based techniques (spontane-

ous Raman measurements of major gas phase species and 

laser induced fl uorescence of formaldehyde) have clarifi ed 

the underlying hetero /homogeneous processes and pro-

vided chemical reaction mechanisms suitable at turbine rel-

evant conditions. The above validated chemical schemes were 

subsequently used in CFD simulations of a prototype gas 

turbine CPO honeycomb reactor (Figure 3a) having 8 ms resi-

dence time and coated with supported Rh. The numerical 

model included detailed chemistry, transport, and heat trans-

fer mechanisms in the solid. Predicted 2-D temperature dis-

tributions in the gas and solid channel phases are provided 

in Figure 3b and 2-D hydrogen mole fraction maps in Figure 

3c, for an inlet CH4/O2 molar ratio of two (equivalence ratio 

of four), 42% H2O and 21% CO2 volumetric dilution [5].

The predicted outlet H2 composition in Figure 3c (18.4% vol.) 

was compatible (relative difference within 2%) with gas chro-

matography measurements. Such good predictions were 

crucial for a realistic model evaluation of the follow up gase-

ous combustion zone. Moreover, Figure 3b indicates a maxi-

mum solid wall temperature of 1125 K. This was key informa-

tion for reactor thermal management. Such temperatures, 

although superadiabatic due to reaction non equilibration at 

the 8 ms short residence time, could still be tolerated by the 

reactor/catalyst structure. In contrast, simulations without 

CO2 and steam dilution have shown [6] that (all other param-

eters being the same) the surface temperatures were too high 

(1450 K) and active cooling was necessary (e.g. coating every 

second honeycomb channel) to maintain reactor integrity and 

avoid meltdown. 
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Figure 3: Prototype gas turbine CPO reactor (a), predicted 2 D 

distributions of gas and wall temperatures (b), and hydrogen 

mole fractions (c). The colour bar denotes parameter ranges: 

(b) 623 to 1125 K and (c) 0.0 to 0.184. 
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Formaldehyde – an important intermediate 
species in combustion processes

Sabine Schenker, Niclas Tylli, Rolf Bombach, Wolfgang Kreutner, Walter Hubschmid, Marek Tulej, 

Margarete Meisinger, Gregor Knopp, Andreas Walser, Peter Radi, Paul Beaud, Thomas Gerber, 

Combustion Research Laboratory, PSI

Formaldehyde (H2CO) is most signifi cant in the combustion of hydrocarbons. Representing an abundant inter-

mediate, it is an excellent candidate for quantitative detection as well as for diagnostics of combustion condi-

tions. It is formed near the fl ame front or in the cold-fl ame regions and plays a critical role in the ignition proc-

ess. In some experiments, H2CO has been found to be a key indicator for the chemical heat release in 

hydrocarbon fuelled fl ames.

Flame front detection

One motivation for the present work was to defi ne a suitable 

fl ame front marker [1] for performing laser-induced fl uores-

cence (LIF) measurements in lean turbulent fl ames. Formal-

dehyde, H2CO, a transient fl ame species which is formed in 

the low-temperature oxidation process and subsequently 

consumed in the reaction zone, has been chosen as a candi-

date molecule. 

Our experiments have been performed in an atmospheric 

axisymmetric sudden expansion burner, fuelled with methane 

[2]. The operating conditions were representative for gas 

turbine combustion with preheating of the air to 673-773 K 

and air/fuel ratios (λ) of, 1.2-2.4. A Nd:YAG pumped dye laser 

system was used for excitation of the H2CO Ã1A2←X̃1A1 transi-

tion. With beam shaping optics, an approximately 30 mm wide 

light sheet was produced. The 2-D fl uorescence signal was 

collected perpendicular to the light sheet with an intensifi ed 

CCD camera equipped with a bandpass between 400 and 

550 nm. All averaged images are corrected for off-resonance 

signals.

In a fi rst attempt, averaged H2CO LIF measurements in a tur-

bulent lean premixed fl ame were performed for λ. up to 2.2 in 

order to verify whether H2CO LIF is still detectable at these 

very lean conditions, see Figure 1 (top). As there is even an 

increase in signal intensity of about a factor of 3 with increas-

Figure 1: Averaged (top) and single pulse (bottom) H2CO LIF 

images in a turbulent lean premixed fl ame (Tpreheat: 773 K) for 

various air/fuel ratios λ.

Figure2: Statistical analysis of 100 H2CO LIF single pulse images.
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ing λ from 1.2 to 2.2 single pulse LIF images were measured 

in order to capture the turbulent fl ame front. Figure 1 (bottom) 

shows representative examples of these images for the same 

fl ame conditions. At a λ of 1.4 the H2CO LIF signals are wrinkled 

and confi ned, as reported in the literature [3]. However with 

increasing λ the signals alter from almost contour like to ex-

panded zones.

Starting from the single pulse image, each image was binarized 

and its contour of the fl ame front was determined (Figure 2). 

This analysis quantifi es the fl ame tip fl uctuations (FWHM: 

40–60 mm) which is an important indicator for fl ame stability 

and thermoacoustic fl ame characteristics. 

Reaction path analysis

Formaldehyde also represents a prototype for experimental 

and theoretical studies of unimolecular dissociation of carbo-

nyl compounds in particular and for small polyatomic mole-

cules in general. In fact, H2CO is one of the few polyatomic 

molecules with readily accessible fl uorescence states, which 

are spectroscopically well characterized. However, in contrast 

to many diatomics, the evaluation of the LIF signal to yield the 

concentration of the molecule is less straightforward due to 

the high density of populated states on the ground-state 

potential energy surface and the limited information available 

on the collisional and dissociation properties on both, the 

ground and excited electronic state. 

The molecular path of the H2CO dissociation reaction to pro-

duce H2 and CO fragments is well studied and satisfactorily 

understood. Also, its importance to the hydrocarbon combus-

tion chemistry is well established. On the other hand, the 

radical channel generating H and HCO is less characterized. 

The lack of accurate rate parameters of the underlying elemen-

tary reaction steps is a serious setback for combustion model-

ling of ignition delay and/or fl ame speed. These calculations 

require accurate kinetic data for a wide range of pressures and 

temperatures. Actually, the molecular channel competes with 

the radical channel causing “rotational channel switching”. 

Centrifugal effects decrease the effective threshold to disso-

ciation signifi cantly with increasing rotational quantum number 

J for the radical channel but not for the molecular channel 

rendering the radical channel more important [4]. It is important 

to notice that the exact values of the predicted branching frac-

tion crucially depend on parameters of the transition state 

characteristics (i.e. loose vs. tight transition state) and the 

potential energy surface along the reaction path.

We performed a study of the state-to-state dynamics of formal-

dehyde dissociation upon excitation of rovibrational levels close 

to the threshold region for the H2CO → H + HCO unimolecular 

reaction. A novel technique for photo-fragment excitation 

spectroscopy (PHOFEX) is applied by measuring resonant-en-

hanced degenerate four-wave mixing (DFWM) and laser-induced 

fl uorescence (LIF) simultaneously [5]. The DFWM confi guration 

is employed to excite H2CO to state specifi c rotational levels. 

LIF probes selected rotational energy levels of the nascent HCO 

fragments. The PHOFEX spectra are normalized to the DFWM 

signals providing sensitive information on state-specifi c pro-

pensities of the dissociation reaction. An example of pro-

nounced state selectivity is shown in Figure 3. 

The 000 product state is exclusively produced by excitation of 

the lower energy asymmetric component (111, 212 and 313). On 

the other hand, the 101 state of HCO occurs upon excitation 

of both asymmetric levels. Considering the insignifi cant en-

ergy differences of the asymmetry levels it is obvious that the 

differences in quantum yield are due to dynamic constraints 

in the dissociation reaction. 
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Figure 3: Quantum yield (i.e. the probability of the formation) 

for the 000 (red) and 101 (blue) HCO product states upon 

excitation of selected H2CO parent states. The rotational states 

are labelled by JKa Kc , J is the total angular momentum and Ka 

and Kc its projection on the a and c molecular axes.
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Development of emitting coatings for 
thermophotovoltaics

Coating techniques for selective emitting ceramics have been developed in order to meet the requirements of 

high temperature applications for thermophotovoltaics (TPV). Rare earth oxides (YAG) have been applied by 

means of vacuum plasma spray coating and slurry coating onto different substrates such as SiC and high tem-

perature metals, such as tungsten. A selective emitting effect could be observed and the potential of the plasma 

spray coating technology offers new ways of producing effective and stable YAG coatings on ceramics as well 

as on metallic high temperature substrates. 

Walter Tobler, Fritz von Roth, Wilhelm Durisch, Research Department General Energy, PSI; 

Alfred Waser, Technology Transfer, PSI

The rare-earth oxides Yb2O3 and Er2O3 emit photons mainly 

with the energy of 1.29 eV (961 nm) and 0.827 eV (1500 nm). 

Yb2O3 and Er2O3 are considered as promising selective thermal 

radiators for thermophotovoltaic energy conversion due to 

their perfect spectral match with the spectral sensitivity of Si 

and Ge (GaSb) photocells [1]. TPV systems have the ability to 

exceed the effi ciency of pure solar photovoltaic systems, and 

an idealized TPV converter is a reversible heat engine offering 

theoretical effi ciencies of over 80% [2]. Yb2O3 and Er2O3 have 

melting points around 2400 °C and could theoretically deliver 

highest system effi ciencies at temperatures which are calcu-

lated to lie above 1700 °C [3]. However, the high expansion 

coeffi cients of the pure oxides do not allow suffi cient thermal 

shock resistance, and corresponding attempts to produce 

solid and porous Yb2O3 foams for fuel-fi red TPV mainly failed 

due to this property [4]. In contrast to a monolithic body, the 

Welsbach mantle with fi ligree fi bres, consisting of rare-earth 

oxide, proved to be an ideal emitter in fuel-fi red TPV [5].

Selective emitting coatings

In a different and new approach, selective emitters are ob-

tained by coating thermal shock resistant substrates with 

rare-earth oxides. SiC as a high temperature ceramic mate-

rial has good thermal shock resistance and, additionally has 

high absorption and emission (α, ε) values. The high emission 

can counteract the selective emission of the ceramic coating 

since it is mainly transparent for the substrate’s radiation, i.e., 

the selective peaks of rare-earth oxides would be strongly 

overlapped by the grey-body radiation of the substrate. Hence, 

in order to obtain effective selective emission of the coating, 

the substrate’s spectral emittance outside the desired emit-

tance band must be small.

In contrast to pure rare-earth oxides the rare-earth (RE) doped 

garnet structure (RE xY3–x Al5O12, RE:YAG) proved to be the most 

promising compound due to high melting points (> 1940 °C) 

and low emissions aside from the selective main peaks [6]. 

In a fi rst attempt, a porous Si-infi ltrated SiC foam (SiSiC) for 

fuel fi red TPV was vacuum plasma spray coated with Yb2O3. 

The coated foam was tested in a methane burner with a 

maximal thermal output of 20 kW [7]. Combustion of the meth-

ane gas within the cylindrical wall of the porous body leads to 

incandescence, and the emitted light is transformed by the 

surrounding photocells into electricity. Layer thicknesses be-

tween 50 – 130 μm were produced by several coating cycles. 

Figure 1: Infl uence of plasma sprayed Yb2O3 on porous SiC foam 

burner, 65 × 235 mm.
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In the same way, W substrates were vacuum plasma sprayed 

with Yb2O3 with a layer thickness of ca. 100 μm.

Recrystallized SiC (RSiC) with a porosity of < 16% was slurry 

coated with Yb:YAG (Yb1.5Y1.5 Al5O12); the layer thickness be-

tween 200 – 300 μm. 

Newly developed measuring equipment allows the determina-

tion of temperature and emission of the samples using ther-

mocouple, pyrometer, photo diodes (Si, Ge, GaSb) and a NIR 

spectrometer (in the near future). Samples can be heated in 

an inert gas atmosphere and in air. 

Results and discussion

The adhesion of plasma sprayed Yb2O3 on SiSiC was suffi cient, 

however, the smooth and hard substrate surface does not 

allow tight bonding. An ytterbia layer of 100 μm yields a 

power output higher by 30 – 36%, compared to the uncoated 

SiC foam, the increase being stronger at higher temperatures 

(20 kW), (Figure 1). The system Yb2O3 coating and SiC substrate 

strongly infl uences the thermal radiation characteristics of the 

system and an additional heating of SiC substrate was ob-

served. An optimum layer thickness of 100 μm was found for 

maximum power output, thicker layers lead to a reduction. 

Vacuum plasma spray coating of high temperature metal 

substrates, e.g. W, leads to a completely new method of ob-

taining good adhesive and selective emitting ceramic coatings. 

Previous to the coating process the substrate is heated by the 

plasma fl ame so that a desorption of surface adsorbents takes 

place, rendering a clean, reactive metal surface. The subse-

quently sprayed ceramic oxide hence undergoes a good 

bonding with the metal. Hitherto, the ceramic coatings of Yb:

YAG on RSiC and Yb2O3 on W substrate have shown excellent 

adherence with no thermal shock failures at temperatures 

around 1200 °C (Figure 2). 

A clear selective emitter effect could be observed (Figure 3), 

and this effect could even be increased by shielding the sub-

strate’s radiation by choosing an appropriate low emitting 

intermediate layer. 

Plasma spray coating offers several advantages and different 

substrate geometries can be easily coated. In addition, an 

adequate choice of the properties of the ceramic layer will 

protect the substrate against oxidation. Since YAG can be 

doped with several rare-earth elements, the process can be 

extended to a variety of ceramic layers and other high tem-

perature metallic substrates. 

In a next step, (Yb,Er):YAG will be sprayed on W and SiC sub-

strates and the selectivity of the emission will be further im-

proved by adjusting layer parameters as well as using low 

emitting metallic intermediate layers. 
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Figure 2: Tungsten 

substrate with 

plasma sprayed 

selective emitting 

Yb2O3 coating, 

showing excellent 

adherence; 

in Ar atmosphere, 

ca. 1000 °C.

Figure 3: Selective emitter effect with higher output voltage of 

plasma sprayed Yb2O3 on tungsten.
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Nuclear energy at PSI: actions, trends 
and visions

Jean-Marc Cavedon, Department of Nuclear Energy and Safety, PSI

The need for a nuclear technology based on fi ssion as a source of primary energy for the future has changed 

over the last few years. In the scientifi c and technical world, nuclear energy is increasingly perceived as a nec-

essary component in the sustainable supply of electricity and energy for the coming decades. This trend will be 

illustrated by the selection of highlights detailed in this section of the document, or in that devoted to environ-

ment and energy systems analysis. The technical summaries presented here also testify to the fact that the 

Nuclear Energy and Safety Department at PSI has participated signifi cantly in international research and de-

velopment efforts during 2005.

Introduction

Without doubt, the world’s supply of energy will have to become 

increasingly sustainable, either due to the pressure resulting 

from fossil resources becoming exhausted, or too expensive 

to excavate, or because of the damage they cause to the cli-

mate. The open question is how and when the CO2-free energy 

sources – hydropower and new renewables, fi ssion and fusion 

– will take over the burden of the world’s energy supply, and if 

they will do so rapidly enough to avoid severe energy restric-

tions or shortages, and their associated economic penalties.

With regard to nuclear energy, research and development 

programmes worldwide are consolidating the operational 

durability of present nuclear plants, the technical details of 

the reactors currently under construction are being resolved, 

and the concepts needed to fully develop the potential of 

nuclear fi ssion as a sustainable energy source are being 

fi rmly established. 

Nuclear energy in the forefront 

From its origins at the time of World War II, when military and 

civilian applications were inevitably intermingled, the peace-

ful use of nuclear fi ssion for producing electricity became an 

industrial reality only in the 1970s. Its development up to the 

moderate level of about 400 nuclear plants worldwide occurred 

for two main reasons.

Firstly, the rapid growth in energy consumption slowed notice-

ably due to stabilization in demand from developed countries 

following the two oil shocks of the 1970s, and to slower eco-

nomic growth in the developing countries. 

Secondly, the severe warning provided by a core melt accident 

in the USA in 1979, and the Chernobyl accident in 1986, made 

clear that absolute safety in nuclear plants is an illusion. 

During the two decades of stagnation in nuclear power devel-

opment that followed, the scientifi c community became in-

creasingly aware of the threat to the climate posed by CO2-

emitting energy sources: namely, the risk of global warming 

via the greenhouse-gas effect. This has increased the attrac-

tiveness of CO2-free energy options, among them nuclear 

energy.

Additionally, a series of other events, also arising in the last 

two decades, contributed to the attractiveness of nuclear 

energy from a technical standpoint.

• The accident at the Chernobyl plant could have been 

avoided by a simple adherence to safety regulations. 

• On average, the reliability and safety record of nuclear plants 

worldwide has increased continuously, thus illustrating that 

safety, reliability and effi ciency are possible.

• The necessary isolation of radioactive waste from fi ssion 

reactors can be realized safely and affordably by disposal 

in deep, stable, underground geological formations pro-

vided the rock type and the sealing procedures are chosen 

appropriately.

• Electricity production from nuclear plants is consistently 

among the least expensive energy sources, and almost in-

sensitive to fl uctuations in the price of uranium.

• The Earth’s resources of fi ssile material are plentiful, pro-

vided one induces fi ssion using fast neutrons, instead of 

thermal neutrons, as used today. The uranium resources 

would then last for thousands of years. The technology is 

proven (for sodium-cooled fast reactors), and other variants 

are currently being investigated.
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When added together, these facts show that nuclear fi ssion 

is indeed a sustainable energy source with regard to the main 

economical and ecological indicators. 

The third dimension of sustainability, social acceptance, re-

mains a weak point however. Society’s reluctance to “go nu-

clear” stems mainly from concerns over safety and waste 

management. In fact, technical solutions have been proposed, 

and even implemented, without affecting the competitiveness 

of nuclear power. 

Consolidating present operations

It is now recognized that by the time the shortage of fossil 

fuel becomes a serious issue, renewable energy sources, 

however desirable, will not be able to keep pace with rising 

demand, in terms of either production or economic perform-

ance. Given the prospective needs, and the very real risks of 

electricity shortages, there is continual pressure to make the 

most of the existing reactor stations. Increasing reliability at 

such plants is a priority, as is maintaining current safety levels, 

while at the same time extending operational lifetimes. 

Since the major pathways to severe accidents have long since 

been identifi ed, and corrective measures applied where need-

ed, the studies of severe accidents focus nowadays on a small 

number of residual risk issues arising from low probability 

events, such as release of iodine outside of the reactor contain-

ment. The isotope 131I is known to induce thyroid cancer in 

humans (and actually accounts for the vast majority of re-

corded post-Chernobyl cancers in the regions around the plant). 

Although Western-standard reactors are equipped with con-

tainment buildings, it is nonetheless important to understand 

how volatile iodine, given its radiotoxicity, would be released 

from the water that would collect in the sump beneath the 

reactor vessel following a hypothetical severe accident. Stud-

ies undertaken at PSI have shown that in addition to water 

chemistry reactions under irradiation, air oxidation products, 

forming nitrate and nitrite compounds, would retard the release 

of iodine from the sump, with increasing concentrations reduc-

ing volatile iodine release by factors of 5 to 10. 

The safety of the nuclear energy chain, and more general 

energy chains, is a long-standing concern of PSI. For nearly a 

decade now, we have developed, maintained and operated 

ENSAD, the world’s largest database for severe accidents 

occurring in the energy sector. The database is now used for 

a number of applications in the energy sector. For example, it 

has been shown that the rate of fatalities and injuries within 

the energy chain for natural gas has decreased steadily over 

the last 15 years.

However, the situation is very different if one focuses on the 

coal chain in China. Actual fatality rates are high, and very 

high in small coalmines without mechanized extraction equip-

ment. With fatality rates 40x higher than in OECD countries, 

coal extraction in China represents a real safety issue, and the 

dependency of the country on coal for its rapid economic 

growth does not leave much hope for short-term improve-

ment. 

ENSAD also shows us that the nuclear energy chain in OECD 

countries is in the very low-risk category. However, though the 

risk is extremely low, the potential consequences of a major 

nuclear accident would result in a large number of fatalities, 

comparable to the collapse of a hydroelectric dam with major 

population areas downstream, or a natural catastrophe on 

the scale of a rather sizeable earthquake. 

We are now confi dent there are technical solutions to the 

long-term disposal of radioactive waste. Indeed, PSI has been 

instrumental in determining the main properties of opalinus 

clay, which is foreseen by the radioactive waste agency Nagra 

as a potential host rock for Swiss high-level waste. Progress 

has been made this year in understanding and quantitatively 

modelling the adsorption of radioactive species that might be 

released by the waste packages. A correlation has been es-

tablished between the sorption surface complexation con-

stants for major minerals, such as montmorillonite, and the 

hydrolysis constants of the radioactive species. This surpris-

ingly simple and elegant correlation already helps to con-
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solidate the incorporation of measured values into the ther-

modynamic databases.

Another essential consolidation work, which can only be ac-

complished by a peer review process at international level, is 

the production of reference databases, such as the Thermo-

dynamic Database (TDB), established by the OECD/NEA with 

PSI as an active member. Recent work has involved a review 

of aqueous complexation constants of radionuclides of inter-

est for waste management with selected organic ligands.

Finally, the group concerned with analyses of life cycles of the 

energy chains, including external costs, continues to maintain 

an ecological perspective on energy supply options. The most 

recent study has focused on the external costs for present and 

new electricity and heat-generating systems, using the con-

siderable amount of elementary information gathered in the 

ecoinvent database. The study confi rms the excellent perform-

ance of nuclear and hydropower, photovoltaic cells and wind 

energy in terms of external costs. As an example, the use of 

nuclear power to drive heat pumps appears to be an attractive 

combination for decreasing external costs.

Advanced tools for tomorrow

A number of our activities focus on increasing the resolution 

of experimental data, which are often used to set more strin-

gent tests on quantifying the level of present understanding, 

and on assessing the predictive capabilities of computer codes 

and other engineering tools. An example is the determination, 

with millimetre accuracy, of neutron capture rates in 238U in a 

cylindrical uranium fuel pellet. While the neutronics codes 

generally predict the radial distribution within the fuel pin 

correctly, the azimuthal behaviour is less satisfactory, although 

the MCNP code does better than others.

Concerning the important safety issue of the homogeneous 

dilution of boron injected into the cooling water of a reactor 

core (boron is a strong neutron absorber), the development 

of computational fl uid dynamics (CFD) models needed to 

describe mixing in complex geometries has been subject to 

accurate experimental validation. While not all details of the 

velocity fi eld could be reproduced, CFD was able to properly 

quantify the major safety issues, such as the transient boron 

distribution and minimum concentration of boron at the core 

inlet. The validated CFD code is now ready for a fi rst simulation 

of a Swiss nuclear power plant.

Spatial resolution is also needed, even when no code is read-

ily available for interpretation. This is often the case in the 

study of complex natural systems, such as geological media. 

For instance, the study of radionuclide sorption involves de-

termining concentration gradients and diffusion profi les in 

clay. Following thorough laboratory testing, a simple and ef-

fi cient grinding method has delivered a spatial resolution in 

activity concentration of 15 micrometers. 

Reaching micrometer-range resolution on elemental cartog-

raphy, molecular composition and chemical speciation calls 

for tools that are more sophisticated. The Swiss Synchrotron 

Light Source at PSI has been equipped with a beamline 

dedicated to micron-sized, X-ray beam spots for absorption, 

fl uorescence and diffraction experiments. Following the fi rst 

fl uorescence cartography illustrating the heterogeneity of 

caesium diffusion in a sample of opalinus clay, established 

with a beam spot of 3.5 x 3.5 micrometers, the micro-XAS 

beamline was inaugurated, and opened to expert users.

Another type of resolution concerns detailed studies of prob-

abilities of accidents in complex systems. While conceptually 

simple (the probability of failure of a system is computed from 

additions and/or products of failure rates of its individual 

components), due to the quantity of elements involved (and 

the links between these elements) in a real nuclear system, 

many simplifying assumptions need to be made. 

A very interesting application of a probabilistic safety assess-

ment (PSA) to simpler systems, meaning ones which may be 

studied exhaustively, is an analysis of the safety interlock and 

control systems of PSI’s Proton Therapy Facility. The system 

is designed to ensure that the proton dose delivered to the 

patient is exactly the one prescribed. The study has identifi ed 

the key components that drive the very low residual risk: 
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namely, elements of the power supply, fault detection effec-

tiveness, and human performance. Based on this study, sug-

gestions for technical and procedural improvement have been 

formulated. This work illustrates the benefi ts PSA brings to 

the understanding of complex systems.

Towards extended sustainability

The fi rst quantum leap in demonstrating the sustainability of 

nuclear energy will be the industrial realization of a fast-neu-

tron reactor, and the second leap will be an industrial version 

of a fusion reactor. While the goal of the latter reactor project 

is to reach ignition, fi rst with the International Thermonuclear 

Experimental Reactor (ITER) and later in a demonstration plant 

(DEMO), the former has already reached demonstration level, 

though not industrial operation, with the Phénix, Superphénix, 

Monju, BOR60 and BN600 reactors. The challenge of sustain-

ability is on the one hand to extend the economic use of fi ssile 

material resources over thousands of years, instead of the 

present tens of years, and on the other hand to reduce the 

volumes and times of confi nement of radioactive waste. In 

these contexts, the ongoing international effort in coordinat-

ing R&D effects regarding fast reactors, as embodied in the 

Generation IV International Forum (GIF), can be better ap-

preciated. Convinced of the necessity for active international 

collaboration, Switzerland formally joined GIF this year. In 

acceding to the GIF Framework Agreement, the Swiss govern-

ment has designated PSI as its implementing agent.

In addition to the present lack of industrial-sized fast neutron 

cores, another major technical issue hindering the realization 

of the ultimate potential of nuclear energy is the operating 

temperature of reactors. Beyond the direct benefi t through 

Carnot effi ciency, high operating temperatures, in the range 

850°C to 1000°C, would deliver process heat that could be 

directly used for high-temperature chemical processing. The 

most high-profi le example is hydrogen production. The dream 

of hydrogen is that it can be produced at large scale, and used 

as the ultimate clean fuel for all mobility applications. 

All such visions rely on the assumed availability of structural 

materials able to withstand decades of operation at very high 

temperatures; in contact with corrosive media; under irradia-

tion, and under sustained pressure and transient stresses. As 

a contribution to international efforts on gas-cooled reactors 

(both thermal and fast), PSI has taken a leading role in char-

acterizing candidate metallic materials for high-temperature 

applications, such as the intermetallic TiAl, or oxide-disper-

sion-strengthened (ODS) materials. PSI teams have obtained 

fi rst results on thermal- and irradiation-induced creep for such 

materials: these indicate that above 700°C only thermal creep 

would be important.

In addition, issues relating to fuel performance have been 

studied in the framework of the (terminating) FUJI project. 

Interesting insights into the use of sphere-pac particle fuel as 

an alternative to pellet fuel have been gained. For instance, 

it has been shown that, at the fi rst stages of irradiation, a 

fuel rod packed with micro- spheres undergoes very substan-

tial structural changes, in particular with regard to the forma-

tion of a central void within the sintered material. The void is 

benefi cial to the overall thermal resistance of the fuel, since 

it decreases the maximum inner temperature. Such fuels are 

being considered within the GIF framework.

Finally, though of no less importance, PSI is committed to the 

study of the design and safe operation of advanced gas-cooled 

fast reactors, based on long experience with fast spectra, and 

in-house expertise concerning earlier gas-cooled core designs. 

For this purpose, the FAST project has undertaken the task of 

assessing the performance of the fast-neutron code ERANOS 

against experimental data produced at PSI in the 1970s, and 

has initiated design studies using the (calibrated) code. Ex-

amples are the infl uence of alternative fuel designs on peak 

temperatures reached during a scram-initiated transient, and 

the effect of the refl ector material on breeding gain.

Conclusions

The new perceptions surrounding the use of nuclear energy 

that have emerged over the last few years are that it is already 

very safe, clean and cost-effective today, with the potential to 

be even cleaner, safer, and more sustainable tomorrow. It is 

resource-conscious in the long term, and fl exible in fulfi lling 

the electricity and heat production, and mobility needs for the 

future. Within a framework of committed international col-

laboration, the research undertaken by the Nuclear Energy 

and Safety Department at PSI seeks to turn these visions into 

reality. 



A contribution towards the design and safety of 
Generation IV gas-cooled fast reactors

Paul Coddington, Konstantin Mikityuk, Sandro Pelloni, Evaldas Bubelis, Gaetan Girardin, Petr Petkevich, 

Rakesh Chawla, Laboratory for Reactor Physics and Systems Behaviour, PSI

Examples of contributions made within the framework of the FAST project at PSI towards the design and safety 

of the Generation IV gas-cooled fast-spectrum reactor are outlined here, including an assessment of the ERANOS 

code system against results from the experimental GFR-PROTEUS programme carried out at PSI during the 1970s. 

We outline development and benchmarking of a simplifi ed thermal model for the GFR fuel element of slab ge-

ometry; and describe the impact of different refl ector materials on the GFR core breeding and safety character-

istics.

Introduction

The Generation IV Gas-Cooled Fast Reactor (GFR) system 

features a fast-spectrum, helium-cooled reactor and a closed 

fuel cycle. Through the combination of a fast neutron spectrum 

and full recycling of actinides, GFRs minimize the production 

of long-lived radioactive waste and make it possible to utilize 

available fi ssile and fertile materials (included depleted ura-

nium) more effi ciently than thermal spectrum systems. As with 

the thermal-spectrum helium-cooled systems, the high cool-

ant outlet temperature is able to provide electricity, hydrogen 

or process heat with high conversion effi ciency. 

Various options are currently being considered including: the 

direct Brayton cycle high-temperature reactor system (5–7 

MPa system pressure and 850°C core outlet temperature), 

and the indirect cycle, with helium as primary coolant and 

supercritical CO2 (or other gas), as the secondary working 

fl uid. Plant unit power is in the range 300 MWe (modularity) 

to more than 1500 MWe (economy of scale). Currently, two 

sizes are being considered: 600 MWth and 2400 MWth. The 

need for a reactor core with high power density (typically 100 

MW/m3) and high coolant temperatures has lead to various 

new fuel designs with the use of dense fuels: for example, 

carbide or nitride contained in a ceramic (silicon-carbide) 

matrix. 

As a precursor to the fi nal design and deployment of a com-

mercial GFR, consideration is being given to the design and 

construction of a 50 MWth Experimental Test and Demonstra-

tion Reactor (ETDR). Various types of cores are being consid-

ered for this system, starting with low-temperature MOX fuel 

in stainless steel cladding, and culminating in high-tempera-

ture dense fuel in a ceramic matrix. An important aspect of 

the initial phase of the GFR project is the development and 

validation of the design tools needed for the various reactor 

system features. 

The current report gives in the above context, examples of 

contributions made within the framework of the FAST project 

at PSI towards the design and safety of GFR systems. Thereby, 

the focus has been fi rstly on the development and assessment 

of the numerical methods needed, and secondly on the ex-

amination of some of the new design concepts. 

Methods and design assessment studies

Firstly, an assessment has been made of existing reactor phys-

ics analysis tools using results from the experimental GCFR-

PROTEUS programme carried out during the 1970s at PSI’s 

critical facility PROTEUS. To accomplish this, a series of new 

calculations based on the analysis of the reference test lattice 

in these experiments, namely a regular hexagonal array of 

steel-clad, 15%-total-Pu PuO2/UO2 rods in air, has been per-

formed employing modern deterministic and stochastic reac-

tor physics codes and nuclear data libraries. 

The deterministic fast-reactor code system ERANOS-2.0 (large-

ly the cell code ECCO) and the Monte Carlo code MCNPX-2.5e 

Figure 1: 

Advanced GFR 

dispersed fuel 

concept.
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have been used in the analysis. Comparisons of calculational 

results to measured integral data, namely reaction rate ratios 

expressed relative to the principal fi ssion rate in the lattice, 

i.e. that of Pu-239 (F9), have been made employing both ad-

justed and non-adjusted nuclear data in conjunction with 

ERANOS. In the case of the Monte Carlo calculations, four 

different modern data libraries (JEF-2.2, JEFF-3.0, ENDF/B-VI.v8 

and JENDL-3.3) have been tested. In global terms, relatively 

good agreement with experiment (generally within ~3σ ex-

perimental uncertainty) is obtained by the different calcula-

tions for the reaction rate ratios which impact the neutron 

balance in the reference GCFR lattice; i.e. the ratios involving 

capture and fi ssion of U-238 (C8/F9 and F8/F9) and fi ssion of 

U-235 (F5/F9). 

For the case of ERANOS-2.0 with the adjusted library ERALIB1, 

as also for MCNP with JEF 2.2 data, the agreement for these 

reaction rate ratios is, in fact, within 1σ. This provides valu-

able evidence that ERANOS-2.0/ERALIB1 is a reliable tool for 

studies of GFR core designs using conventional fuel pins, even 

though the adjusted library (ERALIB1) was obtained primarily 

from the analysis of sodium-cooled, fast-spectrum systems.

New fuel concepts

One of the key elements in the assessment of the safety of 

advanced GFR designs is in the prediction of the fuel and 

matrix (cladding) temperatures during both normal operation 

and accident conditions. This is required since (i) the change 

in the fuel temperature during transients has a strong infl uence 

on the change in the reactor power through the (negative) 

fuel reactivity coeffi cient, and (ii) fi ssion products will be re-

leased into the primary system if the temperature of the fuel 

and matrix increase signifi cantly.

As a consequence of the new fuel concepts, completely new 

fuel models are necessary. Corresponding to the honey-comb-

structure dispersed matrix fuel design (Fig. 1), a simplifi ed 

model has been developed, and incorporated into the PSI 

transient analysis code system FAST [1]. This permits an ac-

curate prediction of the fuel temperatures during both normal 

operation and transient conditions. 

The simplifi ed model is being benchmarked against detailed 

fi nite element models of the 3D fl ow of heat through the fuel 

and honey-comb-structures. The new model has been used 

in the analysis of a number of simulated accidents, including 

transient overpower, loss of fl ow, and loss of heat sink. As an 

example, results for an overpower transient with reactor scram 

are compared in Fig. 2 for slab (dispersed) and rodded fuel 

designs. From this we see that the use of slab fuel results in 

lower steady-state and transient fuel temperatures compared 

to a rodded design. 

As one of the prime GFR requirements is for a self-sustaining 

fuel cycle (breeding gain of around 1.0), PSI has examined the 

impact on the core characteristics of different refl ector mate-

rials for the 600 MWth system. The results for keff and breeding 

gain are shown in Fig. 3 for the materials SiC and Zr3Si2. 

The use of SiC as a refl ector material results in a softer spec-

trum, producing a slightly more negative breeding gain. 

However, it does have the advantage of increasing the absolute 

value of the Doppler reactivity feedback, and hence enhancing 

the inherent safety of the core.
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Figure 2: Core temperatures for a transient overpower accident 

with reactor scram for different geometries.

Figure 3: keff and breeding gain as a function of burnup for SiC 

and Zr3Si2 as refl ector material.
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The OECD/NEA TDB review on selected organic 
ligands

Wolfgang Hummel, Laboratory for Waste Management, PSI; Giorgio Anderegg, ETH Zurich, Switzerland; Ignasi 

Puigdomènench, SKB, Stockholm, Sweden; Linfeng Rao, Lawrence Berkeley National Laboratory, Berkeley, USA; 

Osamu Tochiyama, Tohoku University, Sendai, Japan

Within the scope of the OECD Nuclear Energy Agency (NEA) Thermochemical Data Base (TDB) project, a com-

prehensive review of chemical thermodynamic data of selected organic ligands has been carried out. The se-

lected ligands are oxalate, citrate, ethylene-diamine-tetra-acetate (edta) and α-iso-saccharinate (isa), and the 

elements considered in the review are U, Np, Pu, Am, Tc, Ni, Se and Zr. Additionally, data concerning protonation 

of the ligands, and interactions with the major competing elements Na, K, Mg and Ca, was also investigated.

In order to assess the safety of a waste repository, it is es-

sential to be able to predict the eventual dispersion of its 

hazardous components in the environment. For hazardous 

materials stored in geological formations, the most probable 

transport medium is the aqueous phase. Consequently, it is 

necessary to know the relative stabilities of the compounds 

and complexes that may form in the aqueous phase. Such 

information is provided by speciation calculations using 

chemical thermodynamic data.

In the fi eld of radioactive waste management, the hazardous 

material consists, to a large extent, of actinides and fi ssion 

products from nuclear reactors, in addition to lesser amounts 

from other sources, such as waste from the medical and proc-

ess industries, and from research facilities. However, in a 

number of cases, published data relating to the thermody-

namic properties of such materials has been contradictory. 

Consequently, the OECD/NEA Thermochemical Data Base 

(TDB) project was initiated in 1984 with the aim of providing 

critical and comprehensive reviews of data from the literature, 

in order to establish a reliable thermochemical database 

fulfi lling the requirements for rigorous modelling of the be-

haviour of actinides and fi ssion products in the environment 

[1]. 

The OECD/NEA TDB review on selected organic ligands was 

initiated in 1998. The review encompassed not only U, Np, Pu, 

Am, Tc, Ni, Se and Zr, but also the major constituents of ground 

and surface water: i.e., H, Na, K, Mg and Ca. The decision to 

evaluate the organic ligands, oxalate, citrate, ethylene-di-

amine-tetra-acetate (edta) and α-iso-saccharinate (isa), was 

based on two considerations: the importance of the ligands 

in radioactive waste problems, and the availability of relevant 

experimental data [2].

In this review, published data were surveyed up to the end of 

2004. The “golden age” for the determination of the chemical 

equilibrium constants in the 1970s is depicted clearly in 

Fig. 1. Currently, such work is mainly undertaken due to the 

need for effective radioactive waste management. Experimen-

tal measurements published in journal articles are the main 

sources for the selection of data. Where necessary, experi-

mental source data have been re-evaluated. Two examples of 

experimental data treatment are presented below. More than 

1000 pages of detailed discussions of the reviewed papers 

and data treatment procedures accompany the tables of se-

lected values [2].
Figure 1: Scientifi c literature considered in the OECD/NEA TDB 

review on selected organic ligands.
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Example 1: oxalate protonation constant

For the fi rst protonation equilibrium of oxalate, 

ox2- + H+ ⇔ Hox– ,

characterised by the equilibrium constant K1, the NEA TDB 

organics review identifi ed 120 experimental measurements 

as being reliable [2]. The data were obtained from solutions 

of various concentrations of LiClO4, LiNO3, NaClO4, NaCl, 

NaNO3, KCl, KNO3, and Et4NI (tetra-ethyl-ammonium iodide), 

and were published between 1960 and 2004.

As the selected thermodynamic data in the NEA database 

refer to standard state conditions, i.e. infi nite dilution for 

aqueous species, all experimental data have to be extrapo-

lated to zero ionic strength (Im = 0) as part of the data review 

procedure.

In the case of oxalate protonation, a constrained least-squares 

regression procedure has been applied (Fig. 2). This procedure 

accounts for the fact that a single value of log10 K1° (at Im = 0) 

should fi t all the experimental data, according to the formula:

log10 K1 + 4D − ε(H+,X–)· Im = log10 K1° − Δε1
*(M+)·Im

Here, D is the Debye-Hückel term, ε(H+, X–) are aqueous spe-

cies interaction constants describing the specifi c short-range 

interactions between H+ and X– (i.e. ClO4
–, Cl–, NO3

– or I–), and 

Δε1
*(M+) = ε(Hox–, M+) − ε(ox2–, M+) are fi t parameters, in which 

M+ is the cation of the salt solution (i.e. Li+, Na+, K+ or Et4N+). 

As shown in Fig. 2, all data can be correlated using the param-

eter log10K1° = (4.25 ± 0.01).

Example 2: calcium oxalate solubility

A large body of data has been published over the last 100 

years concerning the solubility of calcium oxalate hydrates in 

both pure water and various salt solutions. For the fi nal data 

analysis, the only studies included in the review were those 

carried out in NaCl and KCl solutions, with proper characteri-

zation of the solids in equilibrium with the solutions, and 

published between 1929 and 1998 [2].

In all cases, the aqueous speciation was recalculated in the 

NEA TDB review from analytical equilibrium concentration 

data of dissolved calcium, oxalate, NaCl or KCl. The results of 

the speciation calculations, i.e. the calculated concentrations 

of [Ca2+] and [ox2–], have been used to determine the solubil-

ity product, Ks,0, of the reaction

Ca(ox)·H2O(cr) ⇔ Ca2+ + ox2- + H2O,

and to extrapolate it to zero ionic strength with the same 

parameters used in the speciation calculations. The re-evalu-

ated solubility products, log10Ks,0° at Im = 0, do not show any 

systematic variation when plotted against the original solution 

concentrations (Fig. 3), which is a strong indication of the 

internal consistency of the speciation model derived in the 

NEA TDB review.
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Figure 2: Constrained least-squares regression plot for the fi rst 

protonation equilibrium of oxalate.

Figure 3: Solubility products of calcium oxalate mono-hydrate, 

calculated from analytical solubility data and extrapolated to 

zero ionic strength.
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A method for quantifying errors of commission on 
the basis of operational event data

Bernhard Reer, Vinh N. Dang, Laboratory for Energy Systems Analysis, PSI

Traditionally, in addressing the human factor, state-of-the-art, industrial Probabilistic Safety Assessments (PSAs) 

have focused on identifying shortcomings in the performance conditions for personnel actions, and quantifying 

the omissions of interventions that are required during accident scenarios. More recently, attention has turned 

to inappropriate actions that may aggravate a given scenario. To estimate the probabilities of such Errors Of 

Commission (EOC), a method has been developed that combines the data and lessons from actual EOCs with a 

context-specifi c examination of potential EOC situations.

Introduction

In terms of human performance, the safety of complex, hu-

man/technical installations, such as nuclear power plants, is 

based fi rstly on ensuring that the correct actions are taken for 

a given event, and secondly, on preventing inappropriate ac-

tions. The initial emphasis in Human Reliability Analysis (HRA) 

– the part of PSA dealing with the human factor – has been 

on ensuring that the conditions are satisfi ed for the perform-

ance of the correct actions. These conditions may include 

ergonomic interfaces, the training of personnel in normal and 

emergency operations, the availability and usability of proce-

dures, and suffi cient time to assess and respond to a given 

situation. Accidents and “near misses”, however, show that 

these minimum conditions are not suffi cient for accident 

prevention. In the Three Mile Island accident in 1979 (Penn-

sylvania, USA), for example, the successful automatic opera-

tion of an emergency safety injection system was inappropri-

ately terminated by the operators.

To identify and analyze potential EOC situations, the HRA 

project has developed the Commission Errors Search and 

Assessment (CESA) procedure [1], which aims to guide the 

identifi cation of EOCs of potential risk signifi cance. When 

applied to a plant-specifi c pilot study, the method was shown 

to be feasible and effective. Not unexpectedly, estimation of 

EOC probabilities using existing HRA quantifi cation approach-

es proved to be problematic, since these methods focus on 

the failure (by omission) of required actions.

In EOC quantifi cation, there is a stronger need to explicitly 

model specifi c decision-error modes that lead to the specifi c 

(inappropriate) action in question, and to account for respec-

tive correlations between situational features and human 

behavioural tendencies. A signifi cant weakness of the emerg-

ing methods (e.g. [2] ) being developed to quantify EOCs is the 

strong reliance placed on the direct estimation of probabili-

ties.

Overview of the quantifi cation steps

The method developed here consists of the six steps outlined 

in the following fl ow diagram:

Step 1 summarizes the fi ndings from EOC identifi cation: 

namely, a scenario-specifi c defi nition of the EOC opportunity. 

Based on the evaluation of the nominal scenario conditions 

– corresponding to default features of procedural guidance, 

training, indications, and the like – a reliability index is ob-

tained (Step 2), which is used as input for determining the 

generic (prior) EOC probability (Step 3). This generic value is 

used for PSA impact evaluation on the basis of the risk impor-

tance measures (Step 4). Steps 5 and 6 are performed if the 

potential risk signifi cance indicates that the EOC warrants 

Figure 1: EOC quantifi cation steps.

1. Define the EOC opportunity

no

2. Estimate the reliability 
index under nominal scenario 
conditions 

3. Determine the prior EOC 

prob. (for the scenario)

4. Evaluate PSA impact: need 
for more detailed analysis?

yes

5. Identify & quantify 
adverse contexts –
worse than nominal

6. Evaluate adverse 
contexts & determine 
the final EOC prob. 
(for the scenario)

END
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more detailed analysis. Step 5 searches for adverse contexts 

– i.e. conditions worse than nominal – and estimates their 

probabilities. Adverse contexts are quantifi ed to estimate the 

associated reliability indices, and to derive the fi nal EOC prob-

ability (Step 6). Existing HRA methods (for failures of required 

actions) are recommended for post-EOC recovery quantifi ca-

tion; it should be noted that this guideline is preliminary in 

regard to respective research needs.

Estimation of a reliability index in a given context is supported 

by a set of EOC cases with known index values. For each case, 

the method provides the user with the evaluation results ac-

cording to a framework of two types of factors: those that 

motivate an EOC decision (e.g. misleading indication), and 

those that infl uence the error-forcing effect (e.g. availability of 

backup indication) in case of such a motivation. This informa-

tion helps the user of the method to compare any “new” case 

to be evaluated against the (known) cases provided.

Probabilistic modelling of scenario contexts

A probabilistic model of multiple variants of a given scenario 

is used (in Step 3 and Step 6). The model serves to account 

for the fi nding [2] that errors often occur under adverse de-

viations from nominal scenario conditions. In order to structure 

such deviations for quantifi cation purposes, a discrete reliabil-

ity index scale has been developed: an index of i=0 corre-

sponds to the worst case, while high indices correspond to 

low EOC probabilities. Consequently, the total EOC probabil-

ity is calculated as follows:

P(EOC) = ∑[P(EOC|i) P(i)],

in which P(i) is the probability of a context with an index of i, 

and P(EOC|i) is the EOC probability under this condition. Val-

ues for P(EOC|i), and generic values for P(i), have been devel-

oped by analyzing a set of operational events that included 

EOCs from different plants. These values are shown in Fig. 2 

and Fig. 3. On the basis of both generic values for P(i), and 

plant-specifi c fi ndings on adverse contexts, the fi nal distribu-

tion is derived in Step 6 by Bayesian inference. Figure 3 shows 

the distribution obtained in a trial analysis of an EOC situation 

involving termination of safety injection. The context proba-

bilities obtained correspond to a total EOC probability of 0.007. 

In this example, the results from detailed plant-specifi c anal-

ysis support a reduced EOC probability compared with the 

generic P(EOC) value of 0.017.

Conclusions

The method described here has the potential to produce EOC 

probabilities on the basis of actual plant data and plant-spe-

cifi c information. Direct numerical estimations of probabilities 

were not used for the derivation of the methodology, nor were 

they required for the application of the method. All quantifi ca-

tion elements are based on empirical data and comparative 

assessments of situational contexts. Future work will address 

the verifi cation of the methodology, the construction of a 

user manual, and a large-scale pilot application.

Acknowledgements

This work is funded by the Swiss Nuclear Safety Inspectorate 

(HSK). The views expressed in this paper are solely those of the 

authors, and do not necessarily represent those of the HSK.

References

[1] B. Reer et al., “The CESA Method and its Application in a 

Plant-Specifi c Pilot Study on Errors of Commission”, Relia-

bility Engineering and System Safety, 83(2), 187 (2004).

[2] NRC, “Technical Basis and Implementation Guidelines 

for a Technique for Human Event Analysis (ATHEANA)”, 

NUREG-1624 (Rev. 1), U.S. Nuclear Regulatory Commis-

sion, Washington, DC, 2000.
Figure 2: Relationship between reliability index and conditional 

EOC probability.
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distribution (black) obtained after detailed analysis in a trial 
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Studies of within-pin 238U-capture distribution in 
boiling water reactor assemblies

Kristina Macku, Fabian Jatuff, Michael F. Murphy, Michaël Plaschy, Peter Grimm, Om Parkash Joneja, 

Rakesh Chawla, Laboratory for Reactor Physics and Systems Behaviour, PSI

The within-pin radial and azimuthal distributions of neutron capture in 238U in boiling water reactor fuel have 

been measured using an activation foil technique. Predictions using the stochastic code MCNP are in good agree-

ment, whereas the results from the deterministic code CASMO-4 differ signifi cantly from the experiments.

Introduction

The design of modern Boiling Water Reactor (BWR) assemblies 

is governed by general requirements such as safe and reliable 

performance, optimal fuel utilization and cycle length, and a 

high degree of fl exibility in reactor operation. The requirements 

are fulfi lled through the use of increased enrichments, high 

gadolinium loadings, and part-length fuel rods. This last re-

quirement results in very heterogeneous assembly designs, 

causing not only large variations in the power density of indi-

vidual fuel pins, but strong radial and azimuthal gradients in 

reaction rate distributions within the pins themselves.

Within the framework of the LWR-PROTEUS programme [1], 

conducted in collaboration with the Swiss Nuclear Utilities 

(swissnuclear), fresh Westinghouse Atom SVEA-96 Optima2 

assemblies have been irradiated in the zero-power PROTEUS 

reactor. As an extension of the work reported earlier on 

within-pin reaction rate distributions [2, 3], measurements of 

both radial and azimuthal within-pin neutron capture distribu-

tions in 238U (C8) have currently been carried out for two pins 

of the SVEA-96 Optima2 assembly (see Fig. 1): A6 (radial re-

sults in four rings of equal volume) and B1 (azimuthal results 

in eight sectors of equal volume). The intrusive technique of 

activation foils (depleted uranium) has been applied in this 

context; the experimental results being compared with calcu-

lations performed using the deterministic code CASMO-4 [4], 

as well as the stochastic code MCNP [5]. 

Calculations and experimental results

All calculations were carried out for a refl ected SVEA-96 Op-

tima2 assembly, moderated with the experimental D2O/H2O 

mixture employed to simulate the hydrogen content of hot 

coolant water [6]. Version 2.05.10 of CASMO-4, with its ENDF/

BIV-based library, was used, retaining all default options. A 

special treatment was included for calculating azimuthal 

within-pin distributions. With CASMO-4, C8 was determined 

as the difference between absorption and fi ssion rates in 238U. 

On the other hand, C8 calculations with MCNP-4C were carried 

out by using MT=102, which provides C8 results directly. The 

currently reported MCNP results have been obtained with the 

ENDF/B-VI library and 500 million neutron histories; this 

yielded 1σ statistical errors below 0.5%.

On the experimental side, at each pin position, 0.1 mm thick 

depleted uranium foils (0.04% 235U), protected by 0.02 mm 

thick aluminium foils, were sandwiched between pellets of a 
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Figure 1: MCNP model of the lower region of the SVEA-96 

Optima2 assembly showing the radial divisions in pin A6 and 

the azimuthal sector orientation in pin B1 adjacent to a Gd2O3 

poisoned pin (dark grey).



special dismountable test pin, and then irradiated for one 

hour with a fl ux of about 4·108 ncm–2s–1. The radial results in 

four rings were obtained by mechanically punching out one 

of the foils after irradiation and measuring the 239Np activity 

of the four pieces separately using two HP germanium detec-

tors (see Fig. 2a). The average 1σ experimental error was 1.1%. 

In a similar way, previously marked foils were cut into eight 

sectors to yield the azimuthal results (see Fig. 2b) with an 

average 1σ experimental error of 0.7%.

Conclusions

The relatively large radial discrepancies for C8 observed be-

tween tomography measurements [3] and CASMO-4 calcula-

tions have currently been confi rmed by applying a second, 

independent experimental technique. In the present case of 

activation foils punched into four rings, the underprediction 

of the outermost ring is 8%. In addition, for the fi rst time, it 

has been experimentally observed that, although CASMO-4 

correctly predicts the general azimuthal within-pin reaction 

rate pattern, there is a large underprediction in the amplitude 

of the azimuthal variation (by a factor 2). The CASMO-4 ra-

dial underprediction could be explained by the absence of a 

zone-wise resonance self-shielding treatment (which uses a 

built-in function for the radial distribution of the resonance 

capture). However, the azimuthal discrepancies require further 

investigation. Results obtained with MCNP, on the other hand, 

are in excellent agreement with experiment (within 1σ). Further 

experiments investigating fi ssion in 235U using enriched ura-

nium/aluminium alloy foils, as well as specially developed 

LIGA (deep-etch X-ray lithography, electroplating, and mould-

ing) copper foils, have also been performed in this context.
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Figure 2: (a) Radial and (b) azimuthal C8 reaction rate distribu-

tions, normalized to the average reaction rate, in pins A6 and B1, 

respectively. (The CASMO-4 results in (b) correspond to a relative 

shift of 22.5º imposed by the unique default geometry.) 
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Numerical code assessment for boron-dilution 
incidents

Trevor V. Dury, Sergey Shepel, Laboratory for Thermal-Hydraulics, PSI

An experiment in a 1/5th-scale model of a 3-loop PWR pressure vessel was simulated using the Computational 

Fluid Dynamics (CFD) code CFX-5 to provide validation data prior to the code being used to model a Swiss NPP. 

Steady-state velocities and transient boron concentration within the vessel were computed, and their sensitiv-

ity to variations in the CFD model examined. Steady-state velocities in the downcomer were generally not in 

agreement with experiment, but, nonetheless, predicted transient boron distribution and its minimum concen-

tration at core inlet were close to measured values. 

Introduction

To justify their use in the analysis of boron dilution accidents 

in Pressure Water Reactors (PWR), CFD codes must fi rst be 

validated against experimental data. Consequently, within the 

context of the FLOMIX-R project (part of the 5th EU Framework 

Programme), numerical simulations were performed at PSI, 

using the CFX-5 Code [1], of an experiment at Vattenfall Utveck-

ling AB, Älvkarleby, Sweden. The test comprised a 1/5-scale 

model of the pressure vessel and internal components of a 

3-loop Westinghouse PWR, with pump fl ow rate behaviour 

applied corresponding to start-up of the reactor cooling pump 

under various non-standard conditions.

The work has since been extended in preparation for modelling 

an existing Swiss NPP, as part of the STARS project. In par-

ticular, the effect of mesh dependency on the results has been 

examined.

Experimental vessel

All external components of the test were constructed from 

Plexiglas, enabling fl ow visualisations to be made. The fl ow 

outlet was simplifi ed to allow fl uid to exit vertically from the 

core instead of via the hot-leg penetrations through the ves-

sel wall. Internal components were either constructed of 

Plexiglas or steel, and instrumentation in the lower vessel 

dome was incorporated within support columns connecting 

the different horizontal plates in the region from the base of 

the dome up to the core inlet plate. A salt tracer was used 

instead of boron, to allow local boron concentrations in a 

plane just below the core inlet to be measured using conduc-

tivity probes. 

A perspective view of the vessel is shown in Fig. 1, highlighting 

an inlet plug of water with low boron content (dark brown), 

inactive cold legs through which fl ow left the vessel and was 

measured (light brown), thermal shields in the downcomer 

(light green), and supporting perforated plates in the lower 

plenum (outlined in black).

CFD model and validation goals

Three models of the complete assembly were fi rst generated: 

one with 200 762 cells, one with 1 606 096 cells, and a fi nal 

model with 434 000 cells. Initial boundary conditions were 

obtained from the experiment.

In the fi rst CFD simulation, steady-state conditions were as-

sumed, with constant fl ow into the vessel via a single cold leg, 

the pumps in the other two legs remaining inactive. In the 

second simulation, transient conditions were applied, in which 

a plug of water with a lower tracer (boron) concentration was 

injected through the same cold leg, at the time-dependent 

rate specifi ed by the experimenters; the slug volumes were 

also measured. 

Figure 1: Perspective view of vessel and some components.
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Steady-state results

Despite the fact that the inlet conditions were steady-state, 

the fl ow in the downcomer exhibited time-dependent behav-

iour. In Fig. 2, time-averaged CFD and measured vertical ve-

locities are compared around the circumference of the down-

comer, near its lower edge. (Numerical results have been 

obtained using the RNG k ε turbulence model and the fi nest 

mesh, these producing the closest agreement between calcu-

lation and experiment.) The angle 0° is the circumferential 

position of the inlet cold-leg pipe. The values in Fig. 2 indicate 

that fl uid entering the downcomer passes around the core 

barrel and enters the lower plenum on the opposite side. On 

the exit side, the agreement with experimental velocity is to 

within about +2%. However, below the inlet, where fl uid is 

rising from below, the agreement is very poor, the predicted 

velocity being about 400% higher than that measured. This 

may indicate that recirculating fl ow is very sensitive to the 

particular turbulence model used.

Transient results

Best correspondence with the measured boron concentrations 

at the core inlet plane was achieved using the intermediate-

mesh model, the higher-order numerical advection scheme, 

and the RNG turbulence model. With the coarse mesh, the 

concentration distribution was too strongly diffused, while, 

using the fi ne-mesh model, the Reynolds Stress Model (RSM) 

of turbulence gave too little mixing of low-boron fl uid.

Measured and predicted core inlet plane concentrations are 

shown in Fig. 3 for the intermediate-mesh case. The fl uid di-

vided into distinct regions during its passage to the lower 

plenum, giving two separate zones of low concentration at the 

core inlet. Also, some circumferential rotation is evident, gen-

erated by the bend in the cold leg. Both of these characteristics 

have been very well predicted by the simulation. The major 

differences lie in the detail of the concentration pattern.

Conclusions

The steady-state simulation shows that a more refi ned turbu-

lence model is probably needed to accurately reproduce re-

circulation in the downcomer. For the transient (in which a 

plug of low-boron fl uid enters through a single cold leg, the 

other two legs being inactive), best agreement of core inlet 

boron distribution and concentration with experiment was 

achieved with a mesh having an intermediate degree of refi ne-

ment, and using one of the simpler turbulence models. Mini-

mum boron concentration at the core inlet agreed within a few 

percent, but the infl uence of downcomer swirl at this level was 

not fully reproduced numerically. Nevertheless, fl ow-stream 

separation at the core inlet was in relatively good agreement 

with measurement. 

A basis has been established for simulation of a Swiss NPP, 

and preparations for this are now underway.
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Figure 2: Averaged vertical velocity at a low level in the downco-

mer as a function of circumferential angle (steady state, RNG 

model, fi ne mesh).

Figure 3: Relative boron concentration at the core inlet plane: a) 

measured; b) predicted (transient, RNG model, intermediate 

mesh).
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On the reduction of volatile iodine in a reactor 
containment following a severe accident

Robin Cripps, Bernd Jäckel, Horst Bruchertseifer, Salih Güntay, Laboratory for Thermal-Hydraulics, PSI

A severe reactor accident in a nuclear power plant transports fi ssion products (FPs), including iodine radionu-

clides, into the containment atmosphere and water sump. Volatile iodines (I2 and organic iodides) are produced 

by FP radiation in water pools, and are potentially hazardous (for example, they may induce thyroid cancer) if 

released in suffi cient quantities into the environment. Atmospheric radiation produces nitrate and nitrite ions 

in the water pool. The experimental and modelling work undertaken at PSI indicates that the interaction of such 

ions with iodine results in a substantial reduction in the volatile component.

Introduction

In the very unlikely event of a severe reactor accident occurring 

in a nuclear power plant (NPP), fi ssion products (FPs) would 

be released into the atmosphere of the containment building. 

Radioactive iodine nuclides (predominantly 131I, with a half 

life of about 8 days) are the most important FPs, since they 

are readily released, mainly as cesium iodide (CsI), from the 

damaged fuel rods. If volatile iodines escape from the contain-

ment into the environment, either due to leakage or controlled 

venting systems, a potential health hazard could then ensue, 

since the ions are readily, and almost irreversibly, transported 

to the human thyroid gland, where they can locally induce 

cancer. Iodine species in the containment atmosphere and 

sump water undergo complex chemical reactions, since sev-

eral oxidation states exist (from -1 to +7). Some FPs in the 

containment sump are radiation sources, which decompose 

water (by radiolysis) to form equal numbers of oxidising (•OH, 

H2O2) and reducing (eaq
−, H•) species: the yields (G-values), 

in units of 10 –7 mol J–1 [1], are as follows:

4.48 H2O   (1)

2.9 eaq
–, 0.62 H•, 3.3 •OH, 0.48 H2, 0.59 H2O2, 2.9 H+

Hydroxyl radicals (•OH) rapidly oxidise iodide ions (I–) to vola-

tile molecular iodine (I2) through several stages:

•OH + I–   →   → I• + OH–  →  →   I2 (2)

Conversely, solvated electrons (eaq
–), for example, reduce I2 

to a non-volatile form (I2
• –). The balance between oxidising 

and reducing reactions will depend on the pH value, the redox 

potential, the radiation dose, the ambient temperature, the 

sump water and atmosphere volumes, the wall surfaces, 

other FPs, and the actual structural materials encountered 

(metals, paints, plastics, etc.). These conditions, combined 

with reactions taking place in the containment atmosphere, 

together with iodine deposition on surfaces, will determine 

the volatile iodine fraction that could potentially escape into 

the environment. Extensive experimental and modelling data 

have been collected worldwide over a period of 30 years to 

describe the behaviour of iodine in containments, though 

these are based mainly on laboratory experiments using pure 

solutions of just a few components [2]. However, data relating 

to conditions closer to postulated reactor accidents, i.e. con-

sidering other radiolysis products, structural materials (except 

control rod silver) and other FPs, are still lacking. Experimen-

tal and reaction modelling work was therefore carried out on 

two selected species to show and quantify some of their ef-

fects on iodine volatility.

Nitrogen – iodine chemistry

Studies have shown that radiation from FP noble gases (85Kr, 
133Xe) in the moist containment atmosphere generates nitro-

gen oxides, leading to nitrate (NO3
–) and nitrite (NO2

–) ion 

formation in the containment sump [3]. Solvated electrons in 

the irradiated sump water reduce nitrates to a product read-

ily hydrolysed to form NO2
• radicals (reactions (3) and (4) 

below). These radicals oxidise iodide ions to iodine atoms, 

analogous to hydroxyl radicals, as shown in reaction (5):

NO3
–    +    eaq

–    →   NO3 2 – (3)

NO3 2 –  +   H2O    →   NO2
•    +   2OH– (4)

NO2
•     +   I–        →   I•        +   NO2

– (5)
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Depending on the actual reactant concentrations, net iodine 

reduction or oxidation will also be infl uenced: for example, 

by the following reactions:

NO2
–     + I•         →    NO2

•    +   I– (6) 

NO3
2–    + •OH    →    NO3

–    +   OH– (7) 

Experiments

An experimental programme was started to establish and 

quantify the behaviour of nitrate and nitrite ions in irradiated 

CsI solutions under sump conditions anticipated to be ap-

propriate to reactor accidents. Aqueous solutions of sodium 

nitrate (NaNO3), CsI and boric acid at pH4.6 were irradiated 

in a gamma cell. A radionuclide (131I) was added in order to 

track the volatile iodine production, and transferred to a 

solid phase absorber by passing argon gas bubbles through 

the solution (i.e. by sparging) at a constant fl ow rate (Fig. 1).

The volatile iodine fractions were measured, and then plotted 

against absorbed dose (up to 3 or 7 kGy). To study the effect 

of NO2
• on iodine volatility, sodium nitrite (NaNO2) was added 

in place of sodium nitrate (NaNO3), and the solution sparged 

with nitrous oxide gas (N2O). The gas has two functions: to 

remove volatile iodine from the solution, and to convert the 

reducing radicals (H•, eaq
–) to •OH oxidising radicals. Under 

these conditions, nitrite ions are directly oxidized to NO2
• 

radicals via the reaction:

NO2
–   +  •OH   →   NO•  + OH– (8)

The NO2
• oxidizes the I– ion to iodine atoms via reaction (5), 

producing I2. Under such strong oxidising conditions, signifi -

cant amounts of iodate (IO3
–) may be formed, but NO2

– ions 

reduce I• to I–  according to reaction (6).

Results and conclusions

By comparing the volatile iodine fractions sparged from irradi-

ated CsI solutions with identical doses, it has been shown that 

the fractions decrease with increasing initial nitrate concentra-

tions. Quantitatively, a reduction of volatile iodine of about a 

factor 5 was observed if the initial nitrate concentration ratio 

was increased by a factor 5, using a typical CsI concentration 

anticipated in the water pool under severe accident conditions. 

A reduction factor of about 10 was measured for an initial 

nitrate to CsI concentration ratio of 10:1.

The results from the irradiated CsI and nitrite solution mixtures 

show the same trend, and similar reduction factors have been 

observed.

Reasonable correlations with experimental data were obtained 

from computer simulations using PSI’s mechanistic iodine 

code PSIodine, extended to include a comprehensive set of 

nitrogen species reactions. 

In conclusion, an important new fi nding from the present 

studies on the effect of dissolved nitrate and nitrite ions in 

the containment sump is that, following a severe reactor ac-

cident, there is a strong infl uence of the presence of air oxida-

tion products in the containment on the reduction of volatile 

iodine.
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Figure 1: View of the experimental reaction vessel in the 

irradiation chamber of the gamma cell.
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Thermal and irradiation creep in high 
temperature materials

Wolfgang Hoffelner, Jiachao Chen, Manuel Pouchon, Maria Samaras, Laboratory for Materials Behaviour, PSI

Typical process parameters for in-core and close-to-core structures for the Very High Temperature Reactor are 

temperatures up to 1000°C, the presence of impure helium, and neutron irradiation. Structures designed for 

operation at high temperatures are usually also subject to high stresses, which can lead to degradation of 

material integrity. The combination of high temperatures and radiation in advanced materials warrants a new 

look at the phenomena of thermal and irradiation creep. 

Background

Advanced gas-cooled reactors, such as the Very High Tem-

perature Reactor (VHTR), are currently being investigated 

worldwide – the Generation IV initiative [1] – as a possible key 

element for future combined cycle plants for the generation 

of electricity and process heat. The envisaged design life of 

such plants is 60 years, corresponding to 500,000 operating 

hours. In current designs, the reactor core includes graphite 

bricks. Other components, such as core supports, guides, 

fi xations, and gas outlet fl anges, will be constructed from 

advanced, metallic high-temperature materials. Components 

and structures designed for operation at high temperatures 

are usually also subject to high stresses during both steady-

state and transient operation, which can lead to degradation 

of material integrity.

Irradiation and thermal creep

The accumulation of plastic deformation in metals and alloys 

at elevated temperatures, at stresses well below the yield 

stress, is called thermal creep. The steady-state creep rate 

developing under an applied load is a thermally-activated 

quantity. The thermal creep process is mainly diffusion-con-

trolled, and leads to dislocation movement or grain bound-

ary sliding, and to the formation of voids around precipitates 

and along grain boundaries. If loads are applied under irra-

diation conditions, accumulation of plastic strain can occur 

at much lower temperatures as a result of the formation of 

point defects produced by irradiation damage and its interac-

tions. For the design of components operating at high tem-

peratures, and under irradiation, possible interactions be-

tween thermal creep and irradiation creep are extremely 

important with regard to possible damage enhancement and 

long-term durability. 

Experiments to investigate creep

Materials with a metallic matrix, investigated at PSI within the 

framework of the project “High Temperature Materials”, are 

Oxide-Dispersion-Strengthened (ODS) steels [2] and interme-

tallic alloys: for example, advanced titanium aluminide [3]. 

Fine oxide dispersoids (typically with a diameter range be-

tween 4 to 50 nanometres) act as pinning points for disloca-

tions, thereby increasing the creep resistance of the ODS alloy. 

The exceptional creep resistance of intermetallics can be ex-

Figure 1: Thermal- and irradiation-induced (helium implantation) 

creep rates for an advanced titanium aluminide as a function of 

inverse temperature.
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plained by the fact that more energy is needed to move dis-

locations through an ordered lattice than through a solid-

solution-strengthened matrix. 

Figure 1 shows the steady state creep rates developing under 

irradiation in an intermetallic alloy under applied stress and 

thermal loads. He-implantation was performed at the Compact 

Cyclotron of the Research Centre Juelich (FZJ) in Germany. 

Dog-bone samples with a thickness of 0.2 mm were homoge-

neously (i.e. in 3-dimensions) implanted under uniaxial stress 

conditions with 24 MeV 4He passing through a magnet scan-

ning system and a degrader wheel. A typical implantation rate 

is 0.02 appm/s [4]. At about 680°C, a sudden change from 

irradiation creep (displacement-damage controlled) to thermal 

creep occurs. As a technical consequence, this means that 

above 700°C no damage interactions between thermal and 

irradiation creep may be expected, and that during steady-

state operation of a VHTR, only thermal creep would be the 

relevant damage mechanism.

Similar experiments were also performed with the ferritic ODS 

alloy, and similar behaviour was found [5]. Above 700°C, only 

thermal creep is expected. There are some indications that 

between 500°C and 700°C interaction between thermal creep 

and irradiation-induced creep might occur. However, the effect 

is not expected to be technically very signifi cant. 

Towards the interpretation of results

Irradiation creep can, however, become important during 

transient operations, such as start-up, when neutron irradia-

tion already takes place at lower temperatures. The following 

questions are particularly challenging from the scientifi c 

standpoint.

• Is it possible that during the phase of transient irradiation 

creep or transient irradiation relaxation, residual stresses 

develop that increase the acting load under steady-state 

conditions?

• Is it possible that creep cavities formed during long-term 

thermal creep could change their size under transient op-

eration as a result of interactions with irradiation-induced 

defects? 

• Is it possible that, after very long operation times, enough 

helium from nuclear alpha-particle-producing reactions 

exist to effect the growth rates and densities of creep voids 

at particle-matrix interfaces, or at grain boundaries?

The fi rst question can be answered by incorporating appropri-

ate creep laws into fi nite element analyses of the component 

in question. Without details of the geometry, it can be assumed 

that a combination of thermal stresses developing during 

start-up, together with irradiation creep, can, under certain 

conditions, introduce additional tensile stresses during steady-

state operation. Answers to the other two questions require 

information beyond standard experimental experience. Multi-

scale modelling of the material behaviour is being considered 

for overcoming such restrictions. 

The interaction between interstitials formed during irradiation 

and a grain boundary pore was modelled using Molecular 

Dynamics (MD). Only a weak infl uence of the void was found 

[6]. The mobility of vacancies is outside of the MD time-scale. 

However, such mobility is necessary to understand the fi nal 

structure of the void, the grain boundaries, and the actual 

grains present. Methods allowing modelling over longer time 

periods, such as kinetic Monte Carlo approaches, will be 

necessary. Movement of dislocations that can be pinned by 

pre-existing obstacles (such as dispersoids and helium voids), 

can be modelled using Dislocation Dynamics. Results can be 

linked to fi nite element calculations, which would then provide 

the link to the macroscopic scale, and ultimately to the com-

ponent itself. Although this path looks very straightforward, 

it must be emphasized that it will take several years until 

models such as these have been developed to a level that is 

technically useful.
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FUJI irradiation test: 
initial sintering of particle fuels

Christian Hellwig, Lars Åke Nordström, Franz Ingold, Peter Heimgartner, Laboratory for Materials Behaviour, PSI

Particle fuels have been considered as promising fuel systems for fast reactors due to their inherent potential 

for remote fabrication, cost reduction, and for the ability to incinerate minor actinides and low-decontaminated 

plutonium. The FUJI test addresses the issue of fabrication of MOX particle fuels and their irradiation behaviour 

during the start-up phase of the reactor, with different fuel types being irradiated simultaneously in the high 

fl ux reactor at JRC Petten. The tests have shown that, when the power is high enough, particle fuel undergoes 

a substantial structural change at the very beginning of the irradiation, leading to a signifi cant decrease of the 

fuel central temperature.

Particle fuels, such as sphere-pac and vipac fuels, have been 

considered as promising fuel systems, due to their inherent 

potential in remote operation and cost reduction advantages 

[1]. Particle fuels are therefore interesting candidates for mi-

nor-actinide-containing and low-decontaminated fuels for fast 

reactors.

The mechanical behaviour of particle fuels is superior to that 

of pellet fuel. Due to the absence of a fuel-cladding gap, no 

cladding creep-down is observed [2,3], and fuel swelling is 

mainly compensated by sintering processes. However, parti-

cle fuels show a thermal behaviour dependent on the irra-

diation history: i.e. on the maximum fuel temperatures at-

tained [4-6]. For fresh fuel, the thermal conductivity is low 

compared to pellet-type fuel. The absence of a fuel-cladding 

gap cannot fully compensate for the relatively low smear 

density, and for the small contact area between adjacent 

particles. While irradiation is proceeding, temperature-de-

pendent sintering processes take place, leading to improved 

thermal conductivity. 

The FUJI project is a collaborative venture between JNC (Japan 

Nuclear Cycle Development Institute, now JAEA), NRG (Nu-

clear Research & Consultancy Group) and PSI. The project 

focuses particularly on the beginning-of-irradiation restructur-

ing of two types of particle fuel – sphere-pac and vipac – in 

comparison to pellet fuel. 

Experiments

Four kinds of fuel – MOX sphere-pac, MOX vipac, MOX pellet 

and Np-MOX sphere-pac – were fabricated at PSI [7], fi lled 

into sixteen segments, and subsequently irradiated in the 

High Flux Reactor (HFR) at Petten (NL). Each MOX fuel contains 

20% Pu in all segments. The experiments are combined with 

fuel performance calculations performed using codes espe-

cially developed to predict particle fuel behaviour.

The irradiation took place in the pool-side-facility (PSF) of the 

HFR in an irradiation rig with two fuel channels, each of them 

holding a pin consisting of two fuel segments. The use of the 

PSF enables power histories that are independent of the reac-

tor operation to be applied.

The irradiation tests can be distinguished as follows:

• Initial Sintering Test from zero to full power over 36 hours 

(this refl ects the start-up procedure of the JOYO fast reac-

tor);

• Restructuring I Test from zero to full power over 36 hours, 

then a holding time of 48 hours at full power;

• Restructuring II Test from zero to full power over 36 hours, 

then a holding time of 96 hours at full power;

• Power-To-Melt (PTM) Test, the fi rst part of which is the 

same as in the Restructuring I Test, but then a step-wise 

increase of the power is applied until central fuel melting 

can be observed in the neutron radiographs.

In all irradiation tests, the power was decreased to zero very 

rapidly after the irradiation was completed.

For the irradiation tests, the sixteen segments were con-

nected two-by-two to form eight pins, with two such pins (i.e. 

four segments) irradiated in each test. After the irradiation 

tests had been completed, Post-Irradiation Examination (PIE) 

was performed.

The power histories were used as input to the SPHERE code 

[8], specifi cally developed at PSI to model the performance of 

sphere-pac fuel under irradiation. The restructuring was pre-
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dicted by the code, as well as the target power for the power-

to-melt test to reach the onset of melting.

Non-destructive PIE consists of γ-scanning, geometrical meas-

urements and neutron radiography, while destructive PIE in-

cludes ceramography and burn-up analysis.

Results

Figure 1 shows that the restructured fuel consists of three 

radial zones: i) a central void region; ii) an intermediate zone 

containing relatively dense fuel, with columnar grains formed 

by pore migration; and iii) an outer zone consisting of spheres 

that are only slightly sintered (consequently, many small 

spheres were lost there during preparation of the micro-sec-

tion).

The formation of the central void is due to pore migration of 

lenticular pores in the columnar grain structure. There is 

hardly any region visible in which the spheres are already 

sintered to a porous-pellet-like structure without being in 

progress of restructuring by pore migration (i.e. still with 

equiaxed grains). The temperature gradient in this experiment 

was too steep for distinct formation of such a zone. This 

property was also reproduced by the numerical model.

The size of the central void could be estimated for the whole 

fuel stack with good accuracy by means of the neutron radio-

graphs, and verifi ed by the evidence from the ceramographic 

sections. Comparison of these experimental results with 

model predictions shows satisfactory agreement for all tests. 

For the fi nal power-to-melt test, the melting power could be 

predicted beforehand with good accuracy, confi rming the 

advanced status of the SPHERE code.

It is of considerable interest to know that, provided high 

enough power is attained, these structural changes can take 

place at the very beginning of the irradiation.

Conclusions and outlook

Particle fuel for fast reactor use undergoes a dramatic struc-

tural change at the beginning of irradiation. The processes 

(sintering and pore migration) are thermally driven, take place 

within a few hours, and depend mainly on the fuel tempera-

tures attained. The structural changes, which occur rapidly 

and energetically, contribute strongly to a decrease of fuel 

central temperature, thus helping to prevent central fuel melt-

ing at high power levels. 

The irradiation tests performed also indicate that the predic-

tions of fuel performance calculations are of good quality.

The results obtained in this project will serve as a database 

for the validation of fuel performance codes dedicated to 

particle fuel, and will help to defi ne safety limits for the em-

ployment of such fuels.
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A new hard X-ray beamline at the SLS

André M. Scheidegger, Daniel Grolimund, Messaud Harfouche, Beat Meyer, Markus Willimann, Rainer Dähn, Labora-

tory for Waste Management (LES), Nuclear Energy and Safety (NES), PSI, S. Johnson, O. Moreira, Department of 

Synchrotron Radiation and Nanotechnology (SYN), PSI, M. Nachtegaal, Department of General Energy (ENE), PSI

The micro-XAS beamline at the Swiss Light Source (SLS) is a micro-probe facility, optimized for X-ray absorption 

spectroscopy, X-ray fl uorescence and X-ray diffraction experiments requiring high spatial resolution. The beam-

line is designed for monochromatic and pink X-ray beams with high fl ux and energy resolution, combined with 

dynamic (sub-)micron focusing capabilities. In this report, brief descriptions of the beamline layout, the beam-

line commissioning, and fi rst results from “expert user” experiments, are presented.

Overview

X-ray absorption spectroscopy (XAS) and X-ray fl uorescence 

(XRF) are key analytical techniques, not only in catalysis and 

materials science, but also in the environmental sciences (e.g. 

nuclear waste management, geochemistry and soil sciences), 

life sciences, archeometry, and for a broad range of industrial 

applications. In the past, “classical” XAS and XRF investiga-

tions (i.e. XAS/XRF studies with unfocused X-ray beams) have 

resulted in unique contributions being made towards improved 

understanding of material structure and chemical reactivity 

at the molecular-level. Due to the small source size and low 

emittance of new 3rd generation synchrotron sources, improve-

ments in X-ray optics and detector technology, and progress 

in sample positioning, it has become possible to obtain the 

wealth of structural information provided by XAS and XRF at 

the micro-scale. Highly heterogeneous samples can now be 

probed in a non-destructive manner with high spatial resolu-

tion and sensitivity, and with chemical specifi city. In many 

scientifi c disciplines, spatially-resolved, molecular-level in-

formation is the key parameter for understanding fundamen-

tal physiochemical processes.

The micro-XAS beamline at SLS is designed as a hard X-ray 

microprobe facility dedicated to XAS and XRF [1-2], and will 

further serve as the optical system for the FEMTO project. 

Within this project, time-resolved studies with a resolution of 

~100 femto seconds will be feasible at the micro-XAS beamline 

to study time-dependent phenomena in physics, chemistry, 

biology and the environmental sciences [3-4]. Additionally, 

the beamline will enable micro-XAS measurement of closed 

radioactive samples with micro-scale resolution to be under-

taken. Under specially arranged conditions, PSI will provide 

access to the infrastructure within the Hot Lab facility (Type 

A laboratory) for the preparation of samples and intermediate 

storage of radioactive samples. Due to its special features 

(micro-focusing, open for radioactive samples, time-resolving 

capabilities), the micro-XAS beamline is of considerable inter-

est to the research community.

Beamline optics and experimental 
infrastructure

The micro-XAS beamline features a mini-gap, in-vacuum un-

dulator (U19), which provides high-brightness X-rays in an 

energy range of ~2.5 to ~20 keV, a range covering the K- and 

L-edges of most transition metals and rare earth elements. 

The optical layout is designed to deliver a micro-focused X-ray 

beam with high energy resolution (ΔE/E <10–4), and is based 

on vertical collimation and horizontal focusing schemes. The 

vertical collimation and horizontal focusing of the X-ray beam 

is achieved by means of a pre-focusing mirror unit in the optics 

hutch. By combining a torroidal mirror with a Kirkpatrick-Baez 

(KB) mirror system placed in front of the sample, the fi nal 

focused micro-beam can be achieved.

The experimental and beamline infrastructure includes a broad 

range of complex equipment, including the detector portal, 

sample stages, experimental tables, and remote-controlled 

X-ray eyes and microscopes. In order to benefi t from the high 

energy X-ray beam, the detection systems available at the 

beamline are crucial. Energy-discriminating fl uorescence 

detectors (a single-element Si- and a 32-element Ge solid-state 

detector) are of particular interest for micro-beam experi-

ments, and for XAS measurements of dilute samples. The 
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high-resolution, wavelength-dispersive X-ray detector system 

(WDX) provides resolution of overlapping fl uorescence emis-

sion lines, and is thus important for experiments requiring the 

highest energy resolution. As basic instrumentation, photo-

diodes or ion-chambers for transmission experiments, and a 

Stern-Heald detector system for measurements in fl uorescence 

and electron-yield mode, are also available at the beamline. 

Finally, the beamline is equipped with a CCD area detector for 

micro-diffraction experiments.

Beamline commissioning and fi rst examples of 
“expert user” experiments

Beamline commissioning included thorough testing of all 

optical and diagnostic components, the detector systems, and 

the micro-focusing system (i.e. the Kirkpatrick-Baez mirrors, 

sample manipulator and microscope). Considerable progress 

was achieved in terms of the alignment of the pre-focusing 

toroidal mirror and the characterization of the fi xed-exit, 

double-crystal monochromator, using the X-ray beam. The 

focusing of the X-ray beam by the KB-mirror to about 3.5x3.5 

μm2 can clearly be considered a major achievement. 

During the latter part of 2005, the beamline was used for an 

increasing number of “Expert User” experiments. A number 

of fruitful collaborations, both within PSI and with external 

research groups, resulted from this endeavour. Successful 

examples are the laser-induced pump and probe experiments 

in the context of the FEMTO Project: a collaboration between 

PSI-LES, PSI-SYN and EPFL. Other successful Expert User 

experiments included tests with the micro-focused X-ray fl uo-

rescence experimental mapping set-up. First micro-XRF “maps” 

of an opalinus clay sample (a collaboration between PSI-LES 

and Nagra) are illustrated in Fig. 1. Pronounced micro-scale 

heterogeneity and distinct elemental correlations were ob-

served within the clay sample. The micro-XRF test demon-

strates the need for a highly focused X-ray micro-beam capa-

bility for experiments with natural materials. Finally, in the 

context of measurements of radioactive samples at the micro-

XAS beamline, fi rst beam tests were performed using the 

dedicated specimen holder. In a next step, the entire experi-

mental procedure, including transport and sample manipula-

tion, will be tested. In outlook, the micro-XAS beamline will 

accept user proposals from the next “call” (in March 2006), 

and will be open to users from June 2006. 
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Figure 1: Micro-scale elemental distributi-

on in an opalinus clay sample: (a) spatial 

distribution of Ca illustrated as an 

overview; (b), (c), (d) spatial distribution 

of Ca, Fe and Ti within the area marked 

in yellow. The fi gure emphasizes the 

pronounced micro-scale heterogeneity 

within the opalinus clay sample, and 

illustrates that Ca and Ti are highly anti-

correlated. The micro-XRF map was 

collected with an X-ray beam size of 

about 3.5x3.5 µm2.
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A high-resolution abrasive method for determining 
diffusion profi les of sorbing radionuclides in rocks

Luc R. Van Loon, Laboratory for Waste Management, PSI;

Jost Eikenberg, Department for Radiation Protection and Safety, PSI

The diffusion of 134Cs+ in opalinus clay (OPA) has been investigated by means of in-diffusion laboratory ex-

periments. The diffusive tracer profi les in the rock were determined using a high-resolution abrasive peeling 

method. Choosing the most appropriate abrasive paper, a resolution down to 15 μm could be achieved. This 

degree of resolution is important for analysing strongly sorbing radionuclides, such as trivalent and tetravalent 

actinides displaying steep, shallow diffusion profi les. In the present study, a resolution from 20 μm to 90 μm 

has been obtained, which is suffi cient for good spatial resolution of the diffusion profi les.

Background

The suitability of argillaceous rocks for hosting repositories 

for radioactive waste has been studied intensively over the 

past few years [1]. The main reasons for this choice of rock 

are: (i) convenience in exploration; (ii) the low hydraulic con-

ductivity of such rocks, reducing ingress to a minimum; and 

(iii) the excellent sorption capacity of clays for many radionu-

clides. Diffusion and retention are the dominating processes 

governing the transport of radionuclides in clay stones and 

shales. Understanding the diffusion properties of radionu-

clides in argillaceous materials (shales, buffer materials) is 

therefore a key issue in performance assessment studies.

For those radionuclides that show a strong interaction with 

the rock material, the diffusion is limited to small distances. 

In order to accurately measure the profi le in the rock, a high 

resolution abrasive technique, applicable to clay rocks, has 

been developed at the Laboratory for Waste Management 

(LES).

Method

The basic idea of the abrasive peeling technique is the re-

moval of thin layers of a sample by grinding off material using 

abrasive paper [2,3]. A schematic view of the technique is 

given in Fig. 1. After grinding, the radionuclide associated with 

the abraded material can be measured directly using γ-spec-

trometry (for radionuclides with γ-decay), or by dissolution of 

the material via liquid scintillation counting or α-spectros-

copy (for radionuclides with α- or β-decay).

The thickness of the layer (d) removed in any grinding step 

depends mainly on the grain size (λ) of the abrasive paper: 

the smaller the grain size, the thinner the layers removed. In 

addition, the hardness of the material, and the grinding force, 

can also affect the performance of the abrasive paper. In the 

case of soft materials, a grinding swarf builds up on the paper, 

causing the abrasive properties of the material to vanish with 

time. Consequently, for soft materials, the thickness of the 

removed layers is usually smaller than the grain size of the 

paper, and is independent of the time over which grinding 

took place. In contrast, for hard materials, the lifetime of the 

paper is much longer, and the thicknesses of the layers re-

moved are usually larger than the grain size, and depends 

strongly on the time of grinding: i.e. the longer the grinding 

time, the thicker the layer removed. Because opalinus clay is 

a relatively soft material, the thickness of the layer that can 

Figure 1: Schematic representation of the concept of abrasive 

peeling.
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be removed in a grinding process was found to be close to the 

grain size of the grinding paper itself. The choice of the abra-

sive paper thus has a decisive infl uence on the resolution to 

which the diffusion profi le can be measured. 

The equipment comprises a drilling machine, a sample hold-

er, and small containers with an abrasive paper covering the 

bottom (Fig. 2).

Diffusion of caesium

The diffusion of 134Cs+ in opalinus clay has also been measured. 

In a fi rst step, a sample of opalinus clay was placed in contact 

with a solution containing a given amount of 134Cs+ (Fig. 3), 

which moved into the opalinus clay by diffusion. After a given 

time, the solution was removed, and the sample was ground 

using abrasive papers of grain sizes between 30 μm and 60 

μm. The 134Cs+ present in the grinding swarf was then meas-

ured by γ-spectrometry.

The thickness of the layer removed was measured using a 

micrometer. Figure 4 shows a typical diffusion profi le for 134Cs+ 

in opalinus clay. The measured values were compared with 

predictions from a mathematical transport model. Excellent 

agreement between experimental data and calculated results 

was observed.

The technique has been further optimized, and is now ready 

to be used on a routine basis to measure diffusion of other 

radionuclides showing strong interaction with opalinus clay. 

The question of whether it is possible to use the technique 

for other materials will also be examined.
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Environment and energy systems analysis:
strategies and highlights

Urs Baltensperger, Margit Schwikowski, Andre Scheidegger, Stefan Hirschberg, PSI

Even though distributed among different departments, environmental research and energy systems analysis is 

characterised by a variety of successful applications. Many of these make use of the special large facilities at 

PSI, or have built their own complex facilities in order to achieve their research goals. An example of the latter 

is the new PSI smog chamber, which has been established as a well-known user facility for atmospheric chem-

istry. The SLS has brought a number of new analytical possibilities, and many new environmental applications 

will be possible in the near future. Energy systems analysis is composed of a wide spectrum of interdisciplinary 

activities which will be concentrated in a dedicated Laboratory from 2006 onwards.

The topic Environment and Energy System Analysis is highly 

interdisciplinary. Therefore, research performed under this 

heading is distributed among fi ve different departments: 

Nuclear Energy and Safety (NES), General Energy (ENE), Par-

ticles and Matter (TEM), Synchrotron Radiation and Nanote-

chnology (SYN), and Logistics (LOG). 

Strategy

PSI is contributing to national and global goals for the devel-

opment of the energy system not only by research on new 

energy services, but also by investigating the various impacts 

of energy usage, by assessing the impact of exhaust compo-

nents in the atmosphere, by reconstructing the history of air 

pollution, by investigating the boundary conditions for a 

transition to more sustainable energy usage, and by develop-

ing new analytical techniques in the context of these investi-

gations. Many of these activities will also feed into the new 

Competence Center Energy and Mobility (CCEM-CH). Further-

more, the long-standing collaboration between the NES and 

ENE departments will go one step further with the beginning 

of 2006. The groups dealing with various aspects of energy 

systems modelling and evaluation will then be united to form 

a single laboratory, the Laboratory for Energy Systems Analy-

sis LEA, focusing on technology assessment, energy economy, 

risk, and human reliability. 

Research portfolio and highlights

The Laboratory of Atmospheric Chemistry (LAC) is active in 

many laboratory and fi eld experiments, including a long-term 

research program on the Jungfraujoch. The investigation of the 

atmospheric impact of air pollution related to energy consump-

tion received a great push with the construction of the new 

smog chamber. In this chamber, atmospheric chemistry can 

be simulated under controlled conditions, and aerosol forma-

tion from anthropogenic as well as from biogenic precursors 

is investigated. With the very fi rst paper being published in 

Science (2004), the chamber got a lot of international attention 

as a user facility. As one result of this, eight different mass 

spectrometres were operated simultaneously at the chamber 

in November 2005, with the participation of a total of fi ve 

groups from the US, UK and Germany (Dommen et al.).

The LAC has also established in-depth experience in the 

measurement of stable isotopes. This was a key feature in an 

investigation in a mature forest focusing on the important 
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question of whether rising atmospheric CO2 concentrations 

will cause forests to grow faster and store more carbon. 

Clearly, an enhancement of the CO2 concentrations resulted 

in an enhancement of CO2 uptake, however, this was accom-

panied by enhanced respiration such that there was no over-

all stimulation in biomass increase. This important result 

challenges projections of growth response in an enhanced 

CO2 concentration and was therefore successfully published 

in Science (Siegwolf et al.).  

In the Laboratory of Radio- and Environmental Chemistry two 

major activities are the investigation of heterogeneous reac-

tions at interfaces and the reconstruction of air pollution using 

ice cores as archives. Both activities take advantage of the 

large scale facilities at PSI. In the former case a radioactive 

tracer technique based on the short-lived 13N is used to inves-

tigate e.g. the reaction of nitric acid with mineral dust particles 

(Ammann et al.). The Swiss Light Source (SLS) is used for 

chemical characterization of individual submicron particles 

(see below). In the latter case, accelerator mass spectrometry 

is used to determine the 14C age on tiny amounts of carbona-

ceous particles fi ltered from melted ice samples. With this 

procedure, the presence of ice with an age of several thousand 

years could be established at the Colle Gnifetti, the highest 

glacier in the Swiss Alps (Jenk et al.).

Accurate measurements with SLS

The SLS with its wide variety of beamlines has brought a vast 

number of new applications in environmental research. As an 

example, X-ray absorption (XAS) and X-ray fl uorescence can 

now also be performed with micro-scale resolution at the micro-

XAS beamline. This advantage combined with the high sensitiv-

ity and chemical specifi ty is highly promising for the future. 

The beamline is presently in its expert user phase and has 

performed a number of successful experiments (Scheidegger 

et al.).

The Laboratory for Waste Management applies various ana-

lytical methods in their research, e.g. for testing the suitabil-

ity of specifi c rocks for hosting repositories for radioactive 

waste. Here, diffusion is a key process in performance assess-

ment studies of various materials. Diffusion is quantifi ed by 

determining concentration profi les of radionuclides in the rock 

materials of interest. To measure such profi les, a high resolu-

tion abrasive technique has been developed, and has been 

used for diffusion studies of 134Cs+ in opalinus clay (Van Loon 

et al.).

The energy systems analysis activities at PSI focus on the 

development, implementation and application of state-of-the-

art methods and databases to support rational decisions in 

the energy sector. The interdisciplinary approaches aim at 

improving the understanding of the interactions between 

energy, economics, environment and technology. A variety of 

applications address national, regional and global energy 

issues in the context of sustainable development. Current and 

future fossil, nuclear and renewable technologies are explic-

itly represented in the assessments, which profi t from hands-

on experience and developments within both energy depart-

ments at PSI. 

A central question for decision makers is to fi nd out how much 

the population is willing to pay for more sustainable energy 

policies. An innovative method employing the evaluation of 

Swiss referenda is presented, as the Swiss “direct democracy” 

provides a unique opportunity for a realistic assessment. The 

application shows that the willingness of the Swiss population 

to pay taxes on non-renewable energy in order to support 

renewable sources and rational use of energy is in the range 

between about 0.2 and 0.7 Swiss-centimes/kWh. The willing-

ness-to-pay for avoiding CO2 emissions is in the range between 

about 8 and 35 CHF per ton CO2 (Heck et al.).

Both energy departments at PSI conduct research supporting 

a vision of hydrogen becoming an attractive, clean alternative 

fuel. In “Towards a Hydrogen-based Passenger Car Sector – a 

Sensitivity Analysis” Krzyzanowski et al. defi ne and quantify 

under which circumstances the penetration of hydrogen driv-

en fuel cell personal cars could become possible. The fi ndings 

suggest that the key factor is the price of fuel cells followed 

by the development of oil prices. Major expansion of hydrogen-

based mobility calls for a reduction of prices of fuel cells below 

the level of 600 US$/kW. Alternatively other supporting policy 

measures would be required (Krzyzanowski et al.).

Additional highlights of energy systems analysis are provided 

in other parts of this report.
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Summer smog and aerosol formation

Josef Dommen, Urs Baltensperger, Laboratory of Atmospheric Chemistry, PSI; Markus Kalberer, 

Department of Chemistry and Applied Biosciences, ETH Zurich

Ambient aerosol particles have a variety of important impacts, including adverse health effects, visibility re-

duction and their infl uence on climate. The mechanisms of formation of secondary organic aerosol from oxida-

tion of anthropogenic and biogenic volatile organic compounds are investigated at PSI in a large simulation 

chamber.

Fine particles are emitted into the atmosphere from a variety 

of sources (diesel engine, combustion, forest, fi res etc.). 

Furthermore, particulate organic matter is formed when vola-

tile organic compounds in air are oxidized and become con-

densable due to a decreased vapour pressure. These species 

then form so called secondary organic aerosols (SOA), either 

by nucleation of new particles or by condensation on pre-

existing particles. The physical and chemical nature of aerosols 

determines their possible effect in the atmosphere:

• The fi ne particles are not fi ltered out by the nose and are 

deposited in the lungs, where toxic species may induce 

adverse health effects

• Particles scatter light and reduce the amount of sun radia-

tion reaching the earth’s surface resulting in a cooling effect 

on climate; this also results in reduced visibility

• They may absorb light which further modifi es the radiation 

balance

• If they are hygroscopic they promote cloud formation

Volatile organic compounds are on the one hand emitted by 

anthropogenic activities, e.g. unburned fuel in car exhaust, 

evaporation of fuel from cars and during fuelling, and evapo-

ration of solvents in household and industry. On the other 

hand they are emitted by plants and trees, termed biogenic 

emissions. The latter consist of isoprene, terpenes and oxy-

genated organic compounds. 

The smog chamber

To investigate the mechanisms of formation and the physical 

and chemical properties of SOA, experiments in a large simu-

lation chamber are performed at PSI. This chamber consists 

of a 27-m3 Tefl on bag (Figure 1) in a temperature controlled 

housing. This bag is fi lled with clean air and humidifi ed to 

50% relative humidity before nitrogen oxides and a hydrocar-

bon of interest are added.  This mixture is irradiated with four 

xenon arc lamps which simulate solar radiation. This initiates 

photochemical reactions similar to summer smog situations 

and leads to the oxidation of the hydrocarbon and to the 

formation of ozone and SOA. 

Last year we showed that in aerosols formed from trimethyl-

benzene further reactions of condensed species occur which 

ultimately lead to high molecular weight compounds. The 

hypothesis is that semi-volatile organic compounds react with 

each other forming dimers, trimers etc. yielding fi nally an 

Figure 1: Inside the simulation chamber: tefl on bag and alumini-

um plated walls to refl ect the light. In the centre are the gas lines 

to introduce the chemicals and to sample air for the analysis. 

The instrument at the right is used to measure the aerosol size. 
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oligomer with masses of 300 – 1000 Dalton. This fi nding could 

have important implications on the properties of the aerosol 

[1], such that more organic material can partition into the 

aerosol phase. Furthermore, the hygroscopic properties may 

change, and therefore alter the ability of the aerosols to act 

as a cloud droplet activating nucleus.

Isoprene

The largest source of hydrocarbon on a global scale is the 

biogenic emission of isoprene (C5H8). Since this molecule is 

rather small it was believed that its oxidation products are too 

volatile to partition into the particle phase and contributing 

to the aerosol formation. However, recently it was reported 

that possible oxidation products of isoprene were found in 

ambient aerosols [2]. This triggered intensive research ac-

tivities to investigate the aerosol forming potential of isoprene. 

If isoprene is a source of SOA, albeit with a small yield, its 

contribution to global SOA yield might still be substantial due 

to its enormous emission rate. 

Experiments in our simulation chamber show the formation of 

SOA at initial concentrations of isoprene down to 200 ppb. 

More important however is that isoprene generated aerosols 

also produce oligomers and become less volatile. If a certain 

aerosol size fraction is heated to 100 or 150°C part of the 

aerosol evaporates, and the remaining volume is initially only 

30 or 5 %, respectively. This volume fraction remaining in-

creases over time (Figure 2) which can be explained by the fact 

that chemical reactions in the aerosol lead to the formation of 

less volatile species. If the mass of the compounds in the 

aerosol is measured by mass spectrometry an increase over 

time can be observed, and masses up to 700 Dalton are ob-

served (Figure 3). These two observations are a clear indication 

of oligomerization in SOA from isoprene. This phenomenon 

may cause a larger contribution of isoprene to SOA formation 

than estimated by current knowledge and theories.

International collaboration

The PSI smog chamber has gained much recognition and at-

tracted research groups from several European countries and 

the USA. Research groups from Ireland and England partici-

pated in experiments to investigate the hygroscopic behaviour 

of secondary organic aerosols and the partitioning of com-

pounds between the gas and particle phase. The highlight of 

the chamber experiments was the participation of six research 

groups whereby eight different mass spectrometres were 

operated simultaneously (Figure 4). The goal of this effort was 

to investigate the formation of the oligomers with various 

analytical tools and most advanced analytical techniques. 
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Figure 2: If the aerosol is exposed to a higher temperature it is 

partly vaporized. The volume fraction remaining increases with 

the age of the aerosol, indicating the formation of thermally 

more stable molecules.

Figure 3: Mass spectrometry reveals that large molecules are 

formed with time in isoprene SOA. 

Figure 4: Six different groups participating with 8 different mass 

spectrometres in experiments at the PSI smog chamber. 
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Nanoscale surface chemistry of aerosols 
and snow

Markus Ammann, Alexandre Vlasenko, Thomas Huthwelker (PSI LCH), Staffan Sjoegren, Ernest Weingartner (PSI 

LAC), M. M. Miedaner, F. Enzmann, M. Kersten (University of Mainz), Amela Groso, Marco Stampanoni (PSI SLS)

Interactions of trace gases with liquid and solid material in aerosol particles, cloud droplets or on the ground 

are relevant to our climate, the ozone budget and human health. In this report, we show that the chemistry 

underlying these effects occurs on the nanometer scale in these materials. Small scale chemical reactions are 

shown to occur on the surface of submicron dust particles or in grain boundaries of ice. These reactions may 

affect atmospheric chemistry on regional and global scales. 

Introduction

Solid and liquid material is dispersed in many different forms 

in the atmosphere and on the ground, while at the same time 

being exposed to a large variety of major and trace gases in the 

air. The chemical interactions of trace gases with these materi-

als are relevant to the climate, the ozone budget and human 

health. A thorough understanding of such effects on local, re-

gional and global scales requires knowledge about the funda-

mental chemical processes involved on a molecular level.

Processing of mineral dust particles 
with nitric acid

Mineral dust is an important atmospheric aerosol, which is 

mainly produced in deserts and arid areas as a result of soil 

erosion. Once lifted up into the air by the action of wind, 

particles can be transported over long distances and for a few 

days at a time. During this long-range transport, dust particles 

may react with various trace gases. This processing might 

affect both the properties of the aerosol and the budget of 

trace gases with consequences for atmospheric chemistry and 

climate [1]. Nitric acid is an important trace gas and formed 

through the oxidation of nitrogen oxides. In the upper atmos-

phere, it is also a precursor to ozone formation.

Using the radioactive tracer technique available in the Labora-

tory of Radio- and Environmental Chemistry, we have investi-

gated the reaction of nitric acid with submicron mineral dust 

particles, which revealed the details of the surface reaction 

of this strongly acidic gas with mineral oxides [2]. 

It emerged that the humidity of the air, which leads to adsorbed 

water, is central to determining the reaction kinetics. Adsorbed 

water leads to partial hydrolysis of basic mineral species, so 

that basic cations become available for reaction with nitric 

acid. The products of these reactions are soluble nitrates, 

which seemed to accumulate on the surface. In collaboration 

with the Laboratory of Atmospheric Chemistry, we have per-

formed additional experiments with the so-called Hygroscopic-

ity Tandem Differential Mobility Analyzer (HTDMA). With this 

instrument, we were able to show that once the particles were 

processed with nitric acid under high humidity, they exhibit a 

markedly increased hygroscopic growth (Figure 1). The ob-

served growth allowed us to determine that a several nano-

metre thick layer of soluble nitrates had formed when process-

ing with nitric acid. This change in hygroscopicity may affect 

their optical properties as well as their ability to act as cloud 

Figure 1: Hygroscopic growth of ATD particles before (circles) and 

after reaction (squares) with gaseous nitric acid at 85% relative 

humidity.
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condensation nuclei with consequences to the earth’s radia-

tion budget.

Microstructure of frozen salt solutions

While in the case presented above, reactive processes have 

led to new nanoscale features, such structures can also be 

important in pristine natural environments. Snow and ice are 

very important surfaces in our environment. During part of 

the year, more than 50% of the landmass of the northern 

hemisphere is covered by snow or ice. It has recently been 

recognized that this ice is an important substrate for reactions 

with trace gases and that atmospheric chemistry can be af-

fected signifi cantly by these processes. One of the main 

questions in this context is in what form reactive species resid-

ing in the ice are exposed to the air. In glacier ice, impurities 

are believed to accumulate in grain boundaries and triple 

junctions (which are the lines, where three grain boundaries 

meet). Such structures form a three dimensional network, 

which may serve as transport channels for impurities [3]. 

Similarly, the location of bromine salts in frozen sea ice and 

frost fl owers is of special interest, as bromine salts are a 

precursor for atmospheric bromine compounds, which are 

crucial for ozone depletion events in the polar troposphere 

[4]. Therefore, it is of interest to study the three-dimensional 

location and morphology of salt inclusions in ice in situ using 

a non-destructive technique. 

Images of ice with the SLS 

We use synchrotron based micro-tomography to study such 

questions. For tomography, many X-ray images are taken, with 

the sample being rotated slightly between taking the indi-

vidual images. The tomographic reconstruction of the three-

dimensional image is performed using a conventional back-

projection algorithm and a Butterworth fi lter. 

As an extension of conventional tomography, we established 

a setup to perform micro-tomography on frozen samples at 

the SLS. Ice samples were put into a small sample holder, 

which was cooled by a stream of cold nitrogen at 210 K. The 

sample holder was surrounded by a cage of two Kapton foils, 

which were fl ushed with dry nitrogen to avoid condensation 

of ambient humidity on the foil. The contact free cooling allows 

the sample rotation required for tomography. The measure-

ments were performed at 13.6 keV, just above the Br absorp-

tion edge to maximize the sensitivity for bromine. 

Figure 2 shows a reconstructed three dimensional image of a 

NaBr doped ice sample. The sample was frozen from a 1 wt% 

NaBr solution. Several types of micrometer-sized inclusions 

can be seen. The dark structures are air bubbles, which origi-

nate from dissolved gases in the water. The golden structures 

are salt inclusions. While the air inclusions form wide, irregu-

lar bubbles, the salts accumulate in spherical and ellipsoidal 

structures, but also in channels, as is typical for triple junctions. 

Furthermore, the picture demonstrates that salt and air inclu-

sions are clearly separated from each other. 

These results will improve our understanding of how trace 

gases from the air above frozen sea water or frost fl owers can 

react with bromide ions at the air/ice interface. Additionally, 

given the confi nement in the three dimensional network where 

highly concentrated brines may exist, chemical reactions will 

proceed in a different way than in the case of a homogene-

ously mixed system. The microscopic reservoirs may serve as 

micro reactors for chemical reactions and also as transport 

channels for impurities. Thus, questions of phase separation 

at micro- and nanoscales will continue to be an important 

issue in understanding atmospheric chemistry at a molecular 

level.
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Figure 2: Reconstructed 3-D image of ice, which was frozen from 

a NaBr solution.  Dark structures – air bubbles; light structures – 

bromine salt inclusions. The ice is invisible.
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Dating of an Alpine ice core using radiocarbon 
ages of carbonaceous particles

Theo M. Jenk, David Bolius, Jost Eikenberg, Heinz W. Gäggeler, Hans-Arno Synal, Sönke Szidat, Lukas Wacker, 

Margit Schwikowski, Laboratory for Radiochemistry and Environmental Chemistry, Laboratory of Ion Beam 

Physics, PSI and ETHZ

A new dating method was applied to glacier ice, based on the analysis of radiocarbon in carbonaceous particles 

which are scavenged from the atmosphere during snowfall. With the continuous radiocarbon chronology obtained 

we could show, for the fi rst time, that several thousand year old ice is present in Alpine glaciers.

With annual net accumulation rates of more than 1.3 m water 

equivalent (weq.) and typical glacier thicknesses of 80 to 150 m 

in the accumulation areas, ice core records from the Alps cover 

rather short time periods of at best a few hundred years. A note-

worthy exception is the Colle Gnifetti glacier saddle in the 

Monte Rosa area. Due to preferential wind erosion of dry winter 

snow the mean annual snow accumulation is only 0.2–0.4 m 

weq., implying preservation of potentially more than the last 

1000 years with reasonable resolution. Glaciological fl ow models 

indicated that the oldest ice close to bedrock might be more than 

2000 years old. However, there is a lack of dating methods for 

ice older than a few hundred years. One of the most common 

dating techniques, the radiocarbon (14C) method, can only be 

used when insects or plant debris are found in the ice. Our new 

approach is to determine 14C in carbonaceous aerosol particles, 

which contain a signifi cant fraction of organic carbon, originating 

from biogenic sources for example from emissions by vegetation. 

Such carbonaceous aerosol particles are found in the ice because 

they are scavenged from the atmosphere during snowfall. How-

ever, due to the small amounts of carbonaceous particles in ice 

ranging from 30–100 μg/kg, 14C analysis is very demanding. 

Old ice present in Alpine glaciers

The new method has been applied to samples from an ice core 

which was recovered on the Colle Gnifetti glacier saddle, Swiss 

Alps, in 2003 (Figure 1).

Carbonaceous particles fi ltered from about 1 kg of melted 

samples from four core sections were analysed for 14C with 

accelerator mass spectrometry (AMS). The upper part of the 

core was dated, using the 1963 tritium horizon from nuclear 

weapons tests found at 24.6 m as well as three visible yellow-

ish dust horizons at 18.9, 39.2 and 54.3 m, attributed to the 

Saharan dust events of 1977, 1901/02 and 1811, respectively. 

The four samples for 14C analysis were obtained from depths 

below 75 m and the resulting calibrated 14C-ages are 1250, 

1800, 3300 and 3400 years. A two-parameter age-depth 

model was fi t through all the horizons (Figure 2). Thus, by 

application of this new 14C dating method, we could show that 

several thousand year old ice is present on Colle Gnifetti.Figure 1: Margit Schwikowski with an ice core sample.

Figure 2: Saharan dust and tritium horizons as well as 14C dating 

points and the resulting age-depth model for the ice core from 

Colle Gnifetti.
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Willingness-to-pay for renewable energy and 
CO2-reduction derived from Swiss referenda

Thomas Heck, Project GaBE, Systems/Safety Analysis Section

An important question in selecting technical solutions to achieve environmental goals is how much the popula-

tion is willing to pay for environmental measures. Within the framework of a European project, the results of 

Swiss referenda have been analyzed in order to estimate the willingness of the Swiss population to pay for 

renewable energy and the reduction of CO2 emissions. The Swiss “direct democracy” system provides a unique 

opportunity for making a realistic assessment of such issues.

A widespread method to estimate willingness to pay (WTP) is 

the use of questionnaires. An alternative method, which might 

be called “the referendum method”, was developed within 

the framework of ExternE, a European project aimed at evalu-

ating the external costs of energy systems [1]. The idea of the 

proposed method is to use results from referenda related to 

environmental issues to estimate the preferences of the 

population.

Decision making in Switzerland differs from that in other 

countries due to the strong component of “direct democracy”. 

In many cases, key Swiss policy issues are decided by a na-

tional referendum. There have been a number of such refer-

enda related to the subjects of energy and the environment. 

Some have included decisions about prices and taxes. Refer-

enda can be viewed as large surveys, whose outcomes at the 

same time constitute political decisions. The referendum 

method offers some advantages compared to the more usual 

surveys. Firstly, the consequences of the decisions are not 

hypothetical, but real: i.e. if the population supports the in-

troduction of a certain tax it will have to pay it. Furthermore, 

a referendum provides a unique opportunity to obtain opinions 

from a large number of people. On the other hand, the refer-

endum method also has disadvantages and limitations: sur-

veys are more fl exible, and can be more detailed. The existing 

formulation of the referendum text has to be taken as it is. 

That is, the information that can be extracted is limited.

Results

The results of referenda on energy taxes held in 2000 in Swit-

zerland were analyzed, in particular, because these referenda 

proposed concrete numbers in regard to the issues voted 

upon [1,2]. About two million voters participated. Under plau-

sible assumptions about the underlying WTP distribution, the 

willingness of the Swiss population to pay taxes on non-renew-

able energy to support renewable energy, and the rational use 

of energy can be estimated to range between about 0.2 and 

about 0.7 Swiss-Centimes/kWh, depending on the detailed 

assumptions made. The change from fossil fuels to renewable 

energy affects mainly direct CO2 emissions, but not necessar-

ily other pollutant emissions (for example, NOx and particulate 

emission factors for biomass are comparable to those for 

fossil fuels). Therefore, it is plausible to associate the WTP 

per kWh fully with CO2 as far as emissions are concerned. The 

corresponding estimates for CO2 emissions range between 

about 8 and about 35 CHF per tonne of CO2. This is much 

lower than the abatement costs (i.e. the costs necessary to 

reduce the emissions without abandonment of car transport 

or other services) in Switzerland, which typically start at the 

level of 100 CHF per tonne of CO2. Thus, at least under the 

terms of the objectives of the referenda held, the willingness 

to pay seems not to be very high. Nevertheless, the WTP es-

timate is of the same order of magnitude as the European 

Union’s WTP estimate based on cost-effi cient implementation 

strategies to meet the Kyoto protocol on the limitation of 

greenhouse gas emissions.
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The impact of elevated CO2 on carbon fl ux and 
growth in mature deciduous forests

Rolf Siegwolf, Sonja Keel, Matthias Saurer, Laboratory of Atmospheric Chemistry, PSI; Christian Körner, 

Botanical Institute of the University of Basel

Whether the response of trees to an increasing CO2 concentration is growth, resulting in an increase in carbon 

storage, or if they just reduce their photosynthetic capacity, is an open question. Is there still the potential for 

more growth, due to CO2 fertilization? Or are the trees already C-saturated because today’s CO2 concentration 

has nearly doubled since the last low CO2 glacial period? Together with the University of Basel (Prof. Ch. 

Körner) we investigated the carbon fl ow in a mature forest ecosystem, using stable isotopes. In Hofstetten, near 

Basel, Switzerland the crowns of 30–35 m tall temperate forest trees are exposed to elevated CO2 [1]. It was 

found that the excessively assimilated C was quickly exported from the leaves to the roots, where it was 

largely respired and then released into the atmosphere.

Using a new CO2 enrichment technology called WEB-FACE [1] 

in combination with a canopy crane, pure CO2 with a distinct 

isotopic label was released through a fi ne web of tubes woven 

into tree canopies with the help of a construction crane. After 

four years of CO2 exposure [2], we presented a fi rst resume of 

the responses of trees (that were approximately one-hundred-

years-old) to carbon dioxide concentration (ca. 530 ppm CO2), 

which is twice the pre-industrial level [3]. We found an immedi-

ate enhancement of carbon fl ux through the system. However, 

no stimulation in stem growth was observed. There was no 

photosynthetic adjustment, CO2 responses of leaf chemistry 

were smaller than commonly reported for younger trees, and 

tree species differed signifi cantly in their sensitivity to CO2. 

Although growing well, these mature trees did not accrete more 

biomass carbon in trunks in response to elevated CO2 after 4 

years. CO2 fertilization effects on forest trees appear to depend 

on species, tree age and/or growth conditions, and seem to 

enhance fl uxes rather than pools of carbon. The WEB-FACE 

uses CO2 gas with a constant isotope signature (δ13C of -29.8 

+ 0.3 ‰), the mixing of which with ambient air CO2 (δ13C of -

8‰) yields a 13C tracer signal in photosynthates, which was 

monitored at ca. 50 canopy positions with “isometers”. These 

are small containers planted with a C4 grass (1st year Cynodon 

dactylon, then Echinochloa crus-galli, regularly watered and 

cut from the crane gondola), which yielded a 4 year mean of 

5.8 + 0.5‰ 13C tissue depletion compared to controls.

The isotope signal also allows carbon tracing in trees and soils 

and the δ13C of isometer leaves is the second basis of our CO2 

monitoring. Infrared gas analysis and isometers yield the same 

CO2 concentration values [1].
Figure 1: Researchers take leaf samples to determine their 

isotope content.

64 Research focus and highlights – Environment and energy systems analysis PSI Scientifi c Report 2005, Volume 3



New carbon quickly penetrates the forest 

Once the 13C depleted CO2 is assimilated, any new carbon 

compound carries a 13C signal. The speed by which the signal 

penetrates various biomass compartments is a measure of 

the contribution of new photoassimilates to tissue formation. 

As a side effect of canopy CO2-enrichment, we can thus track 

carbon investment. Tree species differ in 13C content even in 

neighbouring crowns and hence the signal strength is related 

to species specifi c responses to the treatment.

During the fi rst season, leaves accreted 40 % (Quercus), 

65 % (Fagus), 67 % (Acer), 79 % (Carpinus) and 100% (Tilia) 

of new carbon as compared to the isometer mean. By the end 

of the fi rst season new assimilates contributed 71% and 73 

% to newly formed leaf and wood tissue across all trees 

(Figure 3). Tree rings of Quercus and Tilia were almost com-

pletely made of new carbon after the fi rst year, whereas in 

Fagus the tree ring signals were weaker and lagged. The leaf 

to trunk wood signal ratio is nearly 1 at any time, suggesting 

very close coupling between concurrent leaf and tree ring 

construction [4]. Most likely older, unlabelled fi ne roots 

caused the observed lag in fi ne root signals. From the end of 

year 1 to the end of year 4 the new fi ne root fraction (based 

on 13C data) increased from ca. 10% to 40 % (2.3‰ 13C deple-

tion in 2004 compared to the 5.8 ‰ isometer reference), 

suggesting a ca. 10 year fi ne root turnover. In contrast, fruit 

bodies of mycorrhizal fungi carried a 64 % signal after only 

6 months, which means that mushrooms were largely con-

structed by new carbon. Saprobic fungi never showed any 

signal, indicating a multi-year lag before new carbon appears 

in the saprobic food web, an unexpectedly clear functional 

separation of the two fungal groups. A lack of a response in 

stem growth or leaf litter production as found here does, 

however, not preclude a faster rate of below ground (root) 

production, as was shown for the Oak Ridge FACE [5], but these 

are transitory C-pools, which, however, could translate into 

more recalcitrant forms of carbon in soil humus.

Tune, trap or pump?

In elevated CO2, these trees did not tune down their photo-

synthetic machinery and assimilated far more CO2 than in a 

current atmosphere, but did not consistently “trap” more 

carbon in trunks. Instead we found that carbon is pumped 

through the system at a faster rate. Had we studied only one 

tree species, each of these species would have led us to draw 

different conclusions, one reducing its protein concentration, 

another one consistently increasing its carbohydrate levels, 

one transitorily showing a growth stimulation, others not. The 

Swiss forest FACE study thus points at the crucial role of tree 

species identity [6]. So far, results do not support expectations 

of greater carbon binding in tree biomass in such deciduous 

trees. It will need several more years to ascertain longer-term 

trends. The lack of a growth response or the transient response 

in one species are unlikely associated with nitrogen shortage, 

given the overabundance of N in this forest. More complex 

stoechiometric constraints or soil microbial feedback may 

hold the answer. 
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Figure 2: Canopy CO2 release by a web of porous tubes (right), with 

“isometers” (front) and gas sampling lines (back) for control.

Figure 3: New C in leaves, tree rings, and fi ne roots assessed 

by 13C tracer signals. The maximum steady-state carbon isotope 

difference of 5.8‰ between ambient and elevated CO2 is 

represented by isometer reference values (C4 grass growing in 

the canopy, straight dashed line).
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Towards a hydrogen-based passenger 
car sector – a sensitivity analysis

Daniel A. Krzyzanowski, Socrates Kypreos, Leonardo Barreto, Energy Economics Group, Research Department 

General Energy, PSI

Today over 99% of all passenger cars in the world are fuelled by gasoline or diesel. However with steadily in-

creasing prices of oil, technological developments, growing environmental awareness and depletion of natural 

resources, many claim that in the next fi fty years we could be witnessing a transition to an alternative fuel. 

Nevertheless, because of the complexity of the transportation system, the conditions for this transition are very 

uncertain. In our work, we attempt to defi ne and quantify under which circumstances the transition to such fuels 

as hydrogen will be possible.

Introduction

Since the beginning of the last century oil has been the pre-

dominant fuel for vehicles. With the rapid growth of motorisa-

tion, the transportation sector has become one of the major 

emitters of CO2. Despite the environmental concerns, trans-

portation has become an indispensable element of every 

country’s economy. However, the growing demand for oil is 

pushing the prices of oil higher, causing gasoline/diesel based 

mobility to become more expensive. Bearing in mind the grow-

ing prices of oil and the environmental aspects, many claim 

that we can expect the beginning of the transition to an alter-

native fuel such as hydrogen in the fi rst half of this century. 

Nevertheless, there is still much uncertainty about the favour-

able conditions for such transition and possible effects in 

terms of environment and economy.

In our research we try to address the uncertainty of the condi-

tions which would have to be met in order for a successful 

transition to an alternative fuel (like hydrogen) to take place. 

Based on sensitivity analysis, our approach is to evaluate this 

issue in terms of economic, technological and environmental 

aspects.

Methodology

For our analyses we use the cost optimisation, bottom up, 

perfect foresight model called GMM – a 5 world region, 2000–

50 timeframe, full scale energy model. GMM is explicitly able 

to represent the transportation sector (made up of personal 

cars, buses and road freight). Moreover, GMM is equipped with 

endogenous technological learning, which allows for reduction 

of costs as market penetration increases.The transportation 

sector is modelled using different vehicles and demands for 

mobility, as well as full fuel chains (from well-to-wheel). Each 

of the steps is also specifi ed in terms of emissions, costs and 

various technology specifi c constraints (Figure 1).

For the assessment of the uncertainties of the development 

of the hydrogen based mobility we select a few key parameters, 

such as price of the fuel cells, potential to reduce costs (learn-

ing rates), different trends in the price of oil or the initial number 

of fuel cell vehicles launched on the market, which may have 

an impact on the future market developments of fuel cell ve-

hicles. In the next steps, the model is run with different values 

of selected factors to study their potential infl uence. 

The parameters, with respective ranges, are also analysed in 

pairs so as to fi nd the potential synergetic or antagonistic 

(combined impact) effects. The limitation to pairs has mainly 

been driven for simplicity of the graphical representation in 

the form of 2- or 3-dimensional graphs which can reveal trends 

as well as threshold values.
Figure 1: Illustrative representation of fuel chains in GMM 

(example of the hydrogen fuel chain).
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Results

We would like to present an illustrative example of research 

in progress. This analysis example examines the impact of 

prices of fuel cells and different trends in the price of oil as 

potentially impacting factors on the development of hydrogen 

fuelled fuel cell private cars. Our analysis starts with a base 

case, for which we have assumed that hydrogen transporta-

tion (vehicles and infrastructure build-up) has the possibil-

ity to begin penetrating the market not earlier than in the 

year 2030. Further, we have made the following assumptions: 

price of fuel cells for hydrogen cars to be around 600 US$/kW 

(at the time they are ready to be market-launched) with a 

moderate cost reduction potential (learning rate) of 15%. The 

initial number of fuel cell private vehicles deployed to the 

market we assumed to be 80,000 in each of the 5 regions 

considered. The results from GMM runs indicate that in the 

base case, hydrogen transportation is not a very attractive 

option. The transportation sector is dominated fi rstly by 

gasoline vehicles, later by diesel powered cars and lastly 

when the hybrid technology matures – the gasoline-electric 

hybrids (Figure 2).

Next, we have analysed whether and how strongly the price 

of fuel cells and potential changes in the oil price would infl u-

ence the market evolution of fuel cell vehicles. The price of 

fuel cells we have assumed in a range between 200 and 1000 

US$/kW (as of the time the fuel cells technology is mature 

enough to be mass produced and introduced to the market). 

With respect to the price of oil, we have assumed that after 

the year 2010 this price might be anywhere between an in-

crease of 7% per decade and a decrease of 8% per decade. 

With these assumptions, we have performed multiple runs 

with GMM. The results are illustrated in Figure 3.

The fi ndings suggest that the key factors are the price of fuel 

cells followed by the oil price. If fuel cells, at the time they are 

introduced to the market, are at a price level of 600 US$/kW 

or lower, hydrogen transportation is an attractive option, 

regardless of the oil price.

The results imply that the price of oil seems to have a weaker 

infl uence on the future penetration of fuel cell vehicles as 

compared to the price of fuel cells. From the results of this 

analysis, we conclude that if the manufacturers are not able 

to reduce the prices of fuel cells to a level of 600 US$/kW or 

lower the hydrogen mobility would require other policy meas-

ures to become a reality.

The initial price of the fuel cell stack is a diffi cult, but very 

important, factor to predict. Therefore, the results of this 

analysis ought to be treated as indicative conditions only. One 

should bear in mind when analysing a complex system, like 

the transportation sector, that it is also worthwhile to take a 

closer look at other factors, which could have a signifi cant 

impact. Currently, research is being carried out on the poten-

tial infl uence of such factors including learning rates, develop-

ment of the hydrogen infrastructure rates, and environmental 

taxation, such as CO2 and local pollutant penalties.
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Figure 2: Base case of GMM – global market penetration of 

personal vehicles.

Figure 3: Sensitivity analysis: infl uence of price of fuel cells vs. 

price of oil.
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External environmental costs of electricity and 
heating systems based on life cycle inventories

Roberto Dones, Thomas Heck, Christian Bauer, Stefan Hirschberg 

Project GaBE, Systems / Safety Analysis Section, PSI

Within the framework of the EU-project ExternE-Pol of the ExternE series, the environmental performance of 

average current and new electricity and heating technologies has been analyzed, combining life cycle and ex-

ternal cost assessment approaches. Current fossil systems exhibit the highest external costs in terms of air 

pollution, while Alpine hydropower exhibits the lowest costs; nuclear and wind power also perform very well. 

Regarding heating systems, oil has higher external costs than natural gas, with conventional wood-fi red systems 

in between. External costs of heat pumps strongly depend on the available electricity supply.

Analysis of average, European current and selected new en-

ergy systems, pursued within the framework of the ExternE-Pol 

Project, is based on limited-scope integration of Life Cycle 

Assessment (LCA) with External Cost Assessment for airborne 

pollution [1]; see also gabe.web.psi.ch. The approach combines 

detailed inventories in the LCA ecoinvent database; www.

ecoinvent.ch, extended to new selected technologies, with 

damage factors based on the impact-pathway approach. The 

ecoinvent database, developed and implemented by the Swiss 

Centre for Life Cycle Inventories, includes energy systems, 

materials and metals, waste treatment and disposal, transport 

systems, chemicals, and agricultural products. About 2750 

processes, refl ecting European conditions around the year 

2000, have been considered, of which about half are energy-

related.

Three new power technologies have been assessed: the Pres-

surized Fluidized Bed Combustion (PFBC) coal-powered plant 

(technology status around 2010), and the oil/natural-gas 

Combined Cycle (CC) technology already available today. Fu-

ture fossil heating systems are not expected to have their net 

effi ciency improved much further. Consequently, the external 

costs (shown below) should also be appropriate for near-future 

fossil boilers. For nuclear, Advanced Light Water Reactors 

(ALWRs) will have better net effi ciency (+35%) than current 

LWRs, longer lifetimes (60 years compared to 40 years), re-

duced material intensity for construction of the power plant, 

and higher fuel burn-up. Furthermore, only energy-effi cient 

enrichment processes, such as centrifuges, will be used. 

Hence, from this perspective, current results could be used 

for determining upper limits for systems involving ALWRs. For 

renewable systems, substantial improvements of net effi -

ciency are not expected for wood, log and wood-chip fur-

naces. Reductions in external costs would result from imple-

menting control technologies for NOx and particulate matter 

(PM), though these are only cost-effective in larger (central-

ized) units. Substantial reductions of the inventories are ex-

pected for solar photovoltaic (PV) plants. To estimate the effect 

of advancements in technology, and differences within the 

electricity supply, the external costs of the two analyzed heat 

pump (HP) systems have been estimated for technologies 

pertaining to the years 2020 –2030, with electricity supplied 

by gas CC or nuclear power plants.

Species Damage factors [€2000 /tonne]

Base Case

CO2-equiv. 19

SO2 2939

NOx 2908

PM2.5 19539

Arsenic 80000

Cadmium 39000

Chromium-VI 240000

Lead 1600000

Nickel 3800

Formaldehyde 120

NMVOC 1124

Nitrates, primary 5862

Sulfates, primary 11723

Radionuclides 50000* [€2000 /DALY]

* Disability-Adjusted Life Years (DALY), assumed equivalent to 
the unit value of chronic YOLL (Years Of Life Lost).

Table 1:  Damage factors per unit emitted pollutant.
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The cumulative environmental burdens calculated for the 

processes refl ect all interactions within the economy system 

modelled in ecoinvent. These calculated inventories do not 

contain explicit information on the location of the contributing 

emission sources. Therefore, the external costs are calculated 

based on damage factors for emissions occurring in an aver-

age location in Europe (EU15); these are shown in Table 1.

Results

Figure 1 provides an overview of results for selected electric-

ity and heating systems. The share of the various species to 

total external costs, as well as results of sensitivities refl ecting 

the uncertainties of environmental impacts and different 

monetary valuations, has already been documented [1]. The 

ranking of the technologies remains quite robust in spite of 

the large uncertainties involved.

Among electricity systems, renewables and nuclear exhibit 

lowest external costs, while those for fossil technologies are 

substantial in comparison with electricity production costs. 

External costs for advanced fossil systems are strongly reduced, 

being dominated by global warming. Using allocation by en-

ergy, electricity produced by diesel and natural gas cogenera-

tion ranks lower than the oil and natural gas combined cycle.

For heating systems, oil exhibits higher external costs than 

natural gas, and conventional wood is rated somewhere in 

between (as a consequence of the relatively high emissions 

of NOx and particulates). External costs of heat pumps strong-

ly depend on the origin of the electricity supplied.
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Patents and licenses

The PSI technology transfer offi ce aims to support the transfer of 

inventions stemming from new research results or new technologies 

for industrial use, with the goal of either improving competitiveness 

in existing companies, or to create new jobs. This process has to be 

adapted for each technology transfer project because it is a person-

to-person business where the specifi c situation of each industrial 

company has to be anticipated.

The most effective method of technology transfer is the transfer of 

persons, who not only carry specifi c know-how but also the spirit of 

transforming an invention into an innovation. Along with this method, 

the transfer of know-how or protected intellectual property rights 

(IPR) mostly in connection with a collaboration is a good way to 

sustain a successful transfer.

As we are a user lab operating large and complex research facilities, 

we generate not only scientifi c results but also new technological 

solutions, necessary for operating the facilities at the scientifi c van-

guard. Experience has shown that these technologies can also be 

benefi cial in other fi elds of applications.

We always strive to generate a win-win situation for both the indus-

trial customer and the scientifi c community. In 2005, PSI fi led forty-

two new applications for IPRs and completed seven new licence 

agreements.

In this volume selected projects involving technology transfer are 

highlighted including; methane from wood, fuel cell humidifi cation 

and diesel particle fi lters.
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The bubble-jet injector 

developed at PSI will provide 

advanced control of fl uid 

injections for a wide range of 

applications in the chemical 

industry. 

(Photo: Rade Milenkovic)



Methane from wood; a promising renewable fuel 
for transportation and power generation 

Serge Biollaz, Samuel Stucki, Laboratory for Energy and Materials Cycles, PSI; 

Alfred Waser, Technology Transfer, PSI

PSI has a strategic goal of supplying synthetic natural gas from wood into the Swiss natural gas grid within fi ve 

years. The essential processing steps such as wood gasifi cation, gas cleaning/conditioning and methanation 

have been investigated and are basically understood. Together with scientifi c and industrial partners PSI is 

ready to take the next project step on the road to commercialising this technology.

Methane from wood

The overall goal of this project is to demonstrate the supply 

of Synthetic Natural Gas (SNG) generated from wood into the 

natural gas-grid by the year 2010 on 20 MW scale. Such SNG 

could be used as a fuel for transportation, decentralized 

combined heat and power (CHP) generation, and for heat-

ing.

The wood conversion process to SNG consists of three key 

processes: gasifi cation, gas cleaning/conditioning and meth-

anation. In the gasifi cation process, wood or biomass in 

general, is converted to a product gas which contains mainly 

hydrogen, carbon monoxide, CO2, and methane depending on 

the gasifi cation process. In the methanation process, hydrogen 

and carbon monoxide are catalytically converted to methane. 

The role of the gas cleaning and conditioning is to remove 

impurities which can damage the methanation catalyst and 

to adjust the gas composition of the product gas in such a 

way that the methanation process can run under optimal 

conditions.

Intermediate scientifi c results

In order to identify the most promising concepts and operat-

ing conditions for the whole conversion chain, process simu-

lations were performed at PSI. Different gasifi cation systems 

were evaluated and the effects of different arrangements of 

the CO2-separation and methanation units were investigated. 

Based on this work, several experimental setups were de-

signed and operated. Two mini pilot plants were linked to an 

industrial 8 MWth steam gasifi er in Güssing (Austria), which 

is used for heat and power generation in a 2 MWe gas engine. 

As the producer gas resulting from the gasifi cation process 

used in Güssing is nearly nitrogen-free and rich in methane 

and ethane, it is considered to be very suitable for SNG pro-

duction. In Figure 1 one of PSI’s mini pilot plants (white con-

tainer) installed at the FICFB (Fast Internally Circulating Fluid-

ized Bed) steam gasifi cation plant at the biomass power-plant, 

Güssing (A) is shown. 

The research and development work for the methanation 

process carried out at PSI and in fi eld tests in Güssing have 

laid the base for designing the process for a pilot and dem-

onstration unit:

• The methanation process has proven its tolerance towards 

several impurities which typically can cause problems for 

other synthesis routes, i.e. the production of synthetic liquid 
Figure 1: Biomass power-plant, Güssing (A), with FICFB gasifi er 

and 10 kW methanation mini pilot plant.
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fuels. Especially aromatic species and ethylene, which are 

present in high concentrations in steam gasifi cation proc-

esses, were converted to methane in the methanation proc-

ess. Also there was no evidence that NH3 has an effect [1].

• The methanation process has proven its simplicity as sev-

eral chemical reactions can take place in a single reactor: 

(1) Reforming of aromatic species, ethylene and heavy tars, 

(2) water gas shift reaction for carbon monoxide to hydrogen 

and (3) methanation (hydrogenation of carbon monox-

ide). 

• At present, deactivation of the methanation catalyst occurs 

faster than is wanted. One identifi ed reason for the limited 

lifetime is organic sulphur species in the producer gas which 

poison the active sites of the catalyst. Thus, the focus has 

been on the identifi cation and quantifi cation of these or-

ganic sulphur species to select improved desulphurization 

systems. After the implementation of a hydro-desulphuriza-

tion (HDS) stage, a new series of long duration tests were 

started. First results indicate that the lifetime of the meth-

anation catalyst could be improved [2, 3]. In addition to this 

encouraging fi nding, economic calculations show that the 

limited lifetime of the catalyst is not a problem for the pilot 

plant.

• Conversion effi ciency and probably also the lifetime of the 

methanation catalyst depend on the operating parameters 

such as the steam to carbon ratio, pressure, temperature, 

the selection of catalysts, catalyst loading, etc. Systematic 

optimization of these process parameters is underway.

Further investigations are in progress to improve the funda-

mental understanding of the relevant mechanisms for desul-

phurisation and methanation under the conditions which are 

relevant for the wood to methane conversion process. Addi-

tionally the behaviour of N-Species such as NH3 and HCN is 

not yet fully understood. Until now the process optimization 

was lead by technical aspects only. In the future there is a 

need for techno-economic process optimization. Nevertheless 

the technical foundation to exploit and upscale this technol-

ogy has been laid.

How should this technology be pushed 
to the market?

The exploitation of our technology will involve a series of 

important project steps: (1) A methanation pilot-plant will be 

built in 2006 and commissioned in 2007 at the site of the 

biomass power-plant “Biomassekraftwerk Güssing” (Austria). 

The aim is to demonstrate the technical feasibility on an in-

dustrial scale and to fi nd the basic design rules for commercial 

plants producing SNG from wood. (2) The ultimate goal is to 

realize a commercial plant which will demonstrate the opera-

tional and commercial success of the technology. If possible, 

this demonstration plant will be set up in Switzerland.

To push this technology to market is a challenge in many re-

spects. As owner of the core technology, PSI is committed to 

identifying the respective project partners and to moderating 

the start-up process for these activities. 

To transfer the know-how and to proceed further through the 

necessary development steps is a challenging process which 

will concern all the partners of the consortium “Methane from 

Wood” for several years.

A plant producing 20 MW SNG needs to be provisioned with 

about 70,000 tons of wood per year. It is the forestry industry 

which needs to develop respective logistic chains to supply 

such quantities in a sustainable manner. In return, the for-

estry acquires the chance to create new and profi table busi-

ness.

Sites suitable for installation of a SNG-plant must be identi-

fi ed. Site specifi c questions need to be addressed, such as 

the supply of the needed wood within an ecologically accept-

able perimeter. The marketing of the products, SNG, electric 

power and/or heat must be developed together with the sup-

pliers of energy services. 
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Fuel cell technology: from invention to innovation

Felix N. Büchi, Electrochemistry Laboratory, PSI; Alfred Waser, Technology Transfer Offi ce, PSI

Technology for modular cell-internal humidifi cation of the reactant air in polymer electrolyte fuel cells, developed 

by PSI and ETH Zurich, has successfully been transferred to industry in a three-step process. The technology 

was included into novel air cooled stacks by the University of Applied Sciences in Biel and then transferred to 

Swiss industry for product development.

A prime goal of the Paul Scherrer Institute (PSI) is to make the 

results of research and development available to industry. The 

transfer of intellectual property from the research laboratory 

to industry can follow many different paths. 

For the direct transfer to Swiss and international industry, 

scientifi c discoveries need to be developed close to product 

level. When this is not the case, the transfer can be carried 

over a series of further development steps, bringing the initial 

idea close to commercial use.

An example of the latter case is the licensing granted by PSI to 

Swiss Industry, for polymer electrolyte fuel cell technology.

Development and transfer: three steps

In a joint project on fuel cell technology, PSI and ETH Zurich 

have developed scientifi c concepts in the fi elds of stack con-

struction and reactant humidifi cation for low power and port-

able applications (see Figure 1). 

Firstly, the concepts were developed to the stage of proof of 

concept in a portable, hydrogen fed fuel cell power supply [1] 

which won a Swiss Technology award in 2003. All related intel-

lectual property belongs to PSI.

In a second step, the knowledge was transferred to the Uni-

versity of Applied Sciences in Biel, (HTIB) where the technol-

ogy has been refi ned for application in novel, cheap and 

lightweight air-cooled fuel cell stacks. The fi rst two steps were 

supported by the Swiss Federal Offi ce of Energy.

The advanced technology has then been licensed by the Swiss 

company CEKA Elektrowerkzeuge AG+Co, Wattwil. In this fi nal 

development step, CEKA, HTIB and PSI, make the technology 

ready for commercialization in a joint project supported by 

the Swiss Innovation Promotion Agency (CTI). 

This example demonstrates a successful collaboration of 

academia, government funding and industry, bringing scien-

tifi c developments from research to commercialization.
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Figure 1: Schematic of modular, cell-internal reactant air 

humidifi cation concept for polymer electrolyte fuel cells. 
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A novel approach to iodine dose management

Salih Guentay, Horst Bruchertseifer, Peter Hardegger, Laboratory for Thermal-Hydraulics

Research at PSI investigating iodine behaviour has resulted in a new approach (patent pending, Nov. 2005) for 

improved, more effi cient iodine retention during an accident at a nuclear power plant. It has been demonstrated 

that the introduction of long-chain quaternary amines into conventional containment venting fi lter systems 

designed to trap highly volatile iodine species, such as methyl iodide (CH3I), leads to a signifi cant reduction in 

the volatile iodine release to the environment. 

The main focus of safety considerations during the design and 

operation of a nuclear power plant (NPP) is the mitigation of 

the release of fi ssion products, such as iodine, which is known 

to be a potential cause of cancer in thyroid glands. Mitigation 

effi ciency depends on the capability of hardware and accident 

management measures to retain the iodine in safe forms. 

Experiments and results

Experiments have been conducted to examine iodine behaviour 

under conditions close to those anticipated during a severe ac-

cident at a nuclear power plant. In particular, the dose, initial 

and boundary conditions in the experiments parallel very close-

ly those of the actual situation. Many iodine reactions were ana-

lyzed during the tests, using novel analytical techniques aimed 

at identifying the most signifi cant iodine species released. 

During the investigation of CH3I decomposition into iodide 

ions in aqueous solutions, it was found that the use of long-

chain quaternary amines, such as Aliquat 336, in solutions 

containing thiosulphate leads to a signifi cant enhancement 

of the methyl iodide (CH3I) decomposition rate. Investigations 

have also indicated the potential use of long-chain amines for 

other applications not involving thiosulphate, but ones requir-

ing iodine management [1]. The long-chain amine has a dual 

function: it enhances the nucleophilic reaction rate as a phase-

transfer catalyst, and simultaneously absorbs the product 

iodide ions as an ion exchanger. Consequently, combined with 

an appropriate reducing agent, there is a fast and effi cient 

reduction of volatile iodine species, and strong mitigation of 

the radiolytic oxidation of iodide ions as a result of the strong 

chemical bond of iodide ions to the long-chain quaternary 

amine. This effect occurs for a wide range of conditions, includ-

ing room to high temperatures, and in acid to alkaline solu-

tions. The studies have also demonstrated the feasibility of 

storing dissolved long-chain amine-iodide in a highly concen-

trated form through sorption on Silicium-/ Aluminium-oxide 

based sorption materials.

Outlook 

The addition of long-chain quaternary amines produces a 

signifi cant enhancement of the volatile organic iodide decom-

position rate by thiosulphate, which is already used in sev-

eral fi ltered containment venting systems designed to limit 

the release of volatile iodine species during a severe accident. 

The approach also holds promise for reducing the iodine dose 

to plant employees during operational and shutdown periods 

(Fig. 1). If used as part of dedicated engineering systems, there 

are potential benefi ts of reduced maintenance times and in-

creased plant effi ciency.
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Figure 1: Refuelling in a nuclear power plant (courtesy of Beznau).
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New zeolite-based catalysts for SCR Systems

Oliver Kröcher, Mukundan Devadas, Martin Elsener, Alexander Wokaun, 

Research Department General Energy, PSI

A research project has been carried out in co-operation with Umicore AG, Germany, in order to investigate the 

potentials and limitations of Fe-ZSM5 in the NH3-SCR reaction and to resolve its functionality. Fe-ZSM5 shows 

a very high SCR activity from 400 to 700 °C with very low ammonia oxidation and negligible N2O formation. 

Moreover, the moderate selective catalytic reduction (SCR) activity of Fe-ZSM5 up to 400 °C was strongly pro-

moted in the presence of NO2, making this catalyst highly attractive for future combined Urea-SCR/Diesel 

Particulate Filter systems, which have to withstand temperatures up to 800 °C.

Introduction

The forthcoming Euro5 and Euro6 emission limits for diesel 

vehicles necessitate the combination of Urea-SCR systems for 

the reduction of NOx with diesel particulate fi lters (DPF) for 

the abatement of soot emissions. However, the regeneration 

of a DPF is accompanied by exhaust gas temperatures up to 

800 °C, which were not yet considered for SCR systems. At 

present V2O5/WO3-TiO2 formulations are used as SCR catalysts, 

which can resist 600 °C at most, before they deactivate and 

release vanadia species to the atmosphere. Therefore, alterna-

tive SCR catalysts are required which are more resistant in 

such harsh operating conditions.

Experiments

Fe-ZSM5 powder was prepared by solid state ion exchange from 

H-ZSM5 and coated on a cordierite monolith with 400 cpsi and 

a volume of 7.5 cm-3. V2O5/WO3-TiO2 with 2.3 wt.% V2O5 on 

DT52 (WO3-TiO2) from Millenium was prepared as reference 

material according to [1]. The activity and selectivity of the 

catalysts were tested in the laboratory under typical diesel 

exhaust conditions. Standard-SCR conditions: 1000 ppm NO, 

10 % O2, 5 % H2O in N2, NH3 variable, GHSV = 52,000 h-1. Fast-

SCR conditions: 500 ppm NO, 500 ppm NO2, 10 % O2, 5 % H2O 

in N2, NH3 variable, GHSV = 52,000 h-1. The experimental setup 

and the gas analysis method have been described in [2].

Results and discussion

The comparison of vanadia and zeolite catalysts in the SCR 

reaction shows that the established vanadia-based catalyst 

exhibits a good NOx removal effi ciency (DeNOx) at low tem-

peratures but a very bad SCR activity at high temperatures if 

there is only NO in the feed (Figure 1). The contrary was found 

for Fe-ZSM5. Up to 400 °C, only moderate DeNOx values were 

found, whereas at high temperatures very high SCR activities 

were observed.

The V2O5/WO3-TiO2 catalyst showed a typical increase in N2O 

formation at temperatures above 500 °C, which was not found 

for Fe-ZSM5 under these conditions (Figure 2). The analysis 

of the stoichiometry of the SCR reaction under standard-SCR 

conditions revealed an extreme consumption of ammonia due 

to a shift of the selectivity of V2O5/WO3-TiO2 from the SCR 

reaction to mainly ammonia oxidation at T > 500 °C.
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Feeding NO and NO2 in the ratio 1:1 to the catalyst – called 

“fast-SCR” conditions – drastically enhanced the SCR activity 

of both type of catalysts, whereby Fe-ZSM5 clearly excels over 

V2O5/WO3-TiO2 in both the low and high temperature region 

(Figure 3).

However, for Fe-ZSM5 after hydrothermal ageing, which sim-

ulates practical operating conditions, the presence of NO2 in 

the gas feed was always accompanied by the production of 

N2O with a distinct maximum at intermediate temperatures 

(Figure 4).

Conclusions

Fe-ZSM5 proved to be a very active and selective SCR catalyst 

over a very broad temperature range, as long as NO2 is present 

in the feed gas. Thus, in practice this catalyst requires a pre-

oxidation catalyst upstream of the SCR catalyst in order to 

produce NO2 from NO in the raw diesel exhaust gas. The 

combination of excellent catalytic properties with the good 

hydrothermal stability of Fe-ZSM5 makes this catalyst suitable 

for practical application in future Urea-SCR systems. However, 

the observed production of N2O in the presence of NO2 in the 

feed gas requires improved metal-exchanged zeolites.
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Figure 2: DeNOx at 10 ppm ammonia slip. Standard-SCR 

conditions.

Figure 3: N2O formation at 10 ppm ammonia slip. Standard-SCR 

conditions.

Figure 4: DeNOx at 10 ppm ammonia slip. Fast-SCR conditions.

Figure 5: N2O formation at 10 ppm ammonia slip. Fast-SCR 

conditions.
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The severe accident database ENSAD

Peter Burgherr, Stefan Hirschberg, Project GaBE, Systems/Safety Analysis Section, PSI;

Peter Hardegger, Technology Transfer, PSI

ENSAD is the world’s largest database for severe accidents in the energy sector, providing a well-founded basis 

for technical comparisons of severe accident risks for different energy chains. Continuous updates and exten-

sions of ENSAD enable accurate and timely analyses of accident risks to be undertaken. Comparisons based on 

such evaluations can contribute to decision-making processes for energy policies, and to the realization of 

safety goals. This can lead to better co-operation between PSI and energy companies, insurers, political bodies 

and other offi cials, and to improved technology transfer to other countries.

Among man-made accidents, severe accidents in the energy 

sector are a very controversial topic in the public perception 

and in energy politics. In the past, however, such accidents 

have not been adequately documented, and hence their ex-

posure to public scrutiny not suffi ciently comprehensive [1]. 

Consequently, in the mid-1990s, PSI initiated a research activ-

ity to allow objective expression of accidents and risks to be 

made on the basis of comprehensive data collection and 

evaluation. To this purpose, the database ENSAD (Energy-

Related Severe Accident Database) was constructed and, since 

its fi rst release, continuously updated, maintained and ex-

tended [1,2,3,4]. The database concentrates on documenting 

all severe, energy-related accidents, including their technical 

aspects. The scope of the analyses is not restricted to acci-

dents occurring in power and heating plants, but covers the 

complete energy chain, since accidents can occur at every 

stage. Other man-made accidents and natural catastrophes 

are also addressed, but in a less detailed manner.

ENSAD currently contains 18,400 entries, of which 70% are 

man-made accidents, and 89% of the entries pertaining to the 

years 1969–2000. A third of all events, and half of all man-made 

accidents, are energy-related. Of these, 2078 were classifi ed 

as severe, based on the criterion that fi ve or more fatalities 

occurred [3].

ENSAD applications 

The use of ENSAD is not restricted to purely scientifi c pur-

poses. Since its establishment, many customers have ordered 

studies to be carried out, based on tailored ENSAD queries. 

The following examples illustrate the potential diversity of 

use of the ENSAD database.

Comparative assessment of natural gas 
accident risks 

The results of a study on this topic [4] were used by the Swiss 

Gas and Water Industry Association to provide objective sci-

entifi c information to a variety of stakeholders. Analyses in-

cluded a comparative evaluation of various energy carriers, 

followed by a detailed analysis of the natural gas chain. Fi-

nally, an exemplary weak-point analysis was performed for 

Germany, covering specifi c issues and technical aspects, and 

including fatalities and injuries at customer installations; 

details are given in Figure 1. Values represent overall failure 

Figure 1: Development of overall failure rates, normalized to 

gas sales per 109 kWh, for fatalities and injuries at customer 

installations for the period 1981–2002. Thin solid lines represent 

the moving average over the past 5 years.
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rates in each year, this being the cumulative total from 1981 

onwards. The Figure indicates that normalized accident rates 

decreased over the period 1981–2002. This is evident for the 

fatalities, but is even more pronounced for the injuries, and 

most likely refl ects the progressive safety improvements.

External costs of severe accidents 

As a consequence of participation in the European Research 

Project on “New Elements for the Assessment of External Costs 

from Energy Technologies” (NewExt), the ENSAD database 

and analyses have been much extended, not only in terms of 

data content, but also in the scope of the applications con-

sidered [3]. As a new component, the external costs associ-

ated with severe accidents in the energy sector were assessed 

for the various energy chains. Generally, average external costs 

for fatalities were much greater in non-OECD than in OECD 

countries, with the largest differences occurring for hydro, 

nuclear, coal and oil, in that order. However, compared with 

the external costs associated with air pollution, of about 1 to 

11 €-cent/kWhe, which poses the most serious problem, the 

external costs caused by severe accidents in the energy sector 

are hardly noticeable (e.g. natural gas: 0.00044–0.00063 €-

cent/kWhe). Nevertheless, results of this type can provide an 

essential input to support policy decisions. 

Chinese coal industry 

Within the multi-disciplinary China Energy Technology Program 

(CETP), PSI had the lead in several tasks, including risk as-

sessment. Because coal is and will remain the dominant en-

ergy source in China for a long time, an analysis of severe 

accident risks [2] is essential to investigations of how the 

future electricity supply in China could be made more sustain-

able. The Chinese coal chain is a worrisome case, with more 

than 6000 fatalities every year: a fatality rate about ten times 

higher than in other non-OECD countries, and about 40 times 

higher than in OECD countries (no allocation of damages). 

Detailed evaluations based on historical experience also in-

cluded specifi c technical aspects: for example, the infl uence 

of the level of mechanization in mining. As shown in Figure 2, 

fatalities per metric ton of coal output varied signifi cantly 

between the different provinces. When results of individual 

provinces are assigned to three groups, according to differ-

ences in mechanized levels, average fatality rates are seen to 

be inversely proportional to the degree of mechanization, 

indicating that higher levels of mechanization do contribute 

to overall safety in mines. Additionally, average fatality rates 

for large state-owned and local mines were signifi cantly 

lower than for small township and village mines, with low 

safety standards.

Potential future applications 

Currently, ENSAD also forms the basis for accident evaluations 

carried out within the framework of the EU project NEEDS. 

Additionally, a likely collaboration within the European Com-

mission’s Energy Risks Monitor (ERMON), and a customized 

accident analysis for EDF, are considered as potential future 

applications of ENSAD.
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Figure 2: Average fatalities per Mt of coal produced for severe 

accidents in large and small mines for the period 1994–1999 

for individual provinces in China. Averages for three levels of 

mechanization are given.
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The Paul Scherrer Institute (PSI) is a multi-disciplinary research 

centre for natural sciences and technology. Research priorities lie in 

areas of basic and applied research, particularly in fi elds which are 

relevant for sustainable development, as well as of major importance 

for teaching and training, but which are beyond the capabilities of a 

single university department. In national and international collabora-

tions with universities, other research institutes and industry, PSI is 

active in solid state physics, materials sciences, elementary particle 

physics, life sciences, nuclear and general energy research, and en-

ergy-related ecology.

The institute is committed to future generations by paving the way 

for sustainable development of society and economy. Through its 

research, PSI acquires new basic knowledge and actively pursues the 

application of this knowledge within industry.

With 1,200 employees, it is the largest national research institute and 

is unique in Switzerland. PSI develops and operates complex research 

installations which call for especially high standards of know-how, 

experience and professionalism, and is one of the world’s leading 

user laboratories for the international scientifi c community.

Facts and fi gures 81

Research and user labs

Commission 
and committees

Nearly 10,000 visitors poured 

through the doors at the PSI 

open day in 2005. The chance 

to glimpse into the experi-

mental facilities, such as the 

PROTEUS reactor, was fasci-

nating for all who came.

(Photo: Béatrice Devènes)
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Research and user labs

PSI’s total expenditure on R&D, construction and operation of research centres, infrastructure, and services in 

the year under review amounted to CHF 269.3 million. The Swiss Federal Government provided 83% of this 

sum.

Investments amounted to CHF 43.9 million (16%); HR costs 

(including scheduled work) comprised CHF 163.3 million (61%). 

Third party funding rose by some CHF 10 million on the previ-

ous year. As federal funding remained virtually constant (in-

creasing by CHF 2.3 million or 0.1%), the increase in total 

expenditure to CHF 269.3 million represents funding provided 

by the private sector.

Third party funding in 2005 amounted to CHF 40 million, 63% 

of which came from private business and 20% from federal 

Swiss research programmes (Swiss National Science Founda-

tion, Federal Offi ce of Energy); 16% was linked to EU pro-

grammes.

High-end user lab

Some 70% of total expenditure in 2005 was again associated 

with our user laboratory. High pressure from the largely ex-

ternal body of users is currently restricting PSI’s own research 

activities. Yet these activities are essential, because PSI can 

only provide support and consultative services for external 

users if its own research remains competent and attractive.

At year-end 2005 some 1200 people were employed at PSI. 

Most of these (77%) live in Canton Aargau; 11% live in Canton 

Zurich and 8% outside Switzerland. Women account for 14% 

of employees, and well over a third of all employees (37%) 

hold a foreign passport.

Training facilities in high demand

Approximately 270 PhD students are currently working in 

various internal and external PSI research groups. Of these 

some 170 are funded by PSI. The young doctoral students are 

mostly physics, chemistry or engineering graduates from the 

Swiss Federal Institutes of Technology (ETH) in Zurich and 

Lausanne, the Universities of Bern and Zurich or from abroad. 

In this way PSI provides a major input to ETH postgraduate 

programmes.

The largest group (58 students) are researching in the gen-

eral energy (ENE) sector. Chemistry and biochemistry achieved 

the highest growth-rate in completed theses in 2005 (up 20% 

on the previous year); PhD’s in biology, on the other hand, 

dropped 25%.

Thirty-two students, nine women and twenty-three men, 

completed their doctorates at PSI in 2005 with topics ranging 

from “Water Soluble Substances in the Atmosphere” and 

PSI Financial Statement (in CHF millions)

2005

Expenses

Operations 225.4 84 %

Investments 43.9 16 %

Total 269.3 100 %

Thereof from:

Federal government funding 224.3 83 %

Third party revenue 45.0 17 %

Third party revenue

Private industry 25.5 64 %

Federal Research Fund 8.1 20 %

EU programmes 6.4 16 %

Total 40.0 100 %

HR (incl. trainees, staff continual-
education and scheduled work)

163.3 61 %

User lab 2005

SLS SINQ SµS Particle 
physics

PSI 
Total

(2004)

No. of 
beamlines/
instruments

8 10 6 11 35 (31)

No. of 
experiments

677 351 100 13 1141 (930)

No. of 
user visits

1805 557 433 230 3025 (2516)

No. of users 830 352 148 102 1432 (1399) 
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“Experimental Investigations into Air Bubbles” to “Special 

Phase Transitions in Spin Liquids”.

As well as these PhD students, more than 40 graduates from 

classical or universities of applied sciences (Fachhochschulen), 

completed their fi nal diploma or MSc dissertation at PSI in 

2005. The institute is also a popular place for internships, with 

76 students, some 70% from abroad and a third of them 

women, doing a laboratory trainee programme in the year 

under review. 

With its commitment to doctoral education, as well as to 

teaching at the two Federal Institutes of Technology and at 

the classical and universities of applied sciences, PSI is a 

major source of input to graduate schools in the ETH sector. 

Our cutting-edge research, recognized the world over, as well 

as our globally networked user lab, guarantee that students 

are trained at internationally competitive levels. More than 

70 PSI scientists had teaching commitments at classical and 

universities of applied sciences in 2005.

Support for Swiss universities

In 2005 PSI spent just over CHF 25 million on training and 

infrastructure facilities for PhD students and on university 

teaching. Some 80% of this outlay was allocated to post-

graduates from Swiss universities and from the ETH institutes 

in Zurich and Lausanne. By providing research training and 

lab facilities for external research groups, PSI takes a consid-

erable fi nancial and academic load off the shoulders of the 

Swiss universities. 

Alongside academic and vocational training – PSI currently 

employs 77 apprentices in 12 different trades – the institute 

also offers courses on radiation protection and reactor tech-

nology. The special schools established for that purpose were 

attended by more than 2200 people in 2005.

Publications and impact score

Research at PSI is closely linked to the design, development 

and operation of large, complex research facilities. Unique in 

Switzerland, we are also, thanks to this specialty, the biggest 

national scientifi c research institute. Indications of our success 

and standing are on the one hand the number of papers pub-

lished by our scientists in refereed journals, and on the other 

the impact score that tells how often publications are cited 

by other researchers.

Bibliometric data supplied by the University of Leiden shows 

that the output of scientifi c articles from PSI has risen slight-

ly in recent years, reaching over 500 per year as against a 

ten-year average of 425. The impact score has likewise risen 

and currently stands at 2500 per year. In other words each 

paper is referred to on average fi ve times by other scien-

tists.

An attractive cooperation partner 

The main focus of this impact score coincides with our prin-

cipal research fi elds – solid-state, particle and astrophysics, 

nuclear medicine and energy research. Some 80% of our 

SLS

The Swiss Light Source (SLS) 
is a massive microscope and 
giant X-ray machine all in 
one. It accelerates electrons 
to nearly the speed of light 
and steers them with special 
magnets so that the charac-
teristic high intensity syn-
chrotron light is generated 

straight ahead. This electromagnetic radiation spanning the wave-
lengths from infra-red to hard X-ray light is ideally suited to struc-
tural analysis of matter as well as spectrometry and to the ultra-
fi ne structuring of material surfaces in the nanometer range.

Other 9 %

Engineering sciences 20 %

Biology 6%

Chemistry and biochemistry 24%

Physics 41%

Basic PhD training at PSI – 

women comprise a quarter of student employees.

Swiss universities 14%

ETHZ/EPFL 79%

Abroad 7 %

Educational background 

of PSI doctorate students
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publications are in these areas. Analysis of publication ac-

tivities shows that PSI is an attractive partner above all at the 

international level. Here too PSI achieved an impact score that 

puts us among the world leaders.

PSI as a user lab

PSI aims to continue attracting the best international scientists 

in their fi elds. This means that our employees, our research 

spectrum and infrastructure as well as our vital research 

culture must all meet the highest demands.

Nationally as well as internationally, PSI has established itself 

as a leading user laboratory. In 2005 we had some 3000 visits 

(previous year 2500) from more than 1400 scientists from 50 

different countries. This meant one fi fth more experiments 

than in 2004. Approximately 40% of lab users are from PSI 

and the Swiss universities, and more than half are from EU 

countries. Results of the research from the large facilities; 

SLS, SINQ, and SμS resulted in 280 scientifi c publications, 

among them a larger number than ever in top journals like 

Science, Nature, Cell, Langmuir and Physical Review Letters.

The Swiss Synchrotron Light Source (SLS) at PSI has been 

operating since 2001. In the year under review 830 scientists 

have conducted 677 experiments with this giant microscope, 

profi ting from the exceptional qualities of a facility that is 

among the world‘s best. 

Current research projects using the synchrotron’s beamlines 

cover a wide area. They include the investigation of protein 

structures – crucial for the development of pharmaceuticals 

as well as for research into the function of the human genome 

– or the creation of 3-D reconstructions of biosystems, or the 

investigation of structures and properties of new materials 

and material surfaces.

Intense demand for SLS beam time

The high stability of the SLS beamlines has resulted in intense 

demand for user time, and we are stepping up our provision 

Total budget distribution for 2004 (incl. non-governmental funding) 

across PSI‘s main research fi elds. The research facilities – in particular 

the accelerator, SLS and SINQ – were allocated to the various 

departments.

HR structure clearly refl ects PSI’s function as a user lab: the large scale 

facilities and complex research equipment require a large number of 

technical staff.

SµS

Harnessed to the pro-
ton accelerator the 
Swiss Muon Source 
(SµS) produces muons 
by directing the proton 
beam on a carbon tar-
get. When implanted 
in matter, these unsta-
ble elementary parti-

cles function like minute gyroscopes, providing precise infor-
mation about local internal magnetic fi elds. Thanks to their 
spins, muons serve as highly sensitive probes used widely in 
materials and solid state research.

SINQ

The Spallation Neu-
tron Source (SINQ) is 
another oversized mi-
croscope. It produces 
neutrons, which at PSI 
are mostly used for 
experiments in mate-
rials research, solid-
state physics (e.g. su-

perconductors, magnetic and ferroelectric materials) and 
technology (neutron radiography).The neutrons are pro-
duced via spallation reactions induced by bombarding heavy 
metals (e.g. lead) with a proton beam from the accelerator.

General energy research 13%

Nuclear
energy research 16%

Particle and
astrophysics 14% Solid-state research

and materials sciences 38%

Life sciences 19%

Administration 7%

Technical 
personnel 50 %

Engineering 
sciences 9%

Research 34%
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to meet this as rapidly as possible. Eight beamlines were in 

use at the SLS in 2005, and a further eight were in various 

stages of planning, construction and commissioning.

Proton accelerator in demand on all fronts

The proton accelerator was originally developed more than 

30 years ago for research into the basic physics of elemen-

tary particles. Today it is mostly used to produce neutrons in 

the Spallation Neutron Source (SINQ), the most powerful of 

its kind in the world. The facility comprises ten instruments 

for neutron experiments, used in 2005 by more than 350 

scientists from Switzerland and other countries.

Central to SINQ research are solid-state physics and materials 

sciences. Signifi cant for future applications are high-tem-

perature superconductors (HTS), which at certain tempera-

tures can conduct electricity without losses. At the moment 

the upper temperature limit is minus 125 degrees Celsius. In 

order to make further progress the origins of HTS have to be 

understood; a challenge for the researchers at SINQ. A spe-

ciality of SINQ is the further examination of materials which 

combine electrical and magnetic properties. This is usefully 

applied to the development of materials used in sensors, 

transducers and the performance of computer hard drives.

A third of the proton beam is used for producing the world’s 

most intensive continuous muons, which are used as probes 

for structural research in materials sciences, solid-state physics 

and chemistry. Six instruments are currently available for this 

research. In 2005 they were used by 148 scientists in some 100 

projects. The opening of the Low Energy Muon Facility (LEM) in 

2005 opened up a completely new fi eld of research, namely the 

depth dependent measurement of magnetic material properties 

in thin fi lms, multi-layers and surfaces at nanometer scales.

Unique research offer

PSI’s three major experimental research facilities, SLS, SINQ 

and SμS, offer an internationally unique combination of com-

plementary methods for structural research, spectroscopy and 

materials structuring. The EU’s Large Scale Facility Access 

programme supports this provision with funding to PSI of 

around CHF 1 million per year, which is used for operating the 

beamlines, ongoing development of the equipment, and train-

ing and support of researchers from EU countries working on 

these major facilities. 

As the demand for laboratory places and instruments is up to 

fi ve times what PSI can supply, only top research projects can 

be allotted time on the beamlines. Allocation is based on re-

search proposals assessed for merit by an international board 

of scientifi c experts.

Active in environmental research

Research into environmental situations and the development 

of environmentally friendly technologies frequently demands 

complex facilities and equipment. PSI operates and develops 

large scale facilities that are in continuous intensive use in 

these sectors. For example, two SLS beamlines will soon be 

used for studying the mechanisms of dispersion and intensi-

fi cation of environmental pollutants, as well as questions 

relating to the long-term disposal of nuclear waste. The proton 

accelerators enable production of short-lived radio-nuclides 

for use in atmospheric chemistry experiments. 

The SINQ facility is used for neutron radiography investigating 

the distribution of liquids and gases in fuel cells in order to 

establish fundamental processes for effi cient energy conver-

sion. Processes for the production of solar hydrogen as an 

Particle physics

Particle physics inves-
tigates the fundamen-
tal building blocks of 
matter and their inter-
actions. Many experi-
ments have confi rmed 
the standard physical 
model with great ex-
actitude, but one ele-

ment of this theoretical structure – the Higgs boson – has not 
yet been found. Particle physics is currently engaged on a 
twofold quest, on the one hand for this heavy particle and 
on the other for a new super-symmetry that will link elemen-
tary particles and their interactive forces, including gravity.

The hot-lab

The PSI hot-lab is home 
to applied materials re-
search on highly radio-
active probes and radi-
oactive waste disposal. 
The only facility of its 
type in Switzerland, it 
provides backup for 
Swiss nuclear power 

plants as well as for university and industrial research 
groups. 
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A fuel-cell is installed for 

examination with neutron 

radiography at the ICON facility.

(Photo: H.R. Bramaz)

environmentally friendly alternative to fossil fuels are under-

going further development in PSI’s solar furnace.

A new accelerator-based mass spectrometer that enables 

radio-carbon dating (using the C 14 method) of very small 

samples is being used in climate research for analyzing ice 

cores. And in the PSI smog chamber scientists are simulating 

the formation of aerosols in order to investigate the behaviour 

of these climatically relevant suspension particles in air.

Top quality for atomic particle physicists

PSI’s proton beam also functions as an intensive secondary 

source of pions and muons, which are used for experiments 

in particle physics. Because of their exceptional quality – they 

are the world’s best – they are highly sought after by American 

and Japanese as well as European scientists. Researchers are 

currently investigating the basic properties of pions and 

muons, looking in particular at subtle details that are cru-

cially important for present-day particle physics.

Important news from particle physics at PSI is the develop-

ment of extremely sensitive detectors, used for example in 

the CMS experiment at CERN, which should prove the exist-

ence of heavy particles; as predicted by the standard model 

of physics. Conversely, fundamental symmetries are being 

challenged by a group at PSI working with ultra-cold neutrons 

(UCN).

The proton beam is also used to generate radio isotopes for 

pharmaceutical research into new diagnostic and therapeutic 

methods. A small quantity of accelerated protons was still 

being used in 2005 for cancer therapy, but this will be the last 

time, as proton therapy will in future be based on the new 

COMET compact cyclotron developed specifi cally for medical 

applications.

Tissue-sparing cancer therapy

More than three hundred patients profi ted in 2005 from PSI’s 

globally unique proton therapy. In co-operation with Zurich 

Children’s Hospital 14 small children (under 4 years old) suf-

fering from cancer were successfully treated under anaes-

thetic with proton radiation – a particularly tissue-sparing 

procedure used on a total of almost 50 children and adoles-

cents up to the end of 2005. From late 2006 proton therapy 

will be offered year-round, which will enable treatment of 

400-500 patients annually.

The PROSCAN project for extending proton therapy to deep-

seated tumours has seen major progress in 2005. The new 

superconductive compact cyclotron came on stream in April 

and is expected to be available for patient therapy, after 

comprehensive testing and specialized application runs, from 

October 2006.

A bonus for Swiss industry

PSI has granted industrial licenses for its precision radio-

therapy scanning technology. An initial privately fi nanced 

commercial facility using the scanning process and compact 

cyclotron developed at PSI will soon commence operations in 

Munich. Further projects are planned. With contracts in the 

double fi gure range (CHF millions) for the delivery of compo-

nents and systems; Swiss industry stands to gain from this 

unique PSI-developed technology.

The solar furnace

PSI’s solar concentra-
tor, an 8.5 m diameter 
concave mirror, bun-
dles solar radiation to 
an intensity of 5000 
suns. The high temper-
atures (up to 2000° C) 
created in a reactor ap-
erture are used for re-

search into solar-chemical processes such as the effi cient pro-
duction of solar fuels and innovative materials. A high-fl ux 
solar simulator of double this power was recently installed 
for experiments into radiation under controlled conditions 
independent of the weather.

The smog chamber

The smog chamber 
simulates conditions 
for experiments in at-
mospheric chemistry. A 
27 m3 Tefl on sack can 
be fi lled, for example, 
with exhaust gases for 
exposure to artifi cial 
sunlight, and the ensu-

ing chemical reactions can be observed and measured. Re-
sults can be used for example, to determine how particulate 
matter transforms in the atmosphere.
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