
PAULSCHERRERINSTITUT ISSN 1423-7342

March 2001

Scientific Report 2000

Volume V

General Energy

ed. by: Christina Daum and Jakob Leuenberger

CH-5232 Villigen PSI
Switzerland

Phone: 056/310 21 11
Telefax: 056/310 21 99

http://www1.psi.ch/www_f5_hn/f5_home.html



TABLE OF CONTENTS

INTRODUCTION 1
A. Wokaun

ENERGY AND MATERIALS CYCLES 5

IMPROVEMENT OF THE HEAT TRANSFER IN CATALYTIC FIXED BED REACTORS BY 6
MEANS OF STRUCTURED PACKINGS
T. Schildhauer, E. Newson, P. Binkert, F. v. Roth, P. Hottinger, T.B. Truong

KINETICS AND SYSTEMS ANALYSIS FOR PRODUCING HYDROGEN FROM METHANOL 8
AND HYDROCARBONS
K. Geissler, E. Newson, F. Vogel, T.B. Truong, P. Hottinger

INVESTIGATING THE EVAPORATION OF HEAVY METALS FROM FLY ASH BY THERMO- 10
DESORPTION SPECTROMETRY
H. Lutz, Ch. Ludwig, R. Struis, S. Stucki

OPTIMISATION OF THE BATTERY PYROLYSIS IN A THERMAL BATTERY RECYCLING 12
PROCESS
J. Wochele, Ch. Ludwig, A.J. Schuler, A. Krebs (BATREC AG)

PECKTECH: BETTER QUALITY OF MSW INCINERATOR RESIDUES AT LOWER COST 14
S. Biollaz, S. Stucki, R. Bunge (Eberhard Recycling AG), M. Schaub (CT Umwelttechnik AG),
H. Kunstler (Kupat AG)

THE INFLUENCE OF PLASTIC MATERIALS ON THE FORMATION OF TARS IN THE 16
GASIFICATION OF URBAN WASTE WOOD
L.C. de Sousa, T. Marti, S. Stucki

THE REDOX PROCESS FOR PRODUCING HYDROGEN FROM WOODY BIOMASS, 18
PRELIMINARY MODELLING RESULTS
R. Sime, S. Biollaz, M. Sturzenegger, S. Stucki

STUDYING THE REDOX PROCESS BY COMBINED TG-FTIR-GC EXPERIMENTS 20
R.P.W.J. Struis, A. Frei, L D'Souza, J. Kuehni, Ch. Ludwig, M. Sturzenegger

SOLAR TECHNOLOGY 23

DETERMINATION OF THE RESIDENCE TIME DISTRIBUTION FOR A SOLAR REACTOR 24
AND ITS USE FOR DERIVING REACTION KINETICS
Th. Frey, Ch. Guesdon, M. Sturzenegger

DEVELOPMENT OF A REFLECTOMETER FOR THE DETERMINATION OF THE 26
SPECTRAL EMITTANCE IN THE VISIBLE AT HIGH TEMPERATURES
S. Eckhoff, I. Alxneit, M. Musella, H.-R. Tschudi

SOLAR RECYCLING OF HAZARDOUS SOLID WASTE MATERIALS 29
B. Schaffner, W. Hoffelner (RWH Consult GmbH), A. Steinfeld (ETHZ and PSI)

STOICHIOMETRIC OPERATION OF THE SYNMET REACTOR 31
S. Kraupl, A. Steinfeld (ETHZ and PSI)

DEVELOPMENT OF A SOLAR CHEMICAL REACTOR FOR THE DIRECT THERMAL 33
DISSOCIATION OF ZINC OXIDE
S. Moller (DLR, Stuttgart, Germany), R. Palumbo

COMBUSTION RESEARCH 35

PRELIMINARY INVESTIGATION OF STABILITY AND STRUCTURE OF TURBULENT 36
PREMIXED FLAMES AT ATMOSPHERIC PRESSURE
P. Griebel, K. Herrmann (ETH Zurich), R. Scharen, M. Witt



CATALYTIC COMBUSTION OF HYDROGEN-AIR MIXTURES OVER PLATINUM: 38
VALIDATION OF HETERO/HOMOGENEOUS CHEMICAL REACTION SCHEMES
C. Appel, I. Mantzaras, R. Schaeren, R. Bombach, A. Inauen

LASER INDUCED FLUORESCENCE OF HOT OXYGEN IN PARTIALLY PREMIXED 40
METHANE FLAMES
R. Bombach, A. Inauen

INVESTIGATION OF THERMOACOUSTIC PHENOMENA IN A GAS TURBINE BURNER 42
BY LASER-INDUCED FLUORESCENCE
A. Inauen, R. Bombach, W. Hubschmid, A. Stampanoni-Panariello

DETERMINATION OF THE HYPERFINE STRUCTURE SPLITTING OF NO A2Z+ (v"=0) 44
BY DOUBLE RESONANCE POLARIZATION SPECTROSCOPY
B. Hemmerling, A. Stampanoni, E.F. McCormack (ETH Zurich)

SIMULTANEOUS MEASUREMENTS OF TEMPERATURE AND FLOW VELOCITY 46
USING LASER-INDUCED ELECTROSTRICTIVE GRATINGS
D.N. Kozlov, B. Hemmerling, A. Stampanoni-Panariello

TEMPORAL EVOLUTION OF THERMAL LASER-INDUCED GRATINGS 48
W. Hubschmid

THE SOOT REDUCTION POTENTIAL OF OXYGENATED FUELS 50
S. Kunte, T. Gerber, P. Beaud , P. Radi, G. Knopp

HIGH RESOLUTION SPECTROSCOPY BY fs-CARS 52
P. Beaud, T. Lang (MPQ, Garching), H.-M. Frey, T. Gerber, M. Motzkus (MPQ, Garching)

OBSERVATION OF STATE-TO-STATE ROTATIONAL ENERGY TRANSFER IN 54
EQUILIBRIUM MEDIA
P.P. Radi, A.P. Kouzov (St.-Petersburg State University, Russia),
P. Beaud, T. Gerber

SELECTIVE CATALYTIC REDUCTION OF NO AND NO2 AT LOW TEMPERATURES 56
M. Koebel, G. Madia, M. Elsener

THERMOPHOTOVOLTAIC DEMONSTRATION SYSTEMS 58
J.C. Mayor, W. Durisch, F. von Roth, B. Bitnar

ELECTROCHEMISTRY 59

AC IMPEDANCE ANALYSIS OF BIFUNCTIONAL AIR ELECTRODES 60
S. Miiller, F. Holzer, H. Arai (on leave from NTT Laboratories, Japan), O. Haas

IN-SITU SYNCHROTRON XAS AND XRD INVESTIGATION ON BIFUNCTIONAL 62
OXYGEN-ELECTRODE CATALYSTS
O. Haas, S. Muller, F. Holzer, X.Q. Yang (BNL), X. Sun (BNL),
M. Balasubramanian (BNL), J.M. McBreen (BNL, USA)

PULSED LASER DEPOSITION OF ELECTROCHEMICALLY ACTIVE PEROVSKITE FILMS 64
M.J.Montenegro, T. Lippert, S. Muller, A. Wokaun, P. Willmott (University of Zurich)

STABILITY OF BIFUNCTIONAL AIR ELECTRODES DEPENDING ON THE CO2 65
CONTENT IN THE AIR AND STUDY OF DIFFERENT CO2 FILTER MATERIALS
F. Holzer, J.-F. Drillet (Fachhochschule Mannheim), T. Kallis (DaimlerChrysler AG), S. Muller

SUPERCAPACITORS BASED ON GLASSY CARBON AND SULFURIC ACID - 67
MECHANISMS OF SELF-DISCHARGE
M. Hahn, M. Bartsch, B. Schnyder, R. Kotz, O. Haas, M. Carlen (ABB), D. Evard (Leclanche S.A.)

THE CORRELATION OF THE IRREVERSIBLE CHARGE LOSS OF GRAPHITE 69
ELECTRODES WITH THEIR DOUBLE-LAYER CAPACITANCE
F. Joho, M.E. Spahr (TIMCAL SA), H. Wilhelm (TIMCAL SA), P.Novak

IN-SITU NEUTRON RADIOGRAPHY OF LITHIUM-ION BATTERIES DURING 71
CHARGE/DISCHARGE CYCLING
M. Lanz, E. Lehmann, W. Scheifele, R. Imhof (Renata AG), I. Exnar (Renata AG), P.Novak



ELECTROCHEMICAL QUARTZ CRYSTAL MICROBALANCE INVESTIGATION OF LITHIUM 73
INTERCALATION INTO GRAPHITE ELECTRODES FOR LITHIUM-ION BATTERIES
M. Lanz, P. Novak

DEVELOPMENT OF A 10 KW SUPERCAPACITOR MODULE FOR FUEL CELL CAR 74
APPLICATION
M. Bartschi, S. Mtiller, B. Schnyder, R. Kbtz, V. Hermann (montena components s.a.),
A. Schneuwly (montena components s.a.), R. Gallay (montena components s.a.)

GRAFTED, CROSS-LINKED CARBON BLACK AS A DOUBLE-LAYER CAPACITOR 76
ELECTRODE MATERIAL
R. Richner, S. Muller, A. Wokaun

TESTING OF SUPERCAPACITORS AT PSI 78
M. Bartsch, J.-C. Sauter, R. Kbtz

XPS AND LFM INVESTIGATION OF ANION INTERCALATION INTO HOPG 80
B. Schnyder, D. Alliata, R. Kbtz

MODELLING STUDIES OF THE CO POISONING IN POLYMER 82
ELECTROLYTE FUEL CELLS (PEFC)
B. Andreaus (EPFL/PSI), L Danon (Imperial College, London, UK), L. Gubler, G.G. Scherer

DEVELOPMENT OF A BIPOLAR ELEMENT FOR PE-FUEL CELLS DEMONSTRATION 84
IN A 6 kW STACK
F.N. Buchi, M. Ruge (ETH Zurich)

DIRECT METHANOL FUEL CELL - IN SITU INVESTIGATION OF CARBON DIOXIDE 86
PATTERNS IN ANODE FLOW FIELDS BY NEUTRON RADIOGRAPHY
A. Geiger, E. Lehmann, P. Vontobel, G.G. Scherer

INVESTIGATION OF CATALYST UTILIZATION AT THE ELECTRODE - SOLID 88
POLYMER ELECTROLYTE INTERFACE USING MODEL ELECTRODES
U.A. Paulus, Z. Veziridis (Volkswagen AG, Germany), E. Deiss, C. Marmy, G.G. Scherer

FUEL CELLS WITH FLEXIBLE GRAPHITE BIPOLAR PLATES 90
T. Pylkkanen, G.G. Scherer

EFFECTS OF TEMPORARY POTENTIAL INVERSION ON POLYMER ELECTROLYTE 92
FUEL CELL (PEFC) PERFORMANCES
A. Tsukada, O. Haas, J. Huslage

DRY AND WET CORROSION OF STAINLESS STEEL SAMPLES: AN XPS INVESTIGATION 93
J. Wambach, A. Wokaun, A. Hiltpold

LASER INDUCED DECOMPOSITION OF KAPTON® STUDIED BY INFRARED SPETROSCOPY 94
E. Ortelli, F. Geiger, T. Lippert, A. Wokaun

POLYIMIDE CARBONISATION AFTER LASER ABLATION 95
F. Raimondi, S. Abolhassani, R. Brutsch, F. Geiger, T. Lippert, J. Wambach, J. Wei, A. Wokaun

INFLUENCE OF PHOTOCHEMICAL PROPERTIES ON THE ABLATION OF NOVEL ABLATION 96
RESISTS
T. Lippert, J. Wei, A. Wokaun, N. Hoogen (TU Munich, Germany), O. Nuyken (TU Munich, Germany)

TOF-MS ANALYSIS OF POLYMERS DESIGNED FOR LASER ABLATION 97
M. Hauer, T. Dickinson (Washington State University), S. Langford (Washington State University),
T. Lippert, A. Wokaun

DEMONSTRATION OF A WORKING POSITIVE-NEGATIVE LASER RESIST SYSTEM 98
J. Wei, T. Lippert, A. Wokaun, N. Hoogen (TU Munich, Germany), O. Nuyken (TU Munich, Germany)

CONVECTION-INDUCED ABSORPTION OSCILLATIONS IN A CUVETTE AFTER 99
IRRADIATION WITH UV-LASER PULSES
F. Gassmann, T. Lippert, J. Wei, A. Wokaun

ATMOSPHERIC CHEMISTRY 101

OZONE AROUND MILANO, ITALY 102
A.S.H. Prevbt, J. Dommen



COMPARISON OF MODEL RESULTS (UAM-V) WITH MEASURED DATA DURING LOOP 103
N. Ritter, M. Tinguely, S. Andreani-Aksoyoglu, J. Dommen, J. Keller, A. Prevot

CLEANSING OF THE PO BASIN AIR BY NORTH FOEHN 104
R. Weber, A.S.H. Prevot

VERTICAL WIND MEASUREMENTS DURING THE 1999 MAP-FORM FIELD CAMPAIGN 105
M. Furger, CH. Haberli (MeteoSchweiz), B. Neininger (MetAir AG)

REAL TIME RISK ASSESSMENT FOR ATMOSPHERIC DISPERSION OF ACCIDENTALLY 106
RELEASED AIR POLLUTANTS FROM NUCLEAR POWER PLANTS
W.K. Graber, M. Tinguely

UNEXPECTED VERTICAL PROFILES OBTAINED BY THE UAM-V AIR QUALITY MODEL 108
OVER COMPLEX TERRAIN
J. Keller, S. Andreani-Aksoyoglu, N. Ritter, M. Tinguely, A.S.H. Prevot

EVALUATION OF DIURNAL HYPERSPECTRAL BIDERECTIONAL REFLECTANCE FACTOR 109
DATA ACQUIRED WITH THE RSL FIELD GONIOMETER DURING THE DAISEX'99 CAMPAIGN
G. Strub, J.Keller, M. Schaepman (University of Zurich)

THE PSI ATMOSPHERIC POLLUTANT LABORATORY: SOPHISTICATED CHASING OF 110
GASES AND AEROSOLS
I. Polo, N. Bukowiecki, J. Dommen, A.S.H. Prevot, R. Richter, E. Weingartner, U. Baltensperger

ULTRAFINE PARTICLES FROM DIESEL ENGINES 111
N. Bukowiecki, U. Baltensperger, W. Watts (University of Minnesota, Minneapolis),
D.B. Kittelson (University of Minnesota, Minneapolis)

CHARACTERIZATION OF 20 nm- AEROSOL PARTICLES DURING AN URBAN RUSH HOUR 112
N. Streit, E. Weingartner, S. Nyeki, U. Baltensperger, R. Van Dingenen (JRC, Ispra),
H.W. Gaggeler (PSI, Uni Bern)

CLOUD AND AEROSOL CHARACTERIZATION EXPERIMENT (CLACE) AT THE 113
JUNGFRAUJOCH - AN OVERVIEW
E. Weingartner, S. Henning, N. Bukowiecki, M. Gysel, S. Nyeki, U. Baltensperger,
P. Quaglia (EPFL), G. Larcheveque (EPFL), B. Calpini (EPFL), E. Karg (GSF),
B. Busch (Uni Mainz), K. Kandler (Uni Mainz), L. Schutz (Uni Mainz), A. Hoffer (Uni Veszprem),
Z. Krivacsy (Uni Veszprem), K.-P. Hinz (Uni Wurzburg), A. Trimborn (Uni Wurzburg),
B. Spengler (Uni Wurzburg), M. Ebert (TU Darmstadt), S. Weinbruch (TU Darmstadt),
S. Schmidt (IFT, Leibzig), M. Wendisch (IFT, Leibzig)

HYGROSCOPIC PROPERTIES OF LABORATORY GENERATED AND AMBIENT AEROSOL 114
PARTICLES AT T < 0 °C
M. Gysel, E. Weingartner; U. Baltensperger

SIZE DEPENDENT AEROSOL ACTIVATION AT THE HIGH-ALPINE SITE JUNGFRAUJOCH 115
(3580 m ASL)
S. Henning, E. Weingartner, U. Baltensperger, S. Schmidt (IFT Leipzig), H.W. Gaggeler
(PSI, Uni Bern)

AIRBORNE LIDAR AND AEROSOL STUDIES OVER THE ADRIATIC SEA DURING STAAARTE II 116
S. Nyeki, K. Eleftheriadis (NCSR), U. Baltensperger, I. Colbeck (Essex Uni.), M. Fiebig (DLR),
C. Kiemle (DLR), A. Petzold (DLR), M. Lazaridis (NILU)

DISTINCTION BETWEEN BIOCHEMICAL AND WATER LIMITATION OF PHOTOSYNTHESIS 117
USING STABLE ISOTOPES
M. Saurer, Y. Scheidegger, R. Siegwolf
13C / 18O ISOTOPE CORRELATION REVEALS OPPOSITE EFFECTS OF NO2 ON THE PLANT 118
CARBON / WATER BALANCE COMPARED TO SOIL NITROGEN
R. Siegwolf, M. Saurer, R. Matyssek (University of Munich, Germany), J. Bucher (WSL Birmensdorf)

SEASONAL 518O VARIATIONS IN NEEDLES OF PICEA ABIES AS A FUNCTION OF 119
ENVIRONMENTAL CONDITIONS
M. Jaggi, M. Saurer, R. Siegwolf



ENERGY SYSTEMS ANALYSIS 121

THE REGIONALIZED CHINA ELECTRICITY TRADE MODEL: FIRST RESULTS AND POLICY 122
RECOMMENDATIONS
S. Kypreos, R. Krakowski

GEM-E3 SWITZERLAND: DATABASES UPDATE AND FURTHER INSIGHTS 124
O. Bahn

THE POTENTIAL ROLE OF ENERGY CONSERVATION AND NEW RENEWABLES 126
ECOLOGICAL AND ECONOMIC IMPLICATIONS FOR SWITZERLAND
M. Jakob, U. Gantner, S. Hirschberg

APPENDIX 128



PLEASE BE AWARE THAT
ALL OF THE MISSING PAGES IN THIS DOCUMENT

WERE ORIGINALLY BLANK



INTRODUCTION

A. Wokaun

The General Energy Research Department at PSI
aims at advancing technologies for the sustainable
provision of energy services, hence contributing to-
wards the development of a sustainable energy sys-
tem as the long-term goal.

Problems associated with the use of energy have be-
come a subject of severe public concern; examples
include the depletion of non-renewable energy re-
sources and raw materials, the production of waste,
emissions of air pollutants and the release of green-
house gases that give rise to global warming. Reflec-
tion on the mentioned classes of impacts shows that,
in most cases, it is not the energy use by itself but the
associated material flows that give rise to the problem,
causing the present energy system to be non-
sustainable.

Avenues towards sustainability must thus aim at re-
ducing the materials flows associated with human
energy use. Acknowledging the social demand for
useful energy services, a first prerequisite is an in-
crease in the efficiency of the processes by which
these energy services are provided. When, in addition,
efficient energy storage options are available, the pri-
mary energy required for satisfying the demand can be
decreased. The use of renewable energies can reduce
the flows of non-renewable energy carriers into the
system. Development of clean technologies decreases
the production of airborne pollutants and solid waste;
advanced recovery schemes help to retrieve com-
modities and minimize the amount of inert materials to
be deposited into the environment. Importantly, these
ecological goals should be achieved in economic
ways, such that the social dimension - satisfying the
necessary demand for service - can be met.

The research program of the General Energy Depart-
ment has been shaped by these considerations. At the
beginning of the year 2000, our activities have been
grouped accordingly into five laboratories, i.e.

• Energy and Material Cycles,

• Solar Technology,

• Combustion Research,

• Electrochemistry, and

• Atmospheric Chemistry.

In the following paragraphs, we shall briefly describe
the mission of each laboratory within the framework
outlined above, and exemplify it by hints to some spe-
cific highlights of the year 2000, to be described in
more detail below in this volume. We shall conclude
by mentioning the work of the Energy Systems Analy-
sis group, which aims at assessing the impacts of
technological developments for the sustainability goal,
keeping in mind the ecological, economic and social

dimensions of sustainability, on a global and on a re-
gional / national scale.

Energy and Material Cycles

The reduction of material flows is at the center of this
laboratory's projects. The mentioned goal is ad-
dressed by recovering both the energetic content and
valuable materials from waste streams, i.e. dry bio-
mass waste on the one hand and municipal solid
waste on the other hand.

Focusing on available biomass resources such as
forestry residues, scrap and waste wood, the gasifica-
tion process yielding synthesis gas is a key step for
energetic use. In the reporting period, particular atten-
tion has been paid to the generation of tars upon gasi-
fication. Aged wood was found to produce significantly
less tars than fresh wood; this finding is favorable for
the energetic use of waste wood, e.g. from the demoli-
tion of buildings. In contrast, tar production is in-
creased if plastic residues are added to the biomass
feed.

For the use of the synthesis gas thus produced, sev-
eral avenues are pursued depending on the size of the
installation. Of particular interest to us is the REDOX
process described below for the direct production of
clean hydrogen, which might serve as a transportation
fuel to be used, e.g., in fuel cell cars.

The second focal area is the recovery of heavy metals
from the bottom ash and filter ash produced in munici-
pal waste incinerators. Evaporation of the metals be-
low the melting point of the solid appears to be a par-
ticularly attractive option. A novel Condensation Inter-
face has been developed which will be crucial for the
in situ monitoring of these processes. With a view to
implementation, a process integrating the heavy metal
recovery within a waste incineration plant has been
patented, together with partners, in 2000.

High Temperature Solar Chemistry

The concept of solar chemistry aims at addressing the
fact that solar energy reaches the earth dilute,
intermittently, and with large differences in spatial
distribution around the global. As a consequence, the
possibility to store solar energy is a key issue. Second,
in view of the large share of liquid and gaseous fuels
in the energy system, the production of transportable
chemical energy carriers from renewables is a high
level goal. In solar chemistry processes, the incident
solar energy is concentrated to drive endothermic
chemical processes, with chemical fuels obtained as
products.

In this framework, significant progress has been
achieved in 2000 within the SYNMET project. In this
process, zinc oxide is decomposed by concentrated



solar energy, and energy is stored in the form of me-
tallic zinc. In a solar/fossil hybrid scheme, methane is
added in order to lower the required process tempera-
tures. We have succeeded for the first time to operate
the process in a solar reactor using stoichiometric
flows of the methane auxiliary gas, which is important
for achieving a high solar share in the energy content
of the product.

The rational design of high temperature solar chemical
processes is supported by results of the physical sci-
ences group. A Flash Assisted Multiwavelength Py-
rometer developed at PSI is used for real time
monitoring of the temperature of the hot target
(typically at 2000 K) that is irradiated by concentrated
sunlight. Studies on the solar decomposition of mixed
metal oxides have been carried out at the solar
furnace using a quenching device named TREMPER.

An important milestone was reached in another, more
short term oriented project in collaboration with indus-
trial partners, in which solar energy is used to remove
heavy metals from industrial wastes, such as electric
arc furnace dust. Processing the material within PSI's
solar furnace we have succeeded in reducing the zinc
content of the waste material to 2 %. An alloy of zinc
and lead is obtained for use as a secondary raw mate-
rial, whereas the heavy metal content of the residue is
low enough such that deposition in special repositories
is no longer required.

Combustion Research

The projects of the Laboratory are embedded in a
common joint program in combustion research of PSI
and ETH Zurich. Our activities contribute to the devel-
opment of clean and efficient converters for fossil fu-
els, with a focus on gas turbine combustion on the one
hand and internal combustion engines on the other
hand.

Catalytic combustion has recently attracted increased
interest as an option for further reducing the gas tur-
bine NOX emissions. In the year 2000 we have signifi-
cantly advanced our understanding of the process in
which part of the fuel is combusted catalytically in a
metal coated converter. The interaction between gas
phase and heterogeneous chemical processes in the
presence of turbulent flow has been studied by nu-
merical modeling. Laser spectroscopic techniques
were used extensively to record the spatial profiles of
temperature, reactants, products and radical interme-
diates, thereby validating and improving the simula-
tions.

For internal combustion, Diesel engines are known to
achieve considerably better efficiencies and hence
lower CO2 emissions, as compared to gasoline en-
gines. In addition to nitrogen oxides, paniculate emis-
sions and the associated health effects are the major
factor impeding widespread implementation of the
Diesel technology in passenger vehicles. The genera-
tion of soot is studied in our high-temperature high
pressure combustion cell by laser spectroscopic tech-
niques. We have found that oxygenated additives,
such as dimethoxymethane, are capable of signifi-

cantly reducing primary particle formation. Fundamen-
tal studies of the associated molecular reactions are
carried out to understand the mechanism of this de-
sired effect. The capabilities within the department for
studying combustion generated soot range from mo-
lecular beams through burner and spray test rigs to
the real engine exhaust.

A likely path of Diesel engine development will aim at
increasing the completeness of combustion including
the carbon particles, with the simultaneous benefit of
high efficiency. This implies high combustion tempera-
tures and, consequently, the necessity to reduce NOX

emissions by exhaust gas aftertreatment. In our de-
velopment of lean DeNOx catalysts, we are imple-
menting the novel concept of "fast selective catalytic
reduction". In this report we show that the rate of NOX

removal is considerably faster if the molar ratio of NO
and NO2 is adjusted to unity in an oxidation pre-
catalyst. This system holds the potential of effective
removal of NOX from lean exhaust gases, even at the
low temperatures prevailing in passenger car exhaust
gases under part load. This type of reaction proves in
addition to be relevant for soot oxidation on specifically
designed catalytic surfaces. In this sense we are work-
ing towards the realisation of the "New Zero Emission
Truck Engine" vision.

Electrochemistry

In view of the sustainability goal outlined at the onset
of this introduction, the program of the electrochemis-
try laboratory deals with the aspects of energy storage
on various time scales, and with fuel cells as highly
efficient, zero emission converters.

Numerous devices in everyday use, notably mobile
phones and laptops, are in need of rechargeable elec-
tric supplies featuring a high energy density. Lithium
ion batteries represent the most frequently used solu-
tion. In this highly competitive market segment, we
have recently succeeded in implementing the results
of our research: PSI has contributed to the transfer of
a superior carbon material for the negative electrode
of the lithium ion battery to production by a Swiss
company. Advanced characterization methods avail-
able at PSI, such as neutron radiography, have been
key for this success.

Another important technology transfer was success-
fully started in 2000 in the zinc/air rechargeable battery
project. Due to improvements in the design of the
reversible oxygen electrode, more than 300 charge/
discharge cycles have been demonstrated. The tech-
nology will now be developed into a commercial prod-
uct by an industrial partner in collaboration with PSI.

The pace of fuel cell development for stationary, mo-
bile, and portable applications has accelerated world-
wide in 2000, with all major car manufacturers pursu-
ing programs for the demonstration of fuel cell vehi-
cles. The unresolved issue is the large cost decrease
required before fuel cells will become competitive with
internal combustion engines. Increase in power den-
sity, less use of expensive materials, and advances in



manufacturing technology are required. Contributing
towards these goals, we have demonstrated a 6.5 kW
fuel cell stack using graphite bipolar plates, with speci-
fications described in this report.

Analysis shows that fuel consumption of passenger
vehicles can be reduced by up to 40 % in city driving if
braking energy can be recovered. The electric propul-
sion used in fuel cell vehicles is predestined for the
implementation of regenerative braking. Due to the
high specific power, supercapacitors are excellently
suited to accommodate the entire kinetic energy of a
vehicle at the power level characteristic of a breaking
event, and to provide equivalent power during accel-
erating, thereby supplementing the power from the
fuel cell. The realization of a 2.5 V/800 F superca-
pacitor based on electrodes developed at PSI is de-
scribed.

Properties of surfaces and interfaces are crucial in all
electrochemical applications, as well as in energy re-
lated catalysis. The spectroscopic characterization of
catalysts and electrodes under working conditions
represents therefore a major analytical competence.
Laser techniques are used not only for probing but
also for the modification of surfaces, as illustrated in
this report by the high resolution structuring of posi-
tive/negative photoresists.

ATMOSPHERIC CHEMISTRY

The Laboratory of Atmospheric Chemistry was consti-
tuted at the beginning of 2000, bringing together PSI
competence in the characterization of gaseous and
particulate emissions and their transformations in the
atmosphere. The aim of the laboratory is a compre-
hensive, experiment and model based assessment of
energy related pollutant emissions. This includes me-
teorological transport processes and photochemical
transformations (e.g. secondary aerosol formation and
ozone production) in the atmosphere and their impact
on humans, climate, ecosystems, and material struc-
tures.

A measuring van was equipped with a comprehensive
set of instruments for on-line recording of concentra-
tions of gaseous pollutants and paniculate matter, and
has become operational in November 2000. This tool
will be used in future field and automobile chasing
campaigns, based on the experience of earlier meas-
urements in the Po valley as well as in the Milan and
Minneapolis metropolitan areas, which are presented
in this report.

In addition to the mentioned campaigns, the aerosol
group records long-term changes of a variety of aero-

sol parameters at the high alpine research station on
the Jungfraujoch. These activities are embedded in
the Global Atmospheric Watch program of the World
Meteorological Organization. An intensive measure-
ment campaign was carried out in March 2000.
Among the numerous findings, we mention the meas-
urement of interstitial aerosols (i.e. particles not form-
ing cloud droplets within a cloud), the fraction of which
changes significantly during atmospheric transport
over long distances, as a consequence of surface
oxidation and other aging processes.

Isotope ratio mass spectrometry has been established
as a powerful tool for assessing the impact of atmos-
pheric pollutants on ecosystems. The acquisition of an
other mass spectrometer, designed for analyzing the
isotopic ratio in very low trace gas concentrations,
allows the tracking of air pollutants from their sources
to the sinks (plants). We are reporting a study on the
effects of NO2 exposure on trees, where nitrogen
dioxide taken up through the leaves tends to increase
the water use efficiency of plant photosynthesis,
whereas the opposite trend is observed when inor-
ganic nitrogen fertilizers are delivered through the soil.

Energy Systems Analysis

The Energy Modeling group assesses the role of inno-
vative technologies within the global energy system,
focussing also on the economic frame and thereby
providing guidelines and boundary conditions for the
research strategy of the department. Some represen-
tative results from the China Energy Technology Pro-
gram are reported below.

Global climate change is a topic of highest concern in
this context. Scenarios for the development of green-
house gas emissions are analyzed, and the pathways
and economic impacts of achieving the international
Kyoto targets as well as the binding Swiss CO2 reduc-
tion goals are assessed.

The results clearly show the importance of interna-
tional collaborations for achieving the emission targets
in the most cost effective way. In other studies, the
importance of technological learning has been ana-
lyzed, with the result that renewable energies would
attain significant market shares most rapidly if devel-
opment efforts were shared among all nations con-
cerned. Closing the circle to the sustainability target
mentioned at the beginning, the mission of the Gen-
eral Energy research department may be seen as a
contribution towards this global learning process of a
more sustainable energy provision.
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IMPROVEMENT OF THE HEAT TRANSFER IN CATALYTIC FIXED BED REACTORS
BY MEANS OF STRUCTURED PACKINGS

T. Schildhauer, E. Newson, P. Binkert, F. v. Roth, P. Hottinger, T.B. Truong

A novel type of structured catalyst supports for heterogeneous catalysis in industrial tube-bundle reactors
has been developed. It shows a low pressure drop and an increased heat transfer through the reactor wall.
This improves the performance of reactors used for strongly endo- or exothermic reactions by decreasing
the development of cold or hot spots and lowering the risk of thermal run-aways in the latter case. These
improvements have been shown in heat transfer experiments and validated in experiments under dehy-
drogenation reaction condition combined with a reactor simulation.

1 INTRODUCTION

The typical reactor for heterogeneous catalysis in the
chemical industry is still the fixed bed reactor, which is
filled with an irregular packing of catalyst in form of
spheres, rings or extrudates. Fixed bed reactors are
characterized by relatively high pressure drops and
complex material and heat transport processes be-
tween the fluid stream, catalyst grain surfaces and the
grain pore structure. With strongly endo- or exother-
mic reactions, heat transport through the reactor wall
becomes more important depending on both axial and
radial heat transfer. Catalyst utilization can be ad-
versely affected if "hot spots" (axial temperature
greater than reactor wall temperature) or "cold spots"
are formed.

From investigations to improve the heat transfer in
tube/shell heat exchangers [1], it is well-known that
static mixers can remarkably improve the radial heat
transport in comparison to empty tubes. This led to the
development of static mixers coated with catalyst,
which improve the radial transport processes in the
tube and intensify the heat and material transfer be-
tween the fluid stream and the catalyst surface by the
production of turbulence [2,3]. In comparison to con-
ventional irregular packings, flatter radial concentra-
tion and temperature profiles are achieved combined
with a clearly smaller pressure drop. The commercial
catalyst supports of this type developed at present
however do not show a significantly increased heat
transfer between the fluid stream and the reactor wall
[3]. Therefore structured packings were developed in
this work, which show an improved heat transfer be-
havior and enable a significant process intensification.

2 EXPERIMENTAL

Different types of catalyst supports (alumina spheres,
diameter 1.5-2 mm, commercial structured packings,
improved packings) were fitted into an electrically
heated reactor tube (inner diameter 19 mm, length
500 mm) with a sand packing at the in- and outlet of
the reactor. At a wall temperature of 120°C air flows of
5- 100NI/min were fed representing mass flows in
industrial scales (Particle Reynolds Numbers 10 - 50).
The stationary axial temperature profiles of the fixed
bed were measured with a movable thermocouple.
The pressure drop was measured.

Based on the axial temperature profiles, the global
heat transfer coefficients could be calculated. This

allowed derivation of the heat transfer coefficient at
the inner wall of the reactor tube which is responsible
for the main differences in the heat transfer behaviour
of the diverse catalyst supports.

3 RESULTS

As seen in Figure 1, the commercial packing shows a
slightly better heat transfer behavior than the alumina
spheres. The heat transfer coefficient of the optimized
packing exceeds, depending on the mass flow, that of
the spheres by 30 - 50% and that of the commercial
packing by 25 - 30% .

1000

Oimproved packing

commercial packing

alumina spheres

10
specific mass flow G [kg/m s]

Fig. 1: Heat transfer coefficients of catalyst supports
at the inner side of the reactor wall depending on the
mass flow.

Taking into account the known fluid properties (Prandtl
number Pr) and the proportionality between a and the
Nusselt number (Nu), as between the specific mass
flow G and the Reynolds number (Re), it is possible to
establish the following analogies which permit to cal-
culate the heat transfer coefficients a for the different
catalyst supports over a wide mass-
flow/temperature/fluid-properties range:

Nu = 0.223 Rep
a 6 1 0 9Pra 3 3 3

Nu = 0.339- Rep
a5523- Pr0333

Nu = 0.480 Rep
a 5 3 3 4Pra 3 3 3

In Figure 2 the specific pressure drops are shown
which are similar for both types of packings but re-
markably lower than that of the alumina spheres.

alumina spheres:
commercial packing:
improved packing:



E 200
Q.

2

£ 100
3
CO
CO
CD

o
CD
Q_
CO

« alumina spheres

Hcommercial packing

O improved packing

1 3 5 7
specific mass flow [kg/m2s]

Fig. 2: Specific pressure drops of catalyst supports
depending on the mass flow.

4 VALIDATION UNDER CHEMICAL REACTION

To validate the heat transfer correlations shown in
Figure 1 under reaction conditions, the improved
structured packings and the commercial packings
were tested coated with a dehydrogenation catalyst
usual in the industry (Pt/AI2O3, thickness approx.
100 (im). The strongly endothermic, equilibrium limited
dehydrogenation of methylcyclohexane (MCH) to tolu-
ene (C7H14 <=> C7H8 + 3 H2; AHR

298K = 205 kJ/mol) was
used as the test reaction.

For these experiments the above mentioned reactor
tube was used. At different temperatures (400°C,
425°C, 450°C), but constant pressure (7.1 barabs.) and
MCH-feed of about 2 l/h, conversions of 15% -29% for
the commercial packing and 20% - 32% for the opti-
mized packing were measureded. The "cold-spot"
temperatures were shifting over time due to catalyst
deactivation, but they were always similar for both
packings.

The results of these experiments were compared with
appropriate results for conventional fixed beds
(Pt/AI2O3-spheres, d = 1.5 - 2 mm) and used in a re-
actor simulation. The kinetics of the different catalyti-
cally coated structures were determined independently
in microreactors. Due to a lack of fit appearing in the
evaluation of the isothermal kinetic measurements, it
became necessary to determine the equilibrium con-
stant (Keq) for the MCH to toluene reaction in an auxil-
iary experimental program. The value found thereby
[4] is Keq] 650K = 3.60 • 109 kPa3 compared to the lit-
erature value [5] of Keq,65oK= 4.61 • 109 kPa3.

Comm. Packing

Improved packing

Pt/AI2C>3-spheres

Preexp. Factor
k3oo°c [mol/s g

kPa]

0.914- 106

1.37- 106

3.10- 107

Activation energy
EA [kJ/mol]

149.3

149.3

215.1

Table 1: Kinetic parameters for both catalytically
coated packings and commercial catalyst (Pt/Al2O3).

With this new Keq, the kinetics of both the catalytically
coated packings and the commercial catalyst

(Pt/AI2O3-spheres, d = 1.5-2 mm) were determined
(Table 1), using a first-order model. These kinetics
and the heat transfer correlations shown in Figure 1
were introduced into a pseudohomogeneous first or-
der model, which included limitations by film diffusion.
As an example of a comparison between experiment
and simulation (Figure 3), the axial temperature profile
in an improved packing is shown for a wall tempera-
ture of 400°C. The simulated temperature profile is
comparable to the measured profile, if the simulated
conversion is the same as in the experiment (26%).

O 420
£- 400
§ 380
« 360
g. 340
E 320
~ 300

A.
+ experiment

simulation

11 111 11 |-|J I l-m=H I'M

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
length of reactor [m]

Fig. 3: Measured and simulated axial temperature
profile (improved packing, wall temperature 400°C,
conversion 26%).

5 CONCLUSION

A novel type of structured catalyst support was devel-
oped showing increased heat transfer (30 - 50%) and
decreased pressure drop (V5) compared to conven-
tional alumina spherical supports. Under reaction con-
ditions for dehydrogenation, simulation of temperature
and concentration profiles was in good agreement with
measurements.

6 ACKNOWLEDGEMENTS

Financial support by the Swiss Federal Office for En-
ergy (BfE) is gratefully acknowledged. UOP Ltd. (UK)
supplied commercial catalysts under a confidentiality
agreement.

7 REFERENCES

[1] H. Kalbitz, Wirkung statischer Mischer auf die
Stromung, den Warmed bergang und den Druck-
verlust in Rohrbundelwarmeaustauschern, Dis-
sertation TU Braunschweig (1990).

[2] A. Cybulski, J. A. Moulijn (Hrsg.): Structured
Catalysts and Reactors ,New York (1998).

[3] G. Eigenberger, V. Kottke, T. Daszkowski, G.
Gaiser, H. Kern: RegeimaBige Katalysatorform-
trager fur technische Synthesen, Fortschrittsbe-
richt des VDI, Reihe 15, Nr. 112, Dusseldorf
(1993).

[4] T. Schildhauer, E. Newson, St. Muller, accepted
for publication, J. Catal.

[5] Akyurtlu, J., Stewart, W., J. Catal. 51,101 (1978).



8

KINETICS AND SYSTEMS ANALYSIS FOR PRODUCING HYDROGEN FROM
METHANOL AND HYDROCARBONS

K. Geissler, E. Newson, F. Vogel, T.B. Truong, P. Hottinger

Fuel cell powered electric cars using on-board methanol or hydrocarbon reforming to produce a hydrogen-
rich gas represent a low-emissions alternative to gasoline internal combustion engines (ICE) with well-to-
wheel efficiencies of 17%. For the overall methanol process, a simplified model of the reaction network
consisting of the total oxidation of methanol, the reverse water-gas shift reaction, and the steam-reforming
of methanol is proposed. Individual kinetic measurements for the latter two reactions on a commercial
CuO/ZnO/AI2O3 catalyst are presented. Partial oxidation (POX) of hydrocarbons (isooctane) has shown that
noble metal catalysts can provide power densities of 33 kWth per litre reactor at 475 °C compared to
54 kWth per litre reactor with methanol at 250 °C.

1 INTRODUCTION

Hydrogen produced from renewable sources is a
clean and carbon-free energy vector which can be
converted to electrical energy either by conventional
combustion engines or by fuel cells, the latter not be-
ing limited in theoretical efficiency by the maximum
Carnot efficiency. However, up to now, none of the
physical or chemical storage options being considered
as technically feasible, has turned out to be the
method of choice [1]. Among the liquid carriers under
discussion, methanol offers a high energy density, the
possibility of using a petrol-like infrastructure for dis-
tribution and, unlike hydrocarbons, can be produced
from renewable sources.

Autothermal reforming of methanol (1) or iso-ocatane
(2) has a net reaction enthalpy change of zero.

Methanol LHV

4 CH3OH + 3 H2O + 1/2 O 2 -> 4 CO2 H2 (1)

(2)

A reactor for this process does not require external
heating once having reached reaction temperature. To
facilitate reactor design it is highly desirable to develop
a complete kinetic model for the process.

2 SYSTEM ANALYSIS

Current gasoline internal combustion engine (ICE)
technology reaches a full fuel cycle ("well-to-wheel")
efficiency of about 17-18% [2]. This figure can be
decomposed into an overall vehicle ("tank-to-wheel")
efficiency of 19-20% and a fuel efficiency ("well-to-
tank") of 90 %. Fuel efficiencies for methanol produc-
tion from natural gas are in the range of 67-71 %. The
overall vehicle efficiency for a methanol powered car
must therefore reach at least 25-27 % in order to
equal the efficiency of the full gasoline ICE cycle.
Steady-state system analyses including an autother-
mal methanol reformer linked to a PEM fuel cell
yielded overall vehicle efficiencies of 27-30 % (Fig-
ure 1). Hohlein [2] investigated other options for on-
board methanol reforming and obtained overall vehicle
efficiencies in the range of 25-34 %.

100%

ATR Reformer 97%

97%
I CO cleanup | 99%

96% I
| Anode | 83%

80%

Fuel Cell 5 1 %

41%

Parasitic Power 8 1 %

33%
El. Motor

30% ^

90%

Wheels

Fig.1: Calculated steady-
state "tank-to-wheel" effi-
ciency for autothermal re-
forming of methanol and
subsequent gas cleanup by
preferential oxidation of CO,
followed by a PEM-fuel cell
(assuming 83 % hydrogen
utilisation at the anode and
51 % electrochemical effi-
ciency) and electric motor.
The values on the left repre-
sent the cumulative effi-
ciency while the ones on the
right represent the efficien-
cies of the individual sub-
processes.

3 EXPERIMENTAL PART

Microreactor experiments were carried out using an
electrically heated tubular reactor (silica coated
stainless steel, inside diameter 4 mm), equipped with
an inner tube (diameter 1.5 mm) containing a move-
able thermocouple. A commercial CuO/ZnO/AI2O3

catalyst with particle diameter of 250...500 microns
was placed in the 65 mm isothermal zone. All gas
flows were controlled by electronic mass-flow control-
lers, liquids were dosed by a pump. Product gas
analysis was carried out using a gas chromatograph
equipped with both, a thermal conductivity detector
connected to a two-column switching system (HP Plot
Q and HP Plot 5 A), and a flame ionisation detector
connected to an Alltech AT 5 column.

4 RESULTS

From the species present in either the feed or the
product gas, a strongly crosslinked system of at least
7 components and 8 reactions can be formulated
(Figure 2). To simplify the reaction network, the com-
bination of total oxidation and steam-reforming (SR) is
an appropriate model for the autothermal reforming of



methanol. Adding the reverse water-gas shift (RWGS)
reaction allows the carbon monoxide formation to be
modelled.

C02 + 2H20 -

C02 + 2H2 "

H2+V2(

CH3OH

0.5 O>
(7)

CO + 2H2

(10)
CO2 + H2<^ CO + H2O

Oz^HzO CO+V2C

CO2 + 3H2

DME+H2O

h^CO2

Fig. 2: Reaction network of methanol autothermal
reforming on copper-containing catalysts.

Kinetic measurements of methanol steam reforming
and the reverse water-gas shift reaction have been
performed separately in the microreactor system. For
evaluation of the data obtained for both reactions, the
software package SIMUSOLV, assuming a one-
dimensional, isothermal, plug-flow model was used.
Possible equilibrium limitation was included by intro-
ducing temperature-dependent equilibrium terms, e.g.

(3)
CO2 P H 2

where K is the equilibrium constant of the reaction.
Methanol-steam reforming was found to be 0.4th order
in methanol (4), the reverse water-gas shift was as-
sumed to be first order in CO2 as described in [3]. Due
to the low pressure the number of free sites was con-
sidered to be a constant (5).

r S B =1 .52 -10 - 5 e f l m o l U ™ f
'eg

mol

rRWGS = 4 . 3 8 - 1 0 "
513K, f

HCO2 'eq

' s g kPa04

mol

s g kPa

(4)

(5)

The kinetics of the total oxidation of methanol in the
presence of water is more difficult to evaluate due to
non-isothermality at elevated temperatures.

In contrast to methanol reforming catalysts based on
copper, hydrocarbon reforming requires noble metal
catalysts for typical operating temperatures between
400-550 °C. The noble metal catalysts proved less
susceptible to deactivation in 200-300 hour tests. Us-
ing isooctane as the hydrocarbon feed for autothermal
reforming as in equation (2), results for commercial
and proprietary catalysts are shown in Table 1. The
hydrogen production rate or STY with the proprietary
catalyst is 10730 litres per hour and litre reactor

volume compared to 6720 for a less selective com-
mercial noble metal catalyst. Thermal power densities
are 33 kW per litre reactor volume for the PSI catalyst
compared to 45 kW per litre for the methanol feed.
Catalyst screening is continuing with hydrocarbons
including refinery streams.

Com. Cat. PSI-Cat. Com. Cat.
(HC)1 (HC)2 (MeOH)3

Conversion (%)

H2-yield (%)

Selectivity (%)

STY (I H2/h/lrv)

LHV efficiency (%)

hot-spot (K)

88

34

39

6720

18.8

81

82

53

64

10730

30

77

85

85

100

14660

69.6

15

Table 1: Results of hydrocarbon (HC) and methanol
(MeOH) catalyst testing, catalyst mass 0.1 g, dilution
catalyst/quartz sand=1/50, p=5 bar, 1T=450 °C, 2T=
475 °C, 3T = 250°C, WHSV = 8h"1; STY: Space-
Time-Yield (litre hydrogen / hour / litre reactor volume);
LHV efficiency = LHV (H2 out) / LHV (fuel in).

5 CONCLUSION AND FUTURE WORK

It has been shown that the autothermal reforming
process of methanol and hydrocarbons is a promising
option for hydrogen production. If used for non-sta-
tionary PEM fuel cell-based propulsion, the methanol
system can at least compete with the 17% full fuel
cycle efficiency of current state-of-the-art internal
combustion engines. Modelling of the reactor system
for temperature and concentration profiles under non-
isothermal conditions is continuing in future work.
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INVESTIGATING THE EVAPORATION OF HEAVY METALS FROM FLY ASH BY
THERMO-DESORPTION SPECTROMETRY

H. Lutz, Ch. Ludwig, R. Struis, S. Stucki

Our research is devoted to better understanding the evaporation process of the heavy metals cadmium,
copper, lead, and zinc from toxic filter ash of municipal solid waste incinerators. This knowledge is used for
optimising the heavy metal removal from the ash by a thermal process - the final goal being the detoxifica-
tion of the ash. The evaporation rates obtained from the thermo-desorption spectra (TDS) gave valuable
insight into the chemical reaction mechanisms. Especially interesting from a point of view of heavy metal
removal by evaporation is the role of chlorides like sodium chloride (NaCI). They reacted with non-volatile
heavy metal species (like oxides) to form volatile heavy metal chlorides.

1 INTRODUCTION

We observe the evaporation of metals from filter ash
on-line. Our goal is to understand the chemical proc-
esses during the treatment of the ash and to improve
the heavy metal removal efficiency. In order to monitor
the heavy metals evaporating due to our thermal
treatment process of the ash, we have to employ a
specific tool for heating the ash and analysing the
evaporating heavy metals. This tool consists of three
parts: A quartz tube heated by a furnace, a detector
(an Inductively Coupled Plasma Spectrometer) and
our connecting condensation interface. The interface
is the crucial part for transferring the metals. Ludwig
published earlier a detailed description [1, 2].

2 EXPERIMENTAL

Experiments were carried out with the standard ash
BCR176, which had been certified by the Community
Bureau of Reference of the European Community.
The ash was used as received (particle 0 <40 (im).

The thermo-desorption spectra (TDS) are generated
by heating the filter ash in a tubular furnace from 450
to 950 °C at a constant heating rate of 3.3 °C/min. The
amount of evaporating metals is detected in 2-minute
intervals for every element by an Inductively Coupled
Plasma (ICP) Spectrometer. Plotting the every metal's
measured relative evaporation rate against tempera-
ture results in the TDS graphs shown in both versions
of Figure 1.

3 THERMO DESORPTION SPECTRA (TDS)

The peak pattern of a TDS can be rather complex. In
general, every peak represents one kind of species
that might have left the ash directly (e.g. Zn°T, ZnCI2T)
or stem from a reaction, which transforms a non-
volatile precursor into a volatile species (e.g. ZnOSO|id +
2 HCI <=> ZnCI2t + H2O).

TDS can provide information about the amounts of
every metal vaporizing, the reaction kinetics, the type
of chemical species, and about chemical reactions in
the sample. Here we focus on the latter two, species
and possible chemical reactions.
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Fig. 1: Thermo-desorption spectra for filter ash
BCR176; the same experiment is shown with a linear
y-axis above and a logarithmic y-axis below (umol =
(imol).

4 RESULTS AND DISCUSSION

Figure 1 shows an identical TDS of BCR176 for Na,
Zn, Pb, and Cu - on a linear and a logarithmic scale,
respectively.
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In Figure 1, top, the Na-peak is by far the most domi-
nant. Only about a tenth of the evaporation rate of Na
is reached by Zn, but in three peaks at 650 °C, 800 °C
(like Na) and beyond 900 °C. In comparison, the
evaporation rate of Pb and Cu is negligible on that
graph.

Figure 1, bottom, uses a logarithmic scale for a better
peak comparison, since the evaporation rates are so
vastly different. Here the following observations can be
made:
The evaporation of Na shows a peak, which coincides
nicely with peaks of Zn and Cu and exceeds them by
about 1 and 2 orders of magnitude, respectively. Na
most presumably evaporates as sodium chloride,
NaCI, which is originally present in filter ash (Pluss
[3]). Cl evaporates in exactly the same temperature
range as Na. (Data for Cl not shown here.)
The first peak of Zn almost parallels the one of Cu, the
second those of Na and Cu. The incline to the third
Zn-peak (second half not visible) parallels the last Pb-
peak.
Neither of the other two Pb-peaks precisely follows the
others.
Cu reveals an almost perfect match with Na and Zn.

In the following we propose a chemical hypothesis to
explain the parallelism of some of the peaks:
We know that chlorine species play a major role in the
evaporation mechanisms (Jakob [4], Wochele [5]).
The reason is that metal chlorides tend to have lower
boiling points than the respective pure metals or metal
oxides (e.g. ZnCI2 732 °C, Zn° 907 °C, ZnO
>1500 °C). So, transforming a pure metal or metal
oxide into its chloride induces the evaporation of the
metal at a lower temperature. This has the advantages
of minimizing corrosion of materials in industrial plants
and helps to prevent sticking of the ashes, which re-
strains the metal removal efficiency.
Chlorides present in the ash promote heavy metal
evaporation. Upon evaporation, major chloride species
(see the upper curves; especially Na, but also Zn)
transfer their Cl to oxidic minority species (see the
lower curves, Zn and Cu, maybe Pb). This is illustrated
by the following equation and Figure 2:

Me(1)-Chloride + Me(2)-0xide

Me(1)-0xide + Me(2)-Chloride

Newly formed oxides (like Na2O) may bind to the ma-
trix, thus facilitating the above reaction to the right.

Above hypothesis does not satisfactorily explain the
Pb-behavior. Here, further studies need to be done.

For Zn and Cu, simplified species calculations based
on pure substances in a thermodynamic model sub-
stantiate the above hypothesis.

5 CONCLUSION

Our work enables us to determine why chlorine is so
important in aiding the heavy metal evaporation from
filter ash.

Fig. 2: Hypotheses on the chlorine and oxygen trans-
fer between the species evaporating according to Fig-
ure 1.
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OPTIMISATION OF THE BATTERY PYROLYSIS IN A THERMAL BATTERY
RECYCLING PROCESS

J. Wochele, Ch. Ludwig, A.J. Schuler, A. Krebs (BATREC AG)

Scrap batteries consist of about 60% of metals. Some of them are valuable raw materials (Fe, Mn, Cu, Zn,
Ni) and, moreover, they can be very toxic (Hg). Therefore, BATREC AG in Wimmis (CH) recycle these
materials from spent batteries in a thermal process. Alkali salts originating from the electrolytes of the bat-
teries represent a stress on the facilities and can influence the quality of the recycled goods. In this col-
laboration with BATREC AG the goal is to improve the separation of the alkali salts in the pyroiysis proc-
ess. We investigate the process by means of thermodynamic calculations and laboratory experiments,
using our on-line measuring instrument for studying the simultaneous evaporation of various elements.

1 INTRODUCTION

BATREC AG in Wimmis (Switzerland) recycles from
each ton of scrap batteries (coal-zinc- and alkaline-
Mn-batteries) about 590 kg metals. Contaminants,
such as organics, salts, and oxides, can substantially
influence the quality of produced secondary raw mate-
rials. The efficiency of the process and the quality of
the products could be improved, if the salts from the
electrolyte of the batteries could be eliminated. Salts in
furnaces shorten the lifetime of the fire-resistant brick
lining and form depositions on walls and tubes.

We use thermodynamic calculations and evaporation
experiments with single batteries to investigate the
process and to look for means to evaporate and re-
move selectively potassium alkali chlorides during the
pyroiysis.

2 THE BATREC PROCESS
Since 1992 BATREC has used a three step process
for thermally recovering the metals from scrap batter-
ies (Figure 1). In stage 1 the batteries are pyrolysed at
350-750°C. Water and mercury is volatilised together
with organic substances originating from paper, card-
board and plastics. These gases are transported to
the wet-chemical gas cleaning system (stage 3).
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Fig. 1: Thermal treatment of spent primary batteries.

In stage 2 the metallic compounds are reduced in a
induction furnace at 1500°C. The metals obtained
from the process can be recycled by the steel and
metallurgical industry.

Mercury is condensed and treated together with the
sludge - containing up to 40% mercury - from the gas
cleaning system. The mercury is cleaned by distillation
of the separated solid phase. The distillation residues
go back to the pyroiysis furnace. The separated water
is purified from heavy metals, cyanides and fluorides
and discharged to the public sewage treatment plant.

Our interest focuses on the pyroiysis stage. The task
of this stage is to convert the carbon to volatile organic
matter, to separate the volatile substances (carbon,
water, salts, mercury) from non-volatile (metals, ash)
in order to concentrate and diminish the mass sent to
the high temperature melting furnace for the reduction
of the metals in stage 2.

3 THERMODYNAMIC CONSIDERATIONS

Thermodynamic equilibrium calculations (TEC) mini-
mising the Gibb's free energy allow to predict the sta-
ble species of a system at given conditions (tempera-
ture, pressure, concentrations). Such calculations do,
by definition, not take kinetic effects into account.
Nevertheless, sometimes a reasonable match with
experiments can be found even in a such complex
and heterogeneous multi-component system as bat-
tery pyroiysis. Our "black box" model considers the
pyroiysis process (stage 1) as a one zone well mixed
reactor.

In Figure 2 the result of such a calculation is shown for
potassium (K) considering a typical (standard) battery
pyroiysis process. In the temperature range between
350-750 °C applied in the battery pyroiysis process,
volatile K compounds do not appear (are not stable).
Sensitivity analyses by varying the input data clearly
showed that the system is very robust to input varia-
tions in a wide range. Even if we assume all the plas-
tics (cover, box) in the batteries as PE (polyethylen) or
as PVC (polyvinylchloride) or if we investigate only
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Fig. 2: Stable potassium species in battery pyroiysis
(k = 0.8). (g) = gaseous species.

charcoal-zinc- or only alkaline-Mn-batteries, the ther-
modynamic picture remains the same.

4 EVAPORATION EXPERIMENTS

Our thermo-analysis system with on-line measurement
capabilities (CI-ICP Spectrometer, Condensation In-
teterface Inductively Coupled Plasma) [1] is an ana-
lytical tool that was developed for investigating the
evaporation of metals in heterogeneous, complex
multi-component systems [2] like e.g. filter ash or pri-
mary batteries.

Mignon type alkaline batteries were cut open for the
pyroiysis in a tube furnace which was connected to the
CI-ICP equipment for the on-line monitoring of the
evaporating elements (Figure 3).

Fig. 3: Alkaline battery before the thermo-analysis
and the remaining ash after the pyroiysis.

In the thermogram (Figure 4) the applied temperature
and the measured evaporation of K and C are drawn
as a function of time. The volatilisation rates of carbon
(C) were much higher than those of K.

temperature " " 9 0 0

800

1000

100 200
time [min]

300 400

Fig. 4: Thermogram obtained by CI-ICP Spectro-
metry during battery pyroiysis from 100°C to 950°C.

Gasification (C-line) starts at about 250°C with a first
peak at 400 °C. K evaporates only at 740°C, which is
in good agreement with the thermodynamic calcula-
tions.

5 CONCLUSION

The information from the laboratory experiment and
the thermodynamic calculations are in good agree-
ment. Both, model and experiment, show no relevant
volatilisation for K below 700 °C, the pyroiysis tem-
perature. This is also observed in the real process.
From the calculation we conclude that in the experi-
ment K is volatilized as KCI.

Further investigations considering modified pyroiysis
conditions to selectively evaporate potassium and
therefore the salts, are in progress.
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BETTER QUALITY OF MSW INCINERATOR RESIDUES AT LOWER
COST

S. Biollaz, S. Stucki, R. Bunge (Eberhard Recycling AG), M. Schaub (CT Umwelttechnik AG),
H. Kunstler (Kupat AG)

A new technology concept for the incineration of municipal solid waste (MSW) has been developed within
a joint venture of PS I with three companies active in the field of waste treatment (Eberhard Recycling AG,
CT Umwelttechnik AG, Kupat AG). The resulting PECHfech MSW incineration technology consists of a skil-
ful combination of thermal and mechanical separation techniques. Lower operation cost for the waste
treatment are reached as the costs for the deposition of residues are significantly reduced while the in-
vestment and operating costs are comparable to conventional MSW incinerators.

1 INTRODUCTION

For the incineration of municipal solid wastes (MSW),
grate systems have been the technical standard for
many decades. In order to minimise their environ-
mental impact, considerable effort has been dedicated
to the purification of the flue gases and the post-
treatment of the residues. Today, grate incinerators
with state-of-the-art pollution control equipment com-
ply with the emission limits for air and water.

The goal of waste management in Switzerland is to
produce either disposable residues or reusable prod-
ucts. With state-of-the-art MSW incineration technol-
ogy the heavy metal concentrations in residues are
above the regulated threshold values for landfill of
inert material, or for use as secondary materials in
cements.

Numerous efforts have been dedicated towards the
development of alternative incineration technologies
for MSW, mostly with the objective of producing better
residues for further utilisation. These efforts have at-
tempted to improve the residue quality by pure py-
rometallurgical technologies. Despite substantial in-
vestment into such innovative technologies, so far
none of these processes has been proven successful
in the market. They are either technically or economi-
cally non-viable.

Given the sources, speciations and physico-chemical
properties of the heavy metals, a skilful combination of
thermal and mechanical separation techniques is nec-
essary to achieve the required high degrees of separa-
tion. Metallic materials are preferably separated me-
chanically, heavy metal compounds by a thermal
process.

2 THE PECK TECHNOLOGY

In contrast to the "big-leap" approaches mentioned
above we have developed the PECKtech process which
employs a combination of various industrially proven
sub-processes (see Figure 1 and 2). While the
PECKech process basically utilises standard incinera-
tion hardware, the innovation lies in a clever mode of
operation, thereby minimising the risk of hardware
related problems. The products from the PECKtech

process conform to highest standards while the tech-
nology is simple and robust.

Sewage Sludge

MSW

Fig. 1: Block diagram: PECKtech process.

• Thermal treatment

The PECKtech process is based on a modified grate
incinerator which is combined with a rotary kiln. Within
the grate furnace, MSW is gasified and volatile heavy
metals (Zn, Pb, Cd) are evaporated to a high degree.
In the rotary kiln the combustible gas and the remain-
ing char are burned. By adjusting the excess air in the
kiln the gas temperatures up to 1400°C can be
reached. With this heat the minerals are melted or at
least sintered and copper is smouldering without form-
ing alloys with iron. Leaving the kiln, the bottom ash is
quenched in water to yield an amorphous material.

• Fly ash treatment
The fly ash, rich in heavy metals, is chemically treated
to extract the volatile heavy metals (Zn, Pb, Cd). The
remaining hydroxide sludge has comparable zinc and
lead concentration as EAF dust (electric arc furnace)
and is therefore accepted from the metal refining in-
dustry. On the other hand the depleted fly ash is recy-
cled to the incineration process, i.e. rotary kiln.

• Bottom ash treatment
The bottom ash is a glassy product with puzzolanic
properties. This product is crushed and the non-
volatile metals such as copper and iron are separated
by well established mechanical processes. Dependent
on the intended separation efficiency the mechanical
separation can be a dry or a wet process.
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Fig. 2: Thermo-mechanical treatment of MSW with three key sub processes which are different form conventional
MSW incinerator: thermal treatment, fly ash and bottom ash treatment.

As a result of these separation operations, the mineral
residue from the PECKtech process can be used as a
building material and the metal concentrates can be
recycled to the metal refining industry.

3 COST ESTIMATION

A comparative case study for an incinerator plant with
a capacity of 225'000 t/a was carried out. The as-
sumptions are: MSW with a lower heating value of 12
MJ/kg is processed observing existing flue gas emis-
sion standards (i.e. NOX levels below 80 mg/m3

n) The
conventional incinerator system consists of 2 lines with
a capacity of 16 t/h each. The PECKtech incinerator
system consists of 4 lines with 8 t/h each. For the con-
ventional MSW incinerator the bottom ash and fly ash
produced is landfilled. For the PECKtech MSW incinera-
tor no fly ash is produced and therefore has not to be
landfilled. The glassy bottom ash is used as zero cost
material and only transportation cost are taken into
account.

In Figure 3 treatment cost are shown for a conven-
tional MSW incinerator and compared with the cost for
the PECKtech incinerator. The costs are split into capi-
tal costs, operating costs, costs for staff, maintnance
/Insurance, and disposal. In both cases the capital
costs make half of the treatment costs. Except for the
saved costs for disposal, all cost for the PECKtech

process are comparable to conventional technology
due to the basic similarities (flue gas treatment, steam
turbine, size of the building, etc.). Overall, by using the

PECK
7%.

100

•tech technology the total costs can be reduced by

• Cost for Staff

n Maintenance/Ins, etc.

^ D isposal C ost

• Operating Cost

m Capital Cost

Fig. 3: Comparison of normalised costs per ton of
MSW processed, for PECKtech process and standard
grate incinerator technology.

This cost reduction immediately leads to reduced gate
fees for the MSW, as the energy recuperation in the
PECKtech process is comparable to an advanced grate
incinerator system, i.e. revenues from energy sales
(electricity and heat) are the same. In the case study
calculation presented here the disposal fee can be
reduced by 8%.

4 CONCLUSION

The advantages of PECKtech
are:

No hazardous residues to be landfilled (closed
material cycles)
Industrially proven hardware and sub systems
Lower treatment and disposal costs than with con-
ventional MSW incinerators.
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THE INFLUENCE OF PLASTIC MATERIALS ON THE FORMATION OF TARS IN THE
GASIFICATION OF URBAN WASTE WOOD

L.C. de Sousa, T. Marti, S. Stucki

Gasification experiments were performed using urban waste wood (Altholz) with additions of polymers
typical for separately collected waste plastics. The resulting tar product distributions are discussed in this
paper. The amount of tars is shown to be a function of operation parameters of the gasifier as well as the
fuel. Plastics admixture yields higher concentrations of aromatic tar compounds in the gases, even if the
plastic used is not aromatic in its structure. Such mixtures can be gasified for the production of synthesis
gas, but clearly a larger effort will be required in cleaning the gases.

1 INTRODUCTION

In the economics of biomass transformation proc-
esses the cost of the feedstocks is generally a limiting
factor. Waste derived fuels are an attractive option
because of their low or even negative cost. Waste
plastics from well defined sources are an economically
interesting feedstock to be co-processed with biomass
for the production of synthesis gas in a fluidized-bed
gasification plant [1]. The effects of plastics additions
to wood on the overall gasification process is yet
poorly understood. The present study investigates the
influence of Polyethylene (PE) and Polystyrene (PS)
additions of up to 20% by weight on the product spec-
trum of urban waste wood gasification in the PSI fluid-
ized bed gasifier.

2 EXPERIMENTAL

The experiments were carried out in PSI's bubbling
fluidised bed gasifier operated with a mixture of steam
and oxygen as gasification agent [2], [3]. The gasifier
was operated with a fuel throughput of 9 to 23 kg/h,
which is equivalent to a thermal load of 50 to 145 kW.

The main parameters varied in this investigation were
the plastics content and the gasification stoichiometriy,
i.e. the oxidant/fuel equivalence ratio (ER). Variation of
the ER was achieved by adjusting the fuel feed rate to
a constant flow of the gasification agents.

The basis of the fuels used for the present study was
urban waste wood ("Altholz"), a mixture of waste
woods of different provenience provided by Holder-
bank Cement und Beton. After removing coarse met-
als and stones the fuel was milled and dried to be
used in a pulverised fuel burner of a cement kiln. PE
and PS were chosen as model polymers because they
are the main compounds expected in packaging
wastes [4] and they are typical representatives of
polymers with aliphatic (PE) or aromatic (PS) building
blocks. Mixtures of 10% and 20% of the plastics (raw
granules) were mixed with Altholz.

The gas composition (N2, CO2, CO, CH4, H2, Ar, and
O2) was monitored on-line by a process mass spec-
trometer. Tars were sampled from the raw gas using a
condensation/absorption sampling train using water,
CH2CI2, and methanol/acetone as solvents.

The samples collected were analysed for their content
in 41 characteristic tar compounds using a GC/MSD

[2]. For simplicity, the tar compounds have been
grouped into 9 representative classes of compounds,
see Table 1.

Tar class
Benzene
1 ring

Naphthalene
2-ring

3-ring

4-&5-ring

Phenol
Cresols
O-Heteroaromatics

Compounds in class
Benzene
Toluene; Ethylbenzene; Xylenes;
Styrene; isomers of Ethyltoluene and
Methylstyrene
Naphthalene
Indene; Methylnaphthalenes; Biphe-
nyl
Acenaphthylene; Acenaphthene;
Fluorene; Phenanthrene; Anthracene
Fluoranthene; Pyrene; Benz[a]an-
thracene; Chrysene; Benz[e]ace-
phenanthrylene; Benzo[k]fluoran-
thene; Benzo[a]pyrene; Perylene;
Dibenzo[ah]anthracene; Inde-
no[1,2,3-cd]pyrene; Benzo[ghi]pe-
rylene
Phenol
o-, m- & p- Cresol
2,3-Benzofuran; Dibenzofuran

Table 1 : Tar compounds analysed and tar class defi-
nitions.

3 RESULTS

The gasification experiments carried out with both PE
and PS as additives did not give significant differences
with respect to gas composition for CO and CO2. Sur-
prisingly, however, the hydrogen yields in the experi-
ments with 20% plastics tended to drop below the
reference values with Altholz.

As expected, the levels of 1-ringed aromatics in the
gas rise dramatically with the addition of PS (see Ta-
ble II). Styrene and toluene are found in much higher
concentrations at low ER's. The increase is much less
dramatic at high ER. At low ER, up to 40% of the poly-
styrene fed to the reactor is directly transformed into
the monomer, styrene. At ER above 0.3 this fraction is
less than 1%.

The concentrations of polycyclic aromatic compounds
are also higher when PS is added. On the other hand,
phenolic compounds seem to be converted inside the
reactor in this case, as the observed concentrations
are lower.
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Fuel
ER[-]
T Bed [2C]
Benzene
1 ring
Naphthalene
2 ring
3 ring
4+5 ring
Phenol
Cresols
O-hereoar.
Total

Altholz+10%
0.20
802
47.4
63.0
11.6
10.7
9.7
2.5
5.2
1.4
1.1
152.7

0.28
930
68.0
5.1
13.6
4.4
11.2
5.6
0.0
0.0
0.4

108.3

PS
0.42
1024
33.5
0.4
5.2
0.7
3.8
3.2
0.0
0.0
0.0

46.9

Altholz+20%
0.16
699
45.3
198.9
13.0
14.7
10.6
2.2
5.9
4.8
0.8
296.3

0.24
841
109.9
26.2
20.5
11.2
20.2
7.0
0.2
0.0
0.6
195.9

PS
0.34
970
49.8
8.2
6.7
1.3
5.7
4.2
0.0
0.0
0.1
76.0

Table 2: Tar classes concentration in [g/m N,dry] for
steam/oxygen gasification of Altholz/PS mixtures.

Data for PE/Altholz mixtures is given in Table 3. Sur-
prisingly, the admixture of PE yields a significantly
higher concentration of tars. 10% PE in the fuel in-
creases the total tars by a factor of ca 1.5 in the lower
ER range studied, but essentially the same tar is
found when a high ER is used.

Fuel
ER[-]
T Bed [2C]
Benzene
1 ring
Naphthalene
2 ring
3 ring
4+5 ring
Phenol
Cresols
O-hereoar.
Total

Altholz
0.21
732
10.1
10.9
2.1
3.5
1.8
0.7
6.1
4.5
0.7
40.4

0.30
830
14.5
5.1
5.0
2.9
3.7
1.5
0.5
0.0
0.6
33.7

Altholz+20%
0.38
920
20.1
0.7
5.8
0.7
3.6
2.3
0.0
0.0
0.2
33.4

0.15
670
20.0
19.3
2.2
3.9
1.6
0.6
4.9
5.3
0.5
58.3

0.24
788
40.2
13.7
8.7
5.5
5.7
2.3
1.7
0.2
0.7
78.8

PE
0.34
901
37.9
2.6
10.3
1.9
7.2
5.1
0.0
0.0
0.2
65.1

Table 3: Tar classes concentration in [g/m3
N,dry] for

steam/oxygen gasification of Altholz and Altholz/PE
mixtures.

The concentrations of two major tar compounds are
shown in Figures 1 and 2, respectively. Benzene con-
centrations are higher with both, PE and PS additions
to the fuel. This holds especially for ER around 0.3. At
high ER, the influence of the plastics is less ex-
pressed. Relatively more benzene is formed as the
amount of polymers in the fuel increases. Phenol con-
centrations decrease strongly with increasing ER, for
both Altholz and mixtures with polymers. ER strongly
correlates with the operating temperature of the gasi-
fier (see Table 2 and 3).

4 CONCLUSION

The results of the gasification experiments of Altholz
mixed with plastics show that this fuel will produce gas
with substantially higher tar contents than Altholz
alone unless the process is run at very high ER or
temperatures. The increased tar contents may lead to
modifications in the gas treatment section of a Bio-
mass-to-methanol plant. The nature of the plastics
plays an important role in the composition and amount
of tars in the gas. While high loads of aromatics are

expected with PS, the levels found with PE are un-
expectedly high. Along with the chemically similar
polypropylene, PE is the major polymer in the waste
fractions considered for use as fuel.

I Phenol Concentrations
~ 6000 j

O 2000

o
O 1000

0.15 0.20 0,25

Equivalence Ratio

Fig. 1: Concentrations of phenol as a function of
ER in dry gas, for different fuels.

-•-Altholz

— 10%PE

— 20% PE

-o-10% PS

-^20% PS

0,00 0,05 0.10 0,15 0.20 0,25 0,30 0.35 0,40

Equivalent Ratio

Fig. 2: Concentrations of benzene as a function of
ER in dry gas, for different fuels.
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THE REDOX PROCESS FOR PRODUCING HYDROGEN FROM WOODY BIOMASS,
PRELIMINARY MODELLING RESULTS

R. Sime, S. Biollaz, M. Sturzenegger, S. Stucki

The production of hydrogen using REDOX technology has been modelled. These studies have shown that the hy-
drogen production efficiency depends significantly on the gasifier fuel gas composition and the thermochemical
properties of the REDOX material.

1 INTRODUCTION

REDOX technology was initially developed during the
late 19th and early 20th century for the production of
hydrogen and nitrogen from fossil fuels. The technol-
ogy was based on cyclic reduction and oxidation of
iron oxides. In the first stage the metal oxide material
was reduced using fuel gas (Figure 1). The material
was then re-oxidized in a second stage by either
steam (for hydrogen production) or air (for nitrogen
production).

The REDOX technology development was eventually
abandoned as other technologies such as Pressure
Swing Absorption (PSA) and cryogenic separation
began to dominate. In recent years there has been a
renewed interest in developing the REDOX technol-
ogy.

In this work biomass is used as a hydrocarbon
source to supply the fuel gas. The REDOX modelling
studies are used to provide basic information on the
behaviour of REDOX process. This information would
be used to determine the best strategy for the tech-
nology development.

Fuel gas Hydrogen
Steam-hydrogen

Condenser

Water
Gasifier

T T
Air Wood

Fig. 1: Basic REDOX process diagram.

The overall project is being targeted toward a com-
mercial biomass to hydrogen systems in the power
range 100 kWth to 1 MWth. Validation of the market
potential for these systems is a strategic objective,
but is not the focus of this paper.

A key requirement for commercial success is efficient
hydrogen production. Preferably the efficiency would
be greater or equal to the efficiency obtained from
standard hydrogen technologies such as PSA. Other

modelling studies [1] have shown that PSA technologies
in combination with advanced gasifier technologies may
obtain 50-60% hydrogen production efficiency with in-
stallations up to 2000 MWth.

2 MODELLING

The REDOX process was modelled using an Excel
spreadsheet. In this process dry biomass is fed into a
gasifier where it is converted to a combustible fuel gas.
On exiting the gasifier the fuel gas temperature was
assumed to be 900 °C. The fuel gas then passes
through a cyclone to remove entrained char and ash.

When the fuel gas is passed through the bed, it is oxi-
dised by the metal oxide material to form depleted fuel
gas. The depleted fuel gas is then fully combusted with
the addition of air. The heat generated is used to pro-
duce steam for the second stage.

In stage 2, steam is used to re-oxidize the metal oxide
material. A gas stream containing a mixture of hydro-
gen and steam is produced. After condensing the
steam, pure hydrogen remains. The heat generated by
cooling the steam-hydrogen gas stream may be used
for fuel drying and district heating. Examples of the
relevant chemical equilibriums are:

Fe3Q4+CQ+H2< stage1 )FeO+CQ+H2O 1

FeCX H2O< Sfag6g >FeA + H2 2

For this preliminary work the model assumed the follow-
ing:

• Sufficient metal oxide material is present to enable
the redox reactions to proceed to equilibrium.

• The temperature of the fuel gas, REDOX bed and
steam are maintained at 900°C. Endothermic re-
forming reactions are compensated for by the addi-
tion of air into the REDOX bed.

• The pressure is approximately atmospheric.

• Energy losses from the gasifier and the REDOX
bed are minimal (=5%).

• The boiler efficiencies are less than 80%.

• The metal oxide material is stable for a large num-
ber of cycles.

• Process electricity consumption has not been
evaluated, but is considered to be low.
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3 RESULTS AND DISCUSSION

The gasifier fuel gas quality is an important issue for
the REDOX technology development. The effect of
the fuel gas composition has been modelled. The
modelling showed that the potential hydrogen produc-
tion efficiency is strongly dependent on combustion-
products/fuel ratio ((CO2+H2O)/(CO+H2) = C/F) of the
fuel gas.

A core aspect of the model is the determination of the
chemical conversion of gasifier fuel gas to hydrogen
by the REDOX process. The effect of the fuel gas
C/F ratio on the chemical conversion is shown in
Figure 2. For the purpose of clarity the fuel gases
used in this example were assumed to be hydrocar-
bon free (i.e. no methane).

>, 50 4
o
.2 40 -
u
I304
C
o
« 204

C 10
o
o

0

Standard gasification
of dry biomass

0 0.5 1 1.5 2 2.5

Fuel-gas C/F ratio (CO2+H2O)/(H2+CO)

Fig. 2: The effect of the fuel gas C/F ratio on the
chemical conversion efficiency for magnetite-
wuestite.

For conditions where steam availability is not limiting,
the chemical conversion relates to the difference
between the initial and final combustion/fuel ratio of
the fuel gas. The initial C/F ratio is determined by the
gasifier and the biomass feedstock. The final C/F
ratio is determined by the thermochemical properties
of the metal oxide material. The REDOX reactions
are reversible. Therefore when the fuel gas passes
through the bed, fuel gas oxidation proceeds to an
equilibrium composition (i.e. not all of the fuel gas is
oxidized).

Ideally the difference between the initial and final C/F
ratios should be as large as possible. In reality the
availability of steam for the re-oxidation of the metal
oxide is limiting for conditions where the difference in
the C/F ratios are large.

One way to increase the difference between the initial
and final C/F ratios, is to increase the final C/F ratio
by modifying the metal oxide material. This may be
achieved by using mixed metal oxides. A high

metal oxide C/F ratio would allow strong depletion of
the gasifier gas by changing the final ratio of gases
(equation 1). However, for the reverse reaction (equa-
tion 2) this means that only a small fraction of the steam
will be converted to hydrogen. A goal therefore must be
to find the optimum C/F ratio.

The optimum metal oxide C/F ratio depends on the
gasifier fuel gas composition. The best efficiencies are
obtained with fuel gases from indirect gasification tech-
nologies (Figure 3). Indirect gasifiers use a separate
combustor to provide heat for the endothermic gasifica-
tion reactions.

50.0 T

magnetite-wuestite

- • - Indirect gasification I

^Standard gasification[

I

0 1 2 3 4 5

Metal oxide equilibrium CO2/CO ratio

Fig. 3: The effect of the metal oxide C/F ratio on the
hydrogen production efficiency. The mole fraction com-
position of the fuel gases used in Figure 3 are as fol-
lows:

• Indirect- H2 0.32, H2O 0.17, CO 0.29, CO2 0.13 and
CH40.09.

• Standard- N2 0.571, H2 0.059, H2O 0.107, CO 0.111,
CO2 0.136 and CH4 0.0154.

4 CONCLUSION

High efficiency will be achieved by using good quality
fuel gas (Low C/F ratio) and by optimising the proper-
ties of the metal oxide material.
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STUDYING THE REDOX PROCESS BY COMBINED TG-FTIR-GC EXPERIMENTS

R.P.W.J. Struis, A. Frei, L D'Souza, J. Kuehni, Ch. Ludwig, M. Sturzenegger

We present experimental means and preliminary results for studying the redox reactions (Fe3O4^FeO) and the
reforming of CH4 by steam, starting from Fe3O4 at 900 °C by combined (TG-FTIR-GC) techniques.

1 INTRODUCTION

The thermochemical conversion of biomass [1] is a
potential route for a decentralized sustainable hydro-
gen (H2) production. Conversion of the producer gas
into clean H2 is crucial for advancing this technology.
We recently proposed a closed loop process for gas
clean-up [2], which essentially utilizes the redox chem-
istry of iron oxides reactions: Fe3O4^FeO [3]. In the
first step shown in equation (1), the producer gas
partly reduces magnetite (Fe3O4) to wustite, for sim-
plicity described here as FeO. Re-oxidation of FeO
with steam yields clean H2 and the parent Fe3O4

(equation 2).

Fe3O4 + CO / H2 -> 3 FeO + CO2 / H2O (1)

3 FeO + H2O -> Fe3O4 + H2 (2)
The chemical equilibrium for the two reactions strongly
depends on the gas composition as is shown in Figure
1. Gases with a CO2/CO ratio smaller than 18, but
larger than 0.09, will reduce Fe3O4 to FeO, while
CO2/CO ratios below 0.09 would yield metallic iron
(Fe). From Figure 1 it can also be appreciated that
steam/H2 mixtures react with FeO only until the ratio of
H2O/H2 reached a value of 19.
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Fig. 1: Existence of pure and mixed iron oxides as a
function of the partial pressure ratios H2O/H2 and
CO2/CO, respectively. The equilibrium composition of
the producer gas after conversion is indicated with P1.

Besides the reducing agents CO and H2 the producer
gas often contains methane (CH4). Its utilization in the
reduction process is highly desirable. However, it re-
quires catalytic reforming of CH4, e.g., with steam at
temperatures above 500 °C, yielding [4]:

CH4 + H2O -> CO + 3 H2 (3)
However, coke formation inhibits the catalyst effi-
ciency for steam methane reforming with time. Lit-
erature reports that this phenomenon may be reduced
considerably when depositing metal catalysts, such as

Pt, Ni, Rh, or Pd, on metal oxide supports, such as
AI2O3, SiO2, or TiO2 [4]. In this context, we study the
potential of magnetite and wustite for steam reforming
of CH4. This work presents experimental means to
obtain kinetic information on reaction (1) and on the
CH4 steam reforming potential of magnetite at 900°C.

2 EXPERIMENTAL

The reactions were studied with a Thermo-Gravimetric
Analyser (TG) coupled with gas phase Fourier Trans-
form Infra-Red spectrometer (FTIR) (from Bomem
Inc., Canada), and a Gas Chromatograph (GC). Ca.
25 mg of magnetite (particle size distribution between
0.1-10 (im, with average around 1 \im) was placed in a
platinum sample holder within the TG furnace and
heated to the desired temperature. The micro-balance
system of the TG traced the sample mass with time,
while FTIR determined the gas (CH4, CO, CO2) and
water vapour flow quantitatively every 0.1 min. On-line
analysis of the gas leaving the TG-FTIR unit with the
Micro Gas Chromatograph (from Hewlett Packard)
provided the H2 concentration (as well as those of CO,
CO2, and CH4) every 2 min. X-ray powder diffraction
analysis (with X'Pert from Philips) was used for speci-
ation of the iron oxides studied.

To investigate reaction (1), we used a (bottled) gas
mixture of known composition (H2/CO/CO2/N2=15/
19/12/54 vol.-% from Sauerstoffwerk Lenzburg corre-
sponding to the output of a typical air-blown wood
gasifyer. Prior to use, the gas was saturated with wa-
ter vapour by passing it through a water bottle placed
in a thermostat bath at 60 °C. To minimise water con-
densation in the down-line tubing and in the TG-FTIR
unit, the water-saturated gas was mixed with the TG
carrier gas at the nearest possible distance to the TG
furnace. Moreover, the connecting tube was heated
externally by flowing thermostat water and was iso-
lated with aluminium foil. Under the given experimen-
tal conditions, the effective water vapour content in the
gas mixture amounted to 9 vol.-%. Reaction (3) in the
presence of magnetite was studied with a CH^Ar gas
mixture (5/95 v/v), respectively, with pure CH4, both
saturated with water vapour as outlined earlier.

3 RESULTS & DISCUSSION

In a typical TG-FTIR-GC run, the first 20 min are used
for heating the TG oven to 900 °C and for stabilising
the end temperature under an inert Ar atmosphere.
Figure 2 shows the mass loss due to the reduction of
magnetite at 900 °C after introduction of the (H2/CO/
CO2/N2) gas mixture (40 ml/min) to the TG carrier gas.
The results in Figure 2 illustrate that the reduction of
Fe3O4 to FeO or Fe depends on the amount of water
vapour present in the gas mixture, in line with thermo-
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dynamic predictions (see Figure 1). The mass losses
agree well with the predicted ones, as the reduction of
Fe3O4 to FeO should result in 6.9, and that of Fe3O4 to
Fe in 27.7% weight decrease.
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Fig. 2: Mass loss associated with the reduction of
magnetite under reducing conditions at 900 °C.

Figure 3 demonstrates the steam reforming potential
of magnetite at 900 °C upon introduction of the water
saturated CH4/Ar gas mixture (5/95 v/v) to the TG
carrier gas after 20 min. Between 20 and 90 min., we
first passed 20 ml/min of the CH4/Ar gas mixture
through the water bottle for saturation, leading to an
effective [CH4]/[H2O] volume ratio of 0.5, which was
then mixed with the TG carrier gas. From Figure 3, it
can be seen that the sample mass dropped within 10
min by ca. 2 wt.-%, and that the sample mass re-
mained constant thereafter, unless, after 90 min, we
increased the [CH4]/[H2O] volume ratio to 10 (as dis-
cussed further down in the text). Between 20 and 90
min, GC and FTIR analysis reveals the formation of H2

and carbon oxides, which we attribute to the steam
reforming reaction of methane. After 90 min, we re-
placed the CH4/Ar (5/95 v/v) gas mixture with pure
CH4 (20 ml/min), hereby rising the [CH4]/[H2O] volume
ratio to 10. Also under the new conditions, H2 and
carbon oxides are being formed as a result of the
methane steam reforming reaction. As can be seen
from Figure 3, the mass loss of Fe3O4 to FeO pro-
ceeds in two stages as a result of the different
CH4/H2O ratios used. X-ray powder diffraction analy-
ses with thermally quenched samples (under inert
atmosphere), revealed that in region (I), the magnetite
sample also contained some hematite (Fe2O3), which
reduced completely to Fe3O4, which is the thermody-
namically favoured species under the reducing condi-
tions prevailing in region (II). The stability of the latter
species is also supported by the experimentally de-
termined partial pressure ratio of [H2O]/[H2]=45+5 (see
Figure 1). However, in region (III) we have more H2

and less H2O, leading to a [H2O]/[H2] ratio around 8.4,
and under these stronger reducing conditions,

Fe3O4 is no longer thermodynamically stable and re-
duces to the favoured FeO, albeit not completely, as
the observed net 4.8% weight loss in region (III), sug-
gests that the sample contains ca. 70% Fe
Fe3+

and 30%

••= 1 o o -
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Fig. 3: Mass loss in magnetite during steam reform-
ing of methane at 900°C (as discussed in the text).

4 CONCLUSION

Combined TG, FTIR and GC techniques allowed us to
investigate the reduction of Fe3O4 and the CH4/H2O
reforming reaction with Fe3O4 at 900 °C very satisfac-
torily. Preliminary results support thermodynamic ex-
pectations with respect to the favoured iron oxide spe-
cies under the prevailing reducing gas atmosphere.
They further suggest that magnetite supports steam
reforming of methane, which is encouraging in view of
the desired conversion efficiency of the biomass pro-
ducer gas, including that of hydrocarbon containing
constituents, such as methane and volatile tars. These
results enable the envisaged kinetic study on the influ-
ence of Ni compounds on the steam reformation of
methane when combined with iron oxides.
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DETERMINATION OF THE RESIDENCE TIME DISTRIBUTION FOR A SOLAR RE-
ACTOR AND ITS USE FOR DERIVING REACTION KINETICS

Th. Frey, Ch. Guesdon, M. Sturzenegger

The residence time distribution of a solar reactor was experimentally determined by measuring the re-
sponse function at the reactor outlet after applying a step input of a tracer. The results have shown that the
reactor behaves like an ideal stirred tank with a mean residence time of 90±2 s and they were used to
derive reaction kinetics from high temperature experiments in the solar furnace.

1 INTRODUCTION

TREMPER is an experimental reactor for high tem-
perature reactivity studies under concentrated solar
radiation and it was employed to evaluate metal ox-
ides for the production of solar fuels [1]. Previous ex-
periments yielded valuable information about equilib-
rium compositions. However, quantitative reaction
kinetics could not be derived from post mortem sam-
ple analysis because temporal resolution was insuffi-
cient in particular for the early stage of the experiment.
Thus, the objective of this work was to determine the
residence time distribution and to employ this quantity
for calculating the rate of oxygen release of the sam-
ple from on-line gas phase analysis.

2 EXPERIMENTAL

The experimental solar reactor, TREMPER, is sche-
matically represented in Figure 1. A detailed descrip-
tion is given elsewhere [1].

The residence time distribution was determined as
follows: A step input of oxygen as tracer was applied
and the oxygen concentration at the reactor outlet was
measured by means of a mass spectrometer.

The nitrogen flow at the inert gas inlet (4) was
10.0 lNmin-1, the tracer flow (at position 5) was set to
20mlmiir1. The system was purged until the back-
ground signal for oxygen at the reactor outlet (9) be-
came steady. After stabilization the three-way valve (6)
was switched from position A to position B thereby
feeding oxygen into the reactor exactly at the position
of the sample (2). At the same time a trigger signal
was transmitted to the data acquisition to tag the be-
ginning of the experiment. The measurement was
stopped when the signal for oxygen became constant.

From the measured concentrations the cumulative
distribution function F(t) was calculated by

F(t) = - 0)

1 45° Mirror
2 Sample position
3 Hammer
4 Inert gas inlet
5 Tracer inlet
6 Three-way/

two-position valve
7 Quartz tube
8 Capillary to MS
9 Outlet

O

©

where cjt) is the tracer concentration at the reactor
outlet, cjt=°o) is the finally reached outlet concentra-
tion, which results from the two inlet flows, and c0 is
the background signal for oxygen in nitrogen.

The relation between the F curve for an ideal stirred
tank and the mean residence time x is described by

(2)

(3)

The mean residence time x is defined by

T--
V,.

where Vr is the reactor volume and v is the volumetric
flow rate.

The mass balance for a component / in an ideal stirred
tank without any chemical reaction is

V !—i-=v(c- - c ) (4)

where cia is the concentration of component / in the
feed and c, that in the outlet and in the tank, respec-
tively. Thus, a time dependent concentration of com-
ponent / in the feed can be expressed as

Fig. 1: Side View of TREMPER. (5)
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For chemical experiments with TREMPER the source
for the gaseous component i is not the feed but the
sample releasing / in the course of the reaction. Be-
cause the gas evolution is much smaller than the inert
gas flow, it can be neglected, and the gas evolution
rate «. can be calculated from the volume concentra-
tion Xi measured at the outlet according to

RT
(6)

where p is the atmospheric pressure, R the universal
gas constant and nhe gas temperature at the outlet.

3 RESULTS AND DISCUSSION

Figure 2 shows the F curve calculated from the meas-
ured concentrations and the one for an ideal stirred
tank with a mean residence time of 93.6 s. The latter
figure results from the net reactor volume of 15.6 IN,
as it was determined with CAD software, and an inert
gas flow of 10lNmin1 (see Equation 3). The good
agreement between the two curves suggests that
TREMPER behaves like an ideal stirred tank.
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Fig. 2: Experimental F curve compared with the
F curve for an ideal stirred tank with a calculated
mean residence time x of 93.6 s.
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Fig. 3: Logarithmic plot of the results from two ex-
periments. Linear fits confirm the consistence with the
model of an ideal stirred tank.

Figure 3 shows the results of two experiments in a
logarithmic plot. Data for t>400 s are omitted because
of amplification of noise for F(t) values near to unity.
For an ideal stirred tank one expects a straight line
with a slope that equals the reciprocal value of the
mean residence time. In fact, the results are well rep-
resented by a linear fit and confirm the assumed
model. The mean residence times derived from the
slopes are 88.5 s and 90.9 s. The somewhat smaller
value than the calculated one (see Equation 3) is ex-
plained by the fact that determination of the net reactor
volume by CAD neglected smaller components, e.g.
cooling water tubes.

The results described above were applied to calculate
the rate of oxygen release for the reduction of Mn3O4

to MnO at temperatures around 2200 K. Figure 4
displays the rate of oxygen release as it was calcu-
lated from the gas phase analysis according to Equa-
tion 6. The gray line represents the integrated amount
of oxygen. It is used to calculate the composition of
the melt and it indicates that the reaction reaches
chemical equilibrium towards the end of the experi-
ment.
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Fig. 4: Rate of oxygen release and integrated amount
of oxygen during reduction of Mn3O4 in the solar fur-
nace.
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DEVELOPMENT OF A REFLECTOMETER FOR THE DETERMINATION OF THE
SPECTRAL EMITTANCE IN THE VISIBLE AT HIGH TEMPERATURES

S. Eckhoff, I. Alxneit, M. Musella, H.-R. Tschudi

The design of a high temperature reflectometer is presented. The instrument allows measuring the
directional-hemispherical spectral reflectance in the visible at temperatures up to 3000 K. For opaque
samples the spectral emittance follows from the spectral reflectance. Limited by the current detection
equipment the spectral reflectance between 510 nm and 860 nm can be measured simultaneously. An
electrical resistance heater is used to reach temperatures up to 1200 K, for higher temperatures the
samples are heated by a flash-lamp pumped dye laser. First measurements on stabilized ZrO2 and Mn2O3

are presented.

1 INTRODUCTION

The solar technology research at the Paul Scherrer
Institute is focused on the transformation and storage
of solar energy. To provide chemical energy carriers,
so called solar fuels, thermochemical reductions of
various metal oxides (e.g. manganese- or zinc oxide)
at very high temperatures (T>1500K) are
investigated [1]. In this context, the spectral emittance
of hot surfaces is an important parameter necessary
for the calculation of the radiant heat transfer and for
precise pyrometric temperature measurements. In
addition, the knowledge of the emittance of the
materials used in the system, either as reactants of
the solar chemical reactions or as construction
materials of the reactor itself, plays a decisive role in
the choice of the reactor design, its modeling and in
the final performance of the entire process. In spite of
their importance, optical properties of the metal oxides
used in the thermochemical cycles mentioned above
as well as many of the materials currently used in high
temperature applications (e.g. alumina and zirconia)
are known only at moderate temperatures or, at high
temperatures, for some discrete wavelengths [2].
Since important data are missing in the literature, a
new method to determine the spectral emittance of
condensed samples at temperatures up to 3000 K in
the visible and near infrared range has been
developed in our laboratory.

2 METHOD

In the newly developed method the emittance e is
determined indirectly by measuring the directional
hemispherical reflectance p using an integrating
sphere. Provided that the sample is opaque, the
directional hemispherical emittance is related to the
reflectance by Kirchhoff's law [3] and can be simply
calculated from the equation

e{X,T) = \ -/?(!, T)

Our technique is based on the comparison method,
thus the reflectivity is obtained by comparing the
response of the sample with the response of a white
reference

where 0spl is the light reflected from the sample, @hot

is the thermally emitted radiation from its hot surface,
0ref is the white light reflected from the reference and
0bg is the background signal.

Since the whole apparatus is calibrated to an absolute
scale, the temperature of the sample and the size of
the hot spot is obtained by fitting the thermal emission
of the hot sample surface with Planck's formula (see
Figure 4).

3 EXPERIMENTAL SETUP

In the reflectometer (see Figure 1), the sample (S)
0 = 8 mm and the reference (R) are placed in the
centre of an integrating sphere (I) on opposite sides of
a rotatable manipulator (M). White light (W) is focused
onto the sample surface monitored by a black/white-
camera (C). The light reflected by the sample is
collected by an optical fibre (F), analysed in a
spectrograph, and detected by an intensified CCD-
camera.

Fiber (F)

Water Cooling

Fig. 1: Cross-section of the experimental chamber
(see text for details).
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Probing the spectral reflectance with a white light
source allows the simultaneous acquisition of data in
the wavelength range 510-860 nm. For measuring the
light reflected from the reference, the water cooled
manipulator (M) is turned by 180°.

The sample is heated up to about 1200 K by an
electrical resistance heater. Higher temperatures are
reached by heating the sample with a flash lamp
pumped, pulsed dye-laser operating at 596 nm which
is focused on the sample surface on a spot
overlapping the spot of the white light. To suppress
plasma generation the integrating sphere is placed in a
vacuum chamber (V) which also allows for
measurements under controlled atmospheres. Due to
the short laser pulse (200-400 (is) exposure times of
the order of 10-100 (is are used for the acquisition
times of the CCD-camera. A notch-filter is placed at
the entrance of the spectrograph in order to suppress
the direct laser light. This causes an artifact in all
spectra around 600 nm. A detailed analysis of the
photon statistics in the light path allows to calculate
individual standard deviations for every single data
point of the spectrum (see Figures 4-6).

4 MEASUREMENTS

Test measurements on two different materials
(stabilized ZrO2, high reflectivity, chemically inert;
Mn2O3, low reflectivity, prone to reduction) have been
performed to assess the performance of the
reflectometer.

The reflectance of stabilized zirconia (ZrO2) does not
change much for temperatures up to about 1200 K
when heated by the electrical heater. In the range of
512-860 nm, the reflectance is almost constant at
about 0.8 (see Figure 3, curve a) However, it
decreases reversibly to about 0.5 for temperatures
near 2000 K (not shown).

Laser heating of stabilized ZrO2 with an energy density
of 19 Jem"2 results in melting of the surface (Tm ~
2823 K). The observed change in the surface
structure is reported in Figure 2.

Fig. 2: SEM-images of the ZrO2-surface before (a)
and after (b) laser heating with 19 J cm"2.

The reflectance decreases to 0.2 (see Figure 3, curve
e) when the surface melts. XPS-measurements
carried out after the measurements show that the
molten area is chemically reduced. Thus, the
decrease in the reflectance value at this very high
temperature is attributed to both, the change of
sample microstructure and its varied chemical
composition.

If the molten surface is then laser heated again the
reflectance increases with temperature from 0.2 at
about 1600 K to 0.4 at more than 2000 K (see fig. 3,
curves d-b). Despite the notch filter, a disturbing signal
from the laser is still superimposed on the spectra.
Therefore, proper spectra can be obtained only after
the laser pulse, i.e. from about 0.6 ms after the trigger
signal onwards, while the sample is cooling down.
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Fig. 3: Spectal reflectance of stabilized ZrO2 before
(a) and after (b-e) melting the surface.

For data acquired well after the laser pulse reliable
temperature values can be obtained from the thermal
emission of the samples. This is exemplified in
Figure 4 for spectrum c of Figure 3.

0.4

£ 0.3

a 0.2

0.0

Tm =1699+/-5K

Am = 28.8+/-1.1 mm2
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Fig. 4: Temperature fit of a ZrO2 sample 10 ms after
the end of 10Jem"2 heating pulse of the dye-laser.
Data correspond to spectrum c of Figure 3.

The influence of chemical reactions is demonstrated
by measurements carried out on manganese oxides.
The differently valent manganese oxides Mn2O3,
Mn3O4 and MnO can be distinguished at room
temperature by their spectral reflectances (see
Figure 5).
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500 600 700
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Fig. 5: Spectral reflectance of different manganese
oxides at room temperature.

A sample of Mn2O3 was studied in the temperature
range 300-2000 K. When heated in vacuum (0.2 Pa),
the sample is expected to be chemically reduced in
successive steps. Mn2O3 is reduced to Mn3O4 at about
700 K and finally to MnO at about 1300 K [4]. These
chemical transformations should become evident in
the change of the reflectance according to Figure 5. In
Figure 6, we report the temperature dependent
reflectance of Mn2O3. It increases with temperature,
less at short wavelengths and more in the near
infrared (see Figure 6).

600 700

Wavelength / nm

800 900

Fig. 6: Temperature dependence of the spectral
reflectance of Mn2O3. In the hatched area the spectra
are disturbed by the direct laser light.

Although the absolute values do not coincide with the
ones in Figure 5, it is evident that reduced manganese

oxides have been formed. According to the reduction
temperatures of Mn2O3 and Mn3O4 one might
conclude that even MnO should have been formed. In
Figure 5 it is shown that Mn3O4 and MnO can only be
distinguished by the slight kink in the reflectance
spectrum of MnO at 680 nm which is absent in the
case of Mn3O4. The quality of the data in Figure 6
does not allow for such a detailed interpretation.
Moreover, only a small layer of the sample surface is
heated up to the temperature calculated by the fit.
Therefore the measured reflectance is an average of
the value of the very hot surface and of layers laying
underneath with lower temperatures. In all figures the
measured reflectances are attributed to the highest
temperature of the small surface layer but it actually
represents an average of the hot surface and the less
hot bulk of the sample.

5 DISCUSSION

With the newly developed reflectometer, the spectral
reflectance between 510 nm and 860 nm can be
measured from room temperature to temperatures up
to 3000 K. Chemical reactions can also be monitored
with the same experimental set-up. In the present
state of the apparatus, the pyrometric determination of
the surface temperature is often disturbed by the
superimposed broadband emission of the laser itself.
The temperature inside the sample has to be modeled
in future in order to associate the measured
reflectivities with their proper temperature.
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SOLAR RECYCLING OF HAZARDOUS SOLID WASTE MATERIALS

B. Schaffner, W. Hoffelner (RWH Consult GmbH), A. Steinfeld (ETHZ and PSI)

The thermochemical conversion and recycling of hazardous solid waste materials is investigated using
high-temperature solar process heat. Electric arc furnace dust (EAFD), an important source of waste con-
taminated with heavy metals, is being considered. The chemical equilibrium composition and the energy
required to process it, using carbon as reducing agent, is computed for temperatures in the range 300-
2000 K. Zinc, lead and iron can be extracted from their oxides in reducing atmospheres at above 1300 K.
The thermal energy requirement for converting EAFD at 1500 K is 3000 kJ/kg, and the solar exergy con-
version efficiency can be as high as 67%. Major sources of irreversibilities are those associated with the
re-radiation losses of the solar reactor and the heat rejected during the quenching. The use of concen-
trated solar energy as the source of process heat avoids emissions of greenhouse gases and other pollut-
ants derived from the combustion of fossil fuels, and further offers the possibility of converting waste mate-
rials into valuable commodities for processes in closed and sustainable materials cycles.

1 INTRODUCTION

Solid waste materials such as by-products from the
metallurgical industry contain hazardous compounds
that cannot be discharged to the environment. They
are usually disposed of in hazardous waste storage
and landfill sites, where they need to be continuously
monitored [1]. The chemical transformation of these
materials into elemental components offers the possi-
bility of converting waste materials into valuable feed-
stock for processes in closed materials cycles [2]. The
current commercial thermal recycling techniques are
major consumers of electricity and high-temperature
process heat and, consequently, major contributors of
greenhouse gas emissions and other pollutants [3].
Concentrated solar radiation can supply clean thermal
energy at temperatures exceeding 1500 K for driving
these endothermic processes. Greenhouse gases and
other pollutants derived from the combustion of fossil
fuels are avoided, and the chemical products can be
used as fuels with a solar-upgraded energetic value.

We present a thermodynamic study of the recycling
process of EAFD, to assist the solar reactor engineer-
ing design [4]. Chemical equilibrium compositions are
computed over a wide range of temperatures for the
carbothermal reduction process. A 2nd law analysis is
conducted to determine the maximum solar exergy
conversion efficiency and to identify sources of irre-
versibility. This information determines the constrains
to be imposed on the design and operation of the solar
chemical reactor.

2 CHEMICAL THERMODYNAMICS

The carbothermal reduction of metal oxides (using
C(gr) as reducing agent), is a complex process but the
overall reactions can be represented by:

MxOy + y C(gr) = xM + yCO (1)

where M denotes the metal and MxOy the correspond-
ing metal oxide. The chemical equilibrium composition
for representative species compositions of EAFD was
computed over the temperature range 300-2000 K
using the code HSC Outokumpu [4]. Results are given
in Figure 1. Species with less than 10~5 moles have
been omitted from the graph.

Reactants: 3.46 mol ZnO, 0.91 mol ZnFe2O4, 0.12 mol Pb3O4, 7.56
mol C (reducing agent), 5.45 mol SiO2 (main vitrification agent).
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Fig. 1: Chemical equilibrium composition for the car-
bothermal reduction of EAFD.

3 2NU LAW ANALYSIS: SOLAR EXERGY CON-
VERSION EFFICIENCY

Solar chemical reactors for highly concentrated solar
systems usually feature the use of a cavity-receiver
type configuration. For a perfectly insulated blackbody
cavity-receiver (no convection or conduction heat
losses), the solar energy absorption efficiency of a
solar reactor, r]absorp\\on is given by [5, 6]:

iubsoiirption = 1-
IC (2)

where / is normal beam insolation, C is the flux con-
centration ratio of the solar concentrating system, T is
the nominal cavity-receiver temperature, and o is the
Stefan-Boltzmann constant. Since the net energy ab-
sorbed should match the enthalpy change of the reac-
tion, the total solar energy required is

O -
*£ solar 'absorption (3)

The measure of how well the solar energy can be
converted into chemical energy for the process is the
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solar exergy efficiency, T]exergy, defined as

-AG,
Iexergy

'fuel cell

xireactants x^solar
(4)

where Qreactants is the heating value of the reactants,
Qsoiar is the total solar energy input given by Eq. (3),
and AGfuel.cen is the maximum possible amount of work
that may be extracted from the products at ambient
temperature. An ideal cyclic process (Figure 2) uses a
solar reactor (assumed to be a perfect blackbody cav-
ity-receiver), a quenching device, and a fuel cell.

Concentrated
Solar Radiation

C = 2000

1absorptiori= ° - 8 6

1 kg EAFD + C + SiO2

>. L^Solar Reactor @ ISOOK

() ~ 3008 kj
Qsola,= 3509 k j

Reactants Products
@298K @1500K

Recycling

Consumption

Ideal Fuel Cell
@298K

, Electricity Oxygen

Fig. 2: Schematic of an ideal cyclic process for the
solar carbothermal reduction of EAFD. Concentrated
solar energy (solar flux concentration ratio = 2000) is
the source of high-temperature process heat.

Table 1 is a numerical description of the components
shown in Figure 2 for the solar flux concentration ra-
tios 2000 and 5000.

Qreactants (heating value of reactants)

Fuels in products

AGfue/ceii (exergy of products)

AHrxn

'/absorption

Qsoiar

Vexergy

C = 2000

C = 5000

C = 2000

C = 5000

C = 2000

C = 5000

2975 kJ

C, CO, Zn, Fe, Pb

-4107 kJ

3008 kJ

0.857

0.943

3509 kJ

3189 kJ

0.63

0.67

Table 1 : Exergy efficiency for the solar carbothermal
recycling of EAFD using the chemical compositions of
Figure 1. The parameter is the solar flux concentration
ratio, assumed to be 2000 and 5000. All values are
normalized for 1 kg reactants.

The complete process is carried out at constant pres-
sure. The reactants enter the solar reactor at 298 K
and are heated to the reactor temperature at 1500 K.
The products exit the reactor having the chemical
equilibrium composition at 1500 K given in Figure 1.
After quenching to 298 K, the fuels contained in the
products are sent to an ideal fuel cell for calculating
the exergy of the products, AGfuel.cell. Oxidized solid
fuels and waste materials from consumer goods are
recycled to the solar reactor. The energy demand for
the transformation is 3008 kJ/kg, if the reactants are
fed at 298 K and the products are obtained at 1500 K
with the equilibrium composition of Figure 1.

For a solar concentration varying in the range 2000 to
5000, maximum exergy efficiencies vary between 63
and 67%. Major sources of irreversibilities are those
associated with the re-radiation losses of the solar
reactor and the heat rejected during the quenching.
High efficiencies directly translate to lower solar collec-
tion area and associated costs of the heliostat field,
which amount to 40-50% of the capital cost for the
solar recycling plant. In general, it can be stated that
the solar thermal technology for the recycling of highly
contaminated waste materials is a favorable medium
to long term prospect provided the cost of energy will
account for the environmental externalities from fossil
fuel burning such as the costs for CO2 mitigation and
other pollution abatement measures.
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STOICHIOMETRIC OPERATION OF THE SYNMET REACTOR

S. Kraupl, A. Steinfeld (ETHZ and PSI)

The thermodynamic implications of conducting the solar combined ZnO-reduction and CH4-reforming un-
der stoichiometric and non-stoichiometric conditions are examined. For a solar flux concentration ratio of
5000 and for a solar cavity-receiver operating at 1300 K, the solar thermal conversion efficiency is 55 % for
a stoichiometric molar ratio of ZnO and CH4, and decreases by 50 % when using excess methane by a
factor 10 over the stoichiometric molar amount. A technical solution for operating a gas-solid vortex-flow
solar reactor under stoichiometric conditions was established by using a pulsed-feed of methane to carry
out the particles of ZnO. Using this technique, nearly stoichiometric operation was demonstrated with a
prototype reactor in a high-flux solar furnace, thereby opening up a means for efficient conversion of
sunlight into chemical fuels.

1 INTRODUCTION

Zinc and synthesis gas (syngas), besides being impor-
tant material commodities, are attractive as energy
carriers. Zinc finds applications in Zn/air fuel cells and
batteries, and it can also be reacted with water to form
hydrogen. Syngas is the building block of a wide vari-
ety of synthetic liquid fuels, including methanol - a
promising substitute of gasoline for fuelling cars. How-
ever, the current industrial production techniques of
both zinc and syngas carry severe environmental con-
sequences, especially CO2 emissions. These emis-
sions can be reduced substantially, by combining both
the production of Zn and syngas and by replacing
fossil fuels with concentrated solar energy as the
source of high-temperature process heat. The pro-
posed solar combined process, called "SynMet", can
be represented by the overall reaction:

ZnO + CH4 -» Zn + 2H2 + CO (1)
The use of solar energy for supplying the enthalpy of
the reaction upgrades the calorific value of the initial
reactants by 39%. Thus, using the SynMet process,
solar energy is converted into storable and transport-
able chemical fuels.

In recent articles [1-3] we described the process and
the engineering design and testing of a solar chemical
reactor for performing the SynMet process. The solar
reactor concept features a gas-particle vortex flow
confined to a windowed cavity-receiver that is exposed
to concentrated solar irradiation. A continuous primary
flow of methane was used to carry the particles of
ZnO. A secondary flow of methane was also used as
an aerodynamic curtain to protect the quartz window
from deposition of particles and/or condensable
gases. Because of the fluid mechanic characteristics
of this kind of gas-solid vortex reactor, excess meth-
ane was used over the stoichiometric ratio [as given
by Eq. (1)]. However, excess methane, or the use of
any other carrier gas that is not participating in the
reaction, results in a significant reduction of the energy
conversion efficiency. Attempts to reduce the primary
carrying flow to the stoichiometric amount resulted in
plugging and sedimentation inside the cavity, while
reducing the secondary protecting flow resulted in Zn
condensation on the window.

In the present paper we examine the thermodynamic
implications of non-stoichiometry on the solar energy
conversion efficiency. We further describe an original

and simple engineering solution to this problem and
present experimental results that allowed nearly
stoichiometric operation of the SynMet process.

2 THERMODYNAMIC IMPLICATIONS

The capability of a solar cavity-receiver to absorb the
incoming solar power is expressed in terms of its ab-
sorption efficiency r]absorption, defined as the net energy
absorbed Qnet,absorPtion divided by the solar energy com-
ing from the concentrator Qsoiar- For a perfectly insu-
lated blackbody cavity-receiver (no convection or con-
duction heat losses), it is given by [3,4]

*~-net,absorption -. Ol

I absorption s-~ j-~,
(2)

where T is the nominal reactor temperature, / is the
normal beam insolation, C is the mean solar flux con-
centration ratio over the cavity's aperture (typically
500-10000 for large-scale solar concentrating facili-
ties), and 7] is the Stefan-Boltzmann constant.
Qnet.absorption is used to heat the reactants ZnO and CH4

to the reactor temperature and for supplying the heat
of the reaction.

The solar energy stored at 298 K, TJH298K, is
314.9 kJ/mol. Thus, assuming no heat recovery, the
overall solar thermal energy conversion efficiency

i is given by [5]

[ ] (3)

where cp is the specific heat, rjHrxn is the enthalpy
change of the reaction at T, and f is the stoichiometric
factor defined as the molar ratio of CH4 to ZnO in the
reactants. In Eq. (3) it is assumed that reactants are
fed at 298 K and that fe1. Figure 1 shows the variation
of r/thermai as a function of f, for various temperatures in
the range 1300 - 1900 K, and for various solar flux
concentration ratios in the range 3500-10000. As ex-
pected, the thermal efficiency is maximum for the
stoichiometric molar ratio (/=1), and decreases mono-
tonically with increasing stoichiometric factors be-
cause a larger portion of the solar energy input is lost
in heating excess methane. For example, for a flux
concentration of 5000 and a reactor temperature of
1300 K, rjthermal reaches about 55% when /equals unity
but decreases to about 27.5% for />10, and below
10% for />50.



32

Fig. 1: Variation of the solar thermal conversion effi-
ciency as a function of the stoichiometric factor for
various temperatures and solar flux concentration
ratios [5].

3 EXPERIMENTAL
The continuous injection of CH4 in the primary vortex
flow that carries the ZnO particles was substituted by a
discontinuous pulsed feeding of CH4 and an inde-
pendent continuous feeding of ZnO. The secondary
flow that protects the window remained unchanged
(continuous flow). Figure 2 shows the experimental
set-up. The ZnO powder is continuously fed by a spi-
ral-type feeder located at the rear end of the reactor
cavity. Short pulses of CH4 are simultaneously injected
through a tangential inlet nozzle at the site where the
ZnO particles fall. The pulse duration and the time
interval between consecutive pulses are controlled by
a programmable logic module.

Fig. 2: Schematic of the reactor set-up. Legend: (1)
spiral-type feeder; (2) reactor cavity; (3) primary CH4

inlet; (4) quartz window; (5) secondary CH4 flow for
window protection.

The new system was first cold-tested. Qualitative flow
pattern visualisation revealed the creation of a stable
swirling particle cloud that would absorb the incoming
high-flux solar irradiation efficiently and would further
shield and protect the reactor walls. When compared
to earlier experiments under similar conditions but
using a continuous primary gas feeding, the particle
cloud obtained for the pulsed gas feeding was much
more dense and uniformly distributed over the cavity
space. Experiments were also conducted at tempera-
tures up to 1400 K with concentrated solar radiation at

the PSI solar furnace. Results are shown in Figure 3
for a set of representative experiments that lasted
between 10 and 20 minutes. In each of these solar
runs, a stable operation of the vortex flow was
achieved while keeping the window clean from parti-
cles or condensable gases by means of the auxiliary
flow.

The diagonal solid line indicates stoichiometric feeding
of CH4 and ZnO at the primary flow, i.e. fprimary=^ • Be-
low this line, CH4 is deficient, i.e. fp,imary<\. All data
points lay in the region fPrimary<\. Thus, a satisfactory
operation was obtained without the need of working
with excess methane at the primary flow. Operation
under exact stoichiometric conditions will require an
adjustment of the secondary continuous flow that is
used for window protection. Experiments aimed at
determining the fraction of ZnO reduced for various
values of f are scheduled for the next measurement
campaign.

I
O

£

0 5 10 15
mass flow rate of ZnO / g/min

Fig. 3: Measured CH4 mass flow rate as a function of
the ZnO mass flow rate [5].
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DEVELOPMENT OF A SOLAR CHEMICAL REACTOR FOR THE DIRECT THERMAL
DISSOCIATION OF ZINC OXIDE

S. Moller (DLR, Stuttgart, Germany), R. Palumbo

A solar chemical reactor was designed, constructed and tested for the direct thermal decomposition of zinc
oxide at temperatures as high as 2250 K using concentrated sunlight which enters through a window. To
avoid the deposition of Zn or ZnO on the window, a curtain of inert gas was realised. Along with the reac-
tor, a model was developed to predict the reactor's thermal performance under various solar flux levels.

1 INTRODUCTION

The direct solar thermal decomposition of ZnO to its
elements is an attractive process for the storage of
solar energy [1,2].

At temperatures near 2000 K, the endothermic reac-
tion proceeds. Solar radiation is thereby directly con-
verted into the chemical energy of Zn and O2. The
solar energy stored in the condensed Zn phase can be
used to split water in an exothermic reaction. The
products are hydrogen and ZnO that is recycled to the
solar furnace.

2 THE SOLAR REACTOR

We report on a solar thermal chemical reactor that
effects the dissociation of ZnO with direct solar radia-
tion. The reactor concept evolved from several bound-
ary conditions that we suggest are essential features
of an industrial scale reactor with a high exergy effi-
ciency [1]. We define this efficiency as

T| = -
"ZnO

•100%
4 solar

where AG°rxn is the standard Gibbs function for form-
ing ZnO(s) at room temperature from its stable ele-
ments, fnZn0 is the mass flux of dissociated ZnO,
and <jsoiar is the concentrated solar flux.

A schematic of the reactor that meets these conditions
is shown in Figure 1. The reactor chamber (1) is partly
filled with pressed ZnO powder forming a slope (2)
with an inclination of approximately 45 degrees. The
surface of the slope is directly irradiated by concen-
trated solar radiation entering through a quartz window
(3). The uppermost ZnO layers are dissociated,
whereas the non-reacted ZnO bed serves as insula-
tion to protect the reactor walls directly in line with the
concentrated sunlight. At the lower end of the slope
(4), the non-reacted ZnO overflow is collected and
recycled. The reactor can be operated both in batch
and continuous modes with respect to the ZnO. In the
latter case, solid zinc oxide particles are continuously
fed into the reactor (5) and ripple down the slope, thus
avoiding the need for a carrier gas. The transparent
window is kept clean by several inert gas streams (6),
which prevent zinc vapour from condensing on the
quartz window. The gaseous reaction products and
the inert gas flow continuously through the reactor to a

chimney (7) and out to the quench unit.

The experiments were carried out in the solar furnace
at PSI [3].

7 5 _

Fig. 1: Schematic of SLOPE: a solar chemical reactor
for the solar thermal decomposition of ZnO.

3 COMPARISON OF MODEL WITH PRELIMI-
NARY EXPERIMENTS

We compared the results of the product gas mass flux
vs. average solar flux from theory and experiments. A
1300 K pre-sintered ZnO block was used as the sam-
ple. This block was used rather than ZnO powder be-
cause the block has a well-defined ZnO surface and
mass.

A sensitivity analysis of a theoretical model was done
[4]. Figure 2 shows the comparison between experi-
mental and calculated mass flux for solar flux density.
The experimentally determined mass fluxes are 3 to 6
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times lower than the calculated numbers depending
on the thermal conductivity.
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Fig. 2: Comparison between experimental and calcu-
lated decomposition mass fluxes depending on solar
flux density.

Differences of the magnitude shown in the figure can-
not be explained from the sensitivity analysis. Of all
the parameters varied, the one most sensitive to the
mass flux was the solar flux density. The results sug-
gest that one would need an error of 3000 to 4000
suns. An error of this magnitude is well beyond the
uncertainty in the measured solar flux density.

The model itself or the rate equation are thus the most
likely sources for differences between calculated and
experimentally determined values of the reaction ve-
locity. Several differences exist between the model
and reality.

We suspect that the rate equation describing the de-
composition process could be in error. But because
the ZnO is essentially vaporising, the stated activation
energy is quite reasonable [1]. However, it is not un-
common to expect large scatter in reported pre-
exponential factors. The scatter could account for the
differences between the experiments and those given
by the model. Specifically, one must experimentally re-
evaluate the magnitude of the pre-exponential factor.

4 THE REACTOR WINDOW

Keeping the window clean is a challenging design
aspect for all closed direct heating solar chemical
reactors. In the case of the ZnO decomposition proc-
ess, the product gases can flow or diffuse toward the
window where Zn and/or ZnO may condense or de-
posit. The problem may be addressed by developing a
protective curtain of inert gas on the window.

We focused our effort on avoiding pressure sinks and
turbulence within the reactor chamber. These con-
cepts were followed in our latest design shown in Fig-
ure 1. Through a duct with a rectangular cross section
flows a laminar flow. The principal function of this flow
was to carry the products out of the reactor without
creating turbulence. It also served as protection for the
window. A flow through two nozzles located near the
top portion of the window was to add further protection
at the top half of the window from products. The win-
dow stayed mostly clean.

5 CONCLUSION

We are developing a solar chemical reactor that pos-
sessed many features of a conceivable industrial scale
reactor while at the same time preserving flexibility in
the concept that enables us to experimentally explore
a variety of design features.

Our work to keep the window clean was as much art
as science. Finally, we clearly define the need to im-
prove our understanding of the ZnO decomposition
process. Our numerical and experimental study points
to two critical areas for further research: expanding the
numerical model to include mass transfer resistance
to the description of the decomposition process and
evaluating the pre-exponential term given in the pub-
lished ZnO decomposition rate equation.
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PRELIMINARY INVESTIGATION OF STABILITY AND STRUCTURE OF TURBULENT
PREMIXED FLAMES AT ATMOSPHERIC PRESSURE

P. Griebel, K. Herrmann (ETH Zurich), R. Scharen, M. Witt

Experiments in a tubular combustor have been performed to study the stability and structure of lean
premixed natural gas/air flames at atmospheric pressure. Qualitative planar laser induced fluorescence
(LIF) of the OH radical was used to detect the flame structure. In this preliminary study the inlet
temperature, equivalence ratio, and the velocity of the fuel/air mixture was varied.

1 INTRODUCTION

Lean premixed combustion of gaseous fuels (natural
gas, methane) is a well established technology in
stationary gas turbines for achieving low NOX

emissions. Although this technique is being used since
several decades the knowledge of the influences of
turbulence on flame structure and NOx-formation is
still unsatisfying. Especially there is a deficiency of
experimental data at gas turbine relevant conditions
(lean mixtures, high temperatures, and high
pressures). A lot of studies were performed either at
atmospheric pressure or higher pressures, but with
near stoichiometric mixtures [1,2]. Currently, there is
no study with the combination of the two. Therefore,
the present project was started to study the influence
of turbulence on flame structure and NOX formation
under gas turbine relevant conditions. As a first step,
preliminary investigations of the lean blow out limit and
the flame structure have been performed at
atmospheric pressure. High pressure experiments will
follow later on with the new combustor test rig. The
initial tests were performed in a tubular combustor at
different inlet temperatures (350, 450, 550 °C), equi-
valence ratios (0.4 - 0.6), and velocities (10-45 m/s).

2 EXPERIMENTAL SET-UP

The atmospheric test rig shown in Figure 1 consist of
a water-cooled quadratic casing and a tubular
combustor, which had exactly the same design as the
planned high pressure combustor. To establish a
stable flame over a wide range of lean equivalence
ratios and velocities a backward facing step design
was chosen. The outlet diameter of the uncooled
stainless steel combustor head was 25 mm. A quartz
glass liner with the inner diameter of 75 mm was used
to achieve an good optical access. About one
diameter upstream of the burner outlet, a turbulence
grid was mounted. The combustion air could be
preheated up to 550 °C in an electrical heater. The
fuel, natural gas with the methane content of about 98
% per volume, and air stream were measured and
controlled and afterwards mixed in a static mixer
located upstream of the combustor head.

In the LIF measurements a laser light sheet was
introduced through a window and the OH-LIF signal
was detected with an ICCD camera, 90 ° orientated to
the light sheet. The details of the LIF set-up are given
in [3].
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Fig. 1: Experimental set-up.

3 RESULTS

The flame stability and the lean blow out limits were
studied observing the self luminescence of the flame
and the combustion noise. Lean blow out was
achieved by lowering the fuel flow rate at a constant
air flow rate (velocity) and inlet temperature. The
criteria for lean blow out was the extinction of the
flame within 1 minute after changing the fuel flow rate.
Figure 2 shows the lean blow out and the stability
limits at three different inlet temperatures. The
maximum velocity of the premixed fuel/air mixture in
the burner outlet that could be reached without
extinction of the flame is named critical velocity.

In the region on the right hand side of the stability limit
curves a quiet stable flame does exist. Between the
stability and the blow out limit the flame becomes
unstable as the equivalence ratio is decreased.
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Pulsations and local extinction occur and the position
and shape of the time averaged flame front are no
longer constant. These combustion modes are often
being accompanied with enhanced combustion noise.
In the region on the left side of the blow out limit
extinction of the flame occurs.

area, and therefore an increase of flame area
corresponds to a lower turbulent flame speed. This
ascent of flame area with decreasing equivalence ratio
can be seen in the left column of Figure 3. The single
shot images in the right column show that the flame
front is wrinkled more and more because of this
increase of flame area.

averaged (2x256 shots) single shot
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Fig. 2: Lean blow out and stability limits at three
different inlet temperatures.

Up to a certain amount increasing the air flow rate
(velocity) at a constant inlet temperature results in
broadening the stability range. Both, the stability and
lean blow out, limits are shifted to lower equivalence
ratios because the turbulence level is higher at higher
velocities, which enhances the heat transfer from the
recirculation zone to the flame root. If the velocity is
increased even further the flame would extinguish at
higher equivalence ratios because the flame stretch
effect dominates the enhanced heat transfer. This
behaviour could not be studied in this experiments
because the maximum air flow rate was limited.

If, for a constant velocity, the inlet temperature is
increased, the stability and blow out limits are shifted
to lower equivalence ratios because of the higher
combustion temperature.

The results of the OH-LIF measurements are shown in
Figure 3. The images show the fluorescence intensity
which is representative for the relative OH radical
concentration. The black colour corresponds to a OH
concentration of zero (unburned mixture), the white
colour with a high OH concentration (reaction zone).
The images are not corrected for absorption and for a
better contrast each series is scaled independently.
The width of the images correspond to the liner
diameter (75 mm), the length was 80 mm. The lower
edge corresponds to xo=64 mm (see also Figure 1).

Decreasing the equivalence ratio by lowering the fuel
flow rate at a constant inlet temperature and velocity
results in lower combustion temperatures and for a
constant turbulence intensity therefore in lower
turbulent flame speeds. If the reactant flow rate (air
flow rate is constant, fuel flow rate is not constant but
much smaller than the air flow rate) and the unburned
gas density is constant, the turbulent flame speed is
inversely proportional to the time-smoothed flame

a)
O =0.45

b)
O =0.50

C)
O =0.56

d)
O =0.63

L A i

Fig. 3: OH-LIF measurements at an inlet temperature
of 450 °C, velocity of 40 m/s and four different
equivalence ratios. Left column shows the averaged,
right column the single shot images.
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CATALYTIC COMBUSTION OF HYDROGEN-AIR MIXTURES OVER PLATINUM:
VALIDATION OF HETERO/HOMOGENEOUS CHEMICAL REACTION SCHEMES

C. Appel, I. Mantzaras, R. Schaeren, R. Bombach, A. Inauen

The applicability of various hetero/homogeneous chemical reaction schemes in channel-flow catalytic
combustion of H2/air mixtures over platinum is investigated numerically and experimentally. Four homoge-
neous and three heterogeneous chemical reaction schemes are tested in the numerical model against
measured homogeneous ignition characteristics. The difference between predicted and measured homo-
geneous ignition distances can be substantial (from 6% to 250%) depending on the particular scheme un-
der investigation and this is attributed primarily to the homogeneous reaction pathway. Sensitivity analysis
indicates that the origin of the differences among the various schemes is the presence of water in the near-
wall region which affects the radical pool buildup during the preignition period.

1 INTRODUCTION

In previous studies [1,2] we investigated experimen-
tally and numerically the catalytically stabilized com-
bustion (CST) of simple fuels (H2 and CH4) on sup-
ported platinum in channel-flow configurations relevant
to power generation applications. Of particular interest
in the aforementioned studies was the het-
ero/homogeneous coupling leading to the onset of
homogeneous ignition.

In the present work, recently acquired measurements
of H2/air CST are compared against detailed numeri-
cal predictions using different hetero/homogeneous
reaction schemes. Four well-known homogeneous
(gas-phase) and three heterogeneous (catalytic)
chemical reaction schemes are investigated with main
objective to validate their applicability in CST. A par-
ticular objective is to identify -via sensitivity analyses
and reaction path analyses- the origin of the differ-
ences among the various reaction schemes. It is
shown that even for a simple fuel such as H2, there
exist substantial differences in the predicted homoge-
neous ignition characteristics and that these differ-
ences are ascribed primarily to the homogeneous
reaction pathway.

2 EXPERIMENTAL

Our rectangular, channel-flow combustor consists of
two Pt-coated horizontal ceramic plates 300mm long,
104mm wide, placed at a distance of 7mm apart (see
Ref. 2). Optical accessibility is provided by two quartz
windows positioned at the 300mm x 7mm sides of the
combustor. The incoming H2/air flow is laminar with
fuel-to-air equivalence ratios ranging from 0.28 to
0.32. The following experiments are performed: Planar
Laser Induced Fluorescence (PLIF) of the OH radical
along the streamwise plane of symmetry, line (across
the 7 mm channel gap) Raman of the major species
(H2, O2, N2, H2O) and thermocouple measurements of
the catalyst surface temperature. The Raman meas-
urements yield, in addition to species concentrations,
the gas-phase temperature. Typical OH PLIF and
line-Raman species concentrations are illustrated in
Figure 1 along with the corresponding numerical pre-
dictions (to be discussed next).

Experiment (OH-PLIF)
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Fig. 1: Comparison between measurements and
predictions in H2/air channel CST. Inlet velocity
1.6m/s, equivalence ratio 0.28. Top: OH distribution.
Bottom: transverse Raman data (squares: H2, circles:
H2O, triangles: temperature) and predictions (lines).

3 NUMERICAL

Numerical predictions are performed with our 2-D
elliptic CFD code, capable of treating elementary het-
erogeneous and homogeneous chemical reaction
schemes [1,2]. Four homogeneous mechanisms
(Warnatz [3 ] , GRI-3.0 [4 ] , Yetter [5] and Miller
[6]) and three heterogeneous ones (Warnatz [7 ] ,
Schmidt [8] and Kasemo [9]) were investigated.
Comparisons between experiments and predictions
using the Warnatz/Warnatz hetero/homogeneous
scheme are illustrated in Figure 1. The OH PLIF data
determine the homogeneous ignition location and the
Raman-measured transverse profiles provide a rough
estimate (due to near-wall experimental limitations) of
the catalytic reaction strength, e.g. mass-transport-
limited vs. kinetically controlled reactions. Figure 1
indicates a good agreement (within 6%) between pre-
dicted and measured homogeneous ignition distances
with the Warnatz/Warnatz schemes. In Figure 2 pre-
dicted gaseous fuel conversions are given for all four
homogeneous mechanisms and the heterogeneous
mechanism of Warnatz. There is substantial differ-
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ence between predicted and measured ignition dis-
tances depending on the particular homogeneous
scheme (up to 250% underprediction for the Miller
scheme).

H + O2 + M -» HO2 + M (1)

0.00 0.05

Streamwise distance [m]
0.10

Fig. 2: Predicted gas-phase H2 conversions for the
four homogeneous reaction mechanisms. The arrows
indicate the onset of homogeneous ignition. Experi-
mental conditions as in Figure 1.

To understand the origin of the above differences,
sensitivity analysis (SA) was performed for all gas
phase mechanisms. Figure 3 presents the five most
important reactions in the SA of Warnatz's gas-phase
scheme (with Warnatz's heterogeneous scheme).
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Fig. 3: Five most sensitive reactions in Warnatz's
gaseous mechanism: bars indicate the percentage
change in homogeneous ignition distance for an in-
crease (black) or decrease (gray) of the reaction rates
by a factor of -unless otherwise indicated- two.

These reactions are also the most sensitive ones in
the SA of the other gaseous schemes. The ignition
differences of Figure 2 are attributed largely to the
presence of water in the near-wall region (up to 22%
per volume in the pre-ignition zone, see Figure 1),
produced via the catalytic pathway: the third body effi-
ciency of water varies from 6.5 in Warnatz's to 18.6 in
Miller's scheme. The two reactions with the greatest
sensitivity are the chain terminating and chain branch-
ing steps:

O2 + H -> OH + O (2)
respectively. The rates of Reaction (1) in the pres-
ence of 22% vol. H2O vapor at 1000 K (a temperature
representative of the near-wall gas, see Figure 1) are
for the Yetter and Miller schemes as much as 25%
lower than Warnatz's rate. This leads to a faster H-
radical buildup in the former two schemes and hence
to an earlier ignition.

Different heterogeneous mechanisms were also inves-
tigated along with the homogeneous scheme of War-
natz. Homogenous ignition is achieved ca. 10% earlier
with Schmidt's and ca. 15% earlier with Kasemo's
scheme (not shown here). Thus, the particular hetero-
geneous scheme is not crucial for the determination of
homogeneous ignition characteristics. Sensitivity
analysis and reaction path analysis were performed to
elucidate the key surface reactions affecting homoge-
neous ignition. The SA analysis indicates that the H2

adsorption is the most important surface reaction (as it
determines the near-wall boundary layer profile of H2)
followed by the radical (OH, H, and O) adsorption-
desorption reactions. All heterogeneous schemes
reproduce the H2 boundary layer profile since their
non-activated hydrogen adsorption rate is -although
different- faster than the mass transport rate and the
radical adsorption/desorption rates are about the
same.
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LASER INDUCED FLUORESCENCE OF HOT OXYGEN IN PARTIALLY PREMIXED
METHANE FLAMES

R. Bombach, A. Inauen

Planar laser induced fluorescence (PLIF) has been applied to fuel rich and fuel lean methane/air flame to
detect zones of hot oxygen. Experiments show that in the case of fuel rich flames, hot oxygen PLIF reveals
structures not observable by other single-species LIF methods.

1 INTRODUCTION

In general, to localise flame zones, and therewith
flame structure, some transient species is looked at.
Examples are the CH, the CHO, or the OH radical,
among others. This makes perfect sense because
these species are part of the chemical reaction paths
in flame chemistry. In this work we want to show that
imaging of stable species is not only possible with
standard laser induced fluorescence (LIF) methods
but that it reveals structures not observable by minority
species LIF, too.

This work addresses imaging of oxygen molecules in
flames. The 0-0 band of the oxygen Schumann-Runge
bands is not accessible with standard dye laser sys-
tems. As atmospheric oxygen would absorb this radia-
tion it would be of no practical value in flame research
anyway. However, several hot bands of the transition
can be excited near 226 nm, namely the 0-3, the 4-5,
and the 2-4 bands. (The bands are labelled v'-v" by
their vibrational quantum number in the excited state,
v', and in the ground state, v", respectively). This
makes possible to observe hot oxygen by planar laser
induced fluorescence.

2 EXPERIMENTAL

The experimental set-up has been described in detail
elsewhere [1]. In short, a Nd:YAG pumped dye laser
equipped with frequency mixing-after-doubling facili-
ties provides the UV excitation beam. By tuning the
dye laser around 580 nm, and mixing the frequency
doubled dye laser beam with the YAG fundamental of
1064 nm, wavelengths around 226 nm are created
which are used to selectively excite one, or more, of
various species, i.e. NO, O2, CO, and O atoms [2].
Note that O atoms and the CO molecule can be ex-
cited only by a two photon process. This renders these
species less suited for quantitative experiments, espe-
cially at high pressures.

The fluorescence signal is detected after appropriate
filtering with an intensified camera. The NO PLIF data
are not shown here because they do not exhibit any
unexpected results. The detection system has not to
be altered for NO observation because the fluores-
cence occurs in the same wavelength range.

3 RESULTS

Figure 1 shows the distribution of hot oxygen in a par-
tially premixed flame. The two separate parts of the
flame are clearly discernible. The inner feature corre-
sponds to a zone just before the flame.

Fig. 1: PLIF signal of hot oxygen in a fuel rich
(A,=0.64) methane/air flame at 2 bar.

There the oxygen gets hot and can be detected.
Shortly afterwards it will be used up completely by the
fuel rich flame. The second outer feature correspon-
dents to oxygen approaching the diffusion flame. Note
that an OH PLIF image of this flame would only reveal
features outside a X<1 region [1]. Within fuel rich re-
gions OH is consumed by the reactants, therefore the
inner feature of Figure 1 would remain invisible in OH
PLIF. The asymmetric shape of the fluorescence im-
age is explained elsewhere [3].

At elevated pressures turbulence sets in. In this re-
gime single shot capability is mandatory.

Fig. 2: PLIF signal of hot oxygen in a fuel rich
(A,=0.68) methane/air flame at 15 bar. The figure to the
left shows a single shot image, the figure to the right
shows an average of 200 laser shots.
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Figure 2 shows an image of the hot oxygen molecules
at 15 bar. At even higher pressures the effect gets
more pronounced as can be seen in Figure 3:

Fig. 3: PLIF signal of hot oxygen in a fuel rich
(?i=0.73) methane/air flame at 25 bar. The left figure is
a single shot image, the right figure is an average of
200 images.

Fig. 4: Hot oxygen averaged PLIF images in stoi-
chiometric (left figure) and fuel lean (right figure,
1=1.10) methane air flames.

Note the abrupt change of the picture when going to
fuel lean conditions (A>1, see Figure 4). Now excess
oxygen exists throughout and after the flame.

4 SUMMARY

Molecular oxygen hot band PLIF has been success-
fully applied to a high pressure methane air flame. The
PLIF images reveal flame structure features not ob-
servable with other single species PLIF techniques.
The signal strength was large enough to record single
shot images with very good signal-to-noise ratio, a
mandatory prerequisite to study turbulence in flames.

When going from fuel rich to fuel lean flames a sud-
den change in PLIF image appearance occurs at
X=1.0. Oxygen LIF is therefore an interesting addi-
tional method especially when studying the structure
of turbulent lean low NOX flames.
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INVESTIGATION OF THERMOACOUSTIC PHENOMENA IN A GAS TURBINE
BURNER BY LASER-INDUCED FLUORESCENCE

A. Inauen, R. Bombach, W. Hubschmid, A. Stampanoni-Panariello

Laser-induced fluorescence of the hydroxyl radical (OH) was used to visualise the turbulent flame fronts in
the second combustion chamber of a full-scale gas turbine burner operated at atmospheric pressure. Ace-
tone was evaluated as a tracer for the determination of the fuel/air mixing quality at the exit of the mixing
tube.

1 INTRODUCTION

Thermoacoustic phenomena are a major concern of
gas turbine manufacturers. The pressure fluctuations
involved lead to increased pollutant (i.e. NOx) forma-
tion due to inhomogeneous temperature distributions.
Furthermore, they can cause severe mechanical
stress decreasing the lifetime of the combustors con-
siderably. Therefore, several techniques were devel-
oped for active control of these combustion instabili-
ties. [1-3] Most of them base on acoustic excitation
inside the combustion chamber or on fast actuators
regulating either the main fuel injection or a pulsed
injection of additional secondary fuel. Both methods
are rather expensive as well as prone to break down.

On the other hand, passive methods, e.g. adaption of
the burner geometry, require better understanding of
the influence of combustion instabilities on the fuel/air
mixing [4] and, hence, on the flame shape. In this
project we tackle the thermoacoustic phenomena us-
ing laser-induced fluorescence (LIF) of the hydroxyl
radical (OH) for the determination of the turbulent
flame shapes, and tracer LIF for monitoring the fuel/air
mixing quality. There is a large number of publications
[e.g. 5-10, to mention just a few] reporting the suitabil-
ity of acetone as a tracer molecule in combustion envi-
ronments. Excitation wavelengths varied between
248 nm and 355 nm.

2 EXPERIMENTAL

Figure 1 depicts the set-up of the experiments. The
frequency-doubled output of a Nd:YAG/dye laser sys-
tem (Quantel YG781C-20/TDL50) served as an excita-
tion source for both OH and tracer LIF. The laser
wavelength was tuned to the P2(7) line of the OH radi-
cal near 285 nm. Typical pulse energies were around
2 mJ. A combination of spherical and cylindrical
lenses was used to form a slightly divergent laser light
sheet approximately 7 cm wide and 500 (im thick.
Using an intensified CCD camera the induced fluores-
cence was detected through a band-pass filter at
310 + 10nm. Due to the limited optical access the
detection occured at arbitrary angles.

In a first measuring campaign we evaluated the us-
ability of acetone as a tracer molecule for monitoring
the fuel/air mixing quality. Acetone is a broad-band
absorber, allowing the use of the same wavelength
region as for the OH LIF. Acetone fluorescence can
easily be distinguished from the OH signal by tuning
the dye laser off the narrow-band OH line.
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Fig. 1 : Schematic set-up (top view) of the OH and
tracer LIF experiments.

3 RESULTS

Passive chemiluminescence images as well as LIF
images summed over a number of laser shots both
show a typical V-shaped flame form. This picture
changes when applying single-shot 2-D LIF (cf. Fig-
ure 2). The images exhibit a strongly turbulent flame
shape. Islands are formed where combustion takes
place, separated by non-reacting zones. This results in
non-contiguous flame fronts, giving rise to inhomoge-
neous heat release and, thus, to thermoacoustic phe-
nomena.

Fig. 2: Single-shot LIF imaging of the hydroxyl radi-
cal. The straight lines depict the position and size of
the laser light sheet, the dotted lines depict the tempo-
rally averaged form and position of the flame front.
The fuel/air flow is from right to left.
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The hot air enters the second combustion chamber at
temperatures of 1100 K or above. At these tempera-
tures the auto-ignition delay of acetone is rather low,
leading to considerable degradation of the tracer
molecules before they enter the combustion zone. The
resulting decrease of the fluorescence signal proves to
be a major problem for single-shot imaging using ace-
tone at this high temperatures. Therefore, other tracer
substances will be tested which exhibit longer auto-
ignition delays.
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DETERMINATION OF THE HYPERFINE STRUCTURE SPLITTING OF NO A2S+ (v'=0)
BY DOUBLE RESONANCE POLARIZATION SPECTROSCOPY

B. Hemmerling, A. Stampanoni, E.F. McCormack (Bryn Mawr College, USA)

We employed time-resolved double resonance polarization spectroscopy to monitor the temporal evolution
of a coherent superposition of molecular hyperfine states created by a short laser pulse. The observed
quantum beats are sensitive to the polarization of pump and probe beam.

1 INTRODUCTION

A sufficiently short laser pulse can create in an atom
or a molecule a non-stationary state that may be de-
scribed as a coherent superposition of stationary ei-
genstates. Investigated by a time-resolved spectro-
scopic technique this superposition of states results in
intensity modulations of the signal at frequencies cor-
responding to the energy spacing between these
states, generating so-called quantum beats. While
there are highly sophisticated laser systems and tech-
niques needed to obtain good spectral resolution in
the frequency domain, quantum-beat spectroscopy
allows for Doppler-free high-resolution spectroscopic
investigations employing relatively simple, pulsed laser
sources. For more than thirty years quantum-beat
spectroscopy has provided a wealth of information on,
for example, fine and hyperfine splitting of atomic and
molecular states.

We report to our knowledge for the first time on the
use of temporally resolved double resonance polariza-
tion spectroscopy to investigate hyperfine structure
quantum beats. Compared to conventionally used
laser-induced fluorescence this technique is back-
ground-free and no requirement to fluoresce is
needed. Furthermore, two resonances offer a higher
state selectivity, and the coherent nature of the
method is responsible for the higher contrast of the
observed quantum beats.

2 EXPERIMENTAL METHOD

Demtroder [1], for example, gives a detailed descrip-
tion of double resonance polarization spectroscopy
and so only a brief summary will be given here. The
output of a Nd:YAG-pumped dye laser is frequency
doubled and sum-frequency mixed with residual
Nd:YAG fundamental to obtain light at about 226 nm
used to pump individual rotational states of the A2Z+,
v'=0 <— X2n1/2, v"=0 band in NO. An Ar+-laser pumped
cw dye laser, operating near 600 nm with a bandwidth
of about 0.27 cm1 , was employed to probe E2I+, v*=0
<— A2I+, v'=0 transitions. The linearly polarized probe
beam traverses opposite to the propagation direction
of the pump beam through a parallel oriented polar-
izer, a gas cell, typically filled with 104 bar of NO, and
is blocked by a second polarizer that is crossed with
respect to the first one. The pump beam is either line-
arly polarized at an angle of 45 ° with respect to the
polarization of the probe beam or circularly polarized
and crosses the probe beam at a small angle within
the cell. Tuned to an atomic or a molecular transition,
the pump beam creates a non-uniform population of
the magnetic sublevels in ground and excited states,

respectively. If the transition induced by the probe
beam shares a common level with the pump beam
this laser-induced anisotropy is experienced by the
probe beam as dichroism and birefringence and in-
creases the transmission of the probe beam through
the crossed polarizer. Pump and probe lasers are
operated with Rhodamine 6G. Under operating condi-
tions the pulses produced by the pump laser are 8 ns
long, having 1 mJ energy and about 0.1 cnrr1 band-
width. Thereby the transitions of the A2I+, v'=0 <—
X2ni /2, v"=0 band are strongly saturated. Laser-
induced fluorescence is detected additionally to en-
sure that the pump laser is properly tuned to a transi-
tion. The power of the probe laser is about 10 mW. A
Burleigh wave meter is used to measure its wave-
length. The signal is detected by a photomultiplier and
acquired by a digital oscilloscope with a full bandwidth
of 500 MHz and a 2 GHz sampling rate.

3 RESULTS AND DISCUSSION

The A2Z+, v'=0 <— X2n1/2 ,v"=0 band of NO comprises
twelve rotational branches. We obtained temporally
resolved double resonance polarization spectra for all
of them. The spectroscopic notation of the rotational
transitions is given by AN AJy , where AN and AJ de-
note the change of the angular momentum of nuclear
rotation and the total angular momentum (N+S), re-
spectively. Depending on the orientation of the total
electron spin, S=1/2, there are two fine components
(F1 with J=N+1/2, and F2 with J=N-1/2). They are
indicated by the two indices i,j. Fine splitting of rota-
tional levels increases linearly with N'. Rotational tran-
sitions with N'<10 that differ only by the fine splitting of
the A-state are excited simultaneously by the pump
laser and are excluded from the analysis.

The nuclear spin of 14N (1=1) causes the hyperfine
structure of NO. In the double resonance scheme,
employed in this work, three molecular states are cou-
pled with each other. The related quantum beats,
however, are state selective in that the characteristic
frequencies are determined by the hyperfine structure
of only the common state. Therefore, the stepwise
excitation scheme exclusively produces quantum
beats corresponding to the energy separations be-
tween hyperfine levels in the intermediate state.

Figure 1 shows, averaged over 100 single shots, the
temporal behaviour of the double resonance polariza-
tion signal observed after pumping the RR22(7) line of
the A 2 I + , v'=0 <- X2n1/2, v"=0 band and probing the
R(8) line of the E2I+, v*=0 <- A 2 I + , v'=0 band. Solely
fitting the exponential decay of the signal one obtains
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the time constant x=110 ns. Due to the coherent na-
ture of the signal its decay time is half as long as the
radiative lifetime of the A2I+, v'=0 state (-217 ns). The
dashed line in Figure 1 depicts the residual of meas-
ured signal and exponential fit and reveals clearly the
modulation by hyperfine structure quantum beats.
Displayed in the inset is the second derivative of the
power spectrum of the residual of measurement and
exponential fit. The decay time of the signal sets a
lower limit to the line width of the peak in the power
spectrum and therefore to the accuracy of the fre-
quency determination. However, by fitting the peak
one can determine the oscillation frequency with accu-
racy better than 1 MHz.
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Fig. 1: Temporal evolution of the double resonance
polarization signal obtained after pumping the RR22(7)
and probing the R(8) transitions of NO. The inset
shows the second derivative of the power spectrum of
the difference between measurement and fit displayed
by the dashed line.

The modulation depth of the double resonance polari-
zation signal due to hyperfine structure quantum beats
decreases with increasing rotational quantum number
and is larger for linearly polarized light than for circu-
larly polarized pump light. Compiled in Figure 2 are the
quantum beat frequencies of low-lying rotational states
(N'<9) of the two fine components of the A 2 I + , v'=0
state. Two distinct frequencies (F1=J+1 <- F2=J,
F2=J <- F3=J-1), shown by squares and triangles, are
observed for the F1 fine component (see Figure 2a).
The open and filled symbols indicate measurements
with linearly and circularly polarized pump beam, re-
spectively. In the F2 fine component (see Figure 2b)
the two frequencies become indistinguishable for rota-
tional states N'>3. Comparing the results of p P i r and
sR21-branch with those obtained for °P12- and RR22-
branch, respectively, we estimate an error of 0.25 MHz
for the measured quantum beat frequencies.

There is no obvious reason for the discrepancy be-
tween the measurements carried out with linearly and
circularly polarized pump beam. However, due to the
unpaired electron spin NO is very susceptible to mag-
netic fields. Therefore, small residual fields like for
example the earth's magnetic field might be able to
cause such a difference in the measured separation of
the energy states. Before we can fit the observed
quantum beat frequencies to the Hamiltonian to obtain
the hyperfine constants of the A2I+, v'=0 state further
experiments have to be performed to investigate the
influence of the Zeeman effect on the hyperfine struc-
ture of NO.

N'

Fig. 2: Summary of the measured quantum beat fre-
quencies (squares and triangles) of (a) the F1 fine
component and (b) the F2 fine component. Filled
symbols - linear, open symbols - circular polarization
of the pump beam.
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SIMULTANEOUS MEASUREMENTS OF TEMPERATURE AND FLOW VELOCITY US-
ING LASER-INDUCED ELECTROSTRICTIVE GRATINGS

D.N. Kozlov, B. Hemmerling, A. Stampanoni-Panariello

Light scattering from laser-induced electrostrictive gratings has been used for simultaneous, instantane-
ous, non-intrusive, and remote measurements of temperature and velocity in a submerged air jet. We ac-
complished phase sensitive detection of the scattered light by superimposing two signal beams whose
frequencies are Doppler shifted by the movement of the grating. Temperatures in the range 295-600 K and
flow velocities in the range 10-100 m/s were measured.

1 INTRODUCTION

Temperature and velocity are key parameters to char-
acterize reacting gas flows. While there is a wide vari-
ety of techniques available to determine any of these
values, there are relatively few attempts of simultane-
ous measurements. Recently, laser-induced grat-
ings (LIGs) - the regular spatial modulations of the
refractive index of the medium - have been proposed
in a few groups for measurements of either tempera-
tures or flow velocities [1-7]. The present work was
aimed to study the possibilities to apply the technique
of electrostrictive LIGs for simultaneous non-intrusive
and remote measurements of temperature and veloci-
ties in gas flows.

Electrostrictive LIGs are created by the acoustic
waves, non-resonantly generated in the region of inter-
ference of two excitation laser beams (with wave-
length XE and wave vectors kE1 and kE2) that intersect
each other in a medium at an angle 9. The acoustic
wavelength is defined by the fringe spacing of the
interference pattern: A = ^E/2sin((9/2) = 2^/|q|, with
q = kE1 — kE2, the acoustic frequency depends on A
and the adiabatic sound velocity vs: Q = 2T IV S /A ,

while the damping time constant is determined by
dynamic viscosity and heat conduction and scales as
A2 [8]. The acoustic waves propagate in opposite di-
rections, q and -q, normal to the planes of the fringes.
In a standard LIG detection technique a read-out laser
beam (wavelength XR) is coherently scattered by the
grating to a signal beam at the Bragg angle to the
fringe plane, radiation of a cw laser being used to fol-
low the temporal evolution of the scattered light power.
In the present approach, after passing through the
probe volume the read-out beam is retro-reflected
thus forming the second read-out beam. As a result,
there appear two signal beams leaving the interaction
volume in opposite directions, and one beam is then
reflected back, to make it co-propagating with the
other one. Both signal beams are coherent to each
other, have comparable amplitudes, are spatially over-
lapped, and therefore fulfill the requirements for het-
erodyne detection. Caused by movement of the grat-
ing with the flow, they are frequency shifted due to the
Doppler effect, the shift having the opposite sign for
the two beams. The detector signal can be expressed
as Ps(t)°c[i + m-cos(Qmt + \|/)]sin2Qt-exp(-2t/Ta),
where Qm =2|qv| = 2(v/vS0)b0 is the modulation fre-
quency of the signal determined by the velocity of the
flow v, m is the modulation coefficient, and \\i accounts
for the phase shift experienced by the two signal

beams, subscript 0 refering to the reference condition
(room temperature To = 295 K). At the same time, as
the signal oscillation frequency Q is defined at the
known fringe spacing, the sound velocity in the me-
dium can be deduced, that is directly related to gas
temperature T at the given gas composition [3].

2 EXPERIMENTAL

The fundamental output of a pulsed Nd:YAG laser
(?iE = 1064 nm, energy ~ 150 mJ, pulse length 8 ns,
spectral bandwidth 1 cm"1) has been used in a stan-
dard experimental arrangement [7] to create electro-
strictive LIGs. The pump beams were focused with a
lens (f = 1000 mm) to a spot with the diameter
2w0 ~ 300 (im, resulting in an effective grating thick-
ness of about 10 mm. The grating was read out by two
counter-propagating beams furnished by a cw Ar+-
laser (kR = 514.5 nm, 200 mW), that were focused into
the probe volume (f = 1000 mm). The overlapped
signal beams were spatially filtered and detected using
a photomultiplier. The time-resolved acquisition of the
signal was performed by a digitizer (500 MHz band-
width, 2 GHz sampling rate).

3 RESULTS

All measurements were performed in submerged
heated air jets at atmospheric pressure in the exit
plane of a slot nozzle with an overall length of 20 mm

time |xs

Fig. 1: Temporal evolution of the LIG signal at
Tth = 380 K and a flow rate of 80 l/min.

and an opening 1.5 mm high and 22 mm wide. Wall
and gas temperatures were measured by thermocou-
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pies. Measurements have been carried out for gas
temperature range 295 K-600 K and various flow rates
Q = 20-200 l/min. The average flow velocity at the exit
of the nozzle was related to the flow rate via the equa-
tion of continuity.
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Fig. 2: Normalized histogram of 300 simultaneous
single-shot measurements of temperature (a) and flow
velocity (b) in a submerged air jet.

From the temporal evolution of the signal acquired in
air without flow at room temperature the angular fre-
quency Qo = 93.3+0.3 MHz of the acoustic wave is
deduced, corresponding to a fringe spacing
A = 23.19±0.07 |im. The upper trace in Figure 1
shows the temporal evolution of the signal recorded in
a heated air flow at the nozzle exit and averaged over
30 laser shots. The low-frequency modulation, result-
ing from the Doppler shift of the frequencies of the two
signal beams, is clearly observed. The lower trace
depicts the difference between the measured signal
and the best fit. The flow temperature in the probe
volume, Tth = 380 K, was measured by a thermocou-
ple, and the averaged flow velocity vQ = 52.8 m/s was
derived from the measured flow rate Q = 80 l/min and
Tth. The best fit gives Q = 107.3+0.3 MHz and the
beating frequency Qm = 49.0+0.3 MHz. Assuming that
air composition and specific heat ratio are unchanged,
the temperature T = 389.6±3 K can be deduced from

Q. The flow velocity v = 89.8+0.6 m/s is determined by
the beating frequency Qm Systematic measurements
for various air flow rates Q = 20-200 l/min at T = 295 K
show a linear relationship between the flow velocity, v,
and the averaged flow velocity, vQ: v = 1.5 • vQ, Tem-
perature measurements in the range 300-600 K using
a thermocouple and the LIG method agree within the
estimated errors. Simultaneous single-shot measure-
ments of flow velocity and temperature have been
performed in an air flow at T = 295 K and
vQ = 41.0 m/s (Q = 80 l/min). In Figure 2 about 300
temperatures and flow velocities are compiled in nor-
malized histograms with bin widths of 0.5 K and 1 m/s,
respectively. A correlation coefficient > 0.94 indicates
that a normalized Gaussian (the solid line) well de-
scribes the measured distributions. The mean values
of 59.0+2.5 m/s and 296.7+1.8 K result from the
measurements.

The spatial resolution of the LIG technique along the
probe volume is estimated to be about 10 mm, that
results in a spatial averaging of measured values. For
higher spatial resolution and higher sensitivity of the
velocity measurement the angle between the read-out
beam and the velocity vector should be as small as
possible that results in a smaller acoustic wavelength,
A, and hence in a strong reduction of the decay time
of the grating (~ A2). High temperature and turbulence
shorten the lifetime of the grating as well. The signal
lifetime, however, sets a lower limit to flow velocity and
temperature that can be measured accurately. Thus,
the proposed method is of the most value for flows of
relatively low temperature, low degree of turbulence
and high speed.
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TEMPORAL EVOLUTION OF THERMAL LASER-INDUCED GRATINGS

W. Hubschmid

The thermal evolution of thermal laser-induced gratings is calculated for the case of three subsequent relaxation
processes, where the first process is considered to be instantaneous. The application of the analysis to thermal
gratings in mixtures of oxygen with other gases is discussed.

1 INTRODUCTION

The technique of laser-induced grating spectroscopy
(LIGS) uses crossed beams of a pulsed laser, which
generate a spatially periodic and transient electro-
magnetic field in their overlap volume. A population
grating is generated by tuning the laser frequency to
an absorption line of the medium in the beam overlap
volume. By radiationless collision-induced molecular
transitions, heat is released and also a thermal density
grating (or short: thermal grating) is generated. In
addition to the thermal and population grating, spa-
tially periodic field intensity generates also an electro-
strictive grating [1] in nonabsorptive as well as absorp-
tive media. It arises from the density change in the
medium caused by the electrostatic force of a spatially
inhomogeneous electric field. In the case of a medium
transparent at the laser frequency, a pure electrostric-
tive grating is generated.

The time-resolved grating diffraction efficiency is
measured by diffracting a beam of a cw-laser at the
laser-induced grating and measuring the power of the
diffracted laser light. Time-resolved LIGS is appropri-
ate to study heat releases on time scales up to micro-
seconds. The upper limit of a few microseconds is
determined by the rate of the molecular diffusion by
which the population grating decays.

In this article, we review general properties of the
temporal evolution of thermal gratings. We consider
the case that the relaxation in the medium, after being
excited by the laser beams, passes through three
subsequent steps. It is shown how the various relaxa-
tion steps can partially be discriminated by the analy-
sis of the temporal evolution of the grating reflectivity.
As an example, we discuss the grating formation in
mixtures of oxygen with other gases [2].

2 THERMAL GRATINGS FOR A CHAIN OF RE-
LAXATION PROCESSES

In the model under consideration, the first relaxation
step is assumed to be instantaneous, whereas the two
subsequent steps are slow. The heat release of the
first slow relaxation ("mother" process) is assumed to
have the form

Q1exf = 2£

(1)
The heat release of the "daughter" slow relaxation
process has the form

(2)

The decay of the population grating by mass diffusion
is taken into account by an exponential function with
decay constant tf. The quantities Q are ratios of the
energies released in the relaxation step considered
and the total absorbed radiation energy. Further quan-
tities in Eqs. (1,2) are: The grating vector q, the refrac-
tive index n, the optical absorption coefficient a, the
amplitude A of the electric field of the laser providing
the grating generation beams, and the Heaviside step
function 0. For simplicity, the duration of the laser
pulse is considered being infinitely short (at the time
t=t0) and the overlap volume of the beams being
infinite in space.

The heat releases from the instantaneous and the two
slow relaxation processes are inserted as source
terms in the linearized fluid dynamics equations [3]
that govern the temporal development of density and
temperature. For the variation p' = p-p0 of the den-
sity from the equilibrium value one finds in lowest or-
der of the dissipation constants the solution

q_

Here the quantities B\ were introduced:

e0 := £0A£0yacos{qx)Q(t-t0)

(3)

(4)

cos(qx)Q{t-t0)

The instantaneous relaxation process gives rise to the
cosine term in (3). The subsequent slow relaxation
proceses contribute only in higher order of the dissipa-
tion constants to oscillatory terms.

We recall here that we assumed that the laser-
induced grating is infinitely extended. In a spatially
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finite grating, the sound waves forming the thermal
and the electrostrictive grating propagate out of their
superposition region. This causes a decay of the oscil-
latory part of the grating diffraction efficiency, which
adds to the decay from dissipation. For focussed laser
beams, this effect may be large and should be taken
into account in the data analysis.

We consider now the p' -amplitude for a small value of
t-t0. Neglecting the oscillation terms, we obtain from
Eq. (3) up to linear order in t-t0 the following expression
for ff:

(5)

The diffraction efficiency of the grating is, up to the
contribution from the population grating, proportional
to p'2. From (5) we get the time dependence of p'2 to
the same order:

(6)

Equation (6) states that the decay of the grating from
fast heat release (with decay constant 2/?2) is cor-
rected for small t — t0 by a term proportional to the
parameter A.& of the mother slow relaxation process.

The daughter slow relaxation process appears in low-
est order of f - fo with a quadratic term (in [2] there is a
sign error):

(7)

The expansion in the time t-t0, Eqs. (5-7) above,
gives a general insight in the effect of the slow heat
releases, which a direct machine analysis does not
provide.

3 THERMAL GRATINGS IN OXYGEN GAS MIX-
TURES

The relations given above are used for the data analy-
sis of experiments in gas mixtures containing O2 [2].
By light of an optical parametric oscillator (at a wave-
length of about 760 nm), the O2 molecules were ex-
cited via transitions of the branches RR, RQ (i.e.
AK = +1), PP, and PQ (i.e. AK = -1) to the metastable
&'S^(v' = 0) state. In the notation AKAJ, K represents
the rotational angular momentum and J the total angu-
lar momentum quantum number.

The fastest heat release within a few ns originates
from the thermalization of the O2 molecules in the
upper and lower state with respect to the rotational
levels. The relative strength of the electrostrictive grat-
ing and the thermal grating from this relaxation deter-

mines the oscillation phase of the grating diffraction
efficiency, see Eq. (3). We found a good agreement
between measured and calculated oscillation phases
for mixtures of O2 with CO2, using the energy levels of
the O2 rotational states and data of the O2 light absorp-
tion. This represents therefore a technique to deter-
mine the O2 concentration. The period of the grating
oscillation on the other hand is related to the sound
velocity and therefore to the gas temperature.

The slow relaxation steps in O2-CO2 mixtures are the
electronic and the subsequent vibrational relaxation of
the O2 and the CO2 molecules. Experiments with
changing pressures of the components show that the
quantity 2 ,^ in the Eq. (6) is proportional to the CO2

concentration. Therefore, in this specific case the con-
centration of the species CO2 can also be (approxi-
mately) determined simultaneously. Pictures of results
of these experiments can be found in [2].

Because of the high energy release from the elec-
tronic relaxation induced by collisions with molecules
of H2O or H2, the linear dependence in time of the
grating reflectivity (Eq. (6)) is seen there very clearly.
As an example, Figure 1 shows the temporal evolution
of the grating diffraction efficiency in a mixture of
10.9 mbar H2O and 0.504 bar O2.

« o.o
0.4 0.6

time / us
0.8 1.0

Fig. 1: Temporal evolution of the LIG signal intensity
in a mixture of O2 and CO2.

4 ACKNOWLEDGEMENT

Financial support by the Swiss Federal Office of En-
ergy (BFE) is gratefully acknowledged.

5 REFERENCES

[1] A. Stampanoni-Panariello, B. Hemmerling, W.
Hubschmid, Phys. Rev. A 51, 655 (1995).

[2] W. Hubschmid, B. Hemmerling, Chem. Phys. 259,
109(2000).

[3] R.W. Boyd, Nonlinear Optics, Academic Press,
San Diego, 353 (1992).



50

THE SOOT REDUCTION POTENTIAL OF OXYGENATED FUELS

S. Kunte, T. Gerber, P. Beaud, P. Radi, G. Knopp

The influence of oxygen containing fuels on the soot forming tendency within a laminar diffusion flame has
been investigated. The promising results show a strong decrease in soot content at higher admixtures
whereas the at small quantities the soot production rises slightly under highly diluted conditions.

1 INTRODUCTION

The addition of oxygenated compounds to Diesel fuel
can result in a sizable decrease of paniculate matter in
the exhaust gases. Of special interest are acetals as
an admixture agent because they are compatible with
the technical restraints of commonly used engines.

Our investigations have been carried out on a Wolf-
hard-Parker burner. DME, methylal (dimethoxy-
methane (DMM)), and butylal (dibutoxy-methane)
were admixed to a basic fuel and burnt in an
overventilated diffusion flame. Laser Induced
Incandescence (Lll) was used to measure soot
volume fractions within the flame.

To separate as much as possible the effects due to
the specific reaction kinetics of the added compound
from those due to a change in temperature, ethylene,
well matching the adiabatic flame temperatures of the
investigated additives, was used as a base fuel. An-
other comparison is possible with an addition of CH4

instead of oxygenates. CH4, having a soot reducing
effect due to its very low sooting propensity, does not
change the combustion chemistry by the introduction
of oxygen in the fuel stream.

2 EXPERIMENTS

The flames are realised on a Wolfhard-Parker burner.
The fuel exits a 7.4 mm wide rectangular slit which is
sandwiched between two other 16 mm wide slits de-
livering the combustion air. The length of all slits
measures 42 mm. (Within the ducts the gas flow is
straightened with a honeycomb structure made of
ceramics.). In order to prevent condensation of fuels
before entering the burner all tubes as well as the
burner itself were heated to a temperature up to
200°C. The gas flows of air, fuel and nitrogen (dilutant)
are controlled by flow meters with an accuracy of 1%.

The liquid fuels (methylal and butylal) had to be evapo-
rated and appropriately mixed in the gas supply. Me-
thylal has a high enough vapour pressure at ambient
temperature that allows the use of a bubbler in which
the vapour is stripped by a nitrogen flow. To maintain
a constant N2 fraction in the fuel stream, a bypass was
used to compensate for the varying bubbler flow (see
Figure 1).

Butylal has a boiling point of 180°C, i.e. the vapour
pressure at ambient temperatures is not sufficient for
our experiment. Butylal was therefore mixed with ni-
trogen in a temperature controlled evaporator heated
up to 200°C. Dosimetry was accomplished with a peri-
staltic precision pump. (The evaporator is filled with
metal balls acting as static mixer). To avoid condensa-

tion of butylal on the way to the burner all connecting
tubes were heated to 200°C.

Parke*
burner

Fig. 1: Bubbler-type set-up to evaporate DMM.

The soot volume fraction fv is measured with laser
induced incandescence (Lll). With the output of a fre-
quency doubled Nd:YAG-laser formed into a 500um
wide and 40mm long light sheet soot particles in the
flame are heated up to 3095K, well above flame tem-
peratures. The power flux is set to 12 MW/cm2, which
was found to be a good compromise between heating
big particles to high enough temperatures to generate
a signal and loss of small particulates due to evapora-
tion. The incandescence of soot is observed perpen-
dicular to the sheet through a filter (700nm,
FWHM=30nm) with a camera using a shutter time of
40ns. Single shot signals from every position in the
flame can be captured on one frame. To evaluate the
total amount of soot the Lll-signal was integrated over
the full flame. To improve signal-to-noise ratio, several
pictures were acquired and averaged.

3 RESULTS

Figure 2 shows the soot content in the whole flame
depending on different replacements of base fuel by
the additives. Methane as a substitute behaves as
expected, i.e. a linear reduction of soot was observed.
In contrast to expectations, soot mass fraction slightly
increases with an admixture of up to 20% DME and
DMM before it falls more than proportional for higher
percentages. DMM, most likely due to its higher O/C
ratio, has a more pronounced effect.

A similar behaviour is found for butylal. The experi-
ment is, however, not directly comparable to the other
curves. Measurements with the same mole flux had to
be rejected, because the flame became to high and
unstable. The butylal experiments were therefore per-
formed with mixtures maintaining the oxygen con-
sumption constant. Moreover, due to the high boiling
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point the fuel mixture had to be heated up to 200°C
resulting in a higher adiabatic flame temperature by
about 80K. The measurements show a sizeable in-
crease of soot (up to 35% at 40% admixture) with
butylal as fuel component. At higher butylal ratios a
decrease of soot is observed. But even at 100% buty-
lal, soot is only reduced by a factor of two compared to
the pure ethylene flame. Thus butylal by itself is not a
"nonsooting" fuel what could be explained by its small
O/C ratio.
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Fig. 2: Soot content of the flames (symbols on lines)
and temperatures (symbols) versus fuel mixture; basic
fuel ethylene 0.158 lN/min diluted by 0.6lN/min N2.

In all experiments described, the flame temperature
principally changes for different fuel mixtures.
Comparing the pure ethylene flame at 50°C and
200°C (see points for 0% addition on the different
curves) the soot amount doubles when temperature is
increased by 150K. Therefore, the increased soot
content with the flames run with admixture of DME,
DMM and butylal might simply reflect a higher flame
temperature with mixed fuels. The maximum
temperature in each flame was measured with a
coated thermocouple. Within the assumption that this
measurement is characteristic for the temperature
throughout the flame one finds that the admixtures of
oxygenates generally lowers the flame temperature.
According to the above hypothesis soot content should
be lower. From the opposite experimental findings for
the lower oxygenate admixtures, we may conclude
that the increased soot mass fraction found in some of
the mixtures is due to a different combustion
chemistry rather than a temperature effect.

These results are in contrast to the observations made
with engines where for all admixtures of oxygenates to
Diesel, also for small ones, a decrease of soot was
found in the exhaust. Actually, an increased soot pro-
duction upon addition of oxygenates depends very
sensitively on flame conditions, as stoichiometry, tem-
perature and dilution. Indeed, additional measure-
ments with diluted flames, -excess nitrogen was
added-, showed that an increase of soot production
never occurs. For highly diluted flames small addi-

tions of DME result in an immediate decrease of soot,
whereas the less diluted flames show a threshold be-
haviour.

At present the data sets are not yet complete enough
to draw final conclusions or to provide a comprehen-
sive set of input data to a model applicable in engine
combustion. However intuitively it seems that the
oxygenates used in our experiment play a double role:
on one hand the pyrolytically formed fragments ema-
nating from the oxygenates increase the pool of soot
precursors, e.g. by an increased H-abstraction rate; on
the other hand, they open a more direct route to the
formation of products like e.g. H2CO, HCO and CO
which no longer take play in the soot formation proc-
ess. At higher concentrations all tested oxygenates
quite efficiently reduce soot. The effect of the specifi-
cation of the oxygen bearing molecule is compara-
tively small in our experiment and changes seem to be
adequately described by the O/C ratio. Therefore, up
to now, no obvious explanation can be derived which
fragments emanating from an oxygenate compound
could be responsible for the observed flame behav-
iour.

Apart from chemical effects, i.e. a change of reaction
routes, the results may still be explained by "macro-
scopic" parameters like mixture fraction and local
temperature which just have an influence on individual
reaction speeds. Kent et al. [1] have shown, that the
net soot formation rate is a function of mixture fraction
and temperature with a maximum for T-1600K and
<t>~1.5 in the case of an ethylene flame. The presence
of additional oxygen introduced by oxygenated com-
pounds on the fuel side of the diffusion flame corre-
sponds to a change of mixture fraction. Moreover,
from experiments with Diesel engines run with oxygen
containing fuels Bertola et al. [2] observe an increased
heat release during the ignition phase, indicating a
locally higher temperature that is not reflected by the
maximum flame temperature. As shown by Kenfthese
changes may have opposite influences on soot pro-
duction depending on the situation referenced upon.
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HIGH RESOLUTION SPECTROSCOPY BY fs-CARS

P. Beaud, T. Lang (MPQ, Garching), H.-M. Frey, T. Gerber, M. Motzkus (MPQ, Garching)

Femtosecond coherent anti-Stokes Raman scattering (fs-CARS) is demonstrated to deliver the contribu-
tion of the molecular anharmonicity to the optical constants with high accuracy. In addition we show, that
fs-CARS is also applicable for thermometry and investigation of the collisional-rotational relaxation matrix.

1 INTRODUCTION

Recently we have demonstrated rotational coherence
spectroscopy on molecules of low symmetry using de-
generate femtosecond four wave mixing (fs-FWM) in a
molecular beam [1] and fs-CARS on H2 in a cell [2]. In
this work the fs-CARS technique is applied to mole-
cules in the molecular beam and for thermometry in a
flame on N2. The evolution of the CARS signal with
time is a direct manifestation of the anharmonicity of
molecular rotation and sensitive to the rotational popu-
lation distribution, e.g. the temperature.

2 THEORY

In a nonresonant fs-CARS experiment two of the three
incident pulses are temporally overlapped and prepare
a macroscopic coherent excitation in the ground state.
The coherent excitation is then probed by a third de-
layed pulse which creates a signal pulse at the anti-
Stokes frequency under the condition that the required
phase-matching is fulfilled.

The signal intensity resulting from a femtosecond
FWM experiment can be evaluated with the equation:

2

(1)-S(T)= J dtEp(t) jdt'E1(t'-x)E2(t'-x)%(3)(tI)

E, and E2 are the two pump fields, Ep is the probe
pulse, x the time delay of the probe to the pump pulses
and 3c<3>(t) the third order susceptibility. In an off-
resonant time-domain pump-probe experiment the
nonlinear susceptibility is related to the time correla-
tion function of the molecular polarizability [3]:

,(3) ,"^- (2)

The polarizability tensor a can be expanded with re-
spect to the normal coordinates of vibration as

Each term can be separated into isotropic and aniso-
tropic contributions.

Aj=±2
Av=O

Aj=O
Av=+1

4 5 IT

V.j-^V.j't

v^v+1-i (4)

where a,y and a',/ are the mean and anisotropy in-
variants of a and a\ respectively, fvj the population of
state (v,j) at f<0 and b$ are the Placzek-Teller coeffi-
cients.

Setting the probe pulse polarization to the magic angle
of 54° with respect to that of the pump pulses [3] the
anisotropic contributions vanish and the CARS signal
can be expressed as

X(3)W = Efv j(2j + l)(v + l)sin(co'(t))e-t2/TD2-rt (5)

where the sum runs over all Raman active transitions
co'=ctVĵ >ctv+1 j . T D =c/co'V2m/kT is the inverse Dop-
pler FWHM and V the collisional decay rate. For linear
molecules the rovibrational levels can be expressed by
the phenomenological constants Be, ae, |3e, ... and %,
cObXe, cofeye . . . . The coherent superposition of all transi-
tions will lead to interferences with beat frequencies at
multiples of 2cobxe and oce.

3 EXPERIMENTAL

The laser source is an ultrashort Ti:S laser system
making use of the chirped pulse amplification tech-
nique yielding 110 fs laser pulses of 500 |uJ energy.
Half of the laser output is used to pump an optical
parametric amplifier (OPA). The OPA pulse (duration:
130 fs, energy: -10 (iJ, X: 550 - 720 nm) is evenly split
to create the pump and the probe pulse. The Stokes
pulse is produced using 10 - 100 (iJ of the output of
the Ti:S laser at 785 nm. The frequency of the OPA is
tuned, so that its difference to that of the Stokes pulse
corresponds to the frequency of the normal mode
under investigation. % probe

Pump

Stokes

J
Aj=0±2
Av=±l

signal

Fig. 1: Experimental setup.

As shown in Figure 1 the three beams are focused in
a forward BOXCAR configuration by a 500 mm lens
into the molecular beam or alternatively into the flame
or cell. The probe pulse is delayed with a computer
controlled translation stage. The resulting signal beam
is recollimated, filtered in a monochromator and de-
tected with a photomultiplier tube.
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4 RESULTS AND DISCUSSION

Fs-CARS transients are recorded for N2 (v=2330cnr1)
and the two Raman-active normal modes of the
ground state of acetylene (v1=3372cnr1, v2=1973cm1)
in the expansion zone of a pulsed molecular beam. In
the molecular beam, collisional dephasing is negligible
and the coherently excited sample survives up to long
delays, which improves the accuracy of the determina-
tion of the molecular constants. An example is shown
in Figure 2 and the results in Table 1 are in agreement
published data.

fit: ae= 0.006824 cm"1

T=125K

100 200 300 400

Probe pulse delay [ps]
500

Fig. 2: Fs CARS transient for the v2 vibration of the
acetylene ground state measured in a pulsed molecu-
lar beam.

mode h-BoIcnr1]
this work literature

C2H2

C2H2

N2

v1=3373 cm"1

v2=1974cnv1

v=2330 cm"1

.006824 (7)

.006176(4)

.017341 (6)

.0068 a

.0061 a

.017370 (1)b

Table 1 : Comparison of the measured values of ae to
literature data. Note that at this level of the expansion

With increasing temperature and in presence of colli-
sions the temporal structure of the transients becomes
more complex since higher rotational and vibrational
states are populated. The signal amplitude decreases
rapidly in time due to collision-induced dephasing.
However, the molecular coherence can still be fol-
lowed thanks to the high S/N ratio offered by the
FWM-technique.
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Fig. 3: Measured and fitted fs-CARS transient on N2

in a partially premixed methane air diffusion flame.

Figure 3 shows the CARS-response of N2 measured
in the time domain in an atmospheric pressure meth-
ane/air diffusion flame. We simultaneously fit 8 pa-
rameters: the gas temperature, the higher order spec-
troscopic constants ae, ya, p\ cô xe, and three parame-
ters required to correctly describe the coherence de-
cay due to rotational energy transfer. This model is
based on the energy corrected sudden approximation
(ECS) theory in conjunction with a power gap law
(ECS-P). It comprises a temperature dependent cross
section A(T), the length scale of the collisional process
Xc, and ythe coefficient of the power gap law [6].

cell flame literature

T
Bi-B(

Ye

P
coexe

A(T)

Xc

Y

[K]
,[10-2cm-1]

[10"5cm-1]

[10"8cm-1]

[cm"1]

[10"3cm-1]

[A]

296.3 (9)

1.7391 (6)

n.a.

1.40 (25)

n.a.-

7.47 (22)
-

0.74(14)

1.08(10)

1316(23)

1.7395 (5)

-2.3 (2)

0.6 (3)

14.351 (4)
-

8.76 (26)

0.59 (39)

0.96 (25)

-
-1.7370 (1)a

-2.85 (2)a

1.02 (3)a

14.3304 (3)a

7.71 (31 )b

9.82 (32)b

0.748 (47)b

1.245 (66)b

Table 2: see text. a: Ref. [5],b: Ref. [6].

The results of the fit are summarized in Table 2 includ-
ing the result obtained in a cell filled with N2 at 200 mb
and RT. The fitted temperatures agree well with that in
our laboratory of 22-23 eC, respectively with 1350 ± 50
K measured in the flame using a thermocouple device.
The fitted spectroscopic parameters and those de-
scribing the collisions compare well with published
data. The main spectroscopic constants ae and Gy<e,
however, show a significant systematic deviation in the
order of 0.15 % which might be due to calibration error
of the translation stage.
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OBSERVATION OF STATE-TO-STATE ROTATIONAL ENERGY TRANSFER IN
EQUILIBRIUM MEDIA

P.P. Radi, A.P. Kouzov (St.-Petersburg State University, Russia), P. Beaud, T. Gerber

Two-color resonant four-wave mixing (TCRFWM) is applied to the investigation of rotational energy trans-
fer (RET). We show that the technique has the potential to yield information on state-to-state collisional
energy transfer of transient molecules in both, their ground and excited electronic state. Furthermore, since
the method can be applied to high density and high temperature environments, it yields RET rates in situ
and provides data to validate theoretical models.

1 INTRODUCTION

Inelastic collisional energy transfer controls the inter-
nal energy of molecules and determines ultimately the
result of reactive encounters between molecules.
Thus, the detailed dynamics of molecular collisions
determine the rate of a chemical process and are,
therefore, of fundamental interest. From a spectro-
scopic point of view, collisional effects have to be
taken into account for determining molecular line
shapes and saturation behavior. In particular, accurate
knowledge on RET is essential for quantitative appli-
cations of diagnostic methods such as absorption
spectroscopy and laser-induced fluorescence (LIF) in
combustion processes. In general, all state-to-state
collision rates at the flame conditions have to be
known. It is important to notice, that for such environ-
ments there is always more than one collider species
present and many rotational levels are populated.
Also, the RET cross sections are strongly dependent
on collisional frequency and kinetic energy.

As a consequence, a large number of experimental
and theoretical studies on state-to-state RET have
been performed using stable molecules and radicals.
Most investigations have been accomplished for the
electronically excited state. Fewer measurements of
RET for ground state molecules have been reported.
These experiments involve the preparation of a vibra-
tionally and/or rotationally excited state on the ground
potential energy surface. Excitation can take place
either by chemical activation or by photolysis of a suit-
able precursor. Alternatively, infrared (IR) excitation
methods are applied. However, IR selection rules are
somewhat restrictive, and until recently, there have
been few intense monochromatic, readily tunable IR
light sources. To the best of our knowledge no state-
to-state RET rates on the ground state potential sur-
face have been measured in high density and high
temperature environments. In fact, to validate theoreti-
cal models, such state-to-state RET rates obtained in
an equilibrium media, such as a flame, are much de-
sirable.

2 EXPERIMENTAL

The arrangement of the optical system for TCRFWM
has been described in detail [1] and is briefly outlined
in the following. Two separate Q-switched Nd:YAG
laser pumped dye laser systems are frequency-
doubled using KDP crystals to generate the PUMP
and PROBE beams to establish a forward box TC-
RFWM configuration. DCM, Sulforhodamin or Pyri-

din 1 dyes are used to cover the (0-0) and (1-0) vibra-
tional bands of the A 3 n - X 3E" electronic transition of
NH. The same spectral regions access the (0-1) and
(0-0) vibrational bands of the A 2Z+ - X 2 n system of
OH. The forward box TC-RFWM configuration de-
scribed in [1] has been modified by introducing polari-
zation rotators in the beam path of the PROBE and
one of the PUMP beams. In this way, arbitrary polari-
zation geometries of the electric fields are readily real-
ized. We utilize the standard nomenclature of [2] to
distinguish possible configurations of the linear polari-
zations e4eie3e2 viz., YYYY, YXYX, etc. The sub-
scripts 1 and 2 refer to the two pump fields, whereas 3
and 4 label the probe and signal fields, respectively.
The large dynamic range for the signal intensity that is
required for this experiment is obtained by introducing
the appropriate neutral density filters in front of the
phototube. All measurements of OH and NH are per-
formed in a H2/O2/N2 and H2/NH3/O2/N2 flame stabi-
lized on a welding torch, respectively.

3 THEORY

RET couples nearby rovibronic states and induces
transitions in the TCRFWM spectra (provided it is fast
compared to the time duration of the laser pulse).
These resonances originate from neighboring rota-
tional substates sharing no common level with the
pumped states. The standard theory developed so far
([2] and references therein) exploits three-level
schemes, for which both transitions share a common
level either in the ground (UP) or excited electronic
state (SEP). As a consequence of the implemented
diagonal relaxation matrices, the theory yields line
broadening only and fails to explain the collision-
induced resonances. Recently, we have extended the
existing theory to a general, four-level theory using the
Fano-Mori and line-space techniques [3, 4]. The ap-
proach shows how rotationally inelastic collisions per-
turb the ground/upper electronic state gratings and
trigger new transitions in equilibrium gases. Further-
more, the technique is able to yield in situ state-to-
state collisional rates for transient molecules. Such
data are required to increase the understanding of
collisional dynamics.

4 RESULTS AND DISCUSSION

A detailed description of the analysis of recent ex-
perimental results on OH and NH and the evaluation
of the state-to-state RET rates is beyond the scope of
this report and can be found elsewhere [3, 4]. Here,
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we illustrate the power of the method by considering
the fine-structure labels of radicals. In fact, molecular
radicals, which have open-shell electron configura-
tions, exhibit generally a coupling of the nuclear rota-
tional angular momentum with the non-zero electron
spin and/or orbital angular momentum leading to the
presence of several fine-structure levels for each
value of the nuclear rotational angular momentum.
Rotationally inelastic collisions can change the nuclear
rotational momentum and/or the fine-structure labels
of the molecular free radical. Knowledge on these
energy transfer rates are important for laser diagnos-
tics of free radicals in combustion environments, mod-
eling of interstellar masers, etc.
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Fig. 1: Propensity for the conservation of the fine
structure label in the 3£- ground electronic state of NH.
See text for details.

Figure 1 depicts RET lines of the A 3 n - X 3E~ band of
NH recorded by applying the YXXY configuration. The
probe laser is fixed at the rovibronic transitions 0^(4),
Q3(4) and Q2(4) in the 0-0 vibrational band for the
upper, middle and bottom trace, respectively. Thus,
different fine-structure levels F-,, F2 and F3 of N=4 in
the ground state are addressed [5]. By scanning the
pump laser in the 1-0 vibronic band, intense UP transi-
tions for Qj(4), i=1,2 and 3, are observed. The rota-
tional quantum number N is shown on the comb for
assignment of the different fine-structure levels. In
addition to the UP transitions, a number of peaks are
observed that are due to collisional energy transfer in
the ground electronic state. Some interesting results
are readily perceived. The decrease of the state-to-
state cross sections with increasing AN is clearly ob-
servable for 0^(4) and Q3(4), as expected from the

large energy spacing of this hydride. The same trend
is discernible for Q2(4). Note, however, that the latter
transition overlaps with neighboring resonances in the
(0-0) band (Q3(10) and Q3(9)) and gives rise to addi-
tional peaks in the spectrum. Furthermore, Figure 1
shows that there is a clear propensity for the conser-
vation of the fine-structure label. In fact, for a molecule
in a 3E state, which follows closely Hund's case (b)
coupling like NH, there should be a conservation of
the fine-structure levels in collisions. This is a conse-
quence of the fact that the electron spin is only loosely
coupled to the molecular axis and remains a spectator
during the collision. Its direction is not changed as
there is generally no magnetic torque exerted in mo-
lecular collisions.

In summary, we have developed experimentally and
theoretically a novel sensitive technique for the inves-
tigation of collisionally induced energy transfer proc-
esses in equilibrium media. The method has been
applied to OH and NH in a flame. For the first time,
polarization-dependent state-to-state RET rates of the
ground state have been observed experimentally in a
high density and high temperature environment. Fur-
thermore, we have shown that TCFWM is applicable
for detailed studies of propensity rules for the change
in the fine-structure label.
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SELECTIVE CATALYTIC REDUCTION OF NO AND NO2 AT LOW TEMPERATURES

M. Koebel, G. Madia, M. Elsener

A feed gas containing both NO and NO2 can react with NH3 according to two different reaction pathways at
low temperatures: The fast SCR reaction has a positive and the ammonium nitrate reaction has a negative
temperature coefficient. The deposition of ammonium nitrate in the pores of the catalyst may lead to its
temporary deactivation.

1 INTRODUCTION

Forthcoming European legislation pertaining to heavy
duty diesel engines calls for the simultaneous reduc-
tion of both particles and NOX emissions. It is now
generally assumed, that the EURO 4 emission stan-
dards proposed for the year 2005 will be no longer
feasible by primary measures alone but will require
additional aftertreatment techniques.

A possible technique to reduce NOX in lean exhaust is
SCR (selective catalytic reduction). Due to toxicologi-
cal and safety considerations urea is preferred over
ammonia as a selective reducing agent. Urea may be
regarded as a solid storage compound for ammonia,
which is the active agent in both cases. Urea SCR has
been investigated by us and others in the last years as
the most promising technique to reduce NOX in the
exhaust of mobile diesel engines [1, 2]. The main ef-
fort is directed to heavy duty engines used in trucks,
but attempts are also made to develop a suitable
technique for diesel passenger cars.

The main reaction of SCR with ammonia is:

2 NH3 + 2 NO2 —> NH4NO3+ N2 + H2O (4)

4 NH3 + 4 NO + O2 4 N2 + 6 H2O (1)

On the typical SCR catalysts based on TiO2-WO3-
V2O5 the "standard SCR" reaction has a useful rate in
the temperature range 250-450°C. However, at lower
temperatures, the kinetics of this reaction are too slow
for the practical application in a mobile SCR system.
In a mobile system, only limited catalyst volumes are
acceptable and this calls for a higher rate of the reac-
tion.

In order to increase the rate of NOX conversion it has
been proposed to utilise the fact that the reaction rate
of an equimolar mixture of NO and NO2 is much
higher [1] ("fast SCR"):

4 NH3 + 2 NO + 2 NO2 4 N2 + 6 H2O (2)

In a practical system the additional NO2 is produced by
an oxidation precatalyst (Pt-based) upstream of the
SCR catalyst. NO2 fractions above 50 % of total NOX

should be avoided because excess NO2 can only react
in a third slower reaction:

4 NH3 + 3 NO2 3.5 N2 + 6 H2O (3)

It is also well known from the manufacturing process
of nitric acid that NO2 and NH3 may form solid ammo-
nium nitrate at low temperatures [3,4]. The reaction
mechanism involves the dimerization of NO2 and the
overall equation is:

In the following we report some basic experiments of
this highly interesting chemistry. The practical issue of
these experiments is to find the lowest possible tem-
perature limit of the fast SCR reaction for the practical
application of the process.

2 EXPERIMENTAL

The experiments were performed in a flow-trough
reactor (gas flow ~ 300 lN/h). The base feed gas used
was adapted to a typical diesel exhaust gas, contain-
ing 10 % O2 and 5 % H2O with balance N2. NO and
NO2 were added at various proportions to compose
NOX and NH3 was used as reducing agent. The gases
at the reactor outlet were analysed by means of an
FTIR spectrometer.

A ternary catalyst composed of TiO2, V2O5, WO3 was
used as a powder and as a monolithic sample. Further
details have been given in [5].

3 RESULTS

3.1 Standard and fast SCR at T>200°C

Fig. 1 shows typical results for a monolithic sample
obtained at 200°C by varying the ratio of NO2/NOX.
The performance plot is obtained by varying the addi-
tion of NH3 for the fixed concentration of 1000 ppm
NOX and measuring the resulting slip (efflux) of NH3 at
the reactor outlet.
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In the practical application only values of DeNOx at
low NH3-slip are of interest. It can be seen that the
DeNOx for an NH3 slip of 10 ppm increases from -20
% for pure NO to =95 % with a 1:1 mixture NO + NO2.
Expressed in terms of a first order rate law this corre-
sponds to an increase by a factor of =13. The benefi-
cial effect of NO2 may also be observed at higher
temperatures, although in a less sensational manner
due to the increasing rate of the standard SCR reac-
tion. On the other hand, NO2 fractions above 50 %
lead to a decrease of the catalyst performance.

3.2 Experiment at T=150°C

Below about 200°C the formation of ammonium nitrate
(solid or liquid) according to reaction (4) must be con-
sidered. On a powder sample at 150°C this is practi-
cally the exclusive reaction. Fig. 2 shows the result of
a typical experiment with a monolithic sample which is
first subjected 30 minutes to a base feed with 1000
ppm each of NO2 and NH3. It may be seen that during
this time a considerable drop of the NH3 concentration
occurs over the catalyst, the drop of NO2 being practi-
cally equal (not shown). Ammonia and NO2 are con-
sumed according to the ammonium nitrate reaction
(4).

NH3 consumed in the reaction = 0.002925 mol
NH3 desorbed = 0.001636 mol
HNO3 desorbed = 0.00109 mol
blank NH3 = 0.00031 mol

40 60 80

time [min]

Fig. 2: Efflux of NH3 and HNO3 behind monolithic
catalyst sample. For details see text.

An important issue is the decomposition products
resulting from a subsequent heat-up of the ammonium
nitrate formed. The subsequent thermal decomposi-
tion experiment shows that the decomposition yields
only ammonia and nitric acid. Within the experimental
error and considering the blank adsorption of NH3, half
the amount of each NH3 and NO2 adsorbed are re-
leased in the thermal decomposition experiment ac-
cording to:

NH4NO3 —> NH3 + HNO3 (5)

It is well known from the literature [6] that pure ammo-
nium nitrate can also decompose into N2O and water
according to:

NH4NO3 N2O + 2 H2O (6)

In the above experiment no N2O could be detected.
Only if the experiment is performed without water in
the feed, some N2O (~ 10 %) is formed in the subse-
quent thermal decompostion experiment.

3.3 Behaviour between 150 and 200°C

Figure 3 shows the behaviour of both powder and
monolithic catalyst samples with a 1:1 NO-NO2 mix-
ture in the base feed gas in the temperature range
150-200°C. Due to the fact that the fast SCR reaction
(2) consumes equimolar amounts of NO and NO2, but
the ammonium nitrate reaction NO2 only, the contribu-
tions of both reactions may be calculated. It can be
seen that the ammonium nitrate reaction contributes
increasingly with decreasing temperature to the total
DeNOx. The fast SCR reaction follows an opposite
trend.
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THERMOPHOTOVOLTAIC DEMONSTRATION SYSTEMS

J.C. Mayor, W. Durisch, F. von Roth, B. Bitnar

A 20 kWth thermophotovoltaic (TPV) generator with a selective ytterbium oxid emitter and silicon photocells
has been realised. The theoretical prediction of the existence of an optimum emitter temperature at which
the electrical efficiency reaches its maximum has been experimentally confirmed. A comparison of different
photocells under TPV irradiation conditions shows the importance of cell selection for specific TPV applica-
tions. In a small demonstration system of 1.35 kWth an electrical efficiency of 2.1 % has been reached.
Possibilities for a further improvement of the electrical efficiency are presented.

1 INTRODUCTION

The principle of thermophotovoltaic (TPV) is the con-
version of thermal radiation emitted by a hot radiator
into electricity using suitable photocells. The TPV gen-
erator developed at PSI was already described in an
earlier Annual Report, [1]. This article describes the
progress achieved during the year 2000. The most
important action was the realisation of a TPV demon-
stration generator working with a 20 kW methane
burner, a selective ytterbium oxid emitter (Yb2O3) and
commercially available silicon solar cells. This system
generates an electrical output power of 164 W. The
radiation power at the emitter surface is 1.8 W/cm2 in
the wavelength range X e [0.6 - 1.3 |im] at a tempera-
ture of 1736 K.

2 20 kW DEMONSTRATION SYSTEM

Figure 1 shows a view of the 20 kW TPV demonstra-
tion system. Clearly visible are the central methane
burner surrounded by the selective Yb2O3 emitter (A =
500 cm2) and the water cooled photocell modules (A =
2030 cm2) in the peripheral zone. The vertical photo-
cell arrangement consists of three rings of cells placed
on top of each other and coupled in parallel. In order
to protect the photocells against the hot exhaust
gases, a cylindrical quartz tube is situated between the
emitter and the photocells. The specific electric power
of the central ring of photocells reachs 103 mW/cm2

which roughly corresponds to 6.5 times the value ob-
tained by normal solar irradiation.

The maximum electrical power of 164 W is reached at
a burner power of 20 kW whereas the max. electrical
efficiency of 1 % occurs at a burner power of roughly
12 kW. These measurements fully confirm the theo-
retical expectations. Furthermore these results show
that the specific flame power on the emitter should be
reduced from 46 W/cm2 to 28 W/cm2 in order to shift
the max. efficiency to the nominal burner power of 20
kW. This can be achieved through an increase of its
radiative surface. This purely geometrical adjustment
would allow to reach an electric power output of
roughly 200 W. Using TPV tailored photocells up to
300 W are to be expected.

Fig. 1: View of the 20 kW TPV demonstration sys-
tem.

3 CONCLUSION AND OUTLOOK

A TPV demonstration system working with a 20 kW
methane burner which actually produces 164 W elec-
trical power is presented. The electrical efficiency of
the system is sufficient to realise a residential gas
heating system running indepently of any external
electricity supply. Possibilities to further increase the
electrical efficiency of the system have been clearly
identified and should be implemented in a future de-
velopment phase. These are: reducing the specific
power of the emitter, avoiding radiation losses in axial
directions by using reflectors and using better photo-
cells or even low bandgap photocells with an Er2O3

selective emitter.
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AC IMPEDANCE ANALYSIS OF BIFUNCTIONAL AIR ELECTRODES

S. Muller, F. Holzer, H. Aral (on leave from NTT Laboratories, Japan), O. Haas

The electrochemical properties of bifunctional air electrodes for electrically rechargeable metal/air batteries
were investigated using ac impedance spectroscopy. The PTFE-bonded electrodes contained a
perovskite-type catalyst (La06Ca04CoO3), which was dispersed on high-surface-area carbon or on graphit-
ised carbon. In addition the stability of the electrodes was investigated using continuous cycling tests.

1 INTRODUCTION

Due to their high specific energy and their inexpensive
and environmentally benign materials, electrically re-
chargeable metal/air batteries are promising power
sources. The cycle life and power drain capability
mainly depend on the activity and stability of the bi-
functional air electrode. Air electrodes typically contain
a catalyst dispersed on a carbon substrate. This mix-
ture is PTFE-bonded and forms the active part of the
porous gas-diffusion electrode [1].

In this report we analyse the overpotential contribu-
tions made by the different processes in the air elec-
trode using electrochemical impedance spectroscopy
(EIS) [1]. We also evaluate carbon materials of poten-
tial utility as catalyst substrates in these electrodes.

2 EXPERIMENTAL

The different carbon and graphite substrates used in
the electrodes are listed in Table 1. Part of the carbon
black (CB) was graphitized at 2700°C in order to im-
prove its corrosion resistance. The active layer of the
air electrodes was prepared using a mixture of cata-
lyst, carbon substrate, and PTFE binder. The ratios of
these compounds are listed in Table 1. In contrast to
the stable corrosion-resistant, low-surface-area (<100
m2/g) graphitised carbon black (GCB), the carbon
CB1-3 had a specific B.E.T. surface area of 1500
m2/g.

The test cell was equipped with an air electrode
(0.5 cm2), a spirally wound platinum wire as the coun-
terelectrode, and a Hg/HgO reference electrode. Im-
pedance spectra were measured potentiostatically
over a frequency range typically from 10 kHz to
10 mHz. The impedance spectra were analysed using
an equivalent circuit (Figure 1) containing the electro-
lyte resistance (Rei), the charge-transfer resistance
(Ret), the double-layer capacitance (Cd), and two finite
diffusion terms shown to be associated with oxygen
dissolved in the electrolyte solution and with the perox-
ide ions generated at the electrode by the electro-
chemical reaction [1].

Cycle life tests of bifunctional oxygen electrodes were
carried out with 25-cm2 electrodes. One full cycle in-
cluded 3 h of cathodic and 3 h of anodic operation.
The current density was +/- 6 mA.cnrT2. After each
half-cycle a break of 12 minutes occurred.

Nemstian Nernstian
diffusion 1 diffusion 2

Fig. 1: Equivalent circuit for the air electrode contain-
ing the electrolyte resistance (Rei), the charge-transfer
resistance (Rct), and two Nernstian diffusion terms in
parallel with the double-layer capacitance (Cd).

Carbon Material

CB1
CB2
CB3
GCB

Catalyst
(wt %)
40
25
0
40

Carbon
(wt %)
40
55
80
40

PTFE
(wt %)
20
20
20
20

Table 1 : Carbon Black (CB) and graphitised
(GCB) materials tested. Carbon treatment: CB
received), GCB (graphitised 1 h @ 2700 °C, He).

3 RESULTS AND DISCUSSION
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Fig. 2: Current-potential curves of electrodes CB1
(filled circles), CB2 (filled squares), CB3 (filled trian-
gles), and GCB (empty circles).

Among the carbon-black electrodes 1-3, the
perovskite-activated electrodes exhibited a better per-
formance in oxygen reduction than CB3 which con-
tained no catalyst (Figure 2). The catalysed electrode
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with graphitised carbon black as a substrate (GCB)
exhibited poorer performance (higher polarisation)
than the high-surface-area electrode CB3 without
catalyst. This result suggests that the right selection of
the carbon substrate is important for the polarisation
behaviour of the electrodes.

100
-2

20 40 60 80
Current density / mA cm'

Fig. 3: Derivatives (5E/5i) of current-potential curves
of electrode CB1 measured in oxygen and air flow
(solid lines). The values of total impedance obtained
from (Rmax-Rmin) at 10, 20, 50 and 100 mAcnr2 are
shown as circles (filled: oxygen gas flow, empty: air
flow).
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Fig. 4 Nyquist plots for electrode CB1 at cathodic
current densities (a) 100, (b) 20, and (c) 10 mAcnr2.

Figure 3 shows the derivatives (8E/8i) of current-
potential curves recorded at electrode CB1 and, as
points, the values of Rmax-Rmin obtained from Figure 4,
where Rmin and Rmax are the real parts of resistance in
the Nyquist plot at the high and low frequency limit,
respectively. The points obtained from the impedance
plots nicely coincide with the curves obtained from the
current-potential curves. This result demonstrates that
the two measurements contain the same information.

The two semicircles shown in Figure 4 characterise
the two Nernstian diffusion processes included in the
electrochemical reaction, namely the diffusion of feed
gas and the diffusion of HO2" and OH". In additional
experiments we found that the contribution of feed-gas
diffusion is responsible for the semicircle at lower fre-
quencies while ionic diffusion is responsible for the
high-frequency semicircle.

The impedance spectra obtained with electrodes CB1,
CB2, CB3 and GCB were analysed using the equiva-
lent circuit depicted in Figure 1. From the charge-

transfer resistance (Rct) one can calculate the ex-
change current density i0 = RT/zFRct. A value of 0.4-1
imA/cm2 was obtained using the real surface area,
which is about 1000 times the geometrical surface
area. This result is in agreement with i0 data obtained
from pure carbon electrodes. Electrode GCB had lar-
ger Rtot and smaller Cd values, suggesting that its
electrochemically active surface area is smaller than
that of electrodes CB1-3. At low current densities (10
mAcnr2) the contribution of ionic diffusion to the total
resistance (Rtot) was found to be predominant (70-
80 %) for all electrodes.

The limiting factor for the cycle life of bifunctional air
electrodes is carbon stability at oxygen generation
potentials. It can be seen from Figure 5 that the stabil-
ity of the graphitised carbon-black electrode (GCB) in
continuous oxygen reduction and generation cycles is
much higher than that of the high-surface-area CB
electrode.

1000

Time t (h)

2000 3000 4000 5000

GCB: 40% Cat.

100 200 300
Cycle Number

400

Fig. 5: Cycle life of the GCB and CB electrode at +/-6
mAcnrr2.

4 CONCLUSION

Ac impedance spectroscopy is a useful tool for the
characterisation of gas-diffusion electrodes. Using a
plausible equivalent circuit, one can evaluate the diffu-
sion and charge-transfer resistance of the electro-
chemical process at the electrode, and useful direc-
tions for electrode improvement can be deduced. The
results of the present investigation indicate that the
activity of the gas-diffusion electrode can be improved
by using high-surface-area carbon in the active layer
of the electrode. However, the cycling stability is low-
ered when using such a catalyst substrate.
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IN-SITU SYNCHROTRON XAS AND XRD INVESTIGATION ON BIFUNCTIONAL
OXYGEN-ELECTRODE CATALYSTS

O. Haas, S. Muller, F. Holzer, X.Q. Yang (BNL), X. Sun (BNL), M. Balasubramanian (BNL),
J.M. McBreen (BNL, USA)

Crystalline perovskite powders of different compositions were examined by XANES, EXAFS, and X-ray
diffraction. The influence of perovskite stoichiometry on the cobalt K-edge energy was investigated, and
Co-nearest-neighbor distances in Lao.6CaOACo03 samples were evaluated from EXAFS measurementsi

1 INTRODUCTION

In our laboratories, La0.6Cao.4Co03 perovskite is used
as an electrocatalyst in bifunctional oxygen-diffusion
electrodes of Zn/air batteries. Last year we reported
some in-situ XANES results obtained during charge
and discharge of such a Zn/air battery. These results
revealed that the valence state of cobalt changes
while the potential is scanned from the potential of
oxygen reduction to that of oxygen evolution. We have
now prepared perovskites differing in their stoichiome-
try (namely Lao.4Cao.6Co03, Lao.5Cao.5Co03,
La0.6Cao.4Co03 and LaCo03), and measured the near-
edge region (XANES) of the Co K-edge as well as the
EXAFS spectra of these compounds (after obtaining
confirmation by XRD measurements that these sam-
ples had the expected perovskite structure).

2 EXPERIMENTAL

X-ray absorption was measured on beam line X-11A
of the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory (BNL) with the stor-
age ring operating at 2.52 GeV beam energy and with
beam currents between 340 mA and 140 mA. A
Si(111) double-crystal monochromator was used for
energy selection. The intensities of the incident and
transmitted X-rays were monitored by nitrogen-filled
ionization chambers.

X-ray diffraction data were collected in the trans-
mission mode on beam line X-18A of the NSLS at
Brookhaven at an energy of 10,375 eV (X =1.195 A).

The perovskite catalyst was prepared by calcination of
citric La, Ca, and Co precursor salts at 700 °C, as pre-
viously described [1].

Samples for the x-ray absorption measurements
(XANES and EXAFS) were prepared by mixing the
pure perovskite powder with BN (1 : 5) and pressing
these diluted samples to pills. These samples were
mounted on an adequate sample holder and brought
into the X-ray beam. The arrangement of the in-situ
measurements can be seen in last year's annual re-
port.

3 RESULTS AND DISCUSSION

XANES investigation. The edge in the XANES spec-
trum is expected to shift when the valence state of
cobalt is altered. In the higher valence state, electrons

are more strongly bound to the Co nucleus, hence the
absorption edge - where the X-rays start to knock out
electrons - will be shifted to a higher energy.

7680 7700 7720 7740 7760 7780 7800 7820
eV

Fig. 1: XANES spectra of La0.6Ca0.4CoO3,
La0.5Ca0.4CoO3, La0.4Ca0.6CoO3, and LaCoO3 powders
diluted with BN (1 :5). (xmu is the normalized x-ray
absorbance)

Figure 1 shows that there is almost no shift in the Co
edge when the La/Ca ratio in the perovskite is
changed from 0.4/0.6 to 1.0/0. This must be due to the
fact that these samples have all been prepared at the
same temperature (700°C) in air, and thus at the same
oxygen partial pressure. The Co edge is shifted to
lower energies when La0.6Ca0.4CoO3 subsequently is
incorporated into a porous gas-diffusion electrode,
which occurs by sintering of the electrode at 330 °C
(curve ELaO6 in Figure 2). We may suppose that this
is due the fact that cobalt is slightly reduced by the
carbon substrate during the sintering process, even
though the perovskite structure remains essentially
unchanged, according to X-ray diffraction. It is most
probably the oxygen partial pressure which determines
the final oxidation state of cobalt. With cobalt having
the same valence state at different La/Ca ratios (which
in fact were confirmed by atomic absorption analyses),
the samples should have corresponding oxygen defi-
ciencies compensating for the loss of positive ionic
charge which occurs when La is replaced by Ca in
the perovskite. We will set up some experiments with
which we hope to see whether this oxygen deficiency
can be confirmed by XPS measurements.

At different potentials, in an electrochemical cell the
valence state of cobalt in the cobalt compound con-
tained in the electrodes should change when the
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Co37Co4+ redox potential is in the potential range ex-
amined. Unfortunately, this redox process is very slow,
and in the cyclic voltammograms of the
La0.6Cao.4Co03-catalysed electrodes, very sluggish
current waves are seen which in fact could also be
due to the carbon used as a substrate of the catalyst.
From these cyclic voltammograms one only may
guess that there is some redox activity of Co within the
potential range examined (0.9 - 2 V vs. Zn). The fact
that the edge is shifted by about 2 eV can be taken as
an indication that the redox potential is near to, but
probably not between these two potential limits. (Note
that the edge shifts by about 15 eV for the full change
in valence state from Co0 to Co3+. This was confirmed
experimentally by simultaneously measuring Co metal
foil and a sample of LaCo03 where cobalt is known to
be present as Co(lll).

7670 7690 7710 7730 7750 7770 7790 7810
eV

Fig. 2: XANES spectra of a sample of La0.6Cao.4Co03

incorporated into an electrode (ELaO6), of a sample of
La0.6Cao.4Co03 powder diluted with BN (1 : 5) (PLA06),
and XANES spectra recorded in situ in an electro-
chemical cell at La0.6Cao.4Co03-catalyzed electrodes
at 0.9 V and 2.0 V vs. Zn, respectively.

Figure 2 shows the near-edge X-ray absorption spec-
tra of an electrode measured in situ at 0.9 and 2.0 V
vs Zn, together with the XANES spectra recorded at
samples of Lao.6Ca0.4Co03 incorporated into an elec-
trode (ELaO6) or as powder diluted with BN (1 : 5)
(PLaO6).

The EXAFS spectrum of the La0.6Cao.4Co03 powder
diluted with BN (1 :5) has also been measured and
then analyzed using the multiple-shell data analysis
program XDAP [2]. The Fourier transforms (Figure 3)
show peaks at 1.57 and 3.25 A. The peak at 1.57 A
can safely be assigned to the oxygen shell, and consti-
tutes an indication for the distance between Co and
oxygen in this compound. Corrections for phase shifts
leads to a Co-0 distance of 1.9 A. The second peak
most probably is due to the X-ray scattering properties
of Lanthanum. Work in preparation should show
whether there is any change in the nearest-neighbor
distances when the electrode is used in the battery at
different potentials, or when the La/Ca ratio changes.

4 CONCLUSION

The results of in-situ and ex-situ X-ray absorption ex-
periments on La04Ca0.6CoO3, La05Ca0.5CoO3,
La0.6Cao.4Co03 and LaCoO3 powder samples reveal

10.0
r(A)

Fig. 3: Fourier transform function of the EXAFS sig-
nal obtained from the Lao.6Ca0.4Co03 powder sample.
This representation shows distinct peaks at nearest
neighbor distances.

that there is almost no shift at all in the Co K-edge
when the La/Ca ratio is changed from 0.4/0.6 to 1/0,
whereas a remarkable shift of the Co K-edge is ob-
served when the perovskite is incorporated in the po-
rous carbon electrode and the electrode is used in an
electrochemical cell at different potentials. The results
obtained from the powder samples may be explained
in terms of an increase in oxygen deficiency which
occurs with decreasing La/Ca ratio.

The shift of the Co-edge towards lower energies ob-
served during preparation of the perovskite-catalyzed
electrodes indicates that a certain reduction of the
catalyst by the supporting carbon occurs at the prepa-
ration temperature.

The shift of the Co-edge towards higher energies that
is observed while recording cyclic voltammograms at
La0.6Cao.4Co03-catalyzed electrodes indicates that the
Co(lll)/Co(IV) redox potential must be close to the
upper limit of the potential range (0.9 to 2.0 V vs. Zn)
examined.

X-ray diffraction data have shown that the perovskite
structure on the whole is preserved in all samples
tested in this work.
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PULSED LASER DEPOSITION OF ELECTROCHEMICALLY
ACTIVE PEROVSKITE FILMS

M.J.Montenegro, T. Lippert, S. Muller, A. Wokaun, P. Willmott (University of Zurich)

Bifunctional catalysts play an important role in the realization of powerful electrically rechargeable metal-air
batteries. Perovskites such as La0.6Ca0ACoO3 are promising candidates for catalysing oxygen reduction
and oxygen generation in bifunctional air electrodes. It has been shown that PLD is an attractive method to
prepare thin, dense and crystalline films of perovskites on selected substrates.

1 INTRODUCTION

Oxygen reduction and evolution are important proc-
esses in various electrochemical devices such as fuel
cells or metal-air batteries. For electrically rechargeable
metal-air systems, there is a great challenge in develop-
ing a catalyst active both for oxygen reduction and for
oxygen evolution. Some materials such as perovskites,
spinels and pyrochlores appear promising as bifunc-
tional catalysts. In previous studies, good bifunctional
electroactivity for oxygen reduction/evolution was dem-
onstrated for La0.6Cao.4Co03 (LCCO) [1]. Carbon-
supported metal oxides in porous gas-diffusion elec-
trodes are usually prepared for activity investigations.
Carbon is an inexpensive and highly conductive support
material, but it acts also as an oxygen reduction catalyst
in alkaline medium and tends to be unstable under oxy-
gen evolution conditions. These carbon properties give
rise to difficulties in mechanistic studies and in the
evaluation of catalyst performance. A different prepara-
tion method must be used for preparing crystalline thin
films of the catalyst well adhering to a stable, inactive
substrate. Pulsed laser deposition (PLD) has been
shown to be a superior technique for the production of
crystalline thin films of multicomponent oxides having a
well-defined stoichiometry [2]. On a lattice matched
substrate, even single crystalline thin films can be
grown.

2 EXPERIMENTAL

LCCO targets were prepared by pressing metal-oxide
powders synthesized by spray pyrolysis. The PLD ex-
periments were carried out with a special PLD system at
the University of Zurich, [3]. The films were deposited
on MgO substrates (10 x 10 x 0.5 mm) at 550 and
650°C. The films were characterized by Rutherford
Backscattering (RBS) and X-ray Diffraction (XRD)
analysis.

The electrochemical activity of the LCCO film for oxygen
evolution was measured with a three-electrode ar-
rangement with the LCCO as working electrode, a Pt-
wire as counterelectrode, and a Hg/HgO as reference
electrode.

3 RESULTS AND DISCUSSION

The f i lm sto ich iometry (Lao.64±o.o4Cao.35±o.o2Coo.95±o.o503±o.2i)

was calculated from RBS spectra, confirming that the
PLD technique is appropriate for the preparation of films
having the same stoichiometry as the target. A film

thickness of 470+20 nm and a surface roughness of
12+2 nm were measured with a Dektak Profilometer.
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Fig. 1: XRD spectra of the LCCO films and E vs I
curve.

The XRD spectra (Figure 1) reveal that the crystallinity
of the oxide phase depends on the substrate tempera-
ture. The first electrochemical measurements per-
formed with LCCO on MgO (Figure 1, bottom) con-
firmed the electrochemical activity of the films for the
oxygen evolution reaction.

4 CONCLUSION

By adjusting the PLD conditions the crystallinity of the
films can be controlled. This is an important parameter
for studying the catalytic activity of differently oriented
crystallite sites. Preliminary investigations revealed a
catalytic activity for oxygen evolution on PLD films of
LCCO on MgO.
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STABILITY OF BIFUNCTIONAL AIR ELECTRODES DEPENDING ON THE CO2

CONTENT IN THE AIR AND STUDY OF DIFFERENT CO2 FILTER MATERIALS

F. Holzer, J.-F. Drillet (Fachhochschule Mannheim), T. Kallis (DaimlerChrysler AG), S. Muller

The stability of bifunctional oxygen electrodes used in electrically rechargeable zinc/air batteries was inves-
tigated in air/air cells as a function of CO2 concentration in the feed gas supplied to the oxygen reducing
electrode. With pure oxygen as the feed gas, a limiting lifetime of about 2500 h was first attained at the
oxygen evolving electrode. However, when CO2 concentrations of 400 to 10'OOOppm were present in the
feed gas, the lifetime of the oxygen reducing electrode was drastically shortened due to electrode degrada-
tion by carbonate precipitation inside the pores of its gasdiffusion layer.
Several alkaline CO2-adsorbing materials were tested for their filtering efficiency. It was found that the filter
capacity strongly depends on the relative humidity of the feed gas.

1 INTRODUCTION

Electrically rechargeable zinc/air batteries have very
attractive properties for many applications such as
portable electric devices or electric vehicles. Major
advantages are their high practical specific energy
(approx. 100 Wh/kg), the low cost of zinc as the anode
material, their reversibility in aqueous alkaline electro-
lytes, and the low toxicity of the materials used in this
battery system [1].

However, the cycle life of state-of-the-art zinc/air cells
is strongly influenced by carbonate deposits forming in
the porous gasdiffusion electrode due to the adsorp-
tion of CO2 from the ambient air. Therefore, such an
alkaline battery requires a CO2 filter in order to
achieve adequate cycle life performance of the bifunc-
tional air electrode [1,2].

The CO2 filtering can be accomplished by hydroxide
compounds or amines, which have already been used
in some space applications and in alkaline fuel cells
operated with ambient air [3]. Soda lime, NaOH, LiOH,
Ca(OH)2 and mixtures of these compounds are cheap
CO2 filter materials exhibiting low toxicity. Their action
is based on physical adsorption and chemisorption
processes [4].

The present work aimed at investigating the influence
of the CO2 concentration in air on the lifetime perform-
ance of bifunctional oxygen electrodes, and the influ-
ence of parameters such as filter material mass, air
flow and air humidity on the CO2 filter efficiency.

2 EXPERIMENTAL

Bifunctional oxygen electrode

A driven air/air cell was used in the lifetime measure-
ments of the bifunctional oxygen electrodes. In this
cell configuration, O2-reduction at the cathode and O2-
evolution at the anode can be studied in parallel; these
processes correspond to the oxygen electrode reac-
tions occurring during discharge and charging in an
electrically rechargeable zinc/air battery. The air/air
cell was assembled from two identical 50 cm2 gasdif-
fusion electrodes with La0.6Cao.4Co03 perovskite cata-
lyst on a graphitised carbon substrate. The preparation
of the bifunctional O2-electrodes has been described
elsewhere [2]. The electrolyte used was a 15% KOH
solution saturated with ZnO and containing 1.5 M KF.
This electrolyte is normally used in electrically re-
chargeable zinc/air batteries [2]. A constant current

density of 6 mA/cm was applied to the air/air cells in
tests run continuously without changing a cell's polar-
ity.

CO2 filter

A commercially available plastic tube was used as the
filter body. The filter materials tested were: Soda lime,
LiOH, and a mixture of LiOH and Ca(OH)2. The rela-
tive humidity (RH) of the air feed was adjusted to 35 or
90 % RH before the air entered the filter. The CO2

concentration in the air having passed the filter was
detected with Nondispersive Infrared Spectroscopy
(NDIR). The test equipment is detected in Figure 1.
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Fig. 1: CO2 filter test equipment with gas flow regula-
tor, humidifier, CO2 filter and data box for humidifier
and CO2 sensor.

The end of filter life was defined as the time when the
CO2 concentration in air past the filter, reached a
value of 100 ppm. The corresponding air volume in
litres is reported as the V100 value. The total amount of
CO2 taken up at that point (in mg adsorbed CO2 per g
of adsorbent) is reported as the K1Oo value.

3 RESULTS AND DISCUSSION

Bifunctional oxygen electrode

Figure 2 shows the lifetimes of bifunctional O2-
electrodes determined at a current density of
6 mA/cm2 in pure oxygen and in air containing differ-
ent amounts of CO2 (409, 1000 or 10'000 ppm). In the
air/air cells, the 02-evolving electrode (anode) was the
life limiting electrode with a lifetime of approx. 2500 h
when the O2-reducing electrode (cathode) was sup-
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plied with pure 02. The life limiting electrode was the
cathode when the experiment was performed with
CO2-containing air. The lifetime of the bifunctional 02-
electrodes was about 270 h when the air contained
409 to 1000ppm of CO2, and about 60 h when the
CO2 content of the air was 10'OOO ppm.
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Fig. 2: Lifetime tests of bifunctional 02-electrodes.
Cell potentials measured in pure O2 (A) and in air con-
taining 409 ppm (B), 1000 ppm (C), or "lO'OOO ppm (D)
of CO2.

The cells were disassembled after the experiments,
and the electrodes were visually inspected. Qualitative
analyses revealed that most carbonate particles were
located in the pores of the cathode. This indicates that
irreversible carbonate precipitation takes place in the
hydrophilic layer of the gasdiffusion electrode.

COz-filter

Figure 3 shows the CO2 filter capacities of soda lime,
LiOH and a LiOH/Ca(OH)2 mixture (always with 9.2 g
material in test tube) according to tests with ambient
air containing 409 ppm CO2, an air flow of 20 l/h, and
a relative humidity of the air of 35 or 90 %.
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Fig. 3: CO2 filter capacities of 9.2 g filter materials in
ambient air (409 ppm of CO2) with a flow rate of 20 l/h:
(A) 35 % RH, LiOH/Ca(OH)2, (B) 90 % RH, soda lime,
(C) 90 % RH, LiOH/Ca(OH)2, and (D) 90 % RH, LiOH.

The filtering capacities are poor for dry air (35 % RH),
however, a marked improvement is noticed when the
air is humidified to 90 % RH. All adsorbents tested
were able to reduce the residual CO2 concentration to
a level of 10 ppm. However, the experiment with LiOH
had to be stopped after 2100 I because of water ac-
cumulation in the filter device. LiOH/Ca(OH)2 and soda
lime exhibited similar filtering behaviours up to a re-
sidual CO2 concentration of 20 ppm and a total air
volume of 2500 I. Beyond this point the CO2 concen-
tration measured at the outlet of the soda lime filter
increased less steeply than that at the LiOH/Ca(OH)2

filter.

4 CONCLUSION

The lifetimes of bifunctional 02-electrodes in alkaline
electrolyte were studied as functions of the CO2 con-
centration in the air feed. Since each electrode was
operated either as an oxygen reducing or an oxygen
evolving electrode, it was possible to distinguish dif-
ferent aspects of the CO2 effects in the air electrodes
and their propagation in the cell. The anode was the
life limiting electrode (2500 h) when pure oxygen was
the feed gas at the cathode. With air containing 409 to
1000 ppm of CO2, the cathodes failed after about
270 h. Carbonate precipitation was responsible for the
drop in cathode potential.

For a longer lifetime of oxygen diffusion electrodes,
CO2 must be removed from the air feed. CO2 adsorb-
ents such as soda lime, LiOH and a LiOH/Ca(OH)2

mixture which are cheap and little toxic have been
investigated.

It was found that air humidity is an important factor for
filtering efficiency. Thus, with air having 90 % RH and
409 ppm of CO2, all CO2 adsorbents studied were able
to filter at least 228 lair/g yielding a residual CO2 con-
centration smaller than 20 ppm. The highest filter ca-
pacities were obtained in some additional measure-
ments with the LiOH/Ca(OH)2 mixture using 90 % RH
ambient air (367 mgcce/g)- It should be mentioned that
pure LiOH was unsuitable as a filter material, because
it formed lumps at high air humidity.
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SUPERCAPACITORS BASED ON GLASSY CARBON AND SULFURIC ACID -
MECHANISMS OF SELF-DISCHARGE

M. Hahn, M. Bartsch, B. Schnyder, R. Kotz, O. Haas, M. Carlen (ABB), D. Evard (Leclanche S.A.)

The self-discharge of a single cell double-layer capacitor (DLC) based on glassy carbon and sulfuric acid
was investigated. After an appropriate preoxidation treatment the discharge rate at a cell voltage of 1.0 Vis
found to be below 1 mV/h and thus is as low as that of common organic electrolyte based double-layer
capacitors at their rated cell voltage of 2.3 V. It is shown that the main part of the observed leakage current
is caused by irreversible decomposition of water and carbon, thereby determining the capacitors life time.
The discharge rate is found to be independent on whether transport of solution species between the elec-
trodes is being allowed or not. This indicates that no shuttle mechanism contributes significantly to the
overall self-discharge. Oxygen from ambient air is irreversibly consumed at the negative electrode.

1 INTRODUCTION

Self-discharge does not only affect the energy effi-
ciency of the DLC by loss of charge, but may also
affect the life time by consumption of matter. Whether
there is an influence on life time crucially depends on
the mechanisms of self-discharge [1]. We have to
consider at least two possible pathways:

(i) Reaction-rate controlled leakage by irreversible
decomposition of electrode material or electrolyte
solution.

(ii) Diffusion-limited leakage by a redox couple, giving
rise to a shuttle transport between the two electrodes.
This redox species may be an impurity (e.g. Fe3+/Fe2+)
or an intrinsic redox couple, being produced by re-
versible conversion of electrode material or electrolyte
solution (e.g. H+/H2). The corresponding discharge
rate must drop to zero when any transport between
the half-cells is prevented.

Only if self-discharge is due to an irreversible elec-
trode reaction (route i), then the electrode material
and/or the electrolyte solution are consumed and reac-
tion products are accumulated inside the cell accord-
ing to Faradays law. Clearly, this kind of process will
affect the capacitors life time. On the other hand, if
self-discharge proceeds via a shuttle mechanism
(route ii), there is no net consumption of matter and
consequently no ageing.

2 POSSIBLE ELECTRODE REACTIONS

The thermodynamically possible reactions for the sys-
tem carbon / sulfuric acid and their equilibrium poten-
tials are the following [2]:

£° = 0.00 V

£° = 0.21 V

£° = 0.52 V

2 H -

C02

CO 4

O2 +

v2e

+ 4H+

-2H+

4H%

<=>

+ 4e"

+ 2e"

-4e~

H2

•^

<=>

C +

C +

2H2O

2H2O

H2O

£°= 1.23 V

(1)

(2)

(3)

(4)

As a fifth reaction the formation of a wide variety of not
well defined surface oxides has to be added. At least a
part of these oxides contributes to reversible charge
storage. For glassy carbon up to some 10 % of the
differential capacitance may be attributed to this
pseudo-capacitance [3].

Finally iron, being an ubiquitous impurity in organic
materials, could act as a shuttle depolarizer according
to

Fe3 Fe2 £° = 0.77 V (5)

Equations (1) and (2) determine the narrow potential
window of 0.21 V, where the system is expected to be
thermodynamically stable under standard conditions.
Actually, due to the high overvoltages of most of the
reactions above, a much wider 'kinetic' potential win-
dow of about 1 V is accessible without too much de-
composition.

It is well known that the oxidation of carbon by evolu-
tion of gaseous COX, equation (2) and (3), is totally
irreversible under the present conditions [2]. The situa-
tion is less clear for the possible oxidation of H2 (equa-
tion (1)) at the positive electrode, which could give rise
to a shuttle process, and also for the possible reduc-
tion of O2 at the negative electrode [2]. The latter reac-
tion involves at least the intermediate production of
peroxide, H2O2, via

£° = 0.67 VO2 + 2H+ + 2e~ H2O2 W 2 (6)

which may either be further reduced to water accord-
ing to

H2O2 + 2H+ + 2e" <=> 2H2O £° = 1.77 V (7)

or, alternatively, diffuse back to the positive electrode,
thereby providing a shuttle according to equation (6).
Recently this redox couple was suggested to cause
the self-discharge of double-layer capacitors based on
activated carbon and aqueous electrolytes [1]. It is
worth to note that oxygen is not only a possible reac-
tion product (equation 4), but is always expected to
remain absorbed to some extend in the porous elec-
trodes even if these are vacuum degassed at elevated
temperature prior to use.

3 RESULTS

Figure 1 shows a typical measurement of current ver-
sus time at a constant voltage of 1.0 V. Upon flooding
the chamber with argon, the current significantly de-
creased within a few hours. This effect must be attrib-
uted to the elimination of oxygen from ambient air,
which had diffused through the sealing and reacted
inside the cell. However, even in argon atmosphere
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the current remains at a non-zero level after 70 hours
and still tends to decrease slightly.

20 40 60 80

Time [hours]

Fig. 1: Residue Current at V= 1.0 V.

Much lower discharge rates (less than 1 uA at 1.0 V)
were attained after holding the capacitor first 72 hours
at 1.4 V and then 48 hours at the respective voltage.

300

o
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E vs. SHE [V]

Fig. 2: //E-characteristic of the capacitor. The inset
depicts the cell equivalent circuit.

Figure 2 shows the 'steady state' //E-characteristic
determined by the latter procedure. Probably a signifi-
cant part of the slowly decreasing current during the
first days results from the formation of surface oxides
inside the porous layer of the positive electrode.

Hydrogen and carbon dioxide are the only gaseous
products that could be identified by electrochemical
mass spectroscopy. Even for a cell voltage of 1.4 V
the potential of the positive electrode is below the
Nernstian potential for oxygen-evolution, 1.23 V vs.
SHE. Thus, oxygen is not being produced by decom-
position of water, as sometimes assumed.

Instead of measuring the residue current at constant
voltage the discharge rate can also be determined by
monitoring the cell voltage, V, and the electrode poten-
tials, E+ and E, at open circuit. The residue current
and the voltage (potential) change at open circuit are
related by

~dt~ +~dt
dE_
dt

(8)

where C, C+, and C are the capacitances of the cell
and the single electrodes, respectively (c. the equiva-
lent circuit in Figure 2).

50 100 150

Time [hours]
200 250

Fig. 3: Potential decay with shutter continuously
opened (solid line) and shutter closed after 70 hours
(dotted line).

Figure 3 depicts the potential decay of the half-cells
determined by this procedure (solid line). Prior to
opening the circuit the cell was kept 5 days at a con-
stant voltage of 1.4 V. For a cell voltage of 1.0 V the
cell discharge rate is significantly below 1 mV/h.

The experiment was repeated, but now the half-cells
were separated after 70 hours by closing an electro-
lyte-tight shutter (Figure 3, dotted line). The slope
AEJAt is almost identical before and after the shutter
has been closed. The sharp drop at the negative elec-
trode is caused by oxygen that is inevitably introduced
when moving the shutter. These results prove that
there is no significant contribution of any shuttle proc-
ess to the overall self-discharge.
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THE CORRELATION OF THE IRREVERSIBLE CHARGE LOSS OF GRAPHITE
ELECTRODES WITH THEIR DOUBLE-LAYER CAPACITANCE

F. Joho, M.E. Spahr (TIMCAL SA), H. Wilhelm (TIMCAL SA), P. Novak

Cycling of graphite in lithium-ion batteries is reversible except for the first cycle where some charge is "lost"
due to irreversible side reactions. The irreversible charge loss of different TIMRE)f graphites was found to
be a linear function, both of their specific BET surface areas and of the double-layer capacitance of elec-
trodes manufactured from these graphites.

1 INTRODUCTION
During recent years extensive work has been carried
out toward increasing the energy density of lithium-ion
batteries. Progress has mainly been made by improv-
ing the carbonaceous material of the negative elec-
trode [1] and especially by replacing amorphous coke
materials by more highly crystalline graphitic materials.
A major problem of the carbonaceous materials is
their "charge loss" during the first cycle, which con-
sumes lithium that must be brought into the cell in the
form of a relatively heavy lithium metal oxide such as
LiCoO2. It is generally accepted that this irreversible
charge loss or irreversible capacity seen during the
first Li+ insertion into graphite electrodes is caused by
the formation of a solid electrolyte interphase (SEI) on
the graphite particles that prevents further electrolyte
decomposition at the negative electrode [1,2].

2 RESULTS AND DISCUSSION

The irreversible capacity seen during the first reduc-
tion cycle affects the available capacity of a lithium-ion
cell [1]. On the other hand, an ideal solid electrolyte
interphase (SEI) that is formed as a surface film is
essential for the functioning of the graphite negative
electrode. This means that SEI film must be as thin as
possible so as to keep the charge losses as small as
possible. It is almost universally accepted in the litera-
ture [1,2] that the irreversible charge loss occurring
during the first reduction cycle depends on the elec-
trode surface area and on the specific BET surface
area of the graphite material used in the negative elec-
trode, because the SEI covers all the surface area
exposed to the electrolyte solution. In order to find any
other influence on the irreversible charge loss, we
investigated different types of graphite.
Figure 1 shows the irreversible capacities of the first
charge/discharge cycle plotted as a function of the
BET surface areas determined for synthetic TIMREX®
graphites of the KS, SFG, T, E-SLX and SLM type as
well as for the natural graphite TIMREX® E-NP 15. It
can be seen that this function is linear. A linear re-
gression fit of the experimental data resulted in a cor-
relation factor R2 of 95 %. It must be pointed out, how-
ever, that the experimental conditions are very impor-
tant for consistent and reproducible results. We chose
a small specific current (about C/36) and room tem-
perature for galvanostatic charging of the cell in the
first cycle in order to complete formation of the SEI
layer and maximise the irreversible capacity in the first
cycle of the electrode.
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Fig. 1: Irreversible charge loss of the first electro-
chemical Li+ intercalation into different synthetic and
natural TIMREX® graphites as a function of the spe-
cific BET surface areas.

The first cycle of an electrode containing TIMREX® E-
SLX 50 as the active material is presented as an ex-
ample in Figure 2. It shows a galvanostatic
charge/discharge curve typical for highly crystalline
graphite electrode materials, with reversible Li+

intercalation/deintercalation occurring at potentials
below 0.2 V vs. Li/Li"1". The SEI formation takes place
at potentials between 0.8 V and 0.2 V vs. Li/Li+ in the
Li+ insertion (charging) half cycle. The specific BET
surface area of this sample was 3.9 m2/g. The first
charging of the electrode consumed 385 Ah/kg, while
the reversible capacity was 360 Ah/kg. The charge
loss or irreversible capacity (Cirrev.) of this sample as
calculated by the formula

Cin
' int .

was 6.5 %, Cint. is the specific charge recorded in the
first Li+ intercalation, and Crev is the reversible specific
charge recorded in the corresponding Li+ deintecala-
tion.

Electrodes containing the different TIMREX® graphites
all exhibited reversible capacities of ca. 360 Ah/kg at a
specific current of 10 mA/g (both figures being re-
ferred to the mass of graphite in the negative elec-
trode). The data obtained for the irreversible capacity
in the galvanostatic charge/discharge experiments as
well as for the double-layer capacitance obtained from
impedance measurements are summarised in table 1.
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Fig. 2: First galvanostatic charge/discharge cycle of a
TIMREX® E-SLX50 negative electrode at 10mA/g
graphite in a 1 M LiPF6, EC:DMC (1:1) electrolyte.

A linear function is also obtained when the charge
losses or irreversible capacities of graphite electrodes
containing the same TIMREX® graphites are plotted
against their double-layer capacitance as determined
by impedance spectroscopy (Figure 3). Here the cor-
relation factor was 96 %. For a reliability test of our
results, the double-layer capacitance found in all 38
measurements were divided by the corresponding
specific BET surface areas. From this calculation we
obtained an average double-layer capacitance of ca.
4 ( iFcm2 .

Product

KS6
KS10
KS15
KS25
KS44
SFG6
SFG10
SFG15
SFG44
T15
T44
SLM44
E-SLX 20
E-SLX 30
E-SLX 50
E-NP15

specific BET
surface area

mV
19.4
13.8
12.3
12.0
8.3
15.2
10.0
8.5
4.3
11.2
8.1
4.5
7.7
4.8
3.9
8.4

charge
loss

%
24.8
20.0
18.0
14.6
12.5
21.0
16.0
14.0
9.6
15.2
10.7
8.0
10.7
7.5
6.5
11.8

specific double
layer capacitance

Fg"1

0.769

0.587

0.315
0.688

0.337
0.186
0.397
0.273

0.331
0.157
0.138
0.347

Table 1 : Properties of investigated graphites.

There are some differences between the two plots:
irreversible charge loss vs. specific BET surface areas
(Figure 1) and irreversible charge loss vs. double-layer
capacitance (Figure 3), but the linear regression fit is
equivalent. The instances of departure of the data
from the straight-line fit might be attributed to a mate-
rial parameter other than the BET surface areas.
However, it is not certain whether these deviations are
significant. Minor differences in electrode manufactur-
ing and in the experimental set-up may be responsible
for these differences.

In this context, it is remarkable that TIMREX graph-
ites of the SFG type have relatively high irreversible
capacities, while graphites of the E-SLX type have
relatively low irreversible capacities.
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Fig. 3: Irreversible charge loss of the first electro-
chemical reduction of different synthetic and natural
TIMREX® graphite electrodes as a function of their
double-layer capacitance calculated from impedance
spectroscopic measurements at 2.5 V vs. Li/Li"1".

3 CONCLUSION
The irreversible capacities of the first Li+ intercalation
in graphite negative electrodes linearly depend on both
the specific BET surface areas of the graphite materi-
als and the double-layer capacitance of the corre-
sponding graphite electrodes. Since the specific BET
surface areas and double-layer capacitance also ex-
hibit a linear relationship, we conclude that the surface
area of the graphite mesopores contributes to the
electroactive surface, i.e. almost all graphite pores are
wetted by the liquid electrolyte solution used in lithium-
ion batteries. Finally, there are some other influences
on the irreversible charge loss, but their nature and
mechanism are not clear yet.
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IN-SITU NEUTRON RADIOGRAPHY OF LITHIUM-ION BATTERIES DURING
CHARGE/DISCHARGE CYCLING

M. Lanz, E. Lehmann, W. Scheifele, R. Imhof (Renata AG), I. Exnar (Renata AG), P. Novak

Commercial, prismatic lithium-ion cells (Renata AG, Switzerland), were investigated using neutron radiog-
raphy. The measurements revealed that an excess of electrolyte initially present in the cells was con-
sumed after first cell charging and solid electrolyte interphase formation. In-situ neutron radiography of the
lithium-ion cells during the first electrochemical charge/discharge cycles showed a displacement of such
excess electrolyte owing to volume changes of the electrode assembly as well as to an evolution of gases
in the first charging cycle.

1 INTRODUCTION

In-situ techniques are useful tools for investigating the
processes occurring in lithium-ion cells during electro-
chemical cycling [1]. Applying in-situ measurements
directly to commercial lithium-ion batteries would be
advantageous for a correct identification of certain
processes taking place therein. Neutron radiography
(NR) appears as a useful, non-destructive inspection
method for the study of lithium-ion cells. The neutrons
are strongly attenuated both by Li and by the H atoms
of the organic electrolyte used in lithium-ion cells (at-
tenuation of a neutron beam is caused by scattering
and/or absorption of neutrons), whereas the metallic
parts of the lithium-ion cell are rather transparent to
neutrons [2]. We therefore applied NR to the in-situ
study of a commercial, rechargeable lithium-ion bat-
tery [3].

2 EXPERIMENTAL

Lithium-ion cells and electrochemical cycling: Pris-
matic lithium-ion cells, type ICP-340848 from Renata
AG, Switzerland, having a nominal capacity of 950
mAh and an aluminium casing, were investigated. The
cells examined here did not undergo the factory-type
cell formation step of commercially available cells. In
the electrochemical cycling experiments, the cells
were charged up to a cell voltage of 4.1 V at a current
rate of 1 C (950 mA), then the voltage was maintained
at 4.1 V for 2.4 h. Discharge was performed at a cur-
rent rate of 1 C, down to a cell voltage of 3.0 V.

Neutron radiography: NR images were taken at the
NEUTRA facility [4] of the spallation neutron source
SINQ at the PSI. The lithium-ion cells were fixed be-
tween two aluminium plates (thickness 3 mm) set-up
in the neutron beamline. NR images were taken every
10 to 20 minutes during electrochemical cycling. The
exposure time per image was about 30 seconds. The
neutrons passing through the samples were absorbed
on a neutron-sensitive scintillation screen, and the
scintillation light was detected by a nitrogen-cooled
CCD camera. Alternatively, a Gd-doped imaging plate
(resolution 50 (im) was used for high-resolution NR
images.

3 RESULTS AND DISCUSSION

Measurements before/after electrochemical cycling:
Figure 1 shows NR images of a fresh lithium-ion cell
(left) and of a lithium-ion cell after 70 electrochemical
charge/discharge cycles (right). The electrode assem-

bly comprising the anode, the cathode and the separa-
tor sheets, is soaked with an organic electrolyte con-
taining a lithium salt, and appears dark in the NR im-
age due to the strong neutron beam attenuation of the
H and the Li atoms. The aluminium casing is hardly
visible because of its weak neutron beam attenuation
[2]. In the fresh lithium-ion cell (left), a small excess of
liquid electrolyte is seen at the lower left and right
edges of the casing, which was not taken up by the
electrode assembly. In the lithium-ion cell with 70 elec-
trochemical charge/discharge cycles (right), no excess
electrolyte is left, showing that it was irreversibly con-
sumed during cycling. This observation can be ac-
counted for by the formation of a protecting solid elec-
trolyte interphase (SEI) on the electrode surfaces,
which may be accompanied by gas evolution [5,6].
The SEI layer is built up mainly in the first charging
cycle (formation cycle), but part of this process can
extend beyond the first charging [7].

Fig. 1: Left: NR image of a fresh lithium-ion cell (ICP-
340848 from Renata AG). The arrows point to the
electrolyte level. Right: A lithium-ion cell after 70 full
charge/discharge cycles.

In-situ measurements: The macroscopic changes
occurring in lithium-ion cells during electrochemical
cycling can best be visualized by creating a "refer-
enced image", i.e. by constructing an intensity ratio
image from two NR images taken at different charging
stages. Figure 2 shows an example. To construct
Figure 2, an NR image of two cells (A and B), placed
side by side in the neutron beamline and electro-
chemically charged simultaneously, was taken during
the first charging cycle after a 1.8 h charging time, and
then graphically divided by an NR image of the same
cells taken before charging, at t = 0, and the resulting
image was subsequently normalized to obtain an ap-
propriate grey-scale image. The cell (A) on the left-
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hand side of Figure 2 had been charged to 380 mAh
(at a C/3 current rate) before sealing of the cell in an
argon-filled dry-box one day before the NR experi-
ment, whereas the cell (B) on the right was fresh (un-
charged) at the beginning of the experiment. Dark
areas in the referenced image indicate a stronger
neutron beam attenuation of the NR image taken at t =
1.8 h, while bright areas indicate a weaker attenuation.

The referenced image in Figure 2 shows that the ex-
cess electrolyte filling level had increased in both cells,
due to the following reasons: (i) During the charging of
the lithium-ion cells, the thickness of the electrodes
increased to some extent because of an expansion of
the lattice constants of the electrode materials during
lithium insertion or extraction, respectively [8]. There-
fore, part of the electrolyte was displaced and in-
creased the filling level of the cells, (ii) In the cell (B)
on the right of Figure 2, the bright area indicates that a
displacement of electrolyte had taken place at the
bottom of the cell, which was presumably due to gas
evolution under initial charging of the cell. The gas
was held back by the electrode assembly, and there-
fore it could not immediately rise to the top of the bat-
tery casing. This effect further increased the electro-
lyte filling level, and therefore, the filling level change
was more pronounced in the cell (B) of Figure 2. The
cell (A) did not show this displacement related to gas
formation, because most of the gas evolution had
already taken place when the cell had been charged to
380 mAh before the beginning of the experiment.

probably indicates a consumption of electrolyte due to
SEI formation.

A \

I

Fig. 2: Referenced image (see text) of two lithium-ion
cells placed in the neutron beamline. The referenced
image was constructed from NR images taken after a
1.8 h charging time and at t = 0. The cell (A) had been
charged to 380 mAh before the experiment, whereas
the cell (B) was uncharged at the beginning.

Figure 3 displays how the electrolyte filling level of the
cell (A) shown in Figure 2 varied during the first three
electrochemical half-cycles. The level increased at the
beginning of a charging cycle, and it decreased during
discharge. This observation correlates well with the
corresponding expansion/contraction processes of the
electrodes. A similar behaviour was found for cell (B)
of Figure 2, but the initial increase at the beginning of
the first charging cycle (during the first ten minutes)
was even more pronounced in this case, the reason
being gas evolution as described above. After the first
hour of charging, the electrolyte filling level decreased
slowly during further charging, see Figure 3, which

0 1 2 3 4 5 6

Time [h]

Fig. 3: Charge and electrolyte filling level of a lithium-
ion cell [cell (A) of Figure 2] as functions of time during
initial cycling. Square symbols with error bars indicate
average values of two successive NR images in each
case.

4 CONCLUSION

Neutron radiography is a useful tool for the non-
destructive investigation of lithium-ion batteries. It can
be used to optimize the electrolyte soaking and the
formation process in the industrial development of
lithium-ion batteries.
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ELECTROCHEMICAL QUARTZ CRYSTAL MICROBALANCE INVESTIGATION OF
LITHIUM INTERCALATION INTO GRAPHITE ELECTRODES FOR

LITHIUM-ION BATTERIES

M. Lanz, P. Novak

The electrochemical intercalation of lithium into graphite electrodes and the formation of a solid electrolyte
interphase on these electrodes were investigated with an electrochemical quartz crystal microbalance.

1 INTRODUCTION

Graphites are often used as intercalation materials for
the negative electrode of today's commercial lithium-
ion batteries. Here, we investigate how the electro-
chemical quartz crystal microbalance (EQCM) can be
applied as an in-situ method to study the processes
occurring during the first charging of graphite elec-
trodes [1,2].

2 EXPERIMENTAL

5 MHz, AT-cut quartz crystals (Vectron International),
with 0.3 cm2 active area of titanium sputter-deposited
in a keyhole shape, were coated with graphite TIM-
REX SFG 6 (TIMCAL Group) by an air-brush coating
technique [3]. The loading of the electrode was less
than one monolayer of graphite particles, with an av-
erage particle size of ca. 3 |im. The electrochemical
cell is shown in Figure 1. The quartz crystal was fixed
at the bottom of the polypropylene cell body with sili-
cone adhesive. The cell was dried at 80°C and filled
under argon with the electrolyte, 1 M LiPF6 in 1:1 eth-
ylene carbonate/dimethyl carbonate (Merck LP30).
Metallic lithium was used as the counter and reference
electrode. The quartz crystal was connected to a
resonator [4], which was used in combination with a
frequency counter and a potentiostat.

Cell body

Resonator

Metallic lithium
counter/reference
electrode

Graphite
working
electrode

5 MHz Quartz crystal

Fig. 1: EQCM cell for lithium intercalation studies on
graphite electrodes.

3 RESULTS AND DISCUSSION

Figure 2 shows a cyclic voltammogram (first cycle) at
1 mV/s and the corresponding EQCM frequency re-
sponse of a graphite SFG 6 electrode. The mass of
the graphite electrode increased (frequency decrease
of the quartz crystal) during lithium intercalation into
the graphene layers, and it decreased (frequency in-
crease) during the reverse process. The reductive
sweep showed a distinct frequency decrease peak
around 0.7 V, which is related to the formation of a

solid electrolyte interphase. Some other features in the
reductive sweep are not yet well understood. The sus-
tained frequency decrease between ca. 1.8 V and 0.7
V is possibly due to an electrochemical double-layer
charging of the electrode surface, a viscoelastic cou-
pling of the quartz crystal coverage to the electrolyte,
as well as a viscosity change of the electrolyte solution
close to the electrode. In the oxidative sweep, the
anodic peak (lithium extraction from the graphite) in
the cyclic voltammogram correlates well with a fre-
quency increase of the quartz crystal. However, the
frequency change does not obey the mass-frequency
correlation predicted by the Sauerbrey equation [1],
probably because of the relatively large size of the
graphite particles and the non-uniform electrode cov-
erage.

0.0 1.0 2.0
Potential / V vs. Li/Li+

Fig. 2: Cyclic voltammogram (first cycle) and EQCM
response of a graphite TIMREX SFG 6 electrode.
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DEVELOPMENT OF A 10 KW SUPERCAPACITOR MODULE FOR FUEL CELL CAR
APPLICATION

M. Bartschi, S. MO Her, B. Schnyder, R. Kotz, V. Hermann (montena components s.a.),
A. Schneuwly (montena components s.a.), R. Gallay (montena components s.a.)

Electric double layer capacitor electrodes based on high-surface area carbonaceous material and an Al-foil
current collector were fabricated on a semi-industrial coating machine. From these electrodes 2.5 V/800 F
supercapacitors were industrially manufactured. 50 supercapacitors of this type were connected pair wise
in a 25 series to obtain a module with 60 F and 60 V. The electrical series resistance of the module was
measured to be 0.02 Q. The maximum specific power and energy measured for the 800 F supercapacitor
was 5 kW/kg and 2.5 Wh/kg, respectively.

1 INTRODUCTION

During the last few years extensive research and de-
velopment has been done in the field of double-layer
capacitors so called supercapacitors. Supercapacitors
operate at high power (above the power supplied by
conventional batteries) and deliver a considerable
quantity of energy (above the energy supplied by con-
ventional capacitors) [1]. Combined with a fuel cell, the
supercapacitor can be used in automotive applications
to supply the extra power needed for acceleration, and
to store energy during breaking, which can be reused
in the next acceleration process [2]. This paper de-
scribes research and development steps towards the
demonstration of a 10 kW supercapacitor module.

2 EXPERIMENTAL

2.1 Electrodes

Suspended activated carbon in an appropriate sol-
vent/binder mixture has been coated on two sides of a
thin aluminium-foil. The coating process was per-
formed on a semi-industrial coating machine using a
slit-coating process. The slit of the coating head was
adjusted to a size leading to a final thickness of the dry
carbon coating of approximately 150 |jm on each side.

2.2 Supercapacitor single cell

The electrodes were industrially wound, dried, impreg-
nated with an organic electrolyte (1 M tetraethylam-
moniumtetrafluoroborate in acetonitril) and finally
mounted into a cylindrical housing. Information about
the internal series resistance, the time constant, the
capacity, the specific energy and power of the super-
capacitors was obtained by impedance spectroscopy
[3].

2.3 Supercapacitor module

50 supercapacitor units were connected pair wise to a
25 series. A low internal resistance of the single cells
as well as a low resistance along the current path in

the module is a prerequisite to meet the high power
demand of the fuel cell powered car. Due to its su-
preme electrical conductivity, oxygen free high con-
ductivity (OFHC) copper was chosen as connecting
material although the heavy specific weight. The cur-
rent transmitting joints were eroded to its specific form
from a 3 mm thick plate and after polishing (to remove
the insulating copper oxide layer) mounted according
to Figure 1.

Fig. 1: Assembly of the supercapacitor module.

2.3.1 Voltage balancing

Due to the slightly different capacities of the single
cells, charging and recharging of the module would
lead to different voltages of the single cells, which
could result in the early damage of a single cell, too
long exposed to a voltage above 2.5 V. Therefore an
electronic device, which protects the single cells form
overcharge (compare Figure 4) was developed at the
Swiss Federal Institute of Technology (EPFL) and
connected to our supercapacitor module [4].

3 RESULTS

3.1 Supercapacitor single cell

The single cells delivered a capacity of 800 F (calcu-
lated from impedance spectroscopy at a frequency of
10 mHz) at 2.5 V. The electrical series resistance
(ESR) was 1.2 mQ, which leads to a time constant x of
0.96 s. The maximum specific power was 5 kW/kg
and the maximum specific energy was 2.5 Wh/kg, as
shown in the Ragone Plot of Figure 2.
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Fig. 4: Detailed view of the voltage balancing elec-
tronic and the copper connections between single
cells.

Fig. 2: Ragone Plot of an 800 F single cell.

3.2 Supercapacitor module

The complete 10 kW module connected to the voltage
balancing electronic is shown in Figure 3 and 4. The
module delivered a capacity of 60 F at a voltage of
60 V. The ESR was 0.02 Q and the time constant x
was 1.4 s.
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Fig. 3: Supercapacitor module including the voltage
balancing electronic.

4 CONCLUSION

Thin layer carbonaceous electrodes were successfully
fabricated on a semi-industrial coating machine. Su-
percapacitors consisting of these electrodes and an
organic electrolyte exhibited maximum specific energy
and power of 2.5 Wh/kg and 5 kW/kg, respectively.
Finally 50 supercapacitors were connected to a
60 V / 60 F module displaying a low ESR of 0.02 Q.
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GRAFTED, CROSS-LINKED CARBON BLACK AS A DOUBLE-LAYER CAPACITOR
ELECTRODE MATERIAL

R. Richner, S. Muller, A. Wokaun

Isocyanate prepolymers readily react with oxidic functional groups on carbon black. On carbon black
grafted with diisocyanates, reactive isocyanate groups are available for cross-linking to a polyurethane
system. This cross-linked carbon black was considered as a new active material for electrochemical elec-
trodes. Active material for electric double-layer capacitor electrodes was produced which had values of
specific capacitance of up to 200 F/g. Cross-linking efficiencies of up to 58 % of the polymers utilised were
achieved.

1 INTRODUCTION

During recent years, carbon black has received in-
creasing attention for applications in battery and fuel
cell electrodes. It is also used in electric double-layer
capacitors (EDLC) [1]. Commercial EDLCs depend on
the high surface area available in carbon electrodes
and on the resulting double-layer capacitance of such
electrodes in electrolyte solution. Apart from their high
surface area, carbon blacks possess chemical surface
groups. Their nature and number depend on the pro-
duction process and on pretreatment. Carbon-oxygen
compounds are the most important surface groups
influencing the physicochemical properties of carbon
blacks [2]. These surface groups can be utilised for
the grafting of polymeric precursors or prepolymers.
Conventional active materials for carbon-based ca-
pacitors are prepared from a suspension of carbona-
ceous materials in a binder solution or with suspended
binder applied to a current collector by a coating tech-
nique to form electrodes [1,3]. An adhesive binder will
always tend to block large part of the carbon's high
surface area, thus the performance of the electrode
will strongly decrease owing to occlusion of the fine
pores providing the major contribution to a high dou-
ble-layer capacitance [4].

In this paper we describe a new concept according to
which prepolymers are grafted onto carbon black.
These prepolymers are then cross-linked to form an
active material. From the grafted diisocyanate pre-
polymers and polydiols, a polyurethane network can
be built up which incorporates the carbon black via
chemical bonds. By selecting prepolymers of an ap-
propriate size one can circumvent the problem that an
important fraction of the pores becomes occluded in
the process. Cross-linked active material is expected
to have some major advantages over the conventional
active material.

We examined the reactions of appropriate prepoly-
mers with carbon black powder with a view to achiev-
ing enhanced adhesion of the binder and forming elec-
trode materials retaining the unique surface area and
porosity of the constituent carbons, which is a prereq-
uisite for their application in EDLCs.

2 EXPERIMENTAL

Black Pearls 2000 carbon black was stirred into a so-
lution of diisocyanate-terminated polyether prepoly-

mers in tetrahydrofuran (THF). After 1 h of reaction
the grafting was complete. For further cross-linking of
the grafted carbon black a mixture of diols and triols
was added. The reaction slurry of cross-linked carbon
black obtained after this reaction was cast into metal
foam (serving as the current collector) or extruded (in
which case the extruded filaments were attached with
a graphite binder to a titanium foil serving as the cur-
rent collector). Electrochemical impedance spectrome-
try (EIS) was used to study the electrochemical prop-
erties of these electrodes.

The degree of grafting was determined by thermogra-
vimetric analysis (TGA). The dried active material was
extracted with tetrahydrofuran (THF) in a Soxhlet ap-
paratus and then analysed by TGA.

3 RESULTS

3.1 Grafted carbon black

Isocyanate-terminated polyethers were reacted with
carbon black (CB). The reaction sites are oxidic sur-
face functions such as phenol or carboxylic acid
groups, as indicated in the reaction scheme below.

CB
COOH

OH + 2O~C~N R-N-C-0

—NH
CB R-N-C-0

0 R N~C~O
: NH

+ CO2

For reasonable grafting efficiencies, the carbon black
should contain a sufficient number of these groups.
Grafted carbon black containing 10wt.% of grafted
prepolymer was achieved.

3.2 Cross-linked carbon black

The prepolymer molecules used for grafting are
known to undergo cross-linking with diols and triols.
Therefore, attempts were made to cross-link corre-
spondingly grafted carbonaceous materials. A diol/triol
mixture was added to the slurry of grafted carbon pre-
pared as above. The remaining isocyanate reaction
sites were then expected to react with the OH groups
as shown in the scheme below.

9 R N C O
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The slurry obtained after reaction was cast, and after
extraction with THF, the TGA analysis was performed.
The weight gain measured with TGA showed that up
to 58% of the binder utilised was integrated into the
Black Pearls 2000 structure. An active material con-
taining 16 wt.% of immobilised polymer was produced.

In the next step, electrodes were produced from this
active material, and their electrochemical properties
were measured by electrochemical impedance spec-
troscopy (EIS). The double-layer capacitance was
calculated from the EIS spectra. A plot of calculated
specific capacitance versus frequency is shown in
Figure 1. Electrodes with the cross-linked carbon
black incorporated into metal foam as the current col-
lector exhibited the highest specific capacitances, with
values of up to 200 F/g at 0.01 Hz. This high specific
capacitance demonstrates the potential of the cross-
linked active material for supercapacitor applications.

For a practical realisation, the mechanical stability and
electrical conductivity of this cast electrode material
must yet be improved. One step towards this target
was realised by preparing extruded filaments exhibit-
ing higher mechanical stability. The physical structure
of the different kinds of electrode prepared can be
seen from the scanning electron microscopy (SEM)
images of Figure 2. The extruded sample of the cross-
linked carbon is more homogeneous than the cast
electrode: no grain structure is visible. The shearing
forces arising during extrusion are responsible for this
more compact structure. In first electrochemical meas-
urements, this material had a lower grain-to-grain re-
sistance than cast electrode samples. The specific
capacitance is also lower. This can be explained by
the longer pathway of the ionic current in the filament,
which has a thickness of 0.5 mm. The individual con-
tacted grains cast into the Ni foam have diameters of
only few tenths of a millimeter.

4 CONCLUSION

The cross-linked active material described has some
advantages over the conventional materials. These
must now be realised in EDLC electrodes. The pro-
duction of crosslinked carbon foils by extrusion is in
preparation.
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Fig. 1: Plot of specific capacitance vs. frequency for
an electrode of cross-linked carbon in Ni foam.

Fig. 2: SEM micrographs of cross-linked active mate-
rial extruded as filament (left) and cast (right).
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TESTING OF SUPERCAPACITORS AT PSI

M. Bartsch, J.-C. Sauter, R. Kotz

Development of electrochemical double-layer capacitors - so called supercapacitors - has been pursued
for several years at the PSI in the Electrochemistry Laboratory. Besides material development and charac-
terization of capacitor components, the characterization of the whole device is of significant importance.
The presently available test facilities at PSI and test setups being currently developed are described.

1 INTRODUCTION

Since 1995 research and development of electro-
chemical double-layer capacitors has been pursued at
PSI within the scope of projects funded by BSIT
(Board of Swiss Institutes of Technology) and CTI.
Research at PSI aims at high energy as well as at high
power capacitors. The respective applications are
switchgear and hybrid electric vehicles [1].

Main concern in both projects is the development of
an appropriately tailored electrode. For the high power
capacitor we use an activated glassy carbon electrode
in a bipolar arrangement, whereas for the high-energy
capacitor a pasted carbon powder electrode is used in
a monopolar cell.

2 TEST PROCEDURES

2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) - one of the classical analyti-
cal techniques in electrochemistry - can also be used
to characterize electrochemical double layer capaci-
tors. With a constant voltage scan rate dU/dt an ideal
capacitor should give a constant current in the CV
according to C = I / (dU/dt), where C is the nominal
capacitance of the device. In Figure 1 the CV of a 24
V bipolar EDLC [2] is shown, which is more or less
rectangular. The CV shows that the capacitance of
this capacitor is higher in the discharged state (0 V)
than fully charged (24 V).
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Fig. 1: CV of a 24 V bipolar EDLC based on activated
glassy carbon. Scan rate 2.2 V/s.

Advantages of CV are simplicity and availability in
almost any electrochemistry lab.

2.2 Electrochemical Impedance Spectrometry

The current response to a periodic voltage perturba-
tion is defined as

Z(co) = z' + iz" = Uo/ I0((o) • exp(- i cp)

where Z is the complex impedance, Uo the amplitude
of the voltage disturbance, and co its frequency. I0(co)
and cp are amplitude and phase, respectively, of the
induced current. In an experiment the current re-
sponse of the capacitor to a periodic voltage signal is
measured in terms of current amplitude and phase. In
the complex impedance plane an ideal capacitor is
described by a vertical line shifted with respect to the
vertical axis by the equivalent series resistance (ESR)
of the capacitor.

Measuring impedance of high capacitance low resis-
tance devices such as EDLCs is not trivial. Special
equipment for electrochemical impedance analysis is
needed, which is a disadvantage of this method.

Figure 2 shows the result of an impedance measure-
ment of a bipolar EDLC based on glassy carbon elec-
trodes with 24 F and an ESR of 25 mfi. In the imped-
ance plane the data approach a vertical line very well,
however if one zooms into the region at higher fre-
quencies clear deviations from the vertical line behav-
ior are detected, which are attributed to the behavior of
the porous electrode.

Fig. 2: Complex impedance plot of the same capaci-
tor as in Figure 1 between 0.1 Hz and 1000 Hz.

Capacitance and internal resistance data extracted
from impedance measurements are a function of the
frequency. On the other hand in order to provide real
resistance and capacitance data independent of fre-
quency the impedance data may be fitted by complex



79

circuit models. Using a linear approximation it is also
possible to calculate Ragone plots (specific power vs.
specific energy for a constant power charge/ dis-
charge) from such impedance data.

2.3 Constant Load Discharge

While impedance measurements provide data in the
frequency domain constant load discharge measure-
ments provide data in the time domain. The advantage
of such measurements is the rather simple instrumen-
tation compared to the impedance technique.

After charging of the capacitor with a simple power
source the capacitor is discharged over a known resis-
tor and the evolution of the current and voltage is
monitored. A typical example is shown in Figure 3 for
a capacitor with 800 F and 1.1 mQ equivalent series
resistance.

Voltage-

Cu
L

Time (s)

Fig. 3: Current and voltage decay of an 800 F EDLC
over a load of 3.75 mQ. Note the peak current of 350
Ampere. The insert shows the potential step at the
beginning of discharge (ca. 0.4 V @ 350 Amp).

From the measurement the ESR and the capacitance
C can be determined according to

C(t) = -t / R / ln[U(t)/Uo]

Where R is the total resistance in the circuit and Uo is
the starting voltage.

For capacitors with rather low ESR one has to make
sure that small voltage drops of connectors and
switches are taken into account.

2.4 Cycle Tests

One of the main advantages of EDLCs compared to
batteries is the excellent cycle stability. Using com-
puter controlled 4-quadrant power supplies (KEPCO)
this parameter is investigated by periodical charging
and discharging of the capacitor at e.g. constant cur-
rents between defined limiting voltages. In the charged
or discharged state the capacitor may be held at con-
stant voltage or zero current. A typical
charge/discharge cycle is shown in Figure 4 for a ca-
pacitor with a capacitance of 800 F. The charge/dis-

charge current is 10 A. In this mode we were able to
demonstrate 10O'OOO charge/discharge cycles of a 5 V
glassy carbon based bipolar capacitor with only minor
changes in capacitance and ESR [3].

The set-up also allows to define a series of different
currents and to perform a series of different
charge/discharge cycles, which allows calculating the
power energy relation (Ragone plot). The maximum
power available is 1.2 kW, i.e. 60 Amp. max current @
20 V or 8 Amp. @ 150 V max. voltage.

A unique feature of this setup is the time resolution of
1 ms, which allows the determination of the ESR at
equivalent 1 kHz from the voltage drop during current
switching.
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Fig. 4: Current and voltage during constant current
(10 A) charge/discharge cycles. The voltage limits
were set to 1.25 and 2.5 V. Between charge and dis-
charge a hold period of 30 s at constant potential was
applied.

Testing EDLCs with constant power charge and dis-
charge is especially important for vehicle applications,
where driving cycles are defined in terms of power
consumed during acceleration and recuperated during
braking. In order to test the capacitor units developed
at PSI for the fuel cell car project [4] we are currently
building a 10 kW test setup utilizing an electronic pro-
grammable load in combination with a current source.
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XPS AND LFM INVESTIGATION OF ANION INTERCALATION INTO HOPG

B. Schnyder, D. Alliata, R. Kotz

The effects of the intercalation process of perchlorate ions were studied in terms of the changes in surface
friction and on the electronic structure of the HOPG. Lateral force microscopy (LFM) combined with cyclic
voltammetry (CV) and x-ray photoelectron spectroscopy (XPS) indicated that the specific adsorption of
perchlorate ions is responsible for changes in friction occurring in proximity of the steps on the HOPG sur-
face. The friction changes reversibly within a narrow potential window preceding intercalation. After an
intercalation and deintercalation cycle the change of the friction at a step is irreversible. No change in the
friction coefficient could be observed on the basal plane. The binding energies in the C 1s, O 1s and Cl 2p
XPS spectra of the intercalated compound are shifted relative to those of the non-intercalated host and
adsorbed perchlorate ions, which is attributed to a shifted Fermi level.

1 INTRODUCTION

In the context of battery application the knowledge of
topographical (dimension) and chemical changes is
fundamental for the understanding of the electro-
chemical intercalation mechanism [1].
In the present communication we investigate highly
oriented pyrolytic graphite (HOPG) in perchloric acid
as a model system in order to elucidate the mecha-
nism of electrochemical anion intercalation in graphite.

2 EXPERIMENTAL

Electrochemical experiments were typically carried out
in aqueous 2 M HCIO4 in a 3-electrode cell with
counter and reference electrodes (SME or Pt).
Scanning force microscopy (SFM) and lateral force
microscopy (LFM) investigations were performed with
a Park Scientific Instruments Model AP-100 Auto-
probe CP scanning probe microscope equipped with a
home made electrochemical cell and and EG&G Ver-
sastat 270 potentiostat/galvanostat.
High resolution X-ray Photoelectron Spectroscopy
(XPS) measurements were performed using a AlKoc X-
ray source (1486.6 eV) with monochromator on a VG
photoelectron spectrometer (ESCALAB 220i XL).

3 RESULTS

Over a potential range of 200 mV four different stages
of anion intercalation in HOPG [2] can easily be distin-
guished in cyclic voltammograms (see Figure 1). The
intercalation reaction is nearly reversible for concen-
trations higher than 2 molar.

Potential vs. SME [V]

Fig. 1: Cyclic voltammogram of HOPG in 2 M HCIO4.

In Figure 2 the friction of a step with 4 graphene layers
measured in-situ by LFM is plotted for two potentials.
At 0.9 V vs. SME no intercalation occurs (see Figure
1). This is confirmed by the topography images, where
no change in the step height could be observed be-
tween the images taken at 0.0 V and 0.9 V. However a
change of friction can be observed, comparing the
forward and the backward scan for the two potentials.
No changes are visible for the basal planes.
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Fig. 2: Topography and friction images (forward and
backward scans) of HOPG at a step of 4 graphene
layers in 2 M HCIO4 by SFM/LFM.

Figure 3 shows the friction variation as a function of
the potential. A reversible friction change is only pos-
sible for potential smaller 1.1 V vs. SME. At more posi-
tive potentials, where intercalation occurs, the friction
change is irreversible.

|
o

80

60

40

20

0

-20

40

vz.o -q

Double-layer region region

0.00 0.25 0.50 0.75 1.00 1.25

Potential vs. SME [V]

1.50

Fig. 3: Friction changes at a step on HOPG as func-
tion of potential.
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XPS measurements show an increase of the perchlo-
rate content with potential in agreement with the in-
creased amount of anions in the double layer. At po-
tential higher than 1.0 V (intercalation region) the in-
crease of the perchlorate species is even more pro-
nounced (see Figure 4).
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Fig. 4: Atomic concentraction ratios Cl/C on
HOPG surface vs. the electrochemical potential.

the

In Figure 5 the atomic concentation ratio Cl/O shows a
dramatic change at about 0.8 V vs. SME, similar to the
friction change plotted in Figure 3. The Cl/O ratio falls
from about eight to five. This can be interpretated as a
loss of water in the solvation shell of perchlorate from
four water molecules to one.
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Fig. 5: Atomic concentraction ratio O/CI on
HOPG surface vs. the electrochemical potential.

the

In the Cl 2p spectra the adsorbed perchlorate ions can
well be distinguished from the intercalated one. The Cl
2p level of the intercalated species is shifted with re-
spect to the adsorbed perchlorate ions by ~ 1.7 eV.

In order to disdinguish the two peaks present in the C
1s spectra more accurately, the maximum entropy
method [3] was applied. With the help of this methode
the resolution of the spectra could be enhanced by a
factor of two. A smaller binding energy shift of about
0.7 - 0.9 eV depending of the electrode potential could
then be observed in the C 1s spectrum for the interca-
lated graphene layers (see Figure 6).

For the intercalated species all corresponding peaks
(Cl 2p, O 1s, C 1s) are shifted to smaller binding en-
ergies.
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Fig. 6: Maximum entropy deconvolution of the C 1s
spectra of HOPG samples emersed at different poten-
tials.

Assuming no change of the valence state of the per-
chlorate ions during the intercalation process, the ob-
served shifts can be explained by a shift of the Fermi
edge [4] for the intercalated layers.

4 CONCLUSION

Adsorption and intercalation of perchlorate ions cau-
ses:
- Friction change at a step of HOPG due to
specific adsorption of CIO4".

- Irreversible friction change after intercalation.
- No change of the friction on the basal plane.
- Chemical shifts in the C 1s and Cl 2p XPS spectra of

the intercalated species and the intercalated gra-
phene layers.

- Shift of the Fermi edge explains this result.

5 ACKNOWLEDGEMENT

Financial support by the Swiss National Science
Foundation, Grant No. 4036-044040 is gratefully ac-
knowledged. Special thanks are due to S.J. Splinter
and N.S. Mclntyre for making available to us the Mat-
lab program for the maximum entropy deconvolution.

6 REFERENCES

[1] L B. Ebert, Ann. Rev. Mat. Sci. 6, 181 (1976).

[2] D. Alliata, P. Haring, O. Haas, R. Kotz, H. Siegen-
thaler, Electrochem. Comm. 1, 5 (1999).

[3] S.J. Splinter, N.S. Mclntyre, Surf. Interface Anal.
26, 195(1998).

[4] G.K. Wertheim, P.M.Th.M. Van Attekum, S. Ba-
su, Solid State Commun. 33, 1127 (1980).



82

MODELLING STUDIES OF THE CO POISONING IN
POLYMER ELECTROLYTE FUEL CELLS (PEFC)

B. Andreaus (EPFUPSI), L. Danon (Imperial College, London, UK), L. Gubler, G.G. Scherer

A simple kinetic model for the time dependence of the CO-poisoning of the fuel cell anode has been estab-
lished. Despite the strong assumptions, the calculated cell potential evolution is qualitatively in good
agreement with the experimental behavior. In a second stage, the model parameters were fitted to an ex-
perimental curve. This allowed for extraction of quantitative information for the 'effective' reaction rate con-
stants of CO-adsorption, CO-desorption and the apparent CO-exchange current density.

1 MOTIVATION

The fuel question is a key issue for a successful
commercialization of fuel cells and is subject of inten-
sive debate. Hydrocarbons as fuels offer the advan-
tage of availability, ease of handling, and, in the case
of methanol, of being liquid at room temperature and
therefore having a high volumetric energy density. An
energy efficient and fuel flexible method is to use a
fuel processor, a 'reformer', to convert the hydrocar-
bon fuel into a H2-rich reformate. A funda-mental ob-
stacle in using such a fuel for low tempe-rature fuel
cells (< 100 °C) is the existence of carbon monoxide in
the reformate [1]. At fast and consider-able load
changes, complete CO removal from the reformate is
very difficult to achieve. Even small amounts of CO in
the order of 100 ppm in the fuel lead to a significant
impairment of the hydrogen oxidation reaction by CO-
poisoning of the electro-catalyst, resulting in a high
anode overpotential.

To understand this process and to improve cell per-
formance, it is important to assess the CO modified
reaction parameters as kinetic reaction rates and ex-
change current densities.

2 THE EFFECT OF CO

At temperatures around 60 - 80 °C where the polymer
electrolyte membrane exhibits long term stability, the
CO will adsorb (1) and then strongly adhere to the
platinum catalyst. This leads to a high anode over-
potential, as only a small fraction of the Pt sites is left
free for the H2 electrooxidation. In this case the H2

adsorption reaction (2) will be rate determining
whereas with pure H2, the charge transfer reaction (3)
is the slowest.

Co + Pt <
k(ad)'co

K(des),CO
- CO)

H2+Pt<. kiad)'H )2(Pt-H)

H

k(des),H

k(ox),H
ads

(1)

(2)

(3)

At very high anode overpotentials rjanode > 500 mV vs
NHE, the onset potential for CO electrooxidation is
reached.

OHads + COads
 k("xXC0 > CO2 + H+ + e~ (4)

In reaction (4), the COads is oxidized to CO2 by means
of water activation by the catalyst, where oxygenated
species OHads are formed from water present in the
reaction zone, originating from the polymer electrolyte
membrane or from H2 humidification. Thereby, more
CO free catalyst sites are again available for H2 oxi-
dation. The performance may be enhanced by using a
Pt-Ru alloy catalyst, where the activation of water
takes place at lower potentials, or by providing the
oxygen directly with the reformate fuel by adding a
small percentage of O2 or air.

3 THE MODEL

We use a simple kinetic model for the fuel cell anode
to investigate time dependence of the CO-poisoning in
a complete fuel cell. Losses due to mass transport
effects are ignored. We assume the interfacial kinetics
are determined by the four processes (1) - (4) with the
'effective' reaction rate constants as parameters.

The assumption that the fuel cell operates at a con-
stant current fixes the overall rate of charge trans-fer
reactions. For comparison with experimental data, we
can separate the CO-induced anodic overpotential by
substracting data from a measurement with pure H2

as fuel, as all other potential losses (e.g. cathode
over-potential) remain constant. Further, we assume a
Langmuir-type adsorption allowing us to calculate the
change in surface coverage 8a; a e [H,CO] for both
species, depending on the cell current and the gas
concentrations Ca(t):

P% = kC(1" 0 ~ O )' - W * * " (5)

Ja = 2Ja,0ea s i n h T (6)

For CO, the exponent x has a value of 1, whereas,
assuming Tafel behavior for the hydrogen adsorption,
x is equal to 2. p represents the molar area density of
catalyst sites. As the H2 oxidation current is large
compared to the CO oxidation current j c o , we can
identify it with the fixed cell current.

In this simple model, the same overpotential is as-
sumed for both Hads and COads (6), although the CO
electrooxidation is a complex process requiring oxy-
genated species from activation of water. For this
combined process, we can define an apparent ex-
change current density j0!co-
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4 MODELLING RESULTS AND FITTING

The type of fuel cell 'reactor' defines the boundary
conditions for the differential equation system, the gas
concentrations Ca(t). We assumed a constantly stirred
tank reactor (CSTR), corresponding to a fuel cell with
homogeneous gas distribution, available at PSI. For
this reactor, Cco(t) is expressed in differential form as

^o-Cco{t))-v-eco
adldes{t) (7)

where x and v are known constants. CH(t) = CH
 m.

2
The current density was held at 500 mA/cm . In this
regime, we can observe CO electrooxidation. The
output is given in form of an anode overpotential due
to CO-poisoning, r|co, which is also experimentally
measurable.
Figure 1 shows the time evolution of the CO poisoning
both for an experiment and the fitted model behavior.
CO is added to the fuel at a 100 ppm level (Cco

 m) at
t = 0, and we can observe a steep increase of the
anode overpotential due to the catalyst site blocking by
CO. At high overpotentials, we observe the onset of
CO-electrooxidation and the stabilization of the over-
potential. At time 4140 s, the COm feed is stopped and
the potential relaxes. At sufficiently long times, the
pure H2 feed potential will be attained when all COads

is removed from the catalyst.

I IT I I I IT I I I I

2000 4000 6000
time [s]

8000

Fig. 1: CO induced anode overpotential. The ex-
perimental curve was recorded using a cell with 28.3
cm active area. Tcen = 60 °C, Nafion 115, pa = 1 atm,
stoichiometric gas feed of XH2 = ^02 = 1 -5.

From the fit, we obtain the following values for the
fitting parameters:

k(ad),H k(des),H k(acl),CO k(des),CO JO.CO

3.26e-3
[cm/s]

3.55e-7
[mol/cm/s]

3.81 e-4
[cm/s]

2.74e-13
[mol/cm/s]

1.04e-7
2

[mA/cm ]

We observe that the model mimics the experimental
behavior qualitatively well, but shows a sharp transi-
tion at the onset of CO electrooxidation, presumably
due to the strong assumption of equal overpotential of
the CO and H electrooxidation.

The fitting values of the parameters depend strongly
on starting values of the reaction rate constants k(ad) H,
k(ad),co a nd k(des) co, indicating the existence of several
local least square (% ) minima for the physical mean-
ingful range of the starting values. For the fit in Figure
1, we used starting values proposed in [2].

Whilst predictions for the mentioned rate constant
require alternative investigation methods, the CO ex-
change current density remained constrained to a
narrow interval (± 30 %) around the indicated value for
all minima found.

Figure 2 points out that even minor quantities of CO
will block most of the catalytic sites, but also brings to
mind how little catalyst is needed for the H2 oxidation
to take place at reasonable speed.

2000 4000 6000 8000

time [S]

Fig. 2: Calculated coverages 9H and 8C0 at operating
conditions described in Figure 1.

It is illuminating to compare the values of the ex-
change current densities JO,H, jo.co for H and CO, which
determine the effectiveness of a catalyst for a certain
reaction and therefore its overpotential for a chosen
reaction rate (current). For the hydrogen oxidation
reaction in a fuel cell, j o , H = 2 mA/cm was measured
by AC impedance spectroscopy of a sym-metric H2/
H2 cell. This value is 7 orders of magnitude higher
than the value of j0,co- The important insight is that
even such a negligible CO oxidation current has a
significant effect on the magnitude of the hydrogen
electrooxidation, as even a small fraction of the
thereby CO freed surface is sufficient for a reasonable
hydrogen oxidation rate.

5 CONCLUSION

The time evolution of CO-poisoning of the PEFC an-
ode can be described qualitatively by a simple kinetic
model. Fitting of the model parameters to experimen-
tal data allowed to quantify the value of the apparent
CO exchange current density.
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DEVELOPMENT OF A BIPOLAR ELEMENT FOR PE-FUEL CELLS
DEMONSTRATION IN A 6 kW STACK

F.N. Buchi, M. Ruge (ETH Zurich)

The bipolar plate is the main construction element of a fuel cell stack. It needs to be optimized with respect
to material and design. A bipolar element for a 200 cm2 active area fuel cell stack has been designed and
manufactured. The versatility of the element has been demonstrated by the construction of a 100 cell
stack. The stack exhibits a specific power of 330 W/kg at the nominal power of 6.4 kW.

1 INTRODUCTION

The low single cell voltage of hydrogen/air fuel cells of
typically 0.6 to 1.0 V (depending on the load) requires
a series connection of many cells (10 to several 100)
for obtaining voltages of practical interest. In cell de-
signs optimized for high specific power, the series
connection should exert a minimal electric resistance
to minimize losses. Generally in these cases a bipolar
type series connection is chosen, which interconnects
individual cells over the entire active area and leads to
filter-press type cell arrangements called stacks. The
bipolar element or bipolar plate (because of its flat
form, BIP) then becomes the main construction ele-
ment of the fuel cell stack. Besides the performance of
the electrochemical components, the characteristics of
the bipolar plate determine the performance of the
stack with respect to specific power and power den-
sity.

2 BIP REQUIREMENTS

An optimized BIP has to fulfill a series of require-
ments.

(i) Material requirements:

• Electric conductivity > 10 S/cm

• Heat conductivity > 20 W/m K
• Gas tightness: permeation < 10~7 mbar l/s cm2

• Corrosion resistance in contact with an acidic

Top view Cross section

II II H

0

0 Water

Hydrogen Air

Fig. 1: Concept for internally liquid cooled bipolar
plate, composed from two half plates.

electrolyte, oxygen, heat, and humidity.

The specified values for electric and heat conductivi-
ties are required to keep the voltage loss in the BIP
below 3% at full load and ensure low temperature
gradients, respectively. Gas tightness is required to
prevent dangerous leaks to the exterior as well as
cross leaks between the fluids in the stack.

(ii) Construction/manufacturing requirements

• Slim, for minimal volume

• Light, for minimal weight

• Cheap material and short production cycle, for
minimal cost

(iii) Design features

• Distribution of gases on and removal of product
water from active area

• Heat removal

• Inclusion of manifolds for fluids

3 BIP MATERIAL AND DESIGN

Fulfilment of the material requirements is easiest with
a graphite based material, because carbon exhibits a
good corrosion resistance. Graphite also has a low
specific weight («2g/cm3). However pure graphite is
not easily shaped, i.e. for shaping graphite needs to

M| ' **

Fig. 2: Bipolar plate with an active area of 200 cm2

and internal water cooling, as shown schematically in
Figure 1.
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Fig. 3: 100 cell, water cooled, 200 cm2 active area
PEFC stack. Gross dry weight 19.5 kg, volume 14 I.

be milled which is time consuming and therefore ex-
pensive. As in the earlier development for an air-
cooled bipolar plate [1] a graphite-polymer compound
which can be shaped by pressure moulding was cho-
sen as construction material. With a thermoplastic
polymer compound the pressure moulding process
needs high temperatures (« 200 °C) and requires a
relatively long product cycle due to the necessity to
cool the mould before releasing the part from the form.
But even with these boundary conditions, moulding is
a big advantage as compared to the milling process,
i.e. it allows the production of plates with a thickness
of less than 1.6 mm, which is difficult to achieve with
the milling process. A critical issue with the moulding
process is the variation of the plate thickness. Varia-
tions of less than 0.1 mm have to be achieved to
guarantee the plate's functionality with respect to seal-
ing and gas distribution properties.

Internal plate cooling is an elegant way for liquid cool-
ing. If all plates are cooled internally then the heat
variation in the stack can be easily controlled. To pro-
vide a void for the cooling fluid in the middle of the
bipolar plate, the plate has to be composed from two
half-plates. These half-plates are united by a glueing
process in order to make the complete plate tight for
the fluids with respect to leaks to the exterior and be-
tween the different fluids. Because gas tightness is
crucial for the application, the parameters in the glue-
ing process have to be carefully controlled.

4 RESULTS

Half-plates were produced by SGL Technik (D) and
processed into complete bipolar plates at ETH and
PSI. A complete bipolar plate is shown in Figure 2. It
has a thickness of 3.1 mm and a weight of approxi-
mately 130 g.

Fig. 4: Current/voltage and current/power charac-
teristics of the 100 cell stack operated with pure H2

and air. Stack temperature 70 °C, air stoichiometry
2.0; gas pressures 2.0 bar abs. Dew point of gases:
• 65 °C, o 50 °C.

As electrochemical components, Nafion® membranes
from DuPont (USA) and electrodes from E-Tek (USA)
were employed.

A 100 cell stack was completed for testing (see Figure
3). The pitch of a repetitive unit is 3.25 mm. Including
optimized endplates, current collectors, tie-rods and
gas connectors the dry weight of the stack is 19.5 kg.
The performance of this 100-cell stack characterized
by its current/voltage and current/power curves is
shown in Figure 4. At a stack temperature of 70 °C,
with gas pressures of 2 bar and well humidified condi-
tions (dew point of the gases 65 °C) the nominal
power of 6.4 kW is obtained at an average cell voltage
of 626 mV and a current of 102 A. Under comparably
more dry conditions (dew point of the gases 50 °C) the
nominal power is reached at 106 A and an average
cell voltage of 603 mV.

The specific power and power density of the stack at
nominal (not maximum) power are 330 W/kg and
450 W/l, respectively.

5 ACKNOWLEDGMENTS

Technical support from R. Panozzo, P. Hottinger, C.
Marmy (PSI), the PSI workshop and H. Nef (ETH) as
well as discussions with T. Pylkkaenen and G.G.
Scherer on plate design, are gratefully acknowledged.

6 REFERENCES

[1] F.N. Buchi, C.A. Marmy, R. Panozzo, G.G.
Scherer, O. Haas, Development of a 1.6 kW PE
Fuel Cell System, PSI Scientific Report 1999, V,
92-93 (2000).



86

DIRECT METHANOL FUEL CELL - IN SITU INVESTIGATION OF CARBON DIOXIDE
PATTERNS IN ANODE FLOW FIELDS BY NEUTRON RADIOGRAPHY

A. Geiger, E. Lehmann, P. Vontobel, G.G. Scherer

First attempts have been made to develop a method for an in situ investigation of the gas evolution pat-
terns in anode flow fields of direct methanol fuel cells (DMFC). An operating DMFC was placed in the neu-
tron beam at the neutron radiography station NEUTRA and images of the anode flow field were captured
by either one of two neutron detection systems: Imaging plates provide a high spatial resolution and a
good dynamic range, with the penalty of a discontinous process acquiring the images. On the other hand,
the CCD-camera offers very short acquisition times per image. The experiments at NEUTRA have shown
encouraging results and promising use of the neutron radiography for the investigation of two-phase flow in
DMFCs.

1 MOTIVATION

Over the past years, a rapidly increasing interest in
fuel cell technology by public and science could be
noted worldwide. To overcome the difficulties caused
by the on-board storage of hydrogen, a great deal of
research has focused on the direct methanol fuel cell
lately. As shown in Figure 1, the DMFC consists of a
proton conducting membrane onto either side of which
porous electrocatalytic electrodes are attached, each
consisting of a porous backing and an active layer.
This membrane electrode assembly is then sand-
wiched between graphite blocks that enable electrical
connection to the cell and have flow fields machined
into the surface for the supply of the reactants to the
electrocatalytic active layer and the removal of the
products.

The reaction that takes place at the anode of the

CO,

anode
current
collector

/ .. • yi

cathode
current

\ collector

"porous a c t i v e S " a c t i v e porous \
backing l av e r / laVer backing

membrane
(electrolyte)

As shown in Reaction 1, carbon dioxide is a product of
the oxidation of methanol at the anode, which has
limited solubility in the aqueous methanol solution and
thus, is evolved as a gas in the cell. However, large
amounts of carbon dioxide can block the micropores
of the diffusion layer as well as accumulate in the flow
channels. Therefore, carbon dioxide has to be re-
moved from the electrode structure and from the cell
as efficiently as possible to enable access of the reac-
tants to the catalytic layer and to maintain effective
reaction conditions [1, 2]. However, the carbon dioxide
management depends on the interaction of several
parameters, e.g., material properties, cell and elec-
trode design, and operating conditions - a rather com-
plex system. Therefore, an experimental method was
sought that enables "real-time" visualization of the gas
evolution process occuring at the anode of a DMFC.

2 EXPERIMENTAL

The neutron radiography facility NEUTRA offers the
possibility to look in situ at the gas evolution occuring
at the anode in operating DMFCs. Figure 2 shows a
simplified diagram of this experimental method.

Similar to x-rays, neutrons penetrate a sample and
project an image on a detector screen. However, neu-
trons are very sensitive to light elements (e.g. hydro-
gen) in contrast to x-rays and can detect even thin
layers of these elements. Therefore, this method is
very suitable for visualizing the carbon dioxide distribu-
tion in the aqueous methanol solution on the anode of
a DMFC. As shown in Figure 2, an operating DMFC
was placed vertically into the neutron beam and im-
ages were captured either by imaging plates or by a
CCD-camera system.

Fig. 1: Schematic diagram of the direct methanol
fuel cell.

DMFC (oxidation) is

CH3OH + H2O -> CO2 + 6 H+ + 6 e-, (1)

and the reaction at the cathode (reduction) is

3/2 O2 + 6 e- + 6 H+ -> 3 H2O. (2)

XD-camera

fuel cell
neutron scintillator

neutron source

Fig. 2: Experimental setup at NEUTRA.
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Fig. 3: Neutron radiography of the anode flow field of
a DMFC at low current.

In the past this method had also been applied to de-
termine the water distribution on the cathode side flow
field of a H2/air fuel cell [3].

3 FUEL CELL

The fuel cell used has an active area of 100 cm2 with
current collectors made of graphite plates, comprising
a serpentine gas channel flow field for the distribution
of the reactants. The polymer electrolyte membrane
used was Nafion® 117, electrodes were from E-TEK
with a Pt-Ru loading of 0.6 mg/cm2 on the anode and
a pure Pt loading of 2 mg/cm2 on the cathode side.

4 RESULTS

To evaluate the applicability of neutron radiography for
visualizing the CO2 patterns in a DMFC, first pictures
were taken by the imaging plate technique. Because
of its higher spatial resolution (max. spatial resolution:
50 (im), imaging plates allow to work out the exposure
time and spatial resolution necessary to get suitable
images. Unfortunately, they prevent us from observing
instationary processes as the flow of the gas domains
in the flow channels of a DMFC because of the breaks
necessary to change the plates. Therefore, this tech-
nique can only show snapshots of the process.

Nevertheless, interesting images of the anodic flow
field of an operating DMFC could already be derived
with this detector system as shown in Figures 3 and 4.
The spatial resolution of these images is 100 urn and
the exposure time was in the order of 25 s. The inlet of
the aqueous methanol solution is at the upper left
horizontal distribution channel and the outlet is on the
diagonally opposite side. Dark areas of the flow field
indicate regions that are filled with liquid; light areas of
the flow field show gas-filled channels. Both pictures
are taken at the same operating conditions except that

m
Fig. 4: Neutron radiography of the anode flow field of
a DMFC at higher current density as in Figure 3.

in Figure 4 a higher current density was drawn and
corresponding to Reaction 1 a larger amount of car-
bon dioxide is produced. As can be seen easily, at
higher current density {Figure 4), gas accumulates to
a large extent at the inner section of the flow field and
blocks a considerable part of the active area. Because
in all of the pictures taken, the carbon dioxide pro-
duced concentrates in the center of the flow field, a
quasi-stationary flow scheme seems to be estab-
lished. Therefore, this type of flow field is not appropri-
ate as anodic flow field in a DMFC.

Furthermore, our studies could show that the CCD-
camera is also useful for investigating the CO2 man-
agement in DMFCs. With this detector system a
higher temporal resolution is achieved and the gas
evolution process can be observed more precisely.
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INVESTIGATION OF CATALYST UTILIZATION AT THE
ELECTRODE - SOLID POLYMER ELECTROLYTE INTERFACE

USING MODEL ELECTRODES

U.A. Paulus, Z. Veziridis (Volkswagen AG, Germany), E. Deiss, C. Marmy, G.G. Scherer

Structured glassy carbon electrodes serve as a model support for catalyst systems. The well-known ge-
ometry of the substrate allows a precise determination of the surface area. Variations of the platinum
deposition result in the creation of different but well defined catalyst distribution patterns. Differences in the
catalyst utilization can then be quantitatively determined by cyclic voltammetry and related to the different
catalyst distribution patterns.

1 INTRODUCTION

Low temperature polymer electrolyte fuel cells
(PEFCs) require precious metals, mainly platinum, as
electrocatalysts. As platinum is an essential cost factor
the lowest possible platinum loading is desired. How-
ever high Pt loading guarantees high current densities
and therefore high power generation per geometrical
unit area. This contradiction must be solved by a most
efficient utilization of the catalyst.

A first systematic study of the catalyst utilization at the
interface Pt-electrode/membrane was carried out by
McBreen using cyclic voltammetry [1]. He observed
that under certain conditions H-adsorption could be
detected also at that part of the total platinum surface,
which was not in direct contact to the solid electrolyte
membrane. No detailed explanation was given.

2 EXPERIMENTAL

To study the catalyst utilization we used model elec-
trodes prepared from microstructured glassy carbon
plates, which were covered with platinum in various
ways (for details see ref. [2,4]).

TypI TypH

Pt-Black
Pt on Carbon

Polymerelectrolyte

Platinumla

Glassy Carbon

Fig. 1: The two model electrodes and the corre-
sponding "real catalyst layers" at the elec-
trode/electrolyte interface.

The electrode with a continuous platinum layer
(Type I, Figure 1) resembles an active layer of Pt-

black particles. The Pt distribution of the Type II elec-
trode resembles an active layer of platinum supported
on carbon (Figure 1) The interface between such
model electrodes and a water-swollen proton conduct-
ing membrane was probed by cyclic voltammetry in a
test cell purged either with humidified Argon or filled
with liquid electrolyte.

3 RESULTS AND DISCUSSION

When purging the cell with argon we observed full Pt
utilization for the H-adsorption on Type I electrodes. In
contrast investigating a Type II electrode only the Pt
contacting the solid electrolyte is detected (ref. [2]).
These results reflect utilization data obtained on Pt-
black electrodes (about 50% utilization) in contrast to
electrodes with Pt supported on Vulcan XC72 graphite
(about 20 % utilization).

Further we studied the base voltammogram applying
various voltage sweep rates. On Type I electrodes a
variation of the sweep rate (25 to 800 mV/s) intro-
duces a shift to the lower potential desorption peak by
up to 50 mV (Figure 2, above). Whereas using Type II
electrodes no peak shift can be observed (Figure 2,
below).

These findings also resemble data recently obtained
with microelectrodes using Pt-black and Pt/Vulcan
catalysts [3].

An explanation of the observed peak shift could be
either a slow kinetic hydrogen desorption process or
an ohmic drop within the electrode channels. In the
latter case we assume either a thin electrolyte film or
even channels filled with electrolyte, both formed dur-
ing the purging with humidified argon and accompa-
nied by leaching out of membrane fragments.

We developed a model for the H-adsorption-
desorption process at the electrode/electrolyte inter-
face, which includes the possibility of either diffusion of
Had along the channel walls or transport of H+-ions in
an electrolyte layer within the ,,pores,, of the micro-
structure (for details see ref. [4,5]).
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Fig. 2: Variation of the sweep rate on the two different
model electrodes.

Due to these model calculations we could explain the
observed peak shift by assuming an ohmic electrolyte
resistance within the electrode channels of about
1.4*105 Q. Assuming fully electrolyte filled channels
this results in a specific resistance of 200 to 300 Qcm
(channel width between 30 and 50 (im), which corre-
sponds for example to the specific resistance of 0.005
to 0.01 M H2SO4 at 25°C. As thinner electrolyte films
would implicate higher acid concentration therefore
fully electrolyte filled channels seem to be the most
probable explanation.

A[mV]

a

45

b

40

c

28

d

14

e

5

f

0

g

0

Table 1 : Peak potential shift on a Type I electrode for
(a) humidified Argon, (b-g) 0.001, 0.005, 0.01, 0.1, 0.5,
1.0 M H2SO4.

To verify the assumption of fully electrolyte filled chan-
nels we deliberately added sulfuric acid of varying
concentrations to the channels of both types of elec-
trodes. Using Type I electrodes the peak shift de-
creases for H2SO4 concentrations up to 0.01 M and
disappears at higher concentrations in agreement with
the predicted resistance values (compare data in Ta-
ble 1).

In contrast using Type II electrodes we cannot find a
peak shift in any case. A different observation is made
on Type II electrodes: Catalyst utilization increases
with increasing H2SO4 concentration in the channels
and only for concentrations higher than 0.01 M we
observe now a nearly complete Pt utilization (data in
Table 2).

% Utilization

a

43

b

51

c

51

d

55

e

81

f

97

g

100

Table 2: Catalyst utilization on a Type II electrode at
100 mV/s for (a) humidified Argon, (b-g) 0.001, 0.005,
0.01, 0.1, 0.5, 1.0MH2SO4 (100%: Pt on web and
bottom).

The results obtained on Type I electrodes and also on
Type II electrodes with high electrolyte concentrations
in the channels indicate that electrolyte in the channels
plays an important role to explain our observations.
However, the fact that with Type II electrodes the
complete platinum area cannot be detected for con-
centrations below 0.01 M (and therefore no peak shift
can be observed) requires to take into account addi-
tional parameters, which still have to be identified.

4 CONCLUSION

The two outlined similarities to both gas diffusion elec-
trodes and microelectrodes concerning catalyst utiliza-
tion and the observed peak shift clearly underline the
suitability of the chosen model for fundamental inves-
tigation purposes. Further investigations applying e.g.
impedance spectroscopy are expected to give addi-
tional insight into the catalyst utilization mechanism.
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FUEL CELLS WITH FLEXIBLE GRAPHITE BIPOLAR PLATES

T. Pylkkanen, G.G. Scherer

From an economic and technical point of view flexible graphite is found to be one of the best candidates for
the use as bipolar plate material for polymer electrolyte fuel cells. The material properties have been
evaluated, bipolar plates have been manufactured by embossing, and cost estimates have been made for
this process. A fuel cell stack, with two cells of 193 cm2 active area each, has been designed, built and
tested while taking into consideration the attractive properties of flexible graphite.

1 INTRODUCTION

The bipolar plate cost is a considerable part of the
cost of a polymer electrolyte fuel cell stack. Especially
for automobile applications, it is necessary to strongly
reduce this cost. At the same time, the specific power
of a fuel cell stack has to be high in order to avoid
excess weight. In the stack the bipolar plate has fol-
lowing functions:

1) To separate the individual fuel cells from each
other, 2) to electrically connect them in series, 3) to
distribute the process gases (hydrogen and oxygen) to
the negative and positive electrode, respectively, 4) to
allow the cooling of the cells.

The bipolar plate is essentially a plate with channels
for the gas flows on each side (flow fields), see Figure
1. In the center plane of the plate, there exist channels
for a cooling medium, for example, water.

Up to now our bipolar plate standard design included
two parts bonded together. The water cooling chan-
nels are placed between these parts. The plates have
been made by hot pressing a mixture of graphite and
plastic binder and simultaneously forming the channel
structures. Further, it has been necessary to drill holes
into the bipolar plates for the gas and water distribu-
tion through the stack. This whole manufacturing
process is rather expensive for fuel cell stacks in
automobile applications.

2 THE NOVEL PLATE MATERIAL

Flexible graphite raw plates are made from pure
graphite. Sheets and foils with a thickness between
0.2 mm and 2 mm are commercially available for use
as highly corrosion and temperature resistant sealing
material. Its main properties are listed in Table 1.

The plates can be cut and embossed cost effectively
to the desired forms at room temperature. The low
density of the material enables to make lightweight
fuel cell stacks. Besides many advantages, there are
some disadvantages in the use of this material [1]. It is
mechanically not as strong as the standard materials,
and it is slightly permeable to gases. With careful han-
dling and intelligent bipolar plate and system design,
these disadvantages can be circumvented without
affecting the performance of the fuel cell.

Density (g/cm3)

Contact resistance

Gas permeability (cm2/s)

Purity available (%)

Electrical resistivity perpendicular
to plane (|̂ Qm)

Cost (large quantities) ($/kg)

Compressibility (%)

1

negligible

<210"5

98 - 99.85

700
(typical)

9

50

Table 1 : Properties of flexible graphite.

3 DESIGN

A new fuel cell stack design especially adapted to the
new bipolar plate material was made in order to opti-
mize cost, performance and sealing against hydrogen
leaks. The flow field for the gases is shown in Figure
1. The depths of the flow field channels are 0.65 and
0.4 mm for air and hydrogen, respectively. The widths
of the channels were 0.8 mm.

The gas flow fields were designed such that a pres-
sure loss of 2000 Pa is caused along the channel
length at Vi of the maximum current in order to ensure
that the liquid product water is driven away from the
channels even at part load of the fuel cell.

Since flexible graphite is a good sealing material, the
bipolar plate in connection with polypropylene gaskets
is used to seal the flow field against gas leaks. Instead
of bonding the two halves of the bipolar plates to-
gether, suitable sealing surfaces are embossed and
integrated in the bipolar plates in order to avoid leaks
from the cooling water cycle.

A typical previous standard design of a fuel cell stack
included end plates of aluminium, which hold the stack
together. The end plates are connected with metal tie
rods around the fuel cell stack.

In the present design, however, the tie rods connect-
ing the end plates are placed within the active area,
which has four holes for the rods. The gas flow fields
are sealed against gas leaks through these holes.

The forces of the tie rods press on disc springs
(4 pieces on each end plate). This design makes it
possible to manufacture considerably thinner and
lighter end plates than with the standard design be-
cause the forces are distributed more uniformly across
the area of the end plates.
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4 RESULTS AND DISCUSSION

A fuel cell with Nafion 115 as the membrane and E-
Tek electrodes (active area 193 cm2) with 0.6 and 2
mg/cm2 Platinum loading on the anode and cathode,
respectively, was built and tested. At cell voltages
around 0.6 V, higher current densities than with other
cells utilizing the same membrane and electrodes and
at the same operation conditions were achieved.

As a next step, a fuel cell stack with two cells (Nafion
112, E-Tek electrodes (active area 193 cm2) with 0.6
and 0.6 mg/cm2 Platinum loading on the anode and
cathode, respectively, was designed and built in order
to proof the performance of a fuel cell stack with flexi-
ble graphite bipolar plates. Operation with different air
flow rates reveals that the stack performance is stable
also at low air flow rates, see Figure 2.

A power density of 420 mW/cm2 at an average voltage
of the two cells of 0.525 V and a pressure of 2 bar with
hydrogen/air was achieved. This results in a specific
power of 700 W/kg and power density of 730 W/L.
Extrapolating these values for a 10 kW stack with
optimized end plates, it corresponds to 630 W/kg and
700 W/L. By reducing the pitch per cell from the cur-
rent 3.9 mm to lower values, these performance val-
ues can further be improved while still using the same
membranes and electrodes at the same operating
conditions.

Under certain conditions in mobile applications it can
be more economic to use pure oxygen instead of air
for the fuel cell operation [2]. Therefore, the power
delivery with oxygen was tested. A specific power of
more than 1000 W/kg and 1100 W/L per cell was cal-
culated based on the experimental results under hy-
drogen/oxygen operation.

From preliminary thickness measurements and from
the flexible graphite compression data, it can be ex-
pected that the fuel cell operation and thermal cycling
between room temperature and an operation tempera-
ture of 70 or 80 °C will not reduce significantly the
channel depths of the flow fields. The bipolar plates
are expected to last as long as the fuel cells.

Leak proof tests with hydrogen at these operation
temperatures and pressures were performed too. The
leak rates of hydrogen through the bipolar plate to the
oxygen side correspond less than 0.1 % loss of the
current.

Cost calculations show that there is a potential of pro-
ducing this bipolar plate at a unit cost of 3 USD in-
stead of the current standard cost of more than 60
USD.

As a summary, these results demonstrate the potential
of flexible graphite bipolar plates as an economical
alternative to be used in high performance fuel cell
stack applications.

Cooling water outlet manifold (hole) Channels of gas flow field

Air inlet manifold (hole)

H2 outlet manifold (hole)

Fig. 1: Bipolar plate gas flow field.

2
1.8
1.6

'• 1 . 4

i 1 . 2

1

0.8

0.6

0.4

0.2

0

•••••Airstoich. 1.5
—•—Air stoich. 2.0
- * - Airstoich. 2.5

20 40 60 80 100

Fuel Cell Stack Current (A)

120

Fig. 2: Dependence of the stack performance on the
air flow rate, described as the stoichiometric factor, the
ratio between the actual air flow to the theoretical
minimum needed.
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EFFECTS OF TEMPORARY POTENTIAL INVERSION ON POLYMER ELECTROLYTE
FUEL CELL (PEFC) PERFORMANCES

A. Tsukada, O. Haas, J. Huslage

Potential inversion of one or more cells in a PEFC stack could drastically reduce its performances, or, in
the worst case, seriously damage the entire stack owing to thermal deterioration and perforation of the
membrane electrode assembly (MEA). The causes of potential inversion are numerous, including inhomo-
geneous gas distribution, drying of membranes and flooding of electrodes, etc. However, the symptoms
are always the same: the polarisation curve of such a malfunctioning cell is very steep and rapidly reaches
the short-circuit voltage before the other cells of the stack.

1 INTRODUCTION

Homogenous gas supply in a fuel cell stack is very
important in keeping the voltage of all cells at a similar
value, particularly when the stack is operating at high
current. Water condensation in the flow field, which
can increase the input/output pressure difference, can
prevent homogeneous H2 distribution in one or more
cells. These cells can reach negative voltage, long
before other correctly supplied cells. Depending on the
duration and degree of negative voltage, the fuel cells
can recover or be rendered completely ineffective.

2 EXPERIMENTAL

Electrochemical impedance spectroscopy (EIS) has
been chosen to avoid the cell deterioration during the
measurement. This method was used after each cell
potential inversion, while superposing an AC compo-
nent to the cell potential varying between 10 kHz and 1
Hz, with an amplitude of ± 5 mV. Potential inversion
tests were performed while keeping the stoichiometric
value of hydrogen XH2 at 0.5, until the cell voltage
reaches a desired negative value.

Voltage / Current
Supply (PSI)

TestFC:N112,
30 cm2, 70 °C

I =15 A
U= 0.585 V +/- 5 mV

Zahnder / Thales EL300
Impedance Apparatus

Fig. 1: Experimental Set-up.

The 30 cm2 cell is composed of a Nafion® N112
membrane (Dupont, USA) and E-Tek electrodes with
0.6 mg Pt/cm2 loading, and its stationary operating
conditions before and after potential inversion are
0.585V / 15A. at 70°C /1.05 barabs. Humidified H2 and
dry O2 are supplied with X at 1.5 for both gases. The
experimental set-up is depicted in Figure 1. The volt-
age/current supply (PSI) stands for the correctly func-

tioning cells in a stack, and the test fuel cell is the
potential inverting one.

3 RESULTS AND DISCUSSION

Figure 2 shows the EIS measurements of the test cell
after the cell potential inversions, from Plot A to Plot H,
measured chronologically. Plot A is the measurement
of the non-inverted cell.

0.005 0.01 0.015 0.02 0.025 O.I )3 0.035

Re(Z) / mfi

Fig. 2: Nyquist plots of a PEFC after temporary po-
tential inversions (Plots A to H). Plot A: new cell; plot
B: -1.2 V; plot C: -1.5 V; plot D: after 9.5 hour recov-
ery; plot E: -0.6 V: plot F: -1.4 V; plot G: -2.0 V; plot H:
-2.7 V.

During potential inversion, some of the water in the
membrane is electrolysed into H2 and O2. This elec-
trolysis dries the membrane and increases its internal
resistance (Plots B & C). After hours (9.5 h) of station-
ary operating conditions, the cell regains again humid-
ity and its membrane conductivity becomes higher, but
does not reach its initial impedance value (Plot D). It
was noticed that potential inversion up to -0.5 to -0.6 V
recovers cell performances somehow (Plot E), per-
haps due to reactivation of the catalyst or to contact
improvement between the membrane and the elec-
trodes (internal hot press effect). The cell can be con-
sidered to be destroyed when its potential drops below
-1.5 V; at such values the membrane is not only dried
out by electrolysis, but it is believed that the triple
phase boundary can be seriously damaged owing to
the high local temperature due to the thermal reaction
between H2 and O2.
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DRY AND WET CORROSION OF STAINLESS STEEL SAMPLES:
AN XPS INVESTIGATION

J. Wambach, A. Wokaun, A. Hiltpold

The formation of oxide films on Type 316Ti (DIN 1.4517) austenitic stainless steel by oxidation at 573 K in
dry air at normal gas pressure and in high purity water (0.05 mS/cm) at 90 bar during different oxidation
times from 0.5 h up to 120 days was investigated by means of XPS depth profiling. It is demonstrated that
during oxidation in dry air a two layered oxide film is formed and each layer follows a linear growth law.
The outer oxide layer consists nearly exclusively of Fe-oxides. Cr, Ni and Mo was found only in the inner
oxide layer and in the metallic bulk. In the presence of water an enhanced oxide layer formation is ob-
served (ca. factor 5 for dry steam, > factor 10 for wet steam and pure water). Furthermore, Cr and Ni are
present at the sample surface as oxides. The layer development is more complex and reflects possibly a
quadratic growth law with breakaway oxidation" for thicker oxide layers.

1 INTRODUCTION

Knowledge about the formation of oxide layers on
stainless steel and of their composition under different
conditions is important because it is one of the most
used construction materials. On 316L type austenitic
stainless steel the oxide film composition depends
strongly on the reaction temperature, exposure time
and reaction media. High temperatures result in a Cr
and Mn rich oxide. After oxidation at room and inter-
mediate temperatures, Fe is found mainly in the oxide
top layer [1]. Oxidation in water at room temperature
forms a two layered passive film: outermost hydrox-
ides and underneath Fe-Cr oxides [2, 3].
The aim of our investigation was to compare the oxi-
dation behaviour of 316Ti steel under different condi-
tions at intermediate temperatures, as applied e.g. in
catalytic reactors or under hot water conditions in nu-
clear reactor systems.

Slabs 20x10x2 mm in size of type 316Ti (DIN 1.4517;
Fe 65 - Cr 17 - Ni 12 - Mo 2.1) stainless steel was
used. The samples were oxidised at 573 K between
0.5 h and 120 days either under atmospheric con-
ditions, or in high purity H2O at 90 bar, or under dry,
respectively wet steam conditions.

The XPS spectra (apparatus: VG ESCALAB 220i XL,
monochromatised Al Ka X-ray source, operated with
200 W and 1 mm spot size) were obtained in normal
emission mode. The analyser was set to EPass = 20
eV. For depth profiling, an Argon ion beam with 3 keV
and 1.2 mA (7.5 x 1012 Ar+/sec) was rastered over an
area of 3x4 mm2 under an angle of 45°.

2 RESULTS AND DISCUSSION

After oxidation in dry air the composition profiles
showed that the sample surface consisted mainly of
iron oxides and carbonates, and that the near surface
oxide layers are depleted from Cr, Ni and Mo. Ni and
Mo are detected first near the oxide/bulk interface.
Oxides formed under aqueous conditions contain Ni
and Cr oxides and hydroxide species at the surface
and near surface oxide layers. Again, Mo appears first
near the oxide/bulk interface.

Figure 1 shows the development of the oxide growth
versus time for the different conditions studied. In the
presence of water the oxide formation is strongly en-
hanced. Different growth modes are observed. In the
case of oxidation in water, the 120-days result gives
indications of a "breakaway oxidation".

3 SUMMARY

In the presence of water the oxidation rate is strongly
enhanced. A phenomenologically quadratic growth law
compared to a 2-step linear growth mode is observed.
Water influences the oxide composition and their ap-
pearance in the oxide layer.
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Fig.1: Development of the oxide layer thickness for
different treatments versus oxidation time.
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LASER INDUCED DECOMPOSITION OF KAPTON®
STUDIED BY INFRARED SPETROSCOPY

E. Ortelli, F. Geiger, T. Lippert, A. Wokaun

The UV-laser (308 nm) induced decomposition and ablation of Kapton was studied using Diffuse Reflec-
tance Infrared Fourier Transform (DRIFT) Spectroscopy. The first step of photolysis is the simultaneous
decomposition of the imide ring and of the diary! ether group. In the next step the aromatic system decom-
poses and isocyanates, aliphatic hydrocarbons, nitrites and alkynes are formed.

1 INTRODUCTION

During the past three decades, since the commerciali-
zation of Kapton® polyimide, an impressive variety of
polyimides with various properties have been synthe-
sized. Approximately 15 years ago, the direct structur-
ing or laser ablation of polyimides by excimer lasers
was described first [1]. These studies showed clearly
that ablation caused clean etching of the material with
micron size precision. Because of the importance of
polyimides in numerous applications and the difficulty
in etching these polymers by other means, such find-
ings prompted intensive further research. At the pre-
sent time, laser ablation of polyimide is a routine part
in microelectronic packaging and the fabrication of
nozzles for ink jet printer heads. The difficulty in etch-
ing these polymers by other means started intensive
further research.

The ablation products have been studied by a variety
of techniques, and the principal gaseous products, the
ablated area, and the redeposite soot have been ana-
lyzed. Other surface species, intermediates and prod-
ucts in the polymer film, which could be indicative of a
mechanistic scheme, are not reported to our knowl-
edge.

2 EXPERIMENTAL

Kapton HN ® foils were abraded using a SiC disk. The
disk with the Kapton scrapes is irradiated with an
XeCI-excimer laser (308 nm) using defined energies
and pulse numbers. The disk is then placed in the
DRIFT cell and analyzed.

3 RESULTS AND DISCUSSION

The change in the peak areas of several selected
bands is used to elucidate the laser induced decom-
position pathway. In Figure 1 the proposed reaction
pathway is shown. The imide system breaks between
the imide N and carbonyl carbon with a simultaneous
decomposition of the diaryl ether group, either in the
same repetition unit or at some other place along the
polymer chain. Upon further laser irradiation a con-
stant concentration of these species is maintained,
suggesting that creation and decomposition of these
groups reach a quasi steady state. This first step is
probably photon-induced, but we cannot rule out a
temperature increase. In the next steps, which could
also be thermally induced, the aromatic systems de-
compose, while acetylenes are formed. At the same

time isocyanate species are detected, which decom-
pose upon further irradiation, or by reaction with other
species. This decomposition is at least partially ther-
mal. In the following steps nitrile and aliphatic hydro-
carbons (CH) are formed [2].

Y_/~X^~W

TO*

CH

indi-Fig. 1: Suggested decomposition scheme. T
cates a broken bond.

4 CONCLUSION

Silicon Carbide (SiC) is a suitable substrate for studies
of laser induced processes in polymers. The surface
sensitive DRIFT technique allows a detection of reac-
tion intermediates and products of the laser treated
solid polymer. The laser induced decomposition pat-
way is identified.
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POLYIMIDE CARBONISATION AFTER LASER ABLATION

F. Raimondi, S. Abolhassani, R. Brutsch, F. Geiger, T. Lippert, J. Wambach, J. Wei, A. Wokaun

Kapton® polyimide was irradiated with a XeCI excimer laser (308 nm) and the ablated area and its
surrounding were studied using confocal Raman microscopy, scanning electron microscopy, transmission
electron microscopy and energy dispersive X-ray analysis. Carbon was detected in a ring-like area
surrounding the ablation crater (low crystallinity) and on the top of the conical structures formed within the
irradiated area at fluences between 40 and 250 mJ/cm2 (high crystallinity). It was demonstrated that Ca-
containing impurities are responsible for the formation of the conical structures.

1 INTRODUCTION

Kapton® polymide is an important material in the
microelectronic industry, where it is used as dielectric
in the production of multichip modules (MCM) [1].
Chemical and morphological modifications upon laser
irradiation are of high interest, since laser ablation is
routinely used in important manufacturing steps (e.g.
production of via holes in MCMs).

In the present study Kapton™ films were ablated using
a XeCI excimer laser (X = 308 nm) with fluences
between 40 and 320 mJ/cm2, and with various pulse
numbers. The ablation craters and their surrounding
were studied by confocal Raman microscopy,
scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and energy dispersive X-
ray analysis (EDX).

2 RESULTS AND DISCUSSION

Figure 1 (top) shows the optical microscope image of
an ablation crater obtained with 200 pulses at 250
mJ/cm2. Raman microscopy indicates that the dark
ring-like structure surrounding the crater consists of
polycrystalline carbon with a relatively high bond-angle
disorder. From the relative intensity of the carbon and
polymer Raman bands it can be demonstrated that the
thickness of the carbon overlayer, deposited during
ablation, decreases radially moving away from the
crater. TEM shows a thickness of 1.6 |jm at the crater
edge [2].

The dark spots inside the ablated area are cone-like
structures, which are found only after ablation at
fluences between 40 and 250 mJ/cm2. Their number
increases with decreasing fluence, as indicated by
comparison of the two images in Figure 1. EDX
analysis revealed that the conical structures are
associated with the presence of Ca-containing species
that are not detected anywhere else. Carbon is
detected on top of the cone-like structures by Raman
microscopy. This carbon is more crystalline and shows
less bond-angle disorder compared to the material
found in the surrounding of the ablation craters. This is
probably due to a tempering-like process caused by
the prolonged exposure of these carbon particles to
the laser radiation. The average amount of carbon on
top of the conical structures increases with increasing
pulse numbers. Moreover, no carbon is detected after
200 pulses at fluences lower than 160 mJ/cm2,

Fig. 1:
- top: Optical micrograph of an ablation crater

obtained with 200 pulses at 250 mJ/cm2.
- bottom: SEM image of a crater ablated with

800 pulses at 160 mJ/cm2.

although cone structures are already fully developed.
This excludes the hypothesis that carbon particles
deposited on the irradiated area during the ablation
process might cause the formation of the conical
structures. Instead it is more likely that the Ca-
containing impurities detected by EDX cause the
formation of the cones by shading the underlying
polymer from the laser radiation.
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INFLUENCE OF PHOTOCHEMICAL PROPERTIES ON THE ABLATION OF NOVEL
ABLATION RESISTS

T. Lippert, J. Wei, A. Wokaun, N. Hoogen (TU Munich, Germany), O. Nuyken (Til Munich, Germany)

The ablation characteristics of various polymers were studied at low and high fluences. The polymers can
be divided into three groups, i.e. polymers containing triazene and ester groups, the same polymers
without the triazene group, and polyimide as reference polymer. The polymers containing the
photochemically most active group (triazene) exhibit the lowest threshold of ablation and the highest etch
rates, followed by the designed polyesters and then polyimide. Neither the linear absorption coefficients
nor the decomposition temperature reveal a clear influence on the ablation characteristics.

1 INTRODUCTION

Laser ablation of polymers was first reported in 1982
and envisioned as a possible alternative or
complementary technique to conventional
photolithography. Laser ablation has the advantage of
less processing steps, but up to now this potential
could not be exploited with the commercially available
polymers. Therefore novel photopolymers were
developed to overcome these limitations. From the
standpoint of ablation properties, triazene group
(-N=N-N<) containing laser-resists have been
identified as the most promising candidates.
Unfortunately problems are encountered with the
stability with respect to the following steps during a
complete processing cycle, e.g. oxidation of the
substrate. Introducing a functional ester group can
improve the stability of the polymers without changing
the sensitivity to direct laser structuring [1]. Novel
polymers were synthesized to test whether it is
possible to combine the sensitivity of the triazene
polymers with the stability of the polyesters. These
polyesters contain cinnamylidenemalonyl groups and
the triazene functional group. The performance of the
designed polymers is compared to a commercial
polymer, i.e. polyimide. All polymers were selected to
have similar absorption coefficients, ociin, ensuring an
equal laser penetration depth. The chemical structures
of the polymer are shown in Figure 1.

2 RESULTS AND DISCUSSION

The ablation parameter and some physical data of the
polymers are compiled in Table 1. At high fluences
(>400 mJ cm'2) similar ablation parameters are
determined while at low fluences very pronounced
differences are detected. The differences in the etch
rates at 100 mJ cm"2 show clearly that the linear
(Lambert-Beer) absorption coefficient is not important
for the ablation rates. The etch rates follows the order
of photochemical activities, of bond energies (N-N <
C-O, C-N, C-C) and of the thermal stabilities
(TME<ME<PI).

Malonyl-ester (ME) Polyimide (PI)

Fig. 1: Chemical structure of the polymers.

A more detailed analysis of the data in Table 1
suggests that the photochemical activity is the rate-
determining factor. The largest difference in etch rates
(TME to ME) corresponds to the smallest difference in
the decomposition temperatures, Tdec, and the largest
difference in Tdec corresponds to the smallest
difference in the etch rates. This behaviour is clearly
contrary to expectations for a photothermal ablation
mechanism.

TME
ME
PI

Etch rate at 100
mJ cm"2/ nm

239
90
61

Tdec / C
(TGA)

248
321

>500

OCiin / cm"1

92000
102000
95000

Table 1: Comparison of the polymer data.

3 CONCLUSION

The photochemical activity of specific chromophores
in the polymer main chain has the largest influence on
the ablation rate. The absorption coefficient and the
decomposition temperatures are only of minor
importance.
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TOF-MS ANALYSIS OF POLYMERS DESIGNED FOR LASER ABLATION

M. Hauer, T. Dickinson (Washington State University), S. Langford (Washington State University),
T. Lippert, A. Wokaun

A photolabile triazene polymer was irradiated with excimer lasers emitting at 308 nm and 248 nm. The
ablation fragments where analysed by a time-of-flight mass spectrometer. The signal intensities of the
fragments suggest that different mechanisms are active at the two irradiation wavelengths.

1 INTRODUCTION

Laser ablation of polymers has been studied
extensively over the last two decades with various
analytical techniques. The ablation mechanisms, i.e.
thermal, photothermal or photochemical, are still often
controversial. It has been repeatedly emphasised [1]
that it is important to analyse the product distribution in
order to establish and/or test ablation mechanisms.
Time-of-flight (TOF) distributions of neutral fragments
have been analysed to determine the energy
distribution of the fragments. In general, most TOF-
mass spectrometer (MS) studies have given strong
indications for photothermal ablation mechanisms. To
test, whether a photochemical ablation mechanism
can be identified with TOF-MS a triazene-polymer was
chosen, which has given strong indications for a
photochemical ablation mechanism [2].

2 EXPERIMENTAL

The triazene-polymer was cast from two different
solvents, (i.e. tetrahydrofuran (THF) and chlorbenzene
(CB)) onto a quartz substrate. The TOF-distributions
were then analysed at 248 nm (THF, CB) and at 308
nm (CB).

3 RESULTS AND DISCUSSION

The UV-Vis absorption spectrum of the triazene-
polymer (the chemical structure is shown as insert in
Figure 1) is shown in Figure 1. The absorption
maximum at 330 nm is due to the photolabile triazene
group (-N=N-N<) and the absorption at 248 nm is due
to the aromatic-ring-system. The main ablation
products, i.e. nitrogen and phenyl fragments with
masses of 76/77 amu, were analysed in detail.

/=\ ? H 3 ? H s

—\ f~ N=N-N—(CH2)6-N-N=N- -

0.0-I

The TOF curves of the films, cast from THF, could be
fitted with an Arrhenius type model, suggesting a
photothermal ablation mechanism [3]. The data for the
mass 28 (i.e. nitrogen) after an irradiation at 308 nm
and 248 nm are shown in Figure 2.
The data taken after an irradiation at 308 nm exhibit a
linear increase of the signal intensity at low fluences
(< 40 mJ/cm2). With higher fluences the signal raises
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Fig. 1: UV-Vis spectrum of the triazene-polymer.
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Fig. 2: Signal intensity vs. fluence.
much faster. This is an indication, that at fluences
above aprox. 40 mJ/cm2 the process changes from a
linear photochemical reaction to an ablation process.
(30 mJ/cm2 where found with other techniques)
At 248 nm the signal intensity increases much faster,
and no linear increase could be observed. At high
fluences the signal intensity reaches a maximum. This
is probably due to absorption of the incoming photons
by aromatic fragments (e.g. radicals), which are
produced during the ablation process.

4 CONCLUSION

Theses measurements suggest that the ablation
process is influenced by the irradiation wavelength
and various processes are active.
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DEMONSTRATION OF A WORKING POSITIVE-NEGATIVE LASER RESIST SYSTEM

J. Wei, T. Lippert, A. Wokaun, N. Hoogen (TU Munich, Germany), O. Nuyken (TU Munich, Germany)

Polyesters containing cinnamylidenemalonyl groups (CM-Polymers) which undergo photocrosslinking upon
irradiation atX> 395 nm and laser direct structuring at 1= 308 nm have been developed for applications as
combined positive-negative resists.

1 INTRODUCTION

Ultrasensitive, photolabile polymers [1] have been
developed for laser ablation at specific irradiation
wavelengths, i.e. 308 nm. The polymers exhibit very
high sensitivity to the laser irradiation wavelength and
decompose into gaseous species. However, the
irradiation area is limited by the laser beam size. A
'pure' laser process would be slow and tedious for the
creation of arrays of structures, e.g. micro-lens arrays,
on a large substrate. To overcome this limitation,
novel photopolymers have been developed which can
be used as classical negative (crosslinking) resists,
but still exhibit very high sensitivity towards laser direct
structuring. These polymers are based on polyesters
containing cinnamylidenemalonyl groups (CM-
Polymers) which undergo photocrosslinking upon
irradiation at X > 395 nm and laser direct structuring at
X = 308 nm. The structure and crosslinked structure of
the CM-polymers are shown in Figure 1. In Volume V
of the PSI Scientific Report 1999, we reported the
ablation behaviour of these resists [2]. In this work, we
demonstrate the principle of the positive-negative
resists.

Jn
Fig. 1: Structure of the cinnamylidenemalonyl ester
polymer (CM) before and after crosslinking.

2 EXPERIMENTAL AND RESULTS

A brass mask (100 mm thick) with a rectangular
pattern was placed on a thin (3 to 5 |jm) polymer film,
casted from CHCI3 solution on a quartz wafer. Then
the film was irradiated through the mask pattern with a
Xe-lamp, equipped with a filter (Xirr > 395 nm) for 20
min at a power of 100 mW cm"2. The irradiated film
was developed by immersing CMcr for 10 sec into
chloroform, which is a good solvent for CM. A
scanning electron microscope (SEM) picture of the
developed, negatively structured film is shown in
Figure 2 (top). The crosslinked polymer squares were
subsequently irradiated with a XeCI excimer laser
(Lambda Physik Compex 205), through a copper
mask with a varying slit pattern, which was
demagnified with a reflective objective (Ealing 15x).
The SEM picture in Figure 2 (middle) shows the micro-
structure obtained with a single pulse at 7.9 J cm"2.

The microstructure is well resolved and shows a
resolution close to the limits of our setup (~ 1 |im). To
test, whether there is a preferential order of
processing steps, i.e. first negative development and
then positive laser structuring or vice versa, a polymer
film was first structured with the laser, then
crosslinked and developed in CHCI3. The
microstructure (Figure 2, bottom) reveals the same
quality as the structures obtained for the experiments
with the opposite sequence.

Fig. 2: SEM
pictures of the
polymer after
crosslinking.
Top: after wet
development in
CHCI3;
Middle: structuring
of the crosslinked
and wet developed
polymer (from top
SEM) (1 pulse with
7.9 J cm"2 at 308
nm);
Bottom: inverse
processing, i.e.
first laser
structuring, then
crosslinking and
wet development.

3 CONCLUSION

In this work we have demonstrated that CM polymers
can be used as combined positive-negative resists.
The order of processing, i.e. first negative then
positive structuring or vice versa is not affecting the
quality of the structures on a micrometer scale.
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CONVECTION-INDUCED ABSORPTION OSCILLATIONS IN A CUVETTE AFTER
IRRADIATION WITH UV-LASER PULSES

F. Gassmann, T. Lippert, J. Wei, A. Wokaun

Investigations of the origin of slow absorption oscillations after UV-laser irradiation of pentazadiene (PZ)
solutions indicated that they are not of chemical origin but rather produced by pure physical convective
transport. To test this hypothesis, convective transport combined with diffusion of PZ in tetrahydrofuran
(THF) was simulated and the results compared with observations. Simplified analytical formulas to esti-
mate convective activity in a cuvette are given. They are intended to prevent misinterpretations of experi-
ments due to convection phenomena normally thought to be negligible in small cuvettes.

1 INTRODUCTION

Pentazadienes (PZ) are photosensitive compounds
showing an absorption maximum around 380 nm.
Decomposition of the N5 system (-N=N-N-N=N-) by
UV-laser irradiation leads to a pronounced reduction
of the absorption. Previous investigations of this
photolysis revealed an oscillating behavior of the
measured absorption during the dark period following
the irradiation [1]. To clarify the mechanism underlying
these damped oscillations with periods of 10 to 100 s,
additional measurements were performed. They
showed convincingly that the oscillations do not have
their origin in chemical instabilities (our first hypothe-
sis), but are produced by convection. Small horizontal
temperature differences due to the temperature stabi-
lization system create a stationary convection cell.
Absorption inhomogeneities produced by the laser
irradiation combined with convective transport and
diffusion of PZ in tetrahydrofuran (THF) results in the
observed damped absorption oscillations. To prove
this hypothesis, the respective physical processes
have been simulated.

2 THE SIMULATION METHOD

To simulate fluid convection, the following basic equa-
tions have to be solved simultaneously:

• equation of motion (Navier-Stokes equation)

• continuity equation

• equation of state for THF (i.e. density variation of
THF with temperature)

• transport equation for heat

• transport equation for PZ (PZ concentration is
proportional to absorption).

Due to symmetries of the experimental setup, the
calculation of fluid convection in our temperature stabi-
lized quartz cuvette can be restricted to the two most
important dimensions, namely the vertical (z) and the
horizontal (x, parallel to the laser beam). A tempera-
ture gradient in the x-direction is driving a convection
cell. The physical origin of this temperature gradient is
the temperature stabilization system consisting of a
separate stabilization chamber at the back of the cu-

vette, through which water from a thermostat is
pumped. It keeps the back wall of the experimental
chamber at a constant prescribed temperature. Its
front wall however, where the laser beam enters, is
influenced by the room temperature.

The method to solve the above described system of
partial differential equations is widely used in meteor-
ology and is described (for three dimensions) e.g. in
[2]. By introducing a stream function *F and a vorticity
function i;, pressure and the continuity equation can
be eliminated so that the main problem is reduced to
solving the Poisson equation ^ = A ^ (A is the
Laplace operator). This is done for a rectangular do-
main with quadratic grid cells using the IMSL-routine
FPS2H. For 17x67 grid points and 20'000 time steps
(a 0.006-0.03 s), a simulation needs roughly a minute
CPU-time on an Alpha 4100 computer.

3 EXAMPLES OF RESULTS

Simulations of the THF flow field with physical pa-
rameters according to Table 1 resulted in a stationary
convection cell shown in Figure 1.
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Definition

dynamical viscosity of THF

kinematical viscosity of
THF

expansion coefficient THF

density of THF

thermal conductivity of THF
heat capacity of THF

effective diffusion coeff.
normal acceleration

width of fluid (x-direction)

height of fluid (z-direction)

Table 1 : Physical parameters for 25°C.

Investigations of the Rayleigh-Benard convection (e.g.
convection between two horizontal and parallel plates
heated from below) show that the dimensionless
Rayleigh number
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Ra =
gySTH3

VK
where K =

K

PCH
(1)

is the governing control parameter (definition of sym-
bols cf. Table 1, 8T is the temperature difference
between back- and front wall of the experimental
chamber) for buoyancy-induced transport in a viscous
fluid. Dimensional analysis of the heat transport equa-
tion gives for the ratio of convective to molecular heat
transport the Peclet number P = V H / K . In this rela-
tion, v is a typical velocity (e.g. the average or the
maximum velocity). A numerical sensitivity analysis
shows that

P « Ra for Ra small, P °c ̂ Ra for Ra large (2)

Solving the relations (2) for v and comparison with
simulations yields

;5.3-10-3.ax^p f o r R a < 1 5 0 .'000

forRa>350'000
(3)

Fig. 1: x-z cross section
of simulated stationary
velocity field. Tempera-
ture of the stabilization
chamber (right) is 30°C,
room temperature is
22°C. Coordinates are
given as grid points 0-16
and 0-66 with a grid con-
stant of 0.425 mm. The
effect of boundary cohe-
sion at the left, bottom
and right walls results in
zero velocities. Max.
velocities of 1.9 mm/s
are found around z = 33,
x = 3 and 13. The spec-
trometer-beam is at co-
ordinates x = 12, z = 17
and is perpendicular to
the shown cross section.
The laser beam is paral-
lel to x and enters from
the left with almost ho-
mogeneous energy dis-
tribution between z = 0
and z = 37.

The transition range between small and large Rayleigh
numbers is roughly 150'000-350'000. The flow field
displayed in Figure 1 has been calculated for Ra «
3-106, e.g. the relation for large Ra applies where K
and cH are important parameters, but not p. Simula-

tions with Ra < 150'000 show negligible effects of K
and cH on v and linear relationships between v and p,
7 , 5T and L2. The two coefficients in (3) have been
calibrated with different simulations and hold for v as
the maximum velocity. Relation (3) is useful to esti-
mate convection velocities in small cuvettes induced
by horizontal temperature differences.

The experimental setup allows only the irradiation of
the lower half of the solution. The distribution of the
absorption is therefore inhomogeneous within the fluid
after the single 20 ns laser pulse. The convection cell
transports and mixes the two parts of the solution
resulting in damped absorption oscillations at the
spectrometer location. The resulting oscillation periods
are directly coupled with the turnaround time of the
convection cell. Figure 2 shows measured and simu-
lated damped oscillations with a period of 37 s.

0.65
.0 100 i4o 2A0 250 300 350

time (s)

Fig. 2: Measured (thicker line) and simulated damped
oscillation of the absorption after application of a laser
pulse at second 38 to a PZ solution in THF stabilized
to 30°C. The simulated laser energy was adjusted to
reproduce the absorption drop following the laser
pulse. The higher observed stabilization level is sup-
posed to result from trans-cis isomerization followed
by a slow thermal relaxation.

4 CONCLUSION

Normally neglected horizontal temperature differences
can lead to convection cells even in small 2 ml cu-
vettes resulting in misinterpretations of experimental
results. Our analytical relations are useful to estimate
periods of oscillations due to convective transport and
diffusion of concentration inhomogeneities.
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OZONE AROUND MILANO, ITALY

A.S.H. Prevot, J. Dommen

During the the European LOOP project (Limitation of Oxidant Production) measurements of trace gases
and aerosols were performed in the Milan area. Up to 200 ppb of ozone were measured downwind of Mi-
lano close to the Alpine foothills. The ozone production during one afternoon is often higher than 50 ppb,
up to 100 ppb. The Milano region is one of the major air pollution regions around the whole Alps.

1 INTRODUCTION

The highest concentrations of ozone in Switzerland
are found in the Sotto-Ceneri of the Ticino, the south-
ern tip of Switzerland. The maximum concentrations in
summer are often twice as high in Ticino compared to
stations north of the Alps. Several field campaigns
have been conducted since 1991 to understand the
ozone production processes and to investigate possi-
ble ozone reduction strategies. It was shown that very
high ozone concentrations (160-200 ppb) occur near
the Alpine foothills if the location is down-wind of the
Milano city plume [1]. Here, we will summarize how
much ozone is produced during one day in the Milano
plume and in the Lombardy region in general.

2 DATA

During the LOOP (Limitation of Oxidant Production)
campaign in May and June 1998, two rural and repre-
sentative air quality stations Verzago and Landriano
were added to the Lombardy air quality network (Fig-
ure 1). During summer days, winds develop from the
Po Basin into the Alps. Landriano thus represents the
pollution levels up-wind of Milano. Verzago is down-
wind of the industrialized region around Milano and is
in case of winds coming exactly from the south down-
wind of the Milano city center. Additional aircraft
measurements were performed to deduce the spatial
concentration differences in detail.

3 RESULTS

In the following, we will compare the typical ozone
concentration ranges found around Milano. The late
afternoon concentration ranges are summarized in
Figure 1. South of Milano, the ozone concentrations
are similar to the region of Zurich. Also the concentra-
tion increase of about 0-25 ppb from noon (usually 60
ppb) to the late afternoon is similar to the concentra-
tion increase found in the area of Zurich [2]. North of
Milano, the concentration increases are dramatic.
Starting with around 60-80 ppb south of Milano, 120 to
180 ppb are reached down-wind of Milano. Even out-
side the Milano plume, 90-150 ppb are reached. This
yields a gradient of around 30-70 ppb ozone from the
southern to the northern part of the Po Basin. On top
of that, the Milano city plume itself adds another 20-40
ppb ozone, yielding up to 100 ppb of ozone produc-
tion. In comparison, 120 |j.g/m3 (around 60 ppb) of
ozone should not be exceeded by more than one hour
per year in Switzerland.
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Fig. 1: Location of the air quality stations Verzago
and Landriano. The concentration ranges refer to typi-
cal concentrations ranges of the late afternoon ozone
concentration at different locations around Milano in
summer.

4 FURTHER WORK

Within the LOOP project, models and measurements
of a large number of different trace gases and aero-
sols will be used to elucidate the limiting factors
(emissions, meteorology) of the ozone production. A
model output of the ozone distribution can be found in
this issue [3].
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COMPARISON OF MODEL RESULTS (UAM-V) WITH MEASURED DATA DURING
LOOP

N. Ritter, M. Tinguely, S. Andreani-Aksoyoglu, J. Dommen, J. Keller, A. Prevot

The three-dimensional photochemical Urban Airshed Model with variable grid (UAM-V) is used to investi-
gate the temporal and spatial behavior of the photooxidant production in the highly polluted Milan area
(Italy) in spring 1998. A dense network of continuously working ground based monitoring stations in the
Italian provinces and in the Canton Ticino measured numerous chemical species as well as different mete-
orological parameters in the whole region. Additional information in the upper boundary layer is available
from chemical measurements in an airplane and meteorological data from soundings and a wind profiler.
The dataset offers a unique opportunity to validate model results.

1 INTRODUCTION

The Milan metropolitan region is the most industrial-
ized and populated area in Northern Italy and is regu-
larly affected by high ozone concentrations during
stagnant weather conditions (low wind speed) and
high solar radiation. In such a case, the breeze direc-
tion during the day is south to north, and during the
night and in the early morning hours from north to
south. Ozone is formed through various chemical re-
actions between NO* (NO+NO2), volatile organic com-
pounds (VOC) and solar radiation and shows no line-
arity between these parameters.

A measuring campaign within the LOOP project (Limi-
tation of Oxidant Production), a subproject of EURO-
TRAC-2, was carried out in this area in the early
summer 1998. The aim of the LOOP project is to im-
prove the understanding of the temporal evolution and
the spatial extent of different photooxidant production
regimes in the planetary boundary layer of the Milan
area in order to assess the effectiveness of reduction
strategies of the ground level ozone.

2 MODEL SIMULATIONS

The UAM-V is used to simulate the air quality in the
LOOP-domain (141 km x 162 km). The simulations
are performed with a spatial resolution of 3 km x 3 km
and 8 vertical terrain following layers. The model uses
the Carbon Bond Mechanism (CBM-IV) and requires
an hourly and day-specific database for input prepara-
tion. The simulation period is 12.-13.5.1998, with one
additional start-up day to limit the influence of the ini-
tial concentrations.

3 RESULTS

The weather conditions with low wind speeds, high
temperature and clear sky were favourable for high
photooxidant production. Ozone concentrations at
ground level of more than 190 pbb were measured
downwind of Milan city close to the Alpine foothills
(Figure 1). A highly polluted plume of 50 km width
could be observed by airplane measurements of en-
hanced ozone. Such an ozone plume is also produced
by the model (Figure 2), however, it appears northwest
of Milan. Adjustments of the meteorology will be
needed for further data intercomparisons.
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Fig. 1: Measured ozone concentration at the urban
Milan station and the rural site of Verzago, -27 km
north of Milan, May 13, 1998. The rural station shows
a significantly higher O3 concentration. The time in the
figure is given in CET (Central European Time).
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Fig. 2: Modelled ozone distribution in the LOOP
domain at 15h CET, May 13, 1998. A highly polluted
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CLEANSING OF THE PO BASIN AIR BY NORTH FOEHN

R. Weber, A.S.H. Prevot

The Po Basin is a region where very high ozone concentrations are found in summer. We found that north
foehn situations with advection of air from the Alpine crest lead to significant reduction of ozone concentra-
tions in summer. The cleansing is evident in a large region starting at the southern Alpine foothills, reach-
ing areas close to Milano.

1 INTRODUCTION

In the strongly industrialized region around Milano in
the Po Basin, one usually finds high concentrations of
both primary pollutants (nitrogen oxides, volatile or-
ganic compounds and aerosols) and secondary pol-
lutants such as ozone. During stagnant fair weather
conditions, very high levels of ozone can be built up
and accumulated within the basin [1,2]. So far, it has
not been systematically investigated which processes
terminate the accumulation periods. Usually, the pollu-
tion levels drop when cloudy and rainy conditions re-
place the good weather. We suppose that in regions
near larger mountain ranges, air masses from the free
troposphere might be transported down to low alti-
tudes. Such processes could lead to advection of air
with low primary pollutant concentrations replacing the
polluted boundary layer air. The low primary pollutant
content in the free tropospheric air masses will also
lead to a substantial reduction in the production of
ozone.

2 DATA AND RESULTS

The effect of Foehn on the ozone levels was studied
by using data of the last ten years at the station Men-
drisio, located in the Alpine foothills on the northern
edge of the Po Basin (see Figure 2). Meteorological
data from Stabio, 4 km southwest of Mendrisio, was
taken for the determination of the prevailing weather
conditions. In Figure 1, the daily ozone maximum con-
centration is plotted against the afternoon mean tem-
perature. Generally, ozone concentrations increase
with temperature, reflecting higher ozone concentra-
tions in summer than in winter. In order to select days
with possible advection of free tropospheric air, we
define north foehn days by requiring that the mean
afternoon wind direction at Stabio lies between 0 and
36°. The ozone temperature relationship on these
north foehn days is given by the grey dots and the
inset in Figure 1. The ozone concentration range is
much smaller (40-60 ppb), yielding high concentra-
tions in winter and low concentrations in summer
compared to the data of all days. The observed con-
centrations on the north foehn days match the yearly
cycle of ozone at Jungfraujoch.

The data at Mendrisio have shown that the concentra-
tions of ozone are substantially reduced by north foehn
in summer. This leads to the question how far south-
ward this cleansing mechanism is effective. We used
data from 20 stations in the Regione Lombardia to
answer this question. We tested whether the ozone
concentrations were significantly lower on days with
north foehn for temperatures in the range of 20-30

degree C. This was found to be true for most stations
north of Milano (black circles in Figure 2).
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Fig. 1: Afternoon ozone maximum concentration at
Mendrisio versus afternoon mean temperature at
Stabio. The gray dots and the inset show data of north
foehn days.
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Fig. 2: Locations of air quality stations used in this
study. The filled symbols refer to stations where north
foehn reduces ozone in summer. White triangle: Jung-
fraujoch, black triangle Mendrisio.
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VERTICAL WIND MEASUREMENTS DURING THE 1999 MAP-FORM FIELD
CAMPAIGN

M. Furger, Ch. Haberli (MeteoSchweiz), B. Neininger (MetAir AG)

PSI deployed two crosswind scintillometers as a contribution to the MAP-FORM campaign to measure
wind at 500 m above ground in the area of Sevelen, a few kilometers north of Sargans. The scintillometers
are unique with their capability to measure the vertical wind component. During strong foehn sustained
terrain-induced downward motion of up to 8 m/s has been observed. The measurements were compared
to radiosonde and aircraft measurements.

1 INTRODUCTION

The Mesoscale Alpine Programme (MAP) is an inter-
national meteorological research programme with the
goal of improving the understanding of orographically
influenced wet and dry atmospheric processes. The
results should ultimately lead to refined weather fore-
casts in the Alps, especially for extreme events like
flash floods (e.g. Gondo, Switzerland, 14 Oct 2000)
and severe storms. A campaign overview is given in
[1]. Part of this program was FORM, the Foehn-in-the-
Rhine-Valley-during-MAP campaign, which took place
in the Rhine Valley between Chur and the Lake of
Constance from 7 Sep to 15 Nov 1999.

2 EXPERIMENT SETUP AND GOALS

PSI deployed two scintillometers [2] to measure the
path-averaged horizontal and vertical crosswind at
about 500 m above ground [3]. Our scintillometers
measure horizontal and vertical wind components
simultaneously. We wanted to test the instruments
during long-term monitoring and validate the calibra-
tion in strong wind conditions.

3 RESULTS

The scintillometers provided more than 1700 h (10
weeks) of continuous measurements. Maintenance
intervals could be increased to several weeks without
data loss or beam alignment problems.

Verifying the calibration of the scintillometers in high
wind conditions was more difficult because of the ef-
fects of orography and flow dynamics. The occurrence
of gravity waves in the valley during foehn was ex-
pected, but the waves made an inter-comparison with
rawinsonde data arbitrary. This was less so for aircraft
measurements. An example of crosswind measure-
ments is shown in Figure 1. Values range up to 40 m
s"1 for horizontal wind, and -11 m s"1 (i.e. downward)
for the vertical component. Such large values sus-
tained over several hours were astonishing, and a
verification with independent measurements was re-
quired. The intercomparisons with aircraft data
showed that the scintillometers measure crosswind
speeds of up to 40 m s"1 reliably, and that the remain-
ing discrepancies have to be attributed to the complex
structure of foehn flow in that particular area. Vertical
velocity measurements could not be directly verified

due to the local separation of the different platforms,
but aircraft and rawinsonde data exhibited the same
range of vertical velocity variance as the scintillome-
ters. We conclude that the scintillometers are capable
of measuring both the horizontal and vertical wind
components reliably even under strong wind condi-
tions. The complete scintillometer measurements
have been included in the MAP database at the MAP
Data Center in Zurich (www.map.ethz.ch) and are
available for further study.
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Fig. 1: Horizontal and vertical crosswind components
measured with a scintillometer at Ergellen (a farm
near Sevelen, Switzerland), 24 Oct 1999. Negative
values indicate downward motion.
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REAL TIME RISK ASSESSMENT FOR ATMOSPHERIC DISPERSION OF ACCIDEN-
TALLY RELEASED AIR POLLUTANTS FROM NUCLEAR POWER PLANTS

W.K. Graber, M. Tinguely

An emergency decision support system for accidental releases of radioactivity into the atmosphere is pre-
sented. This system is based on intensive field campaigns in the regions around the Swiss nuclear power
plants. The field data from temporary and permanent stations are analysed to evaluate the typical wind
field patterns of the regions. A cluster analysis for this data-set lead to 12 different wind field classes with a
high separation quality. It is demonstrated that an on-line acquisition of meteorological data from perma-
nent stations can be used to diagnose the recent wind field class with a probability of 96 % to hit the cor-
rect class. Furthermore, a method is outlined to use a weather prediction model to forecast the future wind
field classes. An average probability of 79 % to hit the correct class for a forecast time of 24 hours is
evaluated.

1 INTRODUCTION

Since 1995 the project "Windbank" has been running
to evaluate the regional wind field patterns around
nuclear power plants in Switzerland. The aim of the
project is an on-line diagnosis and prognosis of the
wind field with high spatial resolution. This approach
meets the requirement of decision makers in cases of
accidential releases for precise knowledge and predic-
tion of a dispersion in the vicinity ot the release point.

Especially, knowledge of the wind field in complex
terrain is essential for developing a clear picture of
the atmospheric dispersion after an accidential re-
lease. To make an emergency decision support sys-
tem operative, the fact is used that wind fields in a
region with complex orography can be attributed to a
small number of wind field classes which can be de-
fined by a few permanent stations.

For emergency applications, the functional reliability of
a decision support system as well as the simplicity of
its use and the clarity and accuracy of immediate re-
sults are of prevalent importance. The following ap-
proach is based on a classification of the regional wind
fields. Wind field classes based on extensive meas-
urements are considered to be much more convincing
than complicated and lasting calculations with a
mesoscale model. For our meteorological problem,
the only information to decide which wind field class is
active in a given moment comes from routine mete-
orological measurements via an on-line connection.

2 EXPERIMENTS AND CLASSIFICATION

Three intensive field campaigns were carried out in
the years 1995, 1997 and 1999, each lasting 4
months. The temporary measurements covered an
area of about 30 by 30 km around the nuclear power
plants at Beznau, Miihleberg and Gosgen. The meas-
urements of 20 permanent and 22 temporary stations
were used. Additionally, two SODAR (sound detection
and ranging) instruments were operated to get infor-
mation ot the vertical wind distribution.

To bridge the gap from the regional meteorological
situation to the continental scale, the output of a high
resolution numerical weather prediction model was
included in the data-set. The model used is a non-

hydrostatic mesoscale model routinely operated by the
Swiss Meteorological Institute (MeteoSchweiz) as
described in [1]. A set of 25 data-points from this nu-
merical weather prediction model is extracted for
every hour during the intensive field campaigns.

These data are combined with the measured data and
collected in a data-set based on hourly wind averages.
The classification of the wind fields is based on the
cluster analysis described in [2]. It is shown that 12
different classes represent the wind field patterns for
all three areas with good separation quality.

For the calculation of wind fields for each class, the
mean winds of all data points are interpolated to a
regular grid. The horizontal resolution is 500 m and
the grid consists of 100 by 100 points, covering an
area of 50 by 50 km around each of the three nuclear
power plant sites. The interpolated wind fields are
evaluated for divergence and corrections are intro-
duced to eliminate divergence. The corrections are
made by slight adaptations of the horizontal wind field
on every layer and by introducing vertical wind
speeds.

The wind fields for 12 classes and 3 different sites
were calculated and can be taken from the corre-
sponding file in case of an on-line diagnosis of the
wind situation. Since model runs are computer time
consuming, this is a substantial improvement with
respect to the acquisition speed in the framework of a
decision support system. Based on the wind field
modeling described above, a dispersion can be calcu-
lated afterwards for visualizing the flow pattern of a
hypothetical release at a given emission source. More
details are given in [3].

3 DIAGNOSIS OF WIND FIELD CLASSES

About twenty of the data points used in the classifica-
tion are provided by routine stations. These data are
continuously available on-line and are updated every
10 min. The data from the weather prediction model
are also available permanently in intervals of 1 hour
and with a 42 hours forecast period. 22 data points
and profile data from the two SODARs came from
temporary stations and are no routine data, they were
available only during the four months of the intensive
field campaigns.
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For an accurate diagnosis of the recent wind field
class, wind data of the temporary stations are recon-
structed with multivariate regression. For each wind
component u and v of the temporary stations, the rou-
tine and SM data during the field campaign are used
as independent variables.

In the next step, the recent wind field class is evalu-
ated by comparing the on-line data and the recon-
structed wind data for the temporary data points with
all 12 average wind values of the 12 classes. For this
comparison the distances between the recent wind
data and these averages are used. The recent wind
field class is given by that class which has the smallest
distance to the recent hourly data. The mean probabil-
ity for diagnosing the "real" hourly wind field over all 12
classes is 96 %. This percentage reflects the high
quality of the reconstruction procedure and the reli-
ability of the classification scheme.

4 PROGNOSIS AND DISPERSION MODEL

The numerical weather prediction model runs routinely
every day and is successfully used to reconstruct the
wind parameters at the temporary station points.
Therefore, the prognostic capability of the model can
be used in the framework of the on-line wind field
class determination.

In this paragraph the expected probability of hitting the
correct wind field class over a forecast time of 24
hours is evaluated. In analogy to the multivariate re-
gression for the temporary station data shown in the
previous chapter, a forecasted wind field class can be
found by reconstructing all data points from the nu-
merical weather prediction model.

As in case of the diagnosis, the forecasted wind field
class is derived from the reconstructed wind values by
evaluating the minimal distances to all 12 classes.
The overall average probability of hitting the correct
wind field class as tested with the data from the field
campaign over the 24 hours is 79 %. The result scat-
ters between 68 and 86 %, but shows no significant
dependence on the forecast time.

In a last step, the windfields of the 24 hours from the
most recent measurements and the 24 hours from the
numerical prediction model are combined and disper-
sions are calculated from a hypothetical release at all
three nuclear power plant sites. This dispersion is
continuously available in form of a graphic presenta-
tion.

5 CONCLUSION

The classification scheme with real time evaluation
and prediction of wind fields based on on-line data-

acquisition described above combines the very high
spatial resolution of a temporary field campaign with a
network of permanent wind stations and with the con-
tinental wide information from weather stations inte-
grated in a numerical weather prediction model. In an
on-line test set-up for the three nuclear power plant
sites in Switzerland, this procedure has proven to be
practical and reliable for use in emergency decision
support systems. The principle approach is visualised
in Figure 1.

field campaigns 1 July-31 October 1995, 1997, 1999

high resolution winddata (hourly basis)

Clusteranalysis

12 wind classes with 3-D wind fields for
each nuclear power plant site

online diagnosis based
on routine stations

online prognosis based on
weather prediction model

windfield calculation and dispersion

scenario with a hypothetical emission source

Fig. 1: Overall scheme of wind field analysis, diagno-
sis and prognosis.
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UNEXPECTED VERTICAL PROFILES OBTAINED BY
THE UAM-V AIR QUALITY MODEL OVER COMPLEX TERRAIN

J. Keller, S. Andreani-Aksoyoglu, N. Ritter, M. Tinguely, A.S.H. Prevot

The air quality model UAM-V was tested using the complex topography of Switzerland. When the original
model was applied to a mountainous terrain, the mixing ratio of the pollutants showed unreasonable verti-
cal profiles. Using CO as a tracer, we found that the model has several shortcomings regarding the trans-
port of trace gases. After various modifications of the transport mechanism, the unexpected shapes of the
vertical profiles disappeared.

1 INTRODUCTION

After having used the LJfban Airshed Model (UAM) for
air quality modelling at PSI for the last few years, we
procured the updated version UAM-V with variable
grid capability [1]. The meteorological data required by
UAM-V are prepared by the pre-processor SAIMM
(Systems Applications International Mesoscale
Model). The model package is widely used in the U.S.
in the frame of air quality programs. The model do-
main, however, was usually applied to flat domains
(see e.g. [2]). UAM-V creates two output data sets for
each pollutant: the mixing ratio [ppb] in the lowest
layer averaged over 1 hour, and the instantaneous
concentration [umol/m3] in all layers at the end of
each hour. We tested the SAIMM / UAM-V package
for the complex Swiss topography. The size of the
model domain was 470 km x 385 km with 5 km grid
cell size and 8 atmospheric layers up to 3000 m a.g.l.

2 UNEXPECTED VERTICAL CO PROFILES

Using the long-lived CO as a tracer, we found that the
instantaneous mixing ratio increased inexplicably with
height. For instance, a test run was initialised at noon
with 160 ppb CO in the layers 1 and 2 and 140 ppb in
the layers 3 to 8. After 2 hours of simulation the mixing
ratio increased up to 200 ppb in the upper layers. In
addition, the Swiss topography was mirrored in the
horizontal CO distribution (Figure 1). The concentra-
tion field (in (imol / m3), however, did not show this
effect. After numerous calculations it became evident
that UAM-V does not take into account expansion and
compression of trace gases when they are transported
from one pressure level to another. In applications
linked with air quality regulations it is usually sufficient
to consider the lowest layer only. On the one hand the
mixing ratios in this layer are strongly influenced by the
emissions. On the other, most model domains investi-
gated so far do not exhibit large altitude variations.
Under these conditions the shortcomings mentioned
above are invisible.

We converted the trace gas concentrations of each
grid cell to a common pressure and temperature be-
fore the mixing processes due to vertical and horizon-
tal turbulent exchange, advection and entrainment
occur. After these modifications the pressure and
temperature dependence of the mixing ratios com-
pletely disappeared.
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Fig. 1: CO mixing ratio [ppb] of layer 7 (2000 to 2500
m a.g.l.) on July 28, 1993, 14:00 CET. The simulation
started 12:00 with a constant mixing ratio of 140 ppb.

3 CONCLUSION

For the first time the original version of UAM-V was
applied to the complex Swiss topography. The mixing
ratio of CO increased with height above ground and
the topography was mirrored in the pattern of the up-
per layers. We detected that the model neglects pres-
sure and temperature changes when the trace gases
are transported between different altitudes. These
shortcomings disappear if expansions or contractions
of the air are taken into account. Such features have
probably not been observed so far because the do-
mains of earlier investigations were usually flat.
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EVALUATION OF DIURNAL HYPERSPECTRAL BIDERECTIONAL
REFLECTANCE FACTOR DATA ACQUIRED WITH THE RSL FIELD

GONIOMETER DURING THE DAISEX'99 CAMPAIGN

G. Strub, J. Keller, M. Schaepman (University of Zurich)

Satellite- and airborne imaging sensors acquire images under various view and sun angles. Due to the
anisotropic behaviour of most ground surfaces, different illumination and viewing angles reduce the inter-
comparability of images or portions of a single image. The acquisition and analysis of ground based multi-
directional data help to quantify and correct angular effects in remote sensing data.

1 INTRODUCTION

The comparison of multiangular data sets with field
goniometer measurements is a method to validate
bidirectional effects in data acquired by air- and
spaceborne sensors. For this reason, goniometer
measurements were performed during the airborne
imaging spectrometer campaign DAISEX'99 (Digital
Airborne Imaging Spectrometer Experiment) in the
framework of ESA's Earth Observation Preparatory
Programme [1].

The objective of the campaign was to demonstrate the
retrieval of geobiophysical parameters from imaging
spectrometer data for an agricultural test site in Spain.
Intensive ground truth measurements were carried out
for the proper characterisation of vegetation, soil and
atmospheric conditions. Spectral reflectance signa-
tures under 66 different view angles were measured
using the RSL field goniometer system (see Figure 1).
For the study of the effect of varying sun angles, bidi-
rectional reflectance factor (BRF) data were acquired
over the day.

Fig. 1: Spectro-directional measurements with
FIGOS on an alfalfa field.

2 ANALYSIS

The data of the plant alfalfa (Medicago sativa L.)
measured under nine different sun zenith angles are
visualized and statistically analysed (see Figure 2).

The weighted difference vegetation index (WDVI) [2],
a secondary variable for the determination of leaf area
index (LAI) is computed using nadir reflectances
measured under different sun angles with the following
equation:

WDVI=Reflectance(0.78um)-1.5Reflectance(0.67um).

iffP "*•

Fig. 2: Measured BRF of alfalfa (sun zenith = 55°).

3 RESULTS

The derived WDVI is strongly influenced by the reflec-
tance variation at 0.78 urn, whereas at 0.67 urn only
minor differences over the day are observed. Direc-
tional effects are strongly represented in WDVI data
and have to be considered for reflectance meas-
urements performed at different sun angles. Special
attention has to be paid to errors introduced by direc-
tional effects if further parameters are derived from
WDVI. Due to an exponential correlation of the WDVI
and the LAI [2], the variation of the LAI is larger than
deviations of original reflectance data.

4 CONCLUSION

The quality of vegetation parameters derived from
reflectance measurements may be strongly influenced
by viewing and illumination angles. Directional effects
in remotely sensed reflectance data cannot be ne-
glected in the process of deriving quantitative informa-
tion about vegetation.
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THE PSI ATMOSPHERIC POLLUTANT LABORATORY: SOPHISTICATED CHASING
OF GASES AND AEROSOLS

/. Polo, N. Bukowiecki, J. Dommen, A.S.H. Prevot, R. Richter, E. Weingartner, U. Baltensperger

The Laboratory of Atmospheric Chemistry at the Paul Scherrer Institute has developed an atmospheric
pollutant mobile laboratory, including a large set of atmospheric gas phase and aerosol instruments
placed in a van. This laboratory has been implemented to measure in motion while driving the van, yield-
ing pollutant concentration distributions at ground level. The project named YOGAM (Year Of Gas and
Aerosol Measurements) is the first one involving the mobile lab. In this project we investigate the current
aerosol particle and gaseous pollutant distributions in the Zurich region and surroundings during the
course of a whole year. The project is partially funded by the Kanton Zurich and BUWAL.

It has been demonstrated in the last decades that
both aerosol particles and high concentrations of
ground-level ozone have adverse health effects.
Common human activities, as traffic and industry, are
not only responsible of the major part of anthropo-
genic aerosol sources, but also determine the ozone
production channel in urban sites.

The periodical monitoring of both paniculate and
ozone matter within urban and rural areas, in combi-
nation with the measurement of meteorological pa-
rameters, gives a better understanding of distribution,
transport and aging processes of airborne pollutants.
In this context, this atmospheric pollutant mobile labo-
ratory has been developed. It is a commercial van
(IVECO) in which some modifications have been in-
troduced, in order to provide the required functionality.
The most important modification is the installation of a
second generator to provide sufficient electric power
according to the instruments power demand.

Fig. 1: Scheme of the van and instruments set up.

The measuring devices are distributed in the van as
shown in Figure 1. The instruments included in each
rack are listed in Table 1 and 2.

The van is also equipped with a GPS (Global Position-
ing System), a wind speed- and direction-measuring
device, a computer for the data acquisition and a
power supply system. This power supply system in-
cludes two 12-volt batteries working in parallel.

Instrument Parameter

DMA+ CPC(TSI 3010)

CPC (TSI 3022)

Eberline FH 62 I-R

OPC (Grimm 1.108)

Aethalometer Magee
AE:9

Diffusion Charger, DC

Size distribution 7-330 nm

Number concentration N
(d > 7 nm)

Mass concentration

Size distribution 0.3-20 (im

Black carbon

Total active area SA

Table 1 : Instruments for aerosol particle character-
rization and their corresponding parameters.

Instrument

Developed by PSI/IFU

AEROLASER AL2002

PSI/Julich/ MetAir)

Developed at PSI

LI-COR (LI-6262)

AEROLASER AL5001

Species

Formaldehyde

Peroxide (H2O2, total)

NO, NO2, NOy, PAN, HNO3

Ozone

Carbon dioxide

Carbon monoxide

Table 2: Instruments for gas phase chemistry study
and measurable species.

The atmospheric pollutant mobile laboratory will first
be used for the YOGAM project. This is a project that
deals with the measurement of aerosol particles and
gas phase chemistry periodically, once a week, during
the course of a year and within the Zurich region. The
main aim of this project is to study air mass aging
processes under different meteorological conditions,
locations, and seasonal variation of these processes
along the year. So far, the Zurich plume has mostly
been studied during episodes [1]. This project consti-
tutes an innovative approach, involving both trace
gases and aerosols.
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ULTRAFINE PARTICLES FROM DIESEL ENGINES

N. Bukowiecki, U. Baltensperger, W. Watts (University of Minnesota, Minneapolis),
D.B. Kittelson (University of Minnesota, Minneapolis)

During a field campaign in Minnesota and Indiana (USA) led by the University of Minnesota, the use of a
large variety of aerosol instruments allowed detailed investigations on the formation and characteristics of
ultrafine diesel exhaust particles (10-50 nm), which were consistently observed both during roadway
measurements and chassis dynamometer experiments. Since the exact composition and possible health
effects of these particles are still subject to current investigations, a highly time-resolved monitoring is
important to provide a complete understanding of the formation, dynamics and impact of the ultrafine par-
ticles.

1 INTRODUCTION

In the last years, a new focus has been put on the
investigation of ultrafine particles (10-50 nm), which
appear in diesel exhaust under conditions which have
been shown to strongly depend on the dilution proc-
ess of the raw exhaust [1]. The motivation for this field
of research is based on the results of several health
studies on ultrafine particles and on the attempt to set
new standards for emission regulation and ambient
concentration levels. Though the composition of the
ultrafine particles is not fully characterized yet, it is
known that they do not consist of soot, but rather con-
tain semivolatile hydrocarbons, a small amount of
both sulphuric acid and water, and other organic com-
pounds [1].

A widely used instrument for measuring nanoparticle
size distributions is the SMPS (Scanning Mobility Par-
ticle Sizer), which provides highly size-resolved size
distributions, but shows a time resolution significantly
higher than 1 minute. As an alternative, the use of a
Diffusion Charger (DC), a Photoelectric Aerosol Sen-
sor (PAS) and a Condensation Particle Counter (CPC)
delivers relevant key parameters of diesel exhaust
size distributions with high time resolution (< 10 sec-
onds) [2]. These key parameters are valuable informa-
tion with respect to the presence and the amount of
ultrafine particles.

2 EXPERIMENTAL

Data was collected with the Mobile Emission Labora-
tory (MEL) described in [1]. The MEL allowed on-road
exhaust plume investigations by following heavy-duty
diesel trucks and other vehicles and was also used for
general monitoring of on-highway particle concentra-
tions. The same instrumentation was also used for
chassis dynamometer testing of diesel engines.

3 RESULTS

Figure 1 shows the PAS response against the DC
signal for a 4-hour freeway ride in the Minneapolis city
region. Two distinct branches are seen, which was
also the case for PAS/DC plots resulting from chassis
dynamometer testing. A flat slope clearly could be
assigned to situations where a highly concentrated
diesel ultrafine mode was present in the sampled

aerosol, whereas the absence of this mode was indi-
cated by a highly positive slope. This information,
together with the total aerosol number concentration,
makes the PAS, DC and CPC a suitable instrument
combination for monitoring the presence of ultrafine
diesel particles with a high time resolution [3].

DC Surface Area (^m /cm )
Fig. 1: PAS/DC plot for a 4-hour freeway ride.
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CHARACTERIZATION OF 20 nm- AEROSOL PARTICLES DURING
AN URBAN RUSH HOUR

N. Streit, E. Weingartner, S. Nyeki, U. Baltensperger,
R. Van Dingenen (JRC, Ispra), H. W. Gaggeler (PSI, Uni Bern)

Urban morning rush hours lead to a marked increase in ultrafine aerosol particle concentration. Both the
volatility and the hygroscopicity of these aerosol particles were investigated in Milan during the PIPAPO
field campaign.

1 INTRODUCTION

Aerosol measurements were performed in Milan, Italy,
during the PIPAPO field campaign [1]. The aerosol as
it occurs during the morning rush hour is discussed,
with a focus on ultrafine particles. Below, its hygro-
scopicity and volatility at a temperature of 110 and
280°C, as measured with a thermodesorber/ SMPS
system [2], are presented. The hygroscopic growth of
particles with a dry diameter Do = 20 nm was deter-
mined by a hygroscopicity tandem differential mobility
analyzer (HTDMA, [3]).

2 RESULTS

First, the aerosol volatility as a function of size is dis-
cussed (Figure 1). It shows the average fraction of
aerosol non-volatile at 110°C and 280°C at 0800
CEST for all days and the average aerosol number
size distribution at 0800 CEST as additional informa-
tion. The maximum of the number size distribution lies
at D = 26 nm. The fraction of aerosol particles non-
volatile at 110°C goes through a 0.2 minimum at D =
30 nm, steadily increasing to 0.9 at D = 150 nm. The
fact that as much as 80% are volatilized at 110°C
points to a chemical composition of the ultrafine parti-
cles of either sulfuric acid or volatile organic material.
While pure sulfuric acid particles with Do = 20 nm
have a growth factor of about 1.8 [4], particles consist-
ing of oxidation products of typical ambient organic
substances have a growth factor of below 1.1 [5].
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Fig. 1: The average fraction of aerosol non-volatile at
110°C and 280°C at 0800 CEST for all days and the
average aerosol number size distribution.

As Do = 20 nm rush hour particles do not grow signifi-
cantly when exposed to RH = 90% (Figure 2), they
cannot consist of sulfuric acid and are thought to con-

sist mainly of hydrophobic organic material. They are
quite likely to contain sulfur, though, as sulfuric acid
may play an important role in the formation of particles
through homogeneous nucleation.
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Fig. 2: The mean number size distribution of Do =
20 nm particles (dry diameter) after exposure to RH =
30% or 90% and respective log-normal fits (line).

For particles with D < 70 nm, there is no significant
decrease in the non-volatile fraction when moving to
higher temperatures (280°C). At D > 100 nm, the vola-
tility of the particles increases at higher temperatures
and the non-volatile fraction decreases to approxi-
mately 0.4. This additional evaporation at higher tem-
peratures can be attributed to secondary aerosol par-
ticles such as ammonium sulfate.
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CLOUD AND AEROSOL CHARACTERIZATION EXPERIMENT (CLACE) AT THE
JUNGFRAUJOCH - AN OVERVIEW

E. Weingartner, S. Henning, N. Bukowiecki, M. Gysel, S. Nyeki, U. Baltensperger, P. Quaglia (EPFL),
G. Larchevêque (EPFL), B. Calpini (EPFL), E. Karg (GSF), B. Busch (Uni Mainz), K. Kandier (Uni

Mainz), L. Schütz (Uni Mainz), A. Hoffer (Uni Veszprem), Z. Krivacsy (Uni Veszprem), K.-P. Hinz (Uni
Würzburg), A. Trimborn (Uni Würzburg), B. Spengler (Uni Würzburg), M. Eben (TU Darmstadt),

S. Weinbruch (TU Darmstadt), S. Schmidt (IFT, Leibzig), M. Wendisch (IFT, Leibzig)

With the participation of eight German, Hungarian, and Swiss institutes the intensive field campaign
CLACE took place during February/March 2000 at the high alpine research station Jungfraujoch (JFJ,
3580 m asi, Switzerland). The main goals of CLACE were to examine cloud formation processes under
different meteorological conditions, to characterize organic aerosol compounds, to compare particle size
distributions measured under different conditions and to determine hygroscopic properties of aerosols.

1 INTRODUCTION

The observation of cloud and aerosol has been con-
ducted at the JFJ since 1988 and has established the
site to be suitable for the long-term monitoring of the
aerosol of the lower free troposphere, which is per-
formed within the Global Atmosphere Watch (GAW)
programme.

During CLACE, with the instrumentation and expertise
of the contributing scientists, the following aerosol
parameters were measured simultaneously: number
and surface area concentrations, aerosol and cloud
droplet number size distributions, aerosol volatility,
chemical composition (major ions and organic com-
pounds), particle morphology (SEM, TEM), single
particle composition (TOF-MS), spectrally resolved
light scattering and absorption, water soluble fraction
as well as hygroscopic growth (HTDMA). Here, we will
give an example of particle number concentration
measured with different methods and under different
conditions.

2 EXPERIMENTAL

Ambient aerosol was sampled by different inlet sys-
tems: A heated inlet, as described in Weingartner et
al. (1999) [1], was used to measure the total aerosol.
In addition, the interstitial aerosol was sampled by a
cascade impactor, which was designed to remove
cloud droplets.

Total and interstitial particle size distributions were
measured with three different Scanning Mobility Parti-
cle Sizers (SMPS, D = 0.02 to 0.8 (im). One SMPS
was operated in the laboratory at approx. 25 °C and
sampled the aerosol alternately from both inlets. An-
other SMPS system measured the interstitial aerosol,
which passed through a thermodesorber system [2]. A
third SMPS system was located outdoor and meas-
ured the size distribution at ambient relative humidity
and temperature conditions.

3 RESULTS

Figure 1 shows the 24-h variation of the particle num-
ber concentrations for the different systems. On these
particular days the station was in clouds until approx.

5:00 of Feb. 21. The ambient temperature ranged
between -16 and -20 °C. The number concentration
of the interstitial aerosol measured indoors tracks well
with the total aerosol measured by the same system
as well as with the total particle number concentration
measured by a Condensation Particle Counter (CPC).
In contrast, the variation of the interstitial aerosol
measured outdoors shows two additional peaks that
are significantly higher than the level of the interstitial
aerosol measured indoors. These two phenomena
range over 3-4 hours before the particle concentration
drops back to the level of the other signals. During
these periods the outdoor SMPS recorded particle
number size distributions with nearly identical modes,
but with a particle concentration higher by a factor 3 in
the range 20-100 nm and by a factor 2 in the range
100 - 400 nm, respectively. Obviously a significant
fraction of the particles is composed of material with a
high volatility.

Further evaluation of the data with incorporation of the
chemical analysis will show to what extent organic
compounds are responsible for these phenomena.

- • -N total (SMPS, 25 °C)

— N total (CNC,25°Q

-o- N interstitial (SMPS, -18 "C )

-x- N interstitial (SMPS, 25 °C)

¿ N total (TTiermodesorber, 60 °C)

14:00 17:00 20:00 23:00 2:00

Time, February 20-21 2000

Fig. 1: 24-h variation of the particle number concen-
tration measured by different instruments and inlet
systems.
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HYGROSCOPIC PROPERTIES OF LABORATORY GENERATED AND AMBIENT
AEROSOL PARTICLES AT T < 0 °C

M. Gysel, E. Weingartner; U. Baltensperger

A new Hygroscopicity Tandem Differential Mobility Analyser (H-TDMA) was built for the first time working
at temperatures below 0 °C. The H-TDMA was tested by measuring hygroscopic growth factors of labora-
tory generated salt particles. During CLACE (Cloud and Aerosol Characterization Experiment), a field
campaign at the high alpine research station Jungfraujoch (3580 m asl), hygroscopic growth factors of free
tropospheric aerosol particles were measured at ambient conditions (-10 °C). The internally mixed parti-
cles remain in the liquid phase under atmospheric conditions.

1 INTRODUCTION

The influence of atmospheric aerosol particles on air
quality, visibility degradation, heterogeneous chemis-
try, radiation forcing and climate change depends
strongly on their hygroscopic properties.

A new hygroscopicity tandem differential mobility
analyser (H-TDMA) allows for the first time to meas-
ure growth factors of aerosol particles as a function of
relative humidity (RH) at temperatures below 0 °C.

After testing the H-TDMA with different laboratory
generated salt particles, the H-TDMA was used in the
field campaign CLACE (Cloud and Aerosol Charac-
terization Experiment). At the high alpine research
station Jungfraujoch (3580 m asl) growth factors of
free tropospheric aerosol particles were measured at
ambient conditions (-10 °C).

2 EXPERIMENTAL

One particle size class of the dried polydisperse aero-
sol is selected with the first DMA of the H-TDMA. The
monomodal aerosol is then humidified. The resulting
wet particle size distribution is measured with the sec-
ond DMA and a condensation particle counter operat-
ing as a scanning mobility particle sizer (SMPS). A
detailed description of the measurement principle is
given in Weingartner et al. [1].

3 RESULTS

Figure 1 shows the growth factors of 100-nm
(NH4)2SO4 particles as a function of RH at -10°C. The
(NH4)2SO4 particles show a hysteresis effect. A solid
particle exposed to increasing RH does not change its
size until the deliquescence relative humidity (DRH) is
reached, and a saturated droplet is formed. A particle
in the liquid phase can exist below the DRH as a me-
tastable supersaturated droplet. The experimental
results agree very well with the liquid phase Kohler
theory (solid line). The behaviour of the salt particles
at -10°C is similar to the behaviour at temperatures
above 0°C because the freezing point depression
caused by the dissolved ions prevents a freezing of
the particles.

Figure 2 shows the growth factors of free tropospheric
100-nm aerosol particles at the high alpine research
station Jungfraujoch (3575 m asl) measured at ambi-

ent conditions (-10°C). Ambient aerosol particles in
source regions typically consist of a more and a less
hygroscopic mode. The growth factors of the ambient
particles at the Jungfraujoch are very homogeneous,
because the aerosol is internally mixed. The growth
factors at the Jungfraujoch (Figure 2) are smaller than
the growth factors of pure (NH4)2SO4 particles (Figure
1) because the ambient particles are a mixture of sev-
eral salts, soot and organic material. Therefore the
particles in the free troposphere remain in the liquid
phase down to 10% RH (Figure 2).
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Fig. 1: Growth factor of laboratory generated 100 nm
(NH4)2SO4 particles as a function of relative humidity
at-10°C.
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Fig. 2: Growth factor of ambient aerosol particles at
the high-alpine station Jungfraujoch (3580 m asl) as a
function of relative humidity measured at ambient
conditions (-10°C).
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SIZE DEPENDENT AEROSOL ACTIVATION AT THE HIGH-ALPINE SITE
JUNGFRAUJOCH (3580 m ASL)

S. Henning, E. Weingartner, U. Baltensperger, S. Schmidt (IFT Leipzig),
H. W. Gaggeler (PSI, Uni Bern)

Measurements of the interstitial and total aerosol were conducted at the high-alpine research station Jung-
fraujoch during a summer campaign in August 2000. Additionally, cloud droplet size distributions were
recorded. Activation diameters of the aerosol were calculated and correlations with meteorological condi-
tions were investigated.

Clouds have an effect on the earth's energy budget by
reflecting the solar radiation back to space. This prop-
erty is known as the indirect effect of the atmospheric
aerosol and has rarely been quantified yet [1]. It is
therefore of special interest which particles become
activated under which conditions. With the increase of
the aerosol concentration caused by human activity,
more particles are possible available for activation.
Under the assumption that the amount of water va-
pour stays constant, more and smaller water droplets
are formed than without anthropogenic influence. This
will cause an increase of the cloud albedo and thus
the backscattering of solar radiation [2].

The high-alpine station Jungfraujoch (3580 m asl) is
an ideal site to study such processes, since it is within
clouds about 40 % of the time [3]. Aerosol number
size distributions of the total and the interstitial aerosol
were measured with a Scanning Mobility Particle Sizer
(SMPS, D = 0.01 to 0.8 urn). A Forward Scattering
Spectrometer Probe (FSSP-100) was operated to
detect the cloud droplet size distribution. In addition,
measurements of the chemical aerosol composition
were performed in two size ranges (total aerosol,
PM1). Moreover, data from instruments continuously
operated in the framework of the GAW Program were
available (liquid water content (LWC), temperature
and dew point). The data were obtained during a field
campaign lasting from July to August 2000.

Typical examples for a cloud event and a cloudless
period are shown in Figure 1, where the 1-hour aver-
ages of the total and interstitial aerosol size distribu-
tions are plotted. In Figure 1 (a) the cloud droplet size
distribution is also given.

The Aitken (20 nm < Dp < 100 nm) and accumulation
mode (100 nm < Dp < 800 nm) were observed in both
cases, with mean diameters for the cloud event of
65 nm and 150 nm, respectively, and 90 nm and
200 nm, respectively for the cloudless period. During
the cloud, the complete accumulation mode aerosol
was scavenged, while almost the whole Aitken mode
remained. This can also be seen in the number con-
centrations, with 500 cm"3 for the total and 238 cm"3

for the interstitial aerosol. The total droplet concentra-
tion of 384 cm"3 calculated from the FSSP data shows
a reasonable agreement with the one calculated from
the difference of the particle concentrations between
total and interstitial aerosol (-260 cm"3).
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Fig. 1: Averaged size distribution of the total (up tri-
angles) and interstitial (circles) aerosol during a cloud
event, including the cloud droplet size distribution (a)
and without cloud (b).
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AIRBORNE LIDAR AND AEROSOL STUDIES OVER THE
ADRIATIC SEA DURING STAAARTE II

S. Nyeki, K. Eleftheriadis (NCSR), U. Baltensperger, I. Colbeck (Essex Uni.),
M. Fiebig (DLR), C. Kiemle (DLR), A. Petzold (DLR), M. Lazaridis (NILU)

The effect of mountainous regions on planetary boundary layer (PBL) structure and the exchange of PBL
airmasses with the free troposphere are still largely uncharacterized aspects of atmospheric research. In
order to further investigate these processes, an airborne campaign was conducted over the European
Alps and northern Adriatic Sea in Autumn 1999 during the Mesoscale Alpine Programme (MAP) field
campaign.

Clear sky conditions occurred on 24 September when
a small anticyclone was situated over northern Italy.
Instrumentation aboard the DLR Falcon research air-
craft included a downward-looking aerosol lidar (X =
354, 532 and 1064 nm) and two condensation nucleus
(CN) counters (TSI 3760A; cut-offs at d = 14 nm) [1].
The CN concentration of atmospheric aerosols was also
measured using volatility tubes, operating at T = 25°C,
120°C and 250°C. In this manner, the qualitative aerosol
composition of the following species was measured in
real time, respectively: H2SO4 droplets, NH4HSO4/
(NH4)2SO4 and refractory aerosol (sea-salt, black car-
bon, and mineral dust) [2].

CN volatility results for a composite of all vertical pro-
files up to 9500 m altitude are shown in Figure 1.
Measurements in the PBL (i.e. below 2100 m asl) are
clearly indicated by higher concentrations in all
curves, where the refractory aerosol is the main con-
stituent. The state of aerosol acidity/neutralisation is
probably represented well by curves in the upper FT,
however, this may not be the case for the PBL, due to
the confounding effects of atmospheric aerosol or-
ganic components. The vertical extent of the PBL is
confirmed in Figure 2, which illustrates a lidar transect
across the Austrian Alps, Po basin and northern Adri-
atic sea. The main features of interest are the inho-
mogeneous airmasses in mountain valleys and the
fairly uniform PBL top over the Alps as a whole. An
interesting feature is the PBL structure over the Adri-
atic (~ 2000 m asl), which overlies a thin marine
boundary layer (250 - 300 m asl). This results from the
advection of PBL airmasses from over the Appenni-
nes and the Po Basin in the synoptic westerly winds.

CN Concentration (scnf )

Fig. 1: CN concentration of aerosol species on 24
September 1999 over the Po basin and Adriatic sea.
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DISTINCTION BETWEEN BIOCHEMICAL AND WATER LIMITATION OF
PHOTOSYNTHESIS USING STABLE ISOTOPES

M. Saurer, Y. Scheidegger, R. Siegwolf

Based on S18O and S13C data in organic matter of plants, we have developed a conceptual model which
gives insight into the relationship between stomatal conductance (gi) and photosynthetic capacity (Amax),
resulting from differing environmental constraints and plant-internal factors. This is a semi-quantitative
approach for describing the long-term effects of environmental factors on CO2 and H2O gas exchange.

1 INTRODUCTION

Plants are exposed to a great variety of environmental
constraints. In order to survive they must respond to
these factors with appropriate adaptation mecha-
nisms. Water, the essential substrate for life, is often a
limiting factor and its loss must therefore be kept to a
minimum. Stomatal movement is an efficient means of
adjusting to changes in plant water demand (Figure
1). A fine-tuned mechanism allows a rapid reaction to
altered water supply or ambient humidity, while at-
tempting to ensure the maximisation of carbon acqui-
sition, thus optimising the relationship between water
loss and carbon acquisition. Besides stomatal conduc-
tance (gi), photosynthesis is determined by biochemi-
cal factors (amount and activity of the enzyme
Rubisco) which are driven by irradiance and modu-
lated by temperature and nutrient availability. Under
natural conditions the photosynthetic capacity (Amax) is
defined as the average maximal net photosynthesis at
ambient CO2 concentration and under optimal envi-
ronmental conditions. The interaction between gi and
Amax is of great ecological interest [1].

biochemical
isotope
fractionation

photosynthesis
A_

diffusive isotope
fractionation

Fig. 1: CO2 and H2O-exchange of leaves with corre-
sponding isotope fractionations.

2 ISOTOPE MODEL

Isotope fractionation steps take place during the up-
take of carbon and during the loss of water. While the
oxygen isotope enrichment of leaf water is determined
by physical processes (phase transition, diffusion), the
carbon isotope ratio is determined by physical (diffu-

sion) and biochemical processes as well (Amax). Due
to these differences in fractionation, the combined
analysis of carbon and oxygen isotopes gives insight
into the regulation of photosynthesis, namely the rela-
tive limitation of photosynthesis by diffusive and bio-
chemical processes. This is achieved by a conceptual
model which translates a given change in the isotope
ratios into a corresponding physiological response
(Figure 2, [2]). The model is semi-quantitative in as far
as it is based on mechanistic isotope fractionation
models, but also incorporates experimental plant-
climate relationships.

518O
Fig. 2: An isotope response (left) is translated into a
physiological response (right) by the model. The ar-
rows indicate two examples of an environmental im-
pact reflected in an isotope shift of the plant.

The proposed conceptual model is easily applicable in
the field by analysing the isotopic composition of
plants grown in contrasting environments, but it may
also be used for controlled experiments, e.g. for plants
exposed to air pollutants or increased levels of CO2.
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13, 18/C / 1SO ISOTOPE CORRELATION REVEALS OPPOSITE EFFECTS OF NO2 ON
THE PLANT CARBON / WATER BALANCE COMPARED TO SOIL NITROGEN

R. Siegwolf, M. Saurer, R. Matyssek (University of Munich, Germany), J. Bucher (WSL Birmensdorf)

Nitrogen emissions like NO2, NO and NH3 have increased, along with growing industry and agricultural
activities. Besides impairment of the air quality, the gaseous species have direct impact on plant metabo-
lism. With the stable carbon and oxygen isotopes it could be shown that airborne NO2 absorbed by the
leaves via stomata (pores) improves the plant carbon uptake / water loss ratio, opposite to soil nitrogen.

1 INTRODUCTION

Plant demand of nitrogen is met by the uptake of NH4+
and NO3" from the pedosphere via roots. However,
atmospheric NO2 represents another considerable
source of nitrogen, contributing significantly to the
nitrogen budget. Besides the phytotoxicity of high NO2

concentrations, several studies report a fertilizing
effect on plants. Since an increasing soil nitrogen
supply stimulates CO2 assimilation, while water loss is
increased too, the same response was expected for
plants exposed to NO2. To find out whether this re-
sponse to NO2 was maintained during a whole plant
life span the analysis of stable carbon and oxygen
isotopes was employed.

During photosynthesis, plant organic material is de-
pleted in 13C. However, when photosynthesis in-
creases or stomatal conductance decreases this de-
pletion is reduced [1]. Under a rather constant air
humidity, an increasing transpiration results in a de-
crease of the 18O/16O isotope ratio. Thus, the impact
of soil nitrogen, and NO2 on the long-term response of
plant CO2 and H2O gas exchange was studied.

2 EXPERIMENTAL SET-UP

Cloned hybrid poplar cuttings {Populus x eurameri-
cana) were potted in 10 L containers and grown in two
identical walk-in climate-controlled phytotrons (BBC-
York, Germany). Two different soil nitrogen regimes
were applied. In one of the chambers, NO2was added
to the filtered air. A mean diurnal course for NO2 in
rural air, air temperature (TAir), relative humidity (RH),
and CO2 concentration was followed. Five-week-old
leaves were analyzed for their isotopic carbon and
oxygen composition with a continuous flow mass
spectrometer (Delta S, Finnigan, Germany).

3 RESULTS AND DISCUSSION

The 813C plotted against 818O-values of leaf organic
matter (Figure 1) is the result of a life time integration
of plant responses to different nitrogen regimes. The
directions of the arrows symbolize the shifts of the
isotope values, caused by the nitrogen treatments.
Irrespective of the soil nitrogen supply (high or low),
NO2 exposure raised the 513C values ('b' and 'B', Fig-
ure 1), indicating an increased CO2 assimilation. In
both cases the 518O was simultaneously lowered ('d'
and 'D', Figure 1), suggesting an increase in water

loss. An increase in soil-N supply, however, reduces
813C (sections 'a' and 'A'; downward pointing arrows)
while lowering 818O even more (sections 'c' and 'C'),
regardless whether the plants were NO2 exposed or
not.
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Fig. 1: The 8 C / 8 0 plot results from different ni-
trogen regimes. Solid arrows indicate the shift in 513C
and 518O caused by N02 exposure, and the dashed
lines the changes of increased soil nitrogen.

The data show that N02 increases C02 assimilation,
while keeping the water loss low, opposite to in-
creased soil N-supply, which increases both, C02

assimilation and water loss. This is consistent with a
biomass increase for both treatments (soil-N supply
and N02 exposure) whereas the water loss for the
soil-N supplied plants is much higher. A detailed de-
scription of this study is given in [2].
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SEASONAL 518O VARIATIONS IN NEEDLES OF PICEA ABIES AS A FUNCTION OF
ENVIRONMENTAL CONDITIONS

M. Jaggi, M. Saurer, R. Siegwolf

818Ooi in leaf organic matter of current-year spruce needles in 69-year-old trees showed distinct short-term
variations during the growing season which could be related mainly to variations in S18O of water in the top
soil layer. The difference in S18Ooi between the years could be explained by differences in air humidity. The
correlation between measured and modelled data could be improved by introducing a factor to account for
phenological changes in the biochemical fractionation.

1 INTRODUCTION

The stable oxygen isotope ratio of leaf water is known
to be a short term integrator of microclimatic parame-
ters, whereas the 518O of cellulose serves as a long-
term integrator, especially reflecting local mean an-
nual temperature.

The extent of enrichment in the oxygen isotope ratio
of leaf water is influenced by relative humidity, tem-
perature, the stable oxygen isotope ratio of source
water and by the characteristics of the evaporating
surface. This was considered in the model developed
by Dongmann [1]. This model was further adapted for
wood cellulose by introducing a biochemical fractiona-
tion factor (ec) and a dampening factor (/) that summa-
rises the effect of leaf water inhomogeneity and the
exchange of oxygen atoms of sucrose with stem water
[cf. 2].

In our experiment we wanted to test to what extent the
818O values of whole needle organic matter reflect
seasonal fluctuations in microclimatic conditions.

2 EXPERIMENTAL SET-UP

We sampled current year needles of 16 mature
spruce trees (Picea abies) in a field experiment during
two consecutive years (1998 and 1999). The two
years differed in precipitation amount and in relative
humidity, but not in temperature, whereby 1998 was
the dry year and 1999 was the wet year. Samples
were taken three times in 1998 (May, August and
October) and four times in 1999 (May, June, July and
October). We sampled throughout both years soil
water (10-25 cm depth). The oxygen isotopic
composition of the whole leaf organic matter and of
the soil water was determined with a continuous flow
mass spectrometer (Delta -S Finnigan).

3 RESULTS AND DISCUSSION

Eventhough we found a coherence of stable oxygen
isotope ratios of soil water and needle organic mate-
rial within each year (Figure 1), a difference between
the years remained to be explained. Therefore we
calibrated the factors ec and / of the adapted Dong-
mann model [2] for whole needle organic matter with a
data set obtained in a controlled experiment with
spruce saplings. These two calibrated factors allowed

us to model the 518Oo! of 69-year-old spruce trees
where 63% of the variation in 518Oo! measured could
thus be explained. We found that the between-year
difference is due to the difference in relative humidity,
an important parameter in the Dongmann model.
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Fig. 2: Correlation between the 818O of soil water in
the top soil layer (10-25 cm below ground) and the
518O of whole leaf organic matter for a dry (1998) and
a wet (1999) year.

We introduced a biochemical fractionation factor that
accounts for phenological changes of the developing
needles and thus allowed us to explain 70% of the
variation in the measured 518Oo! values.

These results may help to more reliably resolve sea-
sonal climate signals from high-resolution studies of
tree rings.
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THE REGIONALIZED CHINA ELECTRICITY TRADE MODEL:
FIRST RESULTS AND POLICY RECOMMENDATIONS

S. Kypreos, R. Krakowski

The China Energy Technology Program (CETP) is focusing on the specification of options to generate
electricity in China and their cost that take into account local, regional and global externalities. The role that
advanced technology could play in China is analysed under different policy assumptions and international
co-operation strategies for the improvement of local and regional environments in combination with the
mitigation of global warming. The primary objectives of the Energy-Economics Modelling (EEM) team are
to share experience with other model developers in the CETP environment together with the Chinese re-
searchers, to expand the modelling capabilities, to contribute to quantitative analyses of the problem and to
gain insights on the potential developments in China. The paper describes assumptions and the main find-
ings of scenarios that mitigate SO2 and CO2 emissions from electricity generation in China based on the
China Regional Electricity Trade Model (CRETM), developed in our group during CETP; first policy rec-
ommendations are given.

1 INTRODUCTION

China is expected to generate 1,300 TWeh of electric-
ity in the year 2000 with an installed capacity of 315
GW, more than 50% of the US installed capacity. This
corresponds to a 45% increase in capacity and a 30%
increase in production since 1995, [1]. China's GDP
rose by an annual average of 9.8%/a during the last
decade. Even with any eventual tapering of these
presently high GDP growth rates to growth rates of 4-5
%/a, the demand for electric power is expected to
more than triple to about 4,500 TWeh/yr by the year
2030. Significant degradation of already seriously de-
teriorated environmental (air and water) quality is ex-
pected if this growing demand for electrical energy is
provided by coal at the present -75% use rate. In ex-
amining options to such a future based on conven-
tional use of coal, the CETP is using both optimizing
and simulation energy-economic-environmental mod-
els to assess tradeoffs in the electricity-generation
sector for a range of fuel, transport, generation, and
distribution options. The CETP is composed of a
range of technical tasks, including Energy Economics
Modeling (EEM) represented by our group. Although
the scope of CETP is limited to one province (Shan-
dong), the EEM study applies a countrywide analysis
of power generation, including trade of fuels and elec-
tricity.

The CRETM model describes 17 electricity-generation
technologies utilizing 14 fuel forms (type, composition,
source) in a 7-region transportation model of China's
(electricity) demand and supply system over the period
2000-2030; Shandong is one of those seven regions.
The CRETM is a state-of-the-art optimisation model
for electricity expansion that includes partial equilib-
rium between energy demand and supply, endoge-
nous learning leading to increasing economic returns
to scale, and a multi-regional trade of energy fuels and
electricity. Therefore, a variety of policy questions
related with the improvement of energy efficiency, the
local and regional environments and the mitigation
options of global warming can be examined.

2 MAIN RESULTS

The development of electricity demands responds to
exogenous assumptions on income (GDP) and en-
dogenous electricity prices through respective time-
dependent elasticities. Exogenous fuel prices and
constraints are applied to transportation limits, re-
source availability, rates of introduction (penetration)
of specific technology, and (where applicable) to local,
regional, and countrywide emission rates of CO2, SO2
and NOX. Results from CRETM are expressed in
terms of scenario-base "visions of the future". The
scenarios considered are reference to a baseline that
does not include environmental policy constraints
(Figurei) and divides according to whether the driving
attributes derive from economic policy {e.g., demand
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Fig. 1: The electricity generation mix for the Business
As Usual (BAU) case with 10%/a discount rate).

growth, discount rate), environmental policy (e.g.,
emission taxes versus emission caps) or technological
policy (e.g., pricing and learning rates that may favor
specific technologies like Clean Coal Technologies
versus nuclear energy, versus renewable energy).
Scenario-based sample results are presented, with
detailed description of the CRETM and the supporting
data is given in Reference [2].
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Fig. 2: Electricity generation mix in China by techno-
logy and scenario in the year 2030.

Advanced technology is introduced when policies fa-
vour regional and global environments, as shown in
Figure 2. Demand is adjusted to higher production
costs (market liberalisation based on marginal cost
pricing gradually introduced, discount rate now 5%/a).
Table 1 describes the techno-economic characteristics
of China generation systems used. Capital costs are
assumed 25%-30% less than in the industrialised
countries, but operate at 2-3% lower efficiency.

Generation Technology

Domestic small coal plant

Domestic 100-200 MW coal plant

Domestic 300 MW coal plant, ESP

Dom. 300 MW coal, ESP & scrubbers

Supercritical coal, ESP & scrubbers

Foreign AFBC coal plant

Foreign IGCC coal plant

Foreign PEBC coal plant

Traditional oil-fired plant

Combined-cycle oil-fired plant

Combined-cycle gas-fired plant

Advanced gas-turbine CC plant

Nuclear plant

Hydroelectric plant

Wind plant

Solar photovoltaic plant

Capital

Cost, CC

$/kW

676

650

650

750

1100

950

1200

1100

530

500

530

500

1500

1200

1200

7000

Variable

cost

M$/TWh

5

4

3.5

4.5

4.5

8.5

4.5

4

2.8

2.8

8

8

5

1

Z

0.07

Fixed

O&M

%CC/a

3

3

3

3

3

3

3

3

3

3

3

3

1.6

1.5

1.5

1.5

Eff.

%

27

29

36

35

42

38

43

45

35

42

45

55

33

33

33

33

Table 1 : Techno-economic characteristics; IGCC,
Supercritical Coal, Nuclear, Wind and Solar-PV as-
sume "learning-by-doing" economic scaling.

3 CONCLUSION

Results from studies using CRETM are based on a
first, evolving set of techno-economic data (Table 1),

price assumptions, fossil fuels resource availability
and imports, as well as projections of the technical
potential for renewable energy use. Based on these
first results the following interim conclusions can be
formulated.

China will rely on coal for power production, independ-
ent of environmental policies.

Chinese R&D on advanced technology and foreign
investments can improve energy efficiency and,
through reduced emissions, the environment.

SO2 pollution can be reduced at moderate invest-
ments by introducing scrubbers and/or advanced coal
technology.

Carbon emission reduction needs significant invest-
ments, but this policy improves local environments
(secondary benefits).

The cumulative discounted power-production cost for
a more sustainable path for China increases by 2-4 %
over the 2000-2030 time frame investigated.

Transmitting electricity between regions could be an
economic option in general terms but also for reducing
local pollution, and this finding results from the re-
gional attribute of CRETM.

Based on these interim findings, it is concluded that a
combination of national R&D policies to improve sup-
ply-side conversion efficiencies and to enforce sulfur
emission control of coal power will lead to important
long-term benefits to a growing China. These im-
provements together with the selection of promising
CDM projects for advanced-technology systems, to be
partially financed by the international community, could
represent a "win-win" strategy for China and the indus-
trialized world.

In fulfilling these goals, this study projects an optimis-
tic view towards nuclear energy for scenarios based
on low (but achievable) capital costs and low discount
rates, given the attainment of necessary levels of pub-
lic acceptance. Similar conclusions derive for hydroe-
lectric power, albeit resource constraints are more
severe in this case. Finally, the use of renewable en-
ergy sources other than wind and hydropower systems
need a more detailed examination of the local condi-
tions before making any commitments to invest in new
installations.
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GEM-E3 SWITZERLAND: DATABASES UPDATE AND FURTHER INSIGHTS

O. Bahn

The economic and environmental databases of GEM-E3 Switzerland have been updated. The new model
has then been used to assess policy options for reducing the Swiss carbon emissions. The procedure to
construct the new databases as well as results of the simulations are reported here.

1 INTRODUCTION

GEM-E3 is an applied general equilibrium model that
analyses the macro-economy and its interaction with
the energy system and the environment. It has been
developed under the auspices of the European Com-
mission (DGXII) by Capros et al. [2]. Within the EU
Research Project 'GEM-E3-ELITE', GEM-E3 has been
implemented for Switzerland by Bahn and Frei [1].
Within the new EU Research Project TCH-GEM-E3',
the economic and environmental databases of GEM-
E3 Switzerland have been updated from a 90 to a 95
base year. The purpose of this update is to enable the
linking of GEM-E3 Switzerland with the European ver-
sion of GEM-E3 whose databases shall use also 95 as
a base year.

2 DATABASES UPDATE

This section describes briefly the data sources and the
procedure used to update the databases.

2.1 Economic database

The economic database consists mainly of a Social
Accounting Matrix (SAM). Due to time and data avail-
ability restrictions, a 95 Swiss SAM, compatible with
the GEM-E3 format, has been constructed using:

i) Structures from the 90 GEM-E3 Swiss SAM; and
ii) 95 data from the Swiss National Accounts (Swiss

Federal Statistical Office—SFSO [8]), various 95
economic statistics compiled by SFSO [7], and 95
external trade data from the Swiss Customs [5].

The 95 Consumption Matrix is obtained by applying
the structure of the 90 GEM-E3 Consumption Matrix to
the 95 consumption totals by categories. Government
as well as households' consumption are given by
SFSO [7]. The latter is beforehand disaggregated into
the 13 GEM-E3 consumption categories using an ap-
propriate key.

The 95 Investment Matrix is constructed by applying
the structure of the 90 GEM-E3 Investment Matrix to
the 95 investment by branches. The latter is obtained
by disaggregating the 95 investment of six institutional
sectors given by SFSO [8] into the 18 GEM-E3
branches following the structure of the 90 investment's
disaggregation.

The Swiss Customs [5] provides imports and exports
for 19 branches producing goods. Disaggregations
and aggregations are performed to obtained im-
ports/exports for the corresponding 13 GEM-E3
branches. The total import and export of services are

obtained from subtracting the total import/export of
goods from the total import/export given by SFSO [7].
Disaggregation by branches is done following the 90
structure of the imports/exports. Total expenditures
abroad and tourists expenditures are given by SFSO
[8]. They are disaggregated into the 18 GEM-E3
branches using their 90 structure.

Let A denotes the matrix of input-output coefficients of
intermediate demand; Id the identity matrix; 10 the
Input-Output Matrix; X the vector of total domestic
outputs; and Vthe vector of net final demand. Follow-
ing a so-called Leontief analysis, supposing in particu-
lar that there is no technical change between 90 and
95, one can approximate the 95 A matrix by its 90
value. The 95 X vector is computed as follows:

X95 = [ld-A90]\ Y95

The 95 Input-Output Matrix is then given by:

/O95 = ^90 • -X95

The 95 labour and capital incomes, indirect taxes,
subsidies, VAT and duties are given by SFSO [8].
Disaggregation by branches is done using in particular
their 90 structure and such that revenues and
expenditures of each branch are balanced.

The distribution of capital and labour incomes to the
economic agents, the savings of each agent, and the
transfers of households and government to the other
agents are given by SFSO [8]. The transfers of the
foreign sector are approximated from their 90 values
and the 95 exports, and are such that revenues and
expenditures of the foreign sector are balanced. The
transfers of firms are finally deduced from the hy-
pothesis that the 95 SAM is in equilibrium.

2.2 Environmental database

The environmental database consists mainly of an
Energy Balance Table and of an Emission Coefficients
Table. The first has been designed following SFOE
[6]. The disaggregation of solid and liquid fuels, as well
as of the final consumption, has been done applying to
the SFOE statistics structures from the International
Energy Agency [3, 4]. The second table has not been
updated since it uses already 95 values; see [1].

3 POLICY SIMULATIONS

The purpose of these simulations is to evaluate two
strategies Switzerland could follow to curb its CO2

emissions: the imposition of a domestic carbon tax,
and the combining of such a tax with the buying of
CO2 permits on an international market.
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3.1 Scenarios

Two scenarios are considered for CO2 emissions: i)
baseline, where emissions are not limited; and ii) 10%
reduction, from the 90 level, to be reached by 2010. A
5% reduction is also imposed by 2005.

The framework of the baseline scenario, between
2000 and 2010, is as follows. Population grows by
2.8%, fossil fuels prices by 1% a year cumulatively.
The model is then calibrated such that real GDP in-
creases by 2% a year. The resulting CO2 emissions
grow from 44.2 million tons (Mt) in 95 to 45 in 2010.
Compared to the findings of the model using a 90
database, emissions in 2010 are found to be lower (45
instead of 46 Mt), since the model does now take into
account the observed emission reduction in 95.

To reduce emissions, two options are considered. In
'tax only', the reduction is achieved through a domes-
tic carbon tax. In permits & tax', it is achieved through
a (lower) tax together with the buying of permits on an
international market. Furthermore, two cases are con-
sidered: when the buying of permits cannot exceed
50% of the reduction ('ceiling), and when no such limit
is imposed ('no-ceiling).

3.2 CO2 emissions, permits and tax

In tax only, the model ensures that the CO2 reduction
targets are fulfilled: 42.8 Mt in 2005 and 40.5 in 2010.
This is done through a tax of 29 CHF95 per ton (/1)
CO2 in 2005 and 85 in 2010. Compared to the findings
using a 90 database, the tax is lower in accordance
with the smaller reduction effort from the baseline.

In permits & tax, one supposes following Weyant [9]
that international prices for CO2 permits are 50 USD90
/ tC in 2010 (19 CHF95 / tCO2), and half that price in
2005 (9.5 CHF95 / tCO2). In the ceiling case, 50% of
the reduction is done domestically. The levels to be
reached are: 43.7 Mt in 2005 and 42.8 in 2010. This is
done through a tax of 14 CHF95 / tCO2 in 2005 and 36
in 2010. To fulfil its reduction target, Switzerland buys
also permits for a total of 3.2 Mt. In the no-ceiling
case, 70% of the reduction is done through buying of
permits for a total of 4.4 Mt. Domestic reduction (at
43.9 Mt in 2005 and 43.7 in 2010) is achieved through
a tax whose levels correspond to the permit prices.

3.3 Employment and Gross Domestic Product

In tax only, Switzerland uses the tax revenue to re-
duce social security charges. In permits & tax, it uses
part of the tax revenue to acquire permits, and only the
remaining to reduce social security charges. When
doing so, employment increases: 7.6 thousand more
employees in 2010 in the first strategy, 3.3 in the sec-
ond with ceiling and 1.7 without. There is thus a 'dou-
ble dividend': an environmental benefit (fewer emis-
sions) and a societal one (more employment). This
results from an increase in energy prices (due to the
carbon tax) coupled with a decrease in labour costs
(due to the tax revenue recycling). These changes
trigger substitutions in the production structures away
from energy (hence fewer emissions) and in favour of
labour. These changes are smaller in permits & tax

(especially in the no-ceiling case) and so is the in-
crease in employment.

Both strategies yield negligible GDP losses: 150.5
million CHF95 (a reduction of 0.03%) in 2010 for tax
only, 70.1 (0.02%) for permits & tax with ceiling and
47.4 (0.01%) without. GDP is driven downward by a
decrease in investments and in exports. Indeed, the
relative price of labour decreases also compared to
capital, and a fraction of capital is substituted by la-
bour in the production structures. The lower capital
demand implies then a decrease in investments. Con-
cerning exports, the energy costs increase has a
stronger impact on the Swiss competitiveness than the
labour costs decrease. There are thus competitive-
ness losses that lead to a reduction of exports. Notice
that the total abatement cost (reduction of emissions
and buying of permits) is lower in permits & tax (espe-
cially in the no-ceiling case) and so are GDP losses.

4 CONCLUSION

Both reduction strategies yield a double dividend.
However, permits & tax, especially for no-ceiling, ap-
pears a better strategy since it requires a lower do-
mestic carbon tax and yields lower GDP losses. But
for choosing between these policies, one should also
consider 'secondary benefits' of reducing emissions in
Switzerland instead of buying permits abroad.

5 ACKNOWLEDGMENT

This research has been funded by BBW (Contract N.
99.0186) as part of the EU Research Project ENG2-
CT-1999-00002 TCH-GEM-E3'.

6 REFERENCES

[1] O. Bahn, C. Frei, GEM-E3 Switzerland: A Com-
putable General Equilibrium Model Applied for
Switzerland, PSI Report 00-01 (2000).

[2] P. Capros, et ai, European Union: the GEM-E3
general equilibrium model, Economic & Financial
Modelling 4, 51-160(1997).

[3] IE A, Energy Statistics of OECD Countries 1995-
1996, IEA Statistics, Paris (1998).

[4] IE A, Energy Balances of OECD Countries 1994-
1995, IEA Statistics, Paris (1997).

[5] Swiss Customs, Commerce Exterieur de la
Suisse 1988/97, Bern (1998).

[6] SFOE, Statistique Globale Suisse de I'Energie
1995, Bern (1996).

[7] SFSO, Annuaire Statistique de la Suisse, Neu-
chatel (2000).

[8] SFSO, Le systeme de Comptabilite Nationale:
Resultats 1992-1997, Neuchatel (1999).

[9] J.P. Weyant, The Costs of the Kyoto Protocol: A
Multi-Model Evaluation, a Special Issue of the
Energy Journal (1999).



126

THE POTENTIAL ROLE OF ENERGY CONSERVATION AND NEW RENEWABLES
ECOLOGICAL AND ECONOMIC IMPLICATIONS FOR SWITZERLAND

M. Jakob, U. Gantner, S. Hirschberg

After the recent rejection of the energy initiatives by the people, Switzerland still has a firm commitment to
reduce its CO2 emissions and consequently to limit the use of fossil energy. Decisions will have to be
made on the future electricity configuration. Would one abstain from the nuclear energy without extensive
compensatory measures the CO2 emission would rise dramatically which would be contrary to the climate
commitment. To prevent this Switzerland would have to improve its energy efficiency and to expand the
use of new renewables both in the heat and in the electricity sector. In this paper four main future Swiss
energy supply and demand options are presented regarding their ecological and economic performances.

1 INTRODUCTION

The Greenhouse Gas (GHG) emissions should be
reduced, the costs should be low, the use of renew-
able energies should be expanded, the air should be
cleaner, risks should be minimised etc. These are
some of the requirements that the future electricity and
heat system should fulfil according to the various
stakeholders of the Swiss society. Also Swiss laws
and international agreements have to be respected.
This applies in particular to the Greenhouse Gas
emissions, which have to be reduced in the future.
Simultaneously the role of nuclear energy is debated.

Identification of feasible options and their merits as
well as drawbacks serves as an input to the political
discussion and is a prerequisite for designing suitable
policy instruments that are efficient and effective.

2 METHODOLOGY AND ASSESSED OPTIONS

When considering the future development of the elec-
tricity and heating system of a country it is important to
assess the technical and economic limitations, but
also the potential techno-economical progress. Fur-
thermore the dynamics of the structural change has to
be taken into account. In the heating sector this in-
cludes the refurbishment cycles of the buildings, the
replacement rates of the heating systems and the
acceptance of new technologies.

Implementing these methodological requirements four
main options were designed to account for the poten-
tial developments for the next 30 years (Fig. 1). Cen-
tralised vs decentralised or nuclear vs fossil power
generation, conventional vs new technologies, moder-
ate vs extensive expansion of new renewables and
energy efficiency technologies and measures, these
are the key elements of the assessed options.

12 13 14 15 16
Yearly Costs, in Billion CHF

1 Fossil: 46 % of the electricity and most of the heat is
fossil, resulting in highest GHG loads and lowest costs.
Differences between the options: D/H have an increased
share of cogeneration, H/F an increase in heat pumps,
which lead to lower GHG emissions but higher costs in
both cases.

2 Nuclear: 41 % of the electricity is produced by nuclear.
GHG emissions are clearly lower than in group "Fossil",
but the costs are slightly higher. Differences within the
group: B uses mainly conventional boilers, E/G have
increased shares of cogeneration, and G additional heat
pumps. C/l assume that nuclear power remains at today's
level and is supplemented by CC. I contains as much heat
pumps as G, which explains reduction in GHG emissions
and increase in costs comparing with C.

3 Fossil + increased Savings & Renewables: Similar to
"Fossil", but with increased share of new renewables and
promotion of energy conservation and energy efficiency.
This leads to lower emissions but to higher costs.

4 Nuclear + increased Savings & Renewables: Similar
to "Nuclear", but with increased share of new renewables
and promotion of energy conservation and energy
efficiency (same amount as in 3). This group has the
lowest greenhouse gas emissions and the highest costs.

Fig. 1: Total Greenhouse Gas emissions and yearly costs of electricity and heat supply options for Switzerland for
the year 2030.
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The options reflect the potential situation of 2030 and
technologies are compared on that level to include the
techno-economical development. The emissions are
based on the method of life cycle assessment (LCA)
and the yearly cost include annualised investments,
operation and maintenance and the expenditures for
energy carriers.

3 RESULTS AND WHAT IS BEHIND THEM

The analysis of the future Swiss heat and electricity
supply and demand is based on many parameters and
developments that have to be taken into account and
assessed in a consistent way. These considerations
are documented mainly in [1,2,3]. Hereafter the most
important background information that leads to the set
of analysed options and explains the results, is given.

The increased emissions of main group 1 compared to
group 2 are due to fossil plants which substitute for
nuclear plants. The higher emissions are reduced in
the group 3 and 4 by a strong expansion of new re-
newable energies and efficiency measures in both
heating and electricity sectors. This leads to higher
annualised costs even under consideration of the un-
used potential of the no-regret measures. The higher
costs are due to higher investments in efficiency
measures and renewable energies that cannot fully be
compensated by saved expenditures for energy carri-
ers. Most of the new renewable energies and part of
the efficiency measures will face higher yearly costs
than fossil technologies if prices for fossil fuels remain
comparatively low. The cost difference for efficiency
measures such as efficient appliances, solar or insula-
tion measures in buildings is however smaller and
some of them are even economic under the today's
price relations. Regarding the potential which might be
realised in the timeframe of the next 20 or 30 years
the one associated with efficiency measures is esti-
mated to be higher and mostly more cost effective
than that of new renewables.

Parallel to the decrease of the emissions there is an-
other positive effect of such investments: The specific
costs of the renewable technologies and of the effi-
ciency measures would decrease, bringing them
closer to market competitiveness [4].

4 CONCLUSION AND RECOMMENDATIONS

Given the Swiss commitments on the national and
international level to reduce greenhouse gas emis-
sions, the use of fossil fuels should be reduced. Keep-
ing the current hydro- and nuclear-based configuration
of electricity supply, or replacing the nuclear power
plants with fossil ones and simultaneously strongly
promoting efficiency measures, heat pumps and new
renewable systems, would allow stabilisation of the
greenhouse gas emissions from electricity and heating
sectors at the 1990 level. The latter mentioned

alternative is, however, more expensive by about 15%.
On the other hand significant emission reductions
much below the Kyoto level, would be feasible by
combining nuclear electricity with strong promotion of
efficiency measures, heat pumps and new renew-
ables. The associated yearly costs would in this case
be higher than today; this applies also to the corre-
sponding fossil-based option. However the reduction
of the uses of fossil fuels would be also favourable in
view of the direct and indirect health and environ-
mental impacts of such pollutants as NOx, SOx, CO,
NMVOC and paniculate matter. Some of these im-
pacts that occur under specific conditions are already
considerable.

Taking into account the currently expected technologi-
cal advancements some recommendations can be
made based on the findings: (i) no-regret measures
such as no or low cost efficiency improvements should
be promoted; (ii) enhanced use of new renewable
sources - significant contributions can be achieved on
the heating side; (iii) increased use should be made
of heat pumps for the generation of space heating
given favourable conditions (low costs of small units,
availability of low temperature heating system, and/or
availability of heat source that can be easily tapped);
(iv) use of cogeneration plants in large buildings and
for the production of process heat is recommended if
part of the electricity produced is used in heat pumps
to compensate increased air pollution emissions of the
cogeneration plants.

Some of the options need well-designed policy instru-
ments such as information programs and initiatives for
example in schools, companies and for the general
public [5], improvement of the professional education
or start-up financial support.

5 REFERENCES

[1] U. Gantner, S. Hirschberg, Entwicklung der Nut-
zung regenerativer Energiequellen in der
Schweiz, contribution to CH 50 % - Eine Schweiz
mit halbiertem Verbrauch an fossilen Energien,
Swiss Academy of Technology and Science, Zu-
rich (1999).

[2] M. Jakob, U. Gantner, S. Hirschberg, Perspekti-
ven der zukunftigen Energieversorgung in der
Schweiz unter Berucksichtigung von nachfrage-
orientierten Massnahmen PSI-Report, Villigen, to
be published (2001).

[3] Prognos AG, Energieperspektiven der Szenarien
I bis IV 1990 bis 2030, Swiss Federal Office of
Energy, Bern (1996).

[4] L. Barreto, S. Kypreos, Technological Learning in
Energy Models: Experience and Scenario Analy-
sis with MARKAL and the ERIS Model Prototype,
PSI Report 99-08, Villigen (1999).

[5] S. Hirschberg (Ed.), Energie-Spiegel Nr. 1 und
Nr. 2, PSI, Villigen (2000).



128

APPENDIX

PROJECT COLLABORATIONS WITH EXTERNAL
PARTNERS

ALLIANCE FOR GLOBAL SUSTAINABILITY

Projekleiter: S. Kypreos
Energy Modelling, The China CETP Programme

Projektleiter: A. Wokaun
Sustainable Mobility:
The Future of Mobility: New Technologies and Policies
Shaping Transportation Supply and Demand

ASTRA/BUWAL

Projektleiter: R. Gehrig*, U. Baltensperger
Verfikation von PM10-Emissionsfaktoren des
Strassenverkehrs
* EMPA Diibendorf

BAUGARTEN FOUNDATION

Projektleiter: A. Steinfeld
SYNMET

BBW

Projekleiter: O. Bahn
TCH-GEM-E3: The Role of Innovation and Policy
Design in Energy and Environment for a Sustainable
Growth in Europe
EU-Projekt

Projektleiter: U. Baltensperger
DIFUSO (Diesel Fuel and Soot-Fuel Formulation and
its Atmospheric Implications)
EU-Projekt

Projektleiter: U. Baltensperger
SING ADS (Synthesis of Intergrated Global Aerosol
Data Sets)
EU-Projekt

Projektleiter: U. Baltensperger, E. Weingartner
PARTEMIS (Measurement and Prediction of
Emissions of Aerosols and Gaseous Precursors from
Gas Turbine Engines)
EU-Projekt

Projektleiter: W. Graber
VOTALPII (Vertical Ozone Transports in the Alps)
EU Projekt

Projekleiter: S. Kypreos
SAPIENT: Energy Systems Analysis for Progress and
Innovation in Energy Technologies
EU-Projekt

Projektleiter: S. Mtiller
ELZA: Development of Electrically Rechargeable Zinc-
Air Batteries

Projektleiter: P. Novak
Solvent-free Lithium Polymer Starter Battery
5th EU Programm

Projektleiter: A.S.H. Prevot, U. Baltensperger
ARTEMIS (Assessment and Reliability of Transport
Emission Models and Inventory Systems)
EU-Projekt

Projektleiter: R.T.W. Siegwolf, J. Fuhrer*
Eurosilva - HARVA (Optimale Ernahrung und
Holzasche - Recycling im Wald)
EU-Projekt

* IUL Birmensdorf

BFE

Projektleiter: S. Biollaz, S. Stucki
Redox Filter. Decentralised Production of Pure
Hydrogen from Wood
Projektleiter: T. Gerber
Thermochemische Charakterisierung und
spektroskopischer Nachweis von Sauerstoff-
verbindungen

Projektleiter: T. Gerber
Investigation of Soot and NO Production in Spray
Combustion of Acetal/Diesel Mixtures.

Projektleiter: T. Gerber
Darstellung und Spektroskopie von ZnO bzw. ZnxOy
in der Gasphase

Projektleiter: P. Griebel
Struktur turbulenter Vormischflammen unter Hoch-
druck

Projektleiter: W. Hubschmid
Laserspektroskopische Methoden zur Analyse von
Flammen und Brennstoff-Sprays

Projektleiter: E. Jochem*
Teilprojektleiter: M. Jakob
Grenzkosten bei forcierten Energie-Sparmassnahmen
in Wohngebauden
Gemeinsames Projekt PSI-CEPE-ETHZ
* CEPE-ETHZ

Projektleiter: M. Koebel
NOX- Verminderung bei mobilen Dieselmotoren mittels
Harnstoff-SCR
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Projektleiter: J. Mantzaras
Turbulent Catalytic Combustion

Projektleiter: R. Palumbo, A. Steinfeld
Solar Thermal Production of Zinc

Projektleiter: G.G. Scherer
Polymerelektrolyt Brennstoffzellen mit H2 oder
Methanol als Brennstoff

Projektleiter: A. Steinfeld
SolarPACES: Solar Power and Chemical Energy
Systems

Projektleiter: M. Sturzenegger
Auf dem Weg zu solaren Brennstoffen - Physikalisch-
chemische Beiträge zur Entwicklung von Solarreak-
toren

BUWAL, Cantons of Grisons and Ticinio

Projektleiter: A.S.H. Prévôt
TOSS (Trends of Ozone in Southern Switzerland)

COORDINATION RESEARCH COUNCIL, USA

Projektleiter: D.B. Kittelson*, U. Baltensperger
Diesel Aerosol Sampling Methodology
Department of Energy
* University of Minnesota, Minneapolis, Minnesota,

USA

EPFL

Projektleiter: U. Baltensperger, E. Weingartner
Synthesis of Lidar, Optical Depth, and in Situ Aerosol
Data at the Jungfraujoch

Projektleiter: S. Biollaz
Feasibility Study on Methanation of Biomass for SNG
Production

ETH-Rat

Projektleiter: U. Baltensperger, H. Burtscher*
Entwicklung eines Wolkenkondensationszählers
* FH Aargau

Projektleiter: J. Keller
Retrieval of Tropospheric Aerosol Properties from
Space (Contribution to the EUROTRAC-2 Subproject
TRO POSAT)

Projektleiter: A. Wokaun, S. Lienin
Innovationen im Individualverkehr
(Pilotprojekt im Rahmen der Strategie Nachhaltigkeit)

ETHZ

Projektleiter: A. Wokaun, M. Meier*
Brennstoffzellen-Antrieb
* ETH Zürich

EU

Projektleiter: U. Baltensperger
NICE (The Nitrogen Cycle and Effects on the
Oxidation of Atmospheric Trace Species at High
Latitudes)
(via NCSR Demokritos GR)

Projektleiter: A.S.H. Prévôt, S. Nyeki
CHAPOP (Characterisation of High Alpine Pollution
Plumes)
Projekt CAATER

HSK

Projektleiter: W. Graber
WINDBANK III

IEA

Projekleiter: S. Kypreos
Activities Implemented Jointly to Curb CO2 Emissions
IEA-ETSAP/Annex VI

INDUSTRY

Projektleiter: S. Biollaz
Commercialisation of Integrated Waste Incineration
and Ash Treatment Technology
Consortium PECK (PSI, Eberhard Recycling AG,
CT Umwelt AG, Küpat AG)

Projektleiter: S. Biollaz
Feasibility Experiments on the Direct Electrification of
a Synthetic Low BTU Gas in a High Temperature Fuel
Cell Test Stack (SOFC)
Sulzer Hexis AG, Winterthur

Projektleiter: W. Durisch
Thermophotovoltaische Erzeugung von Strom in mit
Erdgas betriebenen, wärmegeführten Kleinblockheiz-
kraftwerken
Forschungs-, Entwicklungs- und Förderungsfonds der
schweizerischen Gasindustrie (FOGA)

Projektleiter: W. Durisch
Electrical Characterisation of Photovoltaic Laminates
Atlantis Solar Systeme, Härkingen

Projektleiter: W. Hubschmid
Teilprojektleiter PSI: A. Inauen
Mischung und Verdampfung von Brennstoffsprays in
Gasturbinen- Vormischbrennern
Aistom Power Technology, Dättwil und BFE
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Projektleiter: M. Koebel
Entwicklung eines mobilen SCR-Systems für
Dieselmotoren
Liebherr Machines Bulle SA und
Oberland Mangold, Garmisch-Partenkirchen (D)

Projektleiter: J. Mantzaras
Catalytic Combustion for Power Generation
Aistom Power Technology, Dättwil

Projektleiter: A. Meier
Solar Production of Lime
QualiCal, Italy

Projektleiter: S. Müller
Technologie- Transfer-Projekt "Elektrisch
Wiederaufladbare Zink-Luft Batterie"
- ChemTEK GmbH, Oberderdingen, Germany
- Zoxy Energy Systems AG, Halsbrücke, Germany

Projektleiter: E. Newson
Partial Oxidation of Hydrocarbons/Methanol
Johnson Matthey, UK, Haldor Topsoe A/S, DK, UOP
Ltd., UK., Süd Chemie AG, Germany

Projektleiter: P. Novák
Behandlung der Graphite für die negative Elektrode
der Lithium-Ionentransferbatterie
Timcal AG, Sins/Bodio

Projektleiter: P. Novák
Elektrochemische Charakterisierung von Oxiden für
Lithium-Ionen-Batterien
Degussa Metals Catalysts Cerdee AG, Frankfurt,
Germany

Projektleiter: G.G. Scherer
Membranen für die Direkt Methanol Brennstoffzelle
Automobilindustrie

Projektleiter: A. Steinfeld, W. Hoffeiner
Solar Thermal Processes for Closed Materials Cycles
RWH Consult GmbH, Oberrohrdorf AG

KANTON Zürich/AWEL, BUWAL

Projektleiter: A.S.H. Prévôt
YOG AM (Year of Gasphase and Aerosol
Measurements)

KTI

Projektleiter: U. Baltensperger
The Life Cycle of the Tropospheric Aerosol

Projektleiter: U. Baltensperger, H. Burtscher*
Entwicklung der Steuerelektronik und Selbstdiagnose
für das Epiphaniometer
* FH Aargau

Projektleiter: J. Keller
Influence of the Transboundary Pollution on the Air
Quality in Switzerland (Contribution to the
EUROTRAC-2 Subproject GLOREAM)

Projektleiter: R. Kötz
High Power, High Voltage Supercapacitors
ABB, Dättwil, Leclanché SA, Yverdon

Projektleiter: P. Novák
Wiederaufladbare Hochleistungs-Lithium-Ionen-
Batterien
Renata AG, Hingen

Projektleiter: J. Wochele, Ch. Ludwig
PyroBat
BATREC AG, Wimmis

METEO SCHWEIZ

Projektleiter: U. Baltensperger
Global Atmosphere Watch Programme: Aerosol
Research at the Jungfraujoch

NATO

Projektleiter: S. Georgiou*, J.T. Dickinson**, T. Lippert
Photochemical Active Materials for Laser Ablation
NATO Grant No; CRG 973063
* Institute of Electronic Structure and Laser,

Foundation for Research and Technology-Hellas,
Heraklion, Crete, Greece

** Washington State University, Pullman, USA

NATIONALFONDS

Projektleiter: U. Baltensperger
Sources, Formation and Composition of Paniculate
Organic Carbon in the Lower Troposphere

Projektleiter: P. Blaser*, R.T.W. Siegwolf
Soils, a Sink for Atmospheric CO2? Stabilisation and

13CÖ2Bioavailability of Soil-Incorporated Atmospheric
* WSL Birmensdorf

Projektleiter: R. Kötz, H. Siegenthaler*
Nanoscale Intercalation into Graphite and Metal
Oxides
* University of Bern

Projektleiter: U. Krähenbühl*, R.T.W. Siegwolf
Reconstruction of Anthropogenic Pollution by S- and
N-Bearing Compounds: Isotopic Signatures Since the
Turn of the Century Through Study of Environmental
Archives
* University of Bern
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Projektleiter: Ch. Ludwig, S. Hellweg*, S. Stucki
Waste Book
Partners from Industry, Consulting Firms, and
Universities
* ETH Zurich

Projektleiter: Ch. Ludwig
CT-Pilot
CT Environment AG

Projektleiter: A.F. Neftel*, A.S.H. Prevot
COCA (Characterization of Organic Compounds in the
Atmosphere)
* IUL Liebefeld, Bern

Projektleiter: P. Novak
Synthesis and Characterization of Advanced
Electroactive Materials for Electrodes of Rechargeable
Lithium-Ion-Batteries

Projektleiter: P. Schleppi*, R.T.W. Siegwolf
IRISALP; Isotope S15N and Research on Impacts of
Nitrogen Deposition in Subalpine Ecosystems
* WSL Birmensdorf

Projektleiter: A. Wokaun, T. Lippert
Laser Ablation as a Tool for Trace Analysis and High
Resolution Material Transfer

UNIVERSITIES

Projektleiter: H. Armbruster, S. Stucki
On-Board Production of Ethers
Combustion Engine Research Center, Chalmers
University, Goetheborg, Sweden

Projektleiter: J. Keller
Retrieval of Biogeophysical and Biogeochemical
Parameters Using Hyperspectral Remote Sensing
Data
University of Zurich

Projektleiter: M. Koebel
Messgerat fur gasformiges Ammoniak und
Isocyansaure
University of Kaiserslautern, Germany

Projektleiter: E. Newson
Hydrogen for Gasoline Engines

J. Czerwinski, FH Biel, K. Boulouchos, ETH Zurich

TEACHING ACTIVITIES

University Level Teaching
PD Dr. U. Baltensperger, with others
Analytische Chemie V
ETH Zurich, WS 2000/2001.

PD Dr. U. Baltensperger, Prof. Dr. H. Burtscher,
Prof. Dr. T. Peter
Aerosole I
ETH Zurich, WS 2000/2001.

PD Dr. U. Baltensperger, Prof. Dr. H. Burtscher,
Prof. Dr. T. Peter
Aerosole II
ETH Zurich, SS 2000.

Prof. Dr. R. Palumbo
Applied Thermodynamics
Mechanical Engineering Department
Valparaiso University
Valparaiso IN 46383 USA.

Prof. Dr. R. Palumbo
Mechanical Measurements
Mechanical Engineering Department
Valparaiso University
Valparaiso IN 46383 USA

Prof. Dr. A. Steinfeld, Dr. J. Gass
Technik erneuerbarer Energien - Tell 1
ETH Zurich, SS 2000.

Prof. Dr. A. Steinfeld
Solar Thermal Concentrating Technologies
Weizmann Institute of Sciences, Israel, SS 2000.

Prof. Dr. A. Steinfeld
Warmeubertragung durch Strahlung
ETH Zurich, WS 2000/2001.

Prof. Dr. A. Steinfeld, Prof. Dr. A. Wokaun,
Prof. Dr. G. Yadigaroglu, Prof. Dr. W. Kroeger,
Prof. Dr. E. Jochem, Prof. Dr. M. Filippini
Vertiefungseinfuhrung in Energietechnik:
Nachhaltige Energienutzung
ETH Zurich, WS 2000/2001.

Prof. Dr. P. Talkner
Stochastische Mechanik irreversibler Prozesse
Universitat Basel, WS 1999/2000.

Prof. Dr. P. Talkner
Stochastische Prozesse in der Physik
Universitat Basel, WS 2000/2001.

Prof. Dr. A. Wokaun
Erneuerbare Energien
ETH Zurich, SS 2000.

Prof. Dr. A. Wokaun, Dr. J. Gass
Technik erneuerbarer Energien, Tell 2
ETH Zurich, WS 2000/2001.
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Lecture Courses at Other Schools

Dr. F. Gassmann
Umweltethik
FH Aargau, Brugg-Windisch
Interdisziplinärer Wahlfachkurs, WS 1999/2000.

Dr. Ch. Ludwig
Blockkurse: Speziierung in Nährlösungen (Zur
Löslichkeit von Festphasen und Adsorption von
Schwermetallen)
Beitrag zur Vorlesung "Bodenkunde 3", Hochschule
Wädenswil, December 22, 1999 - January 21, 2000.

Contributions to Courses at Universities, FHL and
Other Institutes

Dr. O. Bahn
Evaluation d'une Réforme Fiscale Ecologique en
Suisse à l'Aide d'un Modèle d'Equilibre Général
Cours de Gestion des Ressources Naturelles,
Université de Neuchâtel, SS 2000.

Dr. R. Bombach
Introduction to Numerical and Experimental Methods
in Combustion Research
ERCOFTAC Summer School ETH Zürich, September
4-9, 2000.

Dr. F. Büchi
Brennstoffzellen
Beitrag zur Vorlesung "Technik erneuerbarer
Energien", Prof. A. Wokaun, ETH Zürich, WS 2000.

Dr. W. Durisch
Photovoltaik-Praktikum für Studenten
Hochschule für Technik + Architektur, HTA Luzern,
July 18, 2000.

Dr. F. Gassmann
Treibhauseffekt
Schweiz. Drogistenschule, Neuenburg, May 11, 2000.

Dr. F. Gassmann
Die wichtigsten Erkenntnisse zum Treibhaus-Problem
ETHZ, Beitrag zur Vorlesung "Ökologische Aspekte
der individuellen Mobilität", Zürich, May 12, 2000.

Dr. F. Gassmann
CO2-Emissionen und Klimaproblematik
ETHZ, Beitrag zur Vorlesung "Erneuerbare Energien",
Prof. Dr. A. Wokaun, ETH Zürich, June 27, 2000.

Dr. F. Gassmann
Umweltethik in den Unterricht einbauen: Vom linearen
zum zirkulären Denken, Komplexität
Didaktischer Weiterbildungszyklus 2000 der FH
Freiburg (CH)
Windisch, November 10, 2000.

Dr. W. K. Graber
Verwendung von Flugzeug-, Satelliten- und
numerischen Wetterprognosedaten zur Modellierung
des grossräumigen Austausches von Oekosystemen
mit der Atmosphäre
Beitrag zur Vorlesung "Oekologische Modelle, GIS
und Fernerkundung", Lehrstuhl für Pflanzenökologie,
University of Bayreuth, Germany, February 8, 2000.

Dr. O. Haas
Elektrochemische Energiespeicherung
Doppelschichtkondensatoren
Beitrag zur Vorlesung "Technik erneuerbarer
Energien", Prof. A. Wokaun, ETH Zürich, WS 2000.

Dr. W. Hubschmid
Introduction to Numerical and Experimental Methods
in Combustion Research
ERCOFTAC Summer School ETH Zürich, September
4-9, 2000.

Dr. T. Lippert
Photochemistry
Beitrag zur Vorlesung "Erneuerbare Energien",
Prof. A. Wokaun, ETH Zürich, SS 2000.

Dr. J. Mantzaras
Introduction to Numerical and Experimental Methods
in Combustion Research
ERCOFTAC Summer School ETH Zürich, September
4-9, 2000.

PD Dr. P. Novak
Elektrochemische Energiespeicherung
1. Grundlagen
2. Batterien
Beitrag zur Vorlesung "Technik erneuerbarer
Energien", Prof. A. Wokaun, ETH Zürich, WS 2000.

Dr. G.G. Scherer
Brennstoffzellen
Beitrag zur Vorlesung "Technik erneuerbarer
Energien"
Prof. A. Wokaun, ETH Zürich, Wintersemester 2000.

Dr. R.T.W. Siegwolf, Dr. M. Saurer
Praktikum zu "Stabile Isotope in der Ökologie und
Pflanzenphysiologie "
University of Basel, May 18-19, 2000 and May 25-26,
2000.

Dr. R.T.W. Siegwolf, Dr. M. Saurer
Stabile Isotope in der Oekologie und Pflanzen-
physiologie
University of Basel, April 27-28, 2000.

Dr. R.T.W. Siegwolf
Proseminar zu Themen in der Stressphysiologie:
Isotopenanalytik, ein wichtiges diagnostisches
Instrument in der Ökologischen Kausalanalytik,
Pflanzenphysiologisches Institut der University of
Bern, April 25, 2000.



THIS PAGE IS MISSING
IN THE

ORIGINAL DOCUMENT



134

<. Robert**
rimercial Photovoltaic
limatic Conditions
), World Conference and
3)-
imy Idstein, Germany
le Lubeck, Germany

Wbrz*, W. Plapp**
ovoltaic Generators
284 (2000).
le Ulm, Germany
le Aalen, Germany

<. Robert**
lotovoltaic Modules under
ons
y Congress VI, WREC 2000,
000. Renewable Energy, First
79-788 (2000).
dstein, Germany
beck, Germany

Itaic Electricity Supply System
e in Southern Jordan
y Congress VI, WREC 2000,
000. Renewable Energy, First
95-800 (2000).

ski, H. W. Gaggeler, V. Furrer,
Saurer, M. Funk**
fan Ice Core from the Upper
a.s.l.)
5, (2000).

'. Gerber, B. Mischler,

nal Constants in a Molecule
lave Mixing
, 71-76 (2000).
Chemistry and Biochemistry,

inn
Atmosphere- Vegetation

asing Radiative Forcing
, 337-349 (2000).
s Ltd., Zurich

N. K. Graber, L. Poggio,
Grell*, T. Trickl*,
iger***, G. Wotawa****
Valley Campaign 1996 -

id Some Highlights
it 34, 1395-1412(2000).
ur Atmospharische Umwelt-
h-Partenkirchen, Germany
jna, Jugoslavia

eteorologie und Geodynamik,

U. Gantner, M. Jakob, S. Hirschberg
Perspektiven der zukunftigen Strom- und Warmever-
sorgung fur die Schweiz
VSE-Bulletin 12, 11-20 (2000).

F. Gassmann, F. Klotzli*, G.-R. Walther*
Simulation of Observed Types of Dynamics of Plants
and Plant Communities
J. Veg. Sci. 11,397-408(2000).
* ETH Zurich

P. Geissbuhler, R.T.W. Siegwolf, W. Eugster*
Eddy Covariance Measurements on Mountaneous
Slopes: The Advantage of Surface-Normal Sensor
Orientation Over a Vertical Slope
Boundary Layer Meteorology 96, 371-392 (2000).
* University of Bern

W.K. Graber, F. Gassmann
Real Time Modelling as an Emergency Decision
Support System for Accidental Release of Air
Pollutants
Mathematics and Computers in Simulation 52, 413-
426 (2000).

B. Hemmerling, D.N. Kozlov, A. Stampanoni
Temperature and Flow-Velocity Measurements by Use
of Laser-Induced Electrostrictive Gratings
Opt. Lett. 25, 1340-1342 (2000).

V. Hermann, D. Dutriat*, S. Muller, Ch. Comninellis*
Mechanistic Studies of Oxygen Reduction at
La06Ca0ACoO3-Activated Carbon Electrodes in a
Channel Flow Cell
Electrochim. Acta 46 (2-3), 365-372 (2000).
* EPF Lausanne

W. Hubschmid, B. Hemmerling
Relaxation Processes in Singlet O2 Analyzed by
Laser-Induced Gratings
Chem. Phys 259, 109-120 (2000).

F. Joho, P. Novak
SNIFTIRS Investigation of the Oxidative
Decomposition of Organic-Carbonate-Based
Electrolytes for Lithium-Ion Cells
Electrochim. Acta 45, 3589-3599 (2000).

P. Jordan*, P. Talkner
A Seasonal Markov Chain Model for the Weather in
the Central Alps
Tellus 52A, 455-469 (2000).
* Universitatsrechenzentrum, Universitat Basel

P.P. Kastendeuch*, P. Lacarrere**, G. Najjar*,
J. Noilhan**, F. Gassmann, P. Paul*
Mesoscale Simulations of Thermodynamic Fluxes
Over Complex Terrain
Int. J. Climat., 20, 1249-1264 (2000).
* Universite Louis Pasteur, CEREG, Strasbourg,

France
** Centre National de Recherches Meteorologiques

(CNRM), Meteo-France, Toulouse, France
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D.B. Kittelson*, J.Johnson*, W.F. Watts*, Q. Wei*,
M. Drayton*, D. Paulsen*, N. Bukowiecki
Diesel Aerosol Sampling in the Atmosphere
SAE Technical Paper Series 2000-01-2212 (2000).
* University of Minnesota, Minneapolis, Minnesota,

USA

M. Kleemann, M. Elsener, M. Koebel, A. Wokaun
Investigation of the Ammonia Adsorption on Monolithic
SCR Catalysts by Transient Response Analysis
Appl. Catal. B: Environmental 27, 231-242 (2000).

M. Kleemann, M. Elsener, M. Koebel, A. Wokaun
Hydrolysis of Isocyanic Acid on SCR Catalysts
Int. Eng. Chem. Res. 39, 4120-4126 (2000).

M. Koebel, M. Elsener, M. Kleemann
Urea-SCR: A Promising Technique to Reduce NOX

Emissions from Automotive Diesel Engines
Catal. Today 59, 335-345 (2000).

R. Kbtz, M. Carlen*
Principles and Applications of Electrochemical
Capacitors
Electrochim. Acta 45, 2483-2498 (2000).
* ABB Corporate Research, 5405 Baden-Dattwil

D.N. Kozlov, B. Hemmerling, A. Stampanoni
Measurement of Jet Flow Velocities Using Laser-
Induced Electrostrictive Gratings
Appl. Phys. B71, 585-591 (2000).

R. Kuhn*, W. Durisch, A. Boueke*, P. Fath*,
E. Bucher*
Characterization of Mono- and Bifacially Active
Semitransparent Crystalline Silicon Solar Cells under
Out-door Operating Conditions
World Renewable Energy Congress VI, WREC 2000,
Brighton, UK, July 1-7, 2000. Renewable Energy, First
Edition 2000, Elsevier, 809-812 (2000).
* University of Konstanz, Germany

S. Kypreos, L. Barreto, P. Capros*, S. Messner**
ERIS: A Model Prototype with Endogenous
Technological Change
Int. J. of Global Energy Issues 14, 374-397 (2000).
* National Technical University of Athens, Greece
** NASA, Austria

T. Kram*, A.J. Seebregts*, G.J: Schaeffer*, L. Barreto,
S. Kypreos, S. Messner**, L. Schrattenholzer**
Technology Dynamics in Energy Systems Models
With Perfect Foresight
Int. J. of Global Energy Issues 14, 48-64 (2000).
* ECN, Petten, The Netherlands
** NASA, Austria

M. Lanz, C. Kormann*, H. Steininger*, G. Heil*,
O. Haas, P. Novak
Large-Agglomerate-Size Lithium Manganese Oxide
Spinel with High Rate Capability for Lithium-Ion
Batteries
J. Electrochem. Soc. 147, 3997-4000 (2000).
* BASF AG, Ludwigshafen, Germany

E. Limpert*, P. Bartos*, W.K. Graber, K. Muller*,
J.G. Fuchs*
Increase of Virulence Complexity of Nomadic Airborne
Pathogens from West to East Across Europe
Acta Phytopathologica et Entomologica 35, 261-272
(2000).
* ETH, Zurich

T. Lippert, J. Wei, A. Wokaun, N. Hoogen*,
O. Nuyken*
Polymers Designed for Laser Microstructuring
Appl. Surface Science 168, 270-272 (2000).
* University of Munich, Garching, Germany

T. Lippert, J. Wei, A. Wokaun, N. Hoogen*,
O. Nuyken*
Development and Structuring of Combined Positive-
Negative / Negative-Positive Resists Using Laser
Ablation as Positive Dry Etching Technique
Macromol Mater. Eng. 283, 140-143 (2000).
* University of Munich, Garching, Germany

J. Luczka*, P. Talkner, P. Hanggi**
Diffusion of Brownian particles governed by fluctuating
friction
PhysicaA278, 18-31 (2000).
* University of Silesia, Katowice, Poland
** University of Augsburg,Germany

Ch. Ludwig, A.J. Schuler, J. Wochele, S. Stucki
Measuring Heavy Metals by Quantitative Thermal
Vaporisation
J. Water Sci. and Technol. 42, 209-216 (2000).

Ch. Ludwig, C.A. Johnson*, M. Kappeli*, A. Ulrich*,
S. Riediker*
Hydrological and Geochemical Factors Controlling the
Leaching Process in Cemented Air Pollution Control
Residues: A Lysimeter Field Study
J. Contaminant Hydrology 42, 253-272 (2000).
* EAWAG, Diibendorf

M. Lugauer, U. Baltensperger, M. Furger,
H.W. Gaggeler, D.T. Jost, S. Nyeki, M. Schwikowski
Influences of Vertical Transport and Scavenging on
Aerosol Particle Surface Area and Radon Decay
Product Concentrations at the Jungfraujoch (3454 m
asl)
J. Geophys. Res. 105, 19869-19879 (2000).

J. Mantzaras, C. Appel, P. Benz, U. Dogwiler
Numerical Modelling of Turbulent Catalytically
Stabilized Channel Flow Combustion
Catalysis Today 59, 3-17 (2000).

J.-C. Mayor, W. Durisch
Application of a Generalized Model for the Electrical
Characterisation of a Commercial Solar Cell
World Renewable Energy Congress VI, WREC 2000,
Brighton, UK, July 1-7, 2000. Renewable Energy, First
Edition 2000, Elsevier, 2081-2084 (2000).
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D.S. Moore*, K.T. Gahagan*, T. Lippert, D. J. Funk*,
S. J. Buelow, R.L. Rabie*
Ultrafast Non-Linear Optical Method for Generation of
Flat-Top Shocks
SPIE Proc. 4065, 490-494 (2000).
* Los Alamos National Laboratory, Los Alamos,

NM, USA

D.S Moore*, K.T. Gahagan*, S.J. Bulow*, R. L. Rabie*,
D.J. Funk*, S.A. Sheffield*, L. L. Davis*, T. Lippert, H.
Brand*, J.W. Nicholson*
Time- and Space-Resolved Optocal Probing of the
Shock Rise Time in Thin Aluminium Films
Shock Compression in Condensed Matter 1999, Eds.
M.D. Furnish, L.C. Chhabildas, R.S. Hixson, 1003-
1006(2000).
* Los Alamos National Laboratory, Los Alamos, NM

USA

J. Nerlov* S. Sckerl*, J. Wambach, I. Chorkendorff*
Methanol Syntesis from CO2, CO and H2 over Cu(100)
Modified by Ni and Co
Appl. Catal. A: General 191, 97-109 (2000).
* Haldor Topsoe Research Laboratories, DK-2800

Lyngby, Denmark

P. Novak, J.-C. Panitz, F. Joho, M. Lanz, R. Imhof,
M. Coluccia
Advanced In Situ Methods for the Characterization of
Practical Electrodes in Lithium-Ion Batteries
J. Power Sources 90, 52-58 (2000).

S. Nussbaum*, M. Geissmann*, M. Saurer,
R.T.W. Siegwolf, J. Fuhrer*
Ozone and Low Concentrations of Nitric Oxide Have
Similar Effects on Isotope Discrimination and Gas
Exchange in Leaves of Wheat (Triticum aestivum L.)
J. Plant Physiol. 156, 741-745 (2000).
* IUL, Liebefeld-Bern

S. Nyeki, I. Colbeck*
The Influence of Morphological Restructuring of
Carbonaceous Aerosols on Microphysical
Atmospheric Processes
K. Spurny (Ed.), Aerosol chemical processes in the
environment Lewis Publ. 505-523 (2000).
* University of Essex, Colchester, Essex, UK

S. Nyeki, M. Kalberer, I. Colbeck*, S. de Wekker**,
M. Furger, H. W. Gaggeler, M. Kossmann***,
M. Lugauer, D. Steyn, E. Weingartner, M. Wirth,
U. Baltensperger
Convective Boundary Layer Evolution to 4 km Asl
Over High-Alpine Terrain: Airborne Lidar Observation
in the Alps
Geophysical Research Letters 27, 689-692 (2000).
* University of Essex, Colchester, Essex, UK
** University of British Columbia, Vancouver, Canada
*** University of Canterbury, Christchurch, New

Zealand

E.E. Ortelli, J. Wambach, A. Wokaun
Use of Periodic Variations of Reactant Concentrations
in Time Resolved DRIFT Studies of Heterogeneously
Catalysed Reactions
Appl. Catal. A: General 192, 137-152 (2000).

E.E. Ortelli, F. Geiger, T. Lippert, J. Wei, A. Wokaun
UV-Laser-lnduced Decomposition of Kapton Studied
by Infrared Spectroscopy
Macromolecules 33, 5090-5097 (2000).

R. Palumbo, S. Moller, A. Steinfeld
Solar Thermochemical Processing: Challenges and
Changes
High Temperature Material Processes 4, 417-430
(2000).

L. Poggio, M. Furger, A.S. H. Prevot, W.K. Graber,
E.L. Andreas*
Scintillometer Wind Measurements Over Complex
Terrain
J. Atmos. Oceanic Technol. 17, 17-26 (2000).
* U.S. Army Cold Regions Research and

Engineering Laboratory, Hanover, New
Hampshire, USA

A.S.H. Prevot, J. Dommen, M. Baumle*
Influence of Road Traffic on Volatile Oganic
Compound Concentrations in and Above a Deep
Alpine Valley
Atmospheric Environment 34, 4719-4726 (2000).
* MetAir AG, Illnau

A.S.H. Prevot, J. Dommen, M. Baumle*, M. Furger
Diurnal Variations of Volatile Organic Compounds and
Local Circulation Systems in an Alpine Valley
Atmospheric Environment 34, 1413-1423 (2000).
* MetAir AG, Illnau

F. Raimondi, S. Abolhassani, R. Briitsch, F. Geiger,
T. Lippert, J. Wambach, J. Wei, A. Wokaun
Quantification of Polyimide Carbonization after Laser
Ablation
J. Appl. Phys. 88, 3659-3666 (2000).

M.A. Reiche*, T. Burgi*, A. Baiker*, A. Scholz,
B. Schnyder, A. Wokaun
Vanadia and Tungsta Grafted on TiO2: Influence of the
Grafting Sequence on Structural and Chemical
Properties
Appl. Catal. A: General 198, 155-169 (2000).
* ETH-Zurich

M. Saurer, P. Cherubini*, R.T.W. Siegwolf
Oxygen Isotopes in Tree Rings of Abies Alba: The
Climatic Significance of Interdecadal Variations
J. Geophys. Res. 105, 12461-12470 (2000).
* WSL, Birmensdorf
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B. Schaffner, W. Hoffelner*, H. Sun*, A. Steinfeld
Recycling of Hazardous Solid Waste Material Using
High-Temperature Solar Process Heat -1.
Thermodynamic Analysis
Environ. Sci. Technol. 34, 4177-4184 (2000).
* MGC-Plasma AG, Muttenz

Y. Scheidegger, M. Saurer, M. Bahn*, R.T.W. Siegwolf
Linking Stable Oxygen and Carbon Isotopes with
Stomatal Conductance and Photosynthetic Capacity:
A Conceptual Model
Oecologia 125, 350-357 (2000).
* Institute of Botany, Innsbruck, Austria

W. Schmid*, H. Schiesser*, M. Furger, M. Jenni**
The Origin of Severe Winds in a Tornadic Bow-Echo
Storm Over Northern Switzerland
Monthly Weather Review 128, 192-207 (2000).
* ETH, Zurich
** University of Bern

G. Skillas*, Z. Qian, U. Baltensperger, U. Matter,
H. Burtscher
The Influence of Additives on the Size Distribution and
Composition of Particles Produced by Diesel Engines
Combustion Sci. Technol. 154, 259-273 (2000).
* ETH Zurich

J. Staehelin*, A.S.H. Prevot, J. Barnes**
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stapels
ETH Zurich, Seminar der Professur fur Leistungs-
elektronik und Messtechnik, January 19, 2000.

F.N. Buchi
PEM-Brennstoffzellen: Forschung und Entwicklung am
Paul Scherrer Institut
Seminar Festkorperphysik, University of Fribourg, May
8, 2000.

F.N. Buchi
Development of Small Fuel Cell Powered Boats
Fuel Cell 2000 Conference, Luzern, July 10-14, 2000.

F.N. Buchi
La pile a combustibles, la propulsion de I'avenirpour
/'automobile
Techniciens Peugeot Suisse SA, Avenches,
December 1, 2000.

J. Dommen
VOC- versus NOx-limitierte Ozonbildung
ZAP-Tag 2000: Fluchtige organische Verbindungen
(VOC), EMPA Dubendorf, May 25, 2000.

W. Durisch
Photovoltaik heute und morgen
SEV-lnformationstagung fur Betriebselektriker,
Zurich, March 7 and 23, 2000.

W. Durisch
Efficiency of Selected Photovoltaic Modules Under
Varying Climatic Conditions
World Renewable Energy Congress VI, WREC 2000,
Brighton, UK, July 1-7, 2000.

M. Furger
Hin-und-Her oder Auf-und-Ab: Windmessungen in den
Alpen mit Szintillometern
Seminarreihe Atmospharenwissenschaften, ETH
Zurich, December 11, 2000.

M. Furger
Scintillometer crosswind measurements in the Alps
Seminar at the Environmental Technology Laboratory,
National Oceanic and Atmospheric Administration,
Boulder, Colorado, USA, July 31, 2000.

F. Gassmann
Dynamique du Climat Global - Le Message de la
Complexity
- Journee du CUEPE 2000, Universite de Geneve

Geneva, May 4, 2000
- Storia dei mutamenti climatici: le ricerche sulle

cause, Seminario WWF Svizzera, Lugano, May 27,
2000.

F. Gassmann
The Novel Science of Complex Systems - Going
Beyond Reductionism
Swiss Chapter of Sigma Xi, Bern, June 24, 2000.

F. Gassmann
Introduction Into the New Science of Complex
Systems
IGEI-Summerschool: Beyond Kyoto - Achieving
Sustainable Development, Hamburg, Germany, July
24-28, 2000.

F. Gassmann
Klimaproblem - Was weiss man, wo ist man noch
unsicher?
Solaar: Solarwarme AG, Windisch, November 7,
2000.

F. Gassmann
Complex Systems Dynamics Demonstrated with a
Waterwheel-Simulation
Physics on Stage:
- Jahrestagung SANW, Winterthur, October 13, 2000
- Int. Conf. at CERN, Geneva, November 8-9, 2000.

T. Gerber
Scope of Investigations on Acetals at PSI
University of Nijmegen, The Netherlands, November
7, 2000.

W.K. Graber
Projekt Windbank, ein Instrument zur
Notfallschutzplanung bei Storfalien von Kernanlagen
Tagung der Kommission zur Ueberwachung der
Radioaktivitat, PSI Villigen/Wurenlingen, Switzerland,
March 14,2000.
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W.K. Graber, R.T.W. Siegwolf
Large-Scale Effects of Alpine Land Use Changes on
the Atmospheric Water Cycle and the Signature of
Land Use Changes in Stable Isotope Ratios
Press conference on the EU-Project ECOMONT,
Centro di Ecologia Alpina, Trento, Italy, March 24,
2000.

O. Haas
Dynamics of Ion-Transport and Electron-Transfer
Processes in Inorganic and Organic Electroactive
Films
NATO Advanced Research Workshop on
Electrochem. of Electroactive Polymer Films WEEPF
2000 Poraj, Poland September 9-14, 2000.

O. Haas
Materials for Electrochemical Energy Conversion and
Storage
Herbstseminar des SFB Elektroaktive Stoffe,
Technische Universitat Graz, November 23-25, 2000.

O. Haas
Dynamics of Porous Composite Electrodes - an
Engineering Aspect for Lithium-Ion Batteries
Keynote Lecture 51st ISE Meeting, Warschaw, Poland,
September 3-8, 2000.

M. Hahn
Double-Layer Capacitors Based on Glassy Carbon
and Sulfuric Acid - Mechanisms of Self Discharge
10th Int. Seminar on Double Layer Capacitors,
Deerfield Beach, FL, December 4-6, 2000.

S. Hirschberg, U. Gantner, M. Jakob
Towards More Sustainable Energy Supply Systems
Energy Technologies for a Sustainable Future, PSI,
November 23-24 (2000).

R. Kotz
Supercap Energiespeicher fur mobile Anwendungen -
Technologie und Anwendungen
ETHZ, Seminar der Professur fur Leistungselektronik
und Messtechnik, January 26, 2000.

R. Kotz
Superkapazitaten, revolutionare Komponenten fur
zukunftige Energiespeicher Anwendungen. Aufbau der
Elemente und Stand der Grundlagenforschung
Hochschule Technik + Architektur Luzern, Abteilung
Elektrotechnik, February 24, 2000.

R. Kotz
Bipolarer elektrochemischer Doppelschichtkonden-
sator mil hoher Leistungsdichte
Gesellschaft Deutscher Chemiker, Jahrestagung 2000
der Fachgruppe Angewandte Elektrochemie,
Elektrochemische Verfahren fur neue Technologien,
Ulm, September 27-29, 2000.

S. Kypreos
The MERGE Model with Endogenous Technological
Change
Workshop on Economic Modelling of Environmental
Policy and Endogenous Technological Change,
Amsterdam, The Netherlands, November 16-17, 2000.

M. Lanz
In-Situ DEMS Study of the Electrochemical Reduction
of an Industrial Carbonate Electrolyte at Thick
Graphite Electrodes for Lithium-Ion Batteries
51st ISE Meeting, Warschaw, Poland, September 3-8,
2000.

T. Lippert
Polymers Designed for Laser Microstructuring
8th JST Int. Symposium on Molecular Processes in
Small Time and Space Domains, Nara, Japan, March
3, 2000.

T. Lippert
Laser- and FTIR-Spectroscopy
Research Laboratory of Resources Utilization, Tokyo
Institute of Technology, Japan, March 13, 2000.

T. Lippert
Ultrasensitive Polymers for Laser Ablation
- COE-Project, National Institute of Materials and

Chemical Research, Tsukuba, Japan, March 9,
2000,

- Department of Chemistry, Tohoku University,
Japan, March 12, 2000.

T. Lippert
Laser Ablation Applied for Direct Structuring, Thin Film
Deposition and Emission Spectroscopy
- Los Alamos National Laboratory, USA, June 19,

2000,
- Institute of Energy Technology, ETH-Zurich,

June 28, 2000,
- Institute of Applied Optics, EPF Lausanne, July 4,

2000,
- Festkbrperchemie, University of Augsburg,

Germany, July 6, 2000.

T. Lippert
Lasers and Polymers
Polymer Symposium, Thurnau, Germany, October
2000.

P. Novak
The Complex Electrochemistry of Graphite Electrodes
in Lithium-Ion Batteries
10th Int. Meeting on Lithium Batteries, Como, Italy,
May 28-June 2, 2000.
Keynote Lecture

Ch. Ludwig
Beispiele zur Speziierungsrechnung und ihre
Bedeutung fur die Praxis
University of Applied Sciences Wadenswil, January
21,2000.
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E.Newson
The Partial Oxidation of Methanol and Hydrocarbons
Institute of Catalysis and Petrochemistry, CSIC,
Madrid, Spain, July 19, 2000.

R. Palumbo
Solar Thermal Chemical Processing Research: A Path
toward Sustainable Energy Technology
Energy Technologies for a Sustainable Future, Villigen
PSI, November 23-24, 2000.

A.S.H. Prevot
EU Projects VOTALP and VOTALPII (Vertical Ozone
Transports in the ALPs)
Seminar at the Environmental Technology Laboratory,
National Oceanic and Atmospheric Administration,
Boulder, Colorado, USA, July 31, 2000.

A.S.H. Prevot
Subproject LOOP: Limitation of Ozone Production on
Local and Regional Scale
EUROTRAC-Symposium 2000, Garmisch-Parten-
kirchen, Germany, March 27-31, 2000.

A.S.H. Prevot
Umweltrelevanz von fluchtigen organischen Kohlen-
stoffverbindungen
Hochschule Wadenswil HSW, Fachhochschule Zurich
FHZ, Umweltbiotechnologie, March 24, 2000.

P.P. Radi
Collision-Induced Resonances in Two-Color
Four-Wave Mixing
University of St. Petersburg, Russia, April 12,
2000.

T. Rager
Membranelektrolyte fur elektrochemische Zellen
GDCh-Fachgruppe Angew. Elektrochemie,
Jahrestagung 2000, Ulm, Germany, September 27-29,
2000.

G.G. Scherer
Membran-Brennstoffzellen - Eine Herausforderung
auch fur die Makromolekulare Chemie
Lehrstuhl fur Makromolekulare Stoffe,
Techn. University of Munich, January 27, 2000.

G.G. Scherer
Der Elektrolyt in der Membran Brennstoffzelle
Bunsentagung 2000, Wurzburg, Germany, June 1-3,
2000.

G.G. Scherer
Proton Conducting Membranes - Development Trends
in Solid Polymer Electrolyte Applications
10th Int. Conf. Solid State Protonic Conductors,
Montpellier, France, September 24-28, 2000.
Plenary lecture

G.G. Scherer
Brennstoffzellen in der Schweiz - Chancen und
Risiken
Forum Energie Zurich, 2000/2001, Zurich, October 3,
2000.

G.G. Scherer
Research & Development in the Area of Polymer
Electrolyte Fuel Cell Membranes at Paul Scherrer
Institut
Lawrence Berkeley Laboratory, Material Science
Division, Advanced Spectroscopy Department,
Berkeley, CA, USA, November 3, 2000.

G.G. Scherer
Die Polymermembran als Schlusselkomponente der
Niedertemperatur Brennstoffzelle
ETH Zurich, Institut fur Polymere, November 9, 2000.

G.G. Scherer
Moglichkeiten und Grenzen der Brennstoffzelle
M.U.T. Fachkongress; Messe Basel, November 14,
2000.

G.G. Scherer
Brennstoffzellen - Eine Obersicht
Gesellschaft Deutscher Chemiker, Ortsverband Harz,
Techn. University of Clausthal-Zelierfeld, November
17,2000.

R.T.W. Siegwolf
The Combined Use of Stable Carbon and Oxygen
Isotopes Reveal Differential Effects of Soil Nitrogen
and Nitrogen Dioxide on the Water Use Efficiency of
Hybrid Poplar
Max Planck-lnstitut fur Biogeochemie, Jena, Germany,
November 28, 2000.

R.T.W. Siegwolf
Einsatz stabiler Isotope in der Dendrochronologie
Dendrochronologisches Kolloquium, Eidg. Institut fur
Wald, Schnee und Landschaft (WSL), Birmensdorf,
January 28, 2000.

R.T.W. Siegwolf
Quantitative Partitioning of the Soil Respiration Using
Stable Isotope Analysis of the Carbon and Oxygen
Isotope Ratio
FACE-Workshop, Eschikon, February 10-12, 2000.

R.T.W. Siegwolf
The Use of Stable Isotopes as a Diagnostic Tool in
Carbon Water Relations of Plants
SFB-Workshop, Buchendominierte Laubwalder unter
dem Einfluss von Klima und Bewirtschaftung, Albert
Ludwigs Universitat, Freiburg i.B., Germany, June 21,
2000.

R.T.W. Siegwolf
The Use of Stable Isotopes in the Study of Soil -
Vegetation Interaction
59th annual meeting of the Swiss Society for
Microbiology, University of Zurich, March 23-24, 2000.
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A. Stampanoni
Laser-Induced Gratings and Two-Color Four-Wave
Mixing: Application for Diagnostics
Onera, Paris, France, Journee Scientifique,
November 20, 2000.

R.P.W.J. Struis
Gasification Reactivity of Charcoal with CO2

Thermochemical Biomass Conversion Congress,
Tyrol, Austria, September 17-22, 2000.

S. Stucki
Nachhaltige Nutzung von Biomasse
University of Basel, April 2000.

S. Stucki
Wasserstofferzeugung aus Energieholz
Holzenergiesymposium ETH Zurich, October 20,
2000.

S. Stucki
Thermal Treatment of MSW - Can we Afford
Recycling at the End of the Pipe?
Organization of the Workshop at the R'2000
Conference, June 5-9, Toronto, Canada, 2000.

Ch. Wieckert
Solares Zink - Zukunftskonzept zur Zinkherstellung
mit drastisch reduzierten C02-Emissionen und zur
Speicherung von Sonnenenergie
Tagung des Fachausschusses Zink der GDMB
(Gesellschaft fur Bergbau, Metallurgie, Rohstoff- und
Umwelttechnik), Datteln, September 28-29, 2000.

P. Talkner
Markov Processes Driven by Quasi-Periodic Forces
CECAM Meeting: Computational Issues in Stochastic
Processes, Lyon, France, May 25-27, 2000.

P. Talkner
Periodically and Quasi-Periodically Driven Markov
Processes in the Adiabatic and the Semiadiabatic
Limit
Year 2000 Marian Smoluchowski Symposium on
Statistical Physics, Zakopane, Poland, September 10-
17,2000.

P. Talkner
Closing Address
XXIV International School of Theoretical Physics:
Transport Phenomena from Quantum to Classical
Regimes, Ustron, Poland, September 25 - October 1,
2000.

A. Wokaun
Mobilitatsmodelle fur die Zukunft
Podiumsveranstaltung Novatlantis, ETH Zurich,
February 2, 2000.

A. Wokaun
Technology Sharing: A Case Study of the China
Energy Technology Programme. Energy/Economy
Modelling and Life Cycle Analysis
International Transdisciplinary Conference
ABB Baden-Dattwil, February 27 - March 1, 2000.

A. Wokaun
Ressourcenverbrauch und Umweltbelastungen bei
Energiebereitstellung
Forum Vera, 4. Weiterbildungskurs fur Lehrerlnnen,
Bbttstein, September 8, 2000.

A. Wokaun
Konkrete Problemlosungsvorschlage am Beispiel der
Provinz Shandong (China)
Proclim, Parlamentarische Gruppe "Klimaanderung",
Bern, October 3, 2000.

A. Wokaun
Strukturanderungen in der Energiewirtschaft als
Herausforderung fur die Forschung
SAEE-Jahrestagung, Bern, October 20, 2000.

Other Talks

D. Alliata
Electrochemical/lnterfacial Studies of Carbon Films in
Non-aqueous Electrolytes
10th Int. Meeting on Lithium Batteries, Como, Italy,
May 28-June 2, 2000.

C. Appel
Numerical Investigtion of a Turbulent Catalytically
Stabilized Combustion
ERCOFTAC Annual Meeting, PSI, May 22, 2000.

H. Armbruster
On-Board Conversion of Alcohols to Ethers for
Fumigation in Diesel Engines
ISAF XIII, International Symposium On Alcohol Fuels,
Stockholm, Sweden, July 3-7, 2000.

O. Bahn
Assessing a Swiss Ecological Tax Reform with GEM-
E3 Switzerland
International Workshop on Decision & Control in
Management Sciences in honour of Professor Alain
Haurie, Montreal, Canada, October 19-20, 2000.

U. Baltensperger
Aenderung von Russpartikel-Eigenschaften durch
Alterung
"Jungfrau-Tagung": Partikel-Lungen-lnteraktion,
University of Bern, February 29, 2000.

U. Baltensperger
Aerosol Measurements Within the WMO Global
Atmosphere Watch Program and Their Potential for
Ground Truthing of Satellite Data
NARSTO Symposium 2000, Queretaro, Mexico,
October 23-26, 2000.
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U. Baltensperger
Research Activities and Recent Developments in
Analytical Chemistry at the Paul Scherrer Institut
Seminar of the Centre of Excellence in Analytical
Chemistry (CEAC), Muri, September 21 -22, 2000.

U. Baltensperger, E. Weingartner
CLACE Cloud and Aerosol Characterization
Experiment in the Free Troposphere
Astronomic commission HFSJG, Observatoire de
Geneve, April 14, 2000.

P. Beaud, H.-M. Frey*, T. Lang**, M. Motzkus**
Direct Observation of the Anharmonicity of Molecular
Rotation by Femtosecond CARS
XIX European CARS Workshop, Moscow, Russia,
March 20-23, 2000.
* now Departement of Chemistry and Biochemistry,

University of Berne
** Max Planck Institut fur Quantenoptik, Garching,

Germany.

P. Beaud, H.-M. Frey*, T. Lang**, M. Motzkus**
Femtosecond CARS
ERCOFTAC, Annual Meeting, PSI Villigen, May 22,
2000.
* now Departement of Chemistry and Biochemistry,

University of Berne
** Max Planck Institut fur Quantenoptik, Garching,

Germany.

S. Biollaz
PECK - Ein integriertes Verfahren fur die Behandlung
von Siedlungsabfall zur Schwermetallabtrennung und
Wertstoffruckgewinnung
Abschlusstagung IP Abfall, PSI Villigen, January 26,
2000.

S. Biollaz
Volatility of Zn and Cu in Waste Incineration: Radio-
Tracer Experiments on a Pilot Incinerator
19th International Conference on Incineration and
Thermal Treatment Technologies - IT3 Conference,
Portland, OR, USA, May 11, 2000.

B. Bitnar, W. Durisch, D. Griitzmacher, J.-C. Mayor,
Ch. Miiller, F. von Roth, J.A. Anna Selvan, H. Sigg,
H.R. Tschudi, J. Gobrecht
A TPV System with Silicon Photocells and a Selective
Emitter
28th. IEEE Photovoltaic Specialists Conference,
Anchorage, 17-22 September (2000).

R. Bombach
Catalytically Stabilized Hydrogen Combustor
Characterized by Simultaneous Raman and OH
Fluorescence Measurement
ERCOFTAC Annual Meeting, PSI, May 22, 2000.

N. Bukowiecki
In-Situ On-Highway Particle Measurements on
Minnesota Highways with Help of a Mobile Emission
Laboratory
"Jungfrau-Tagung": Partikel-Lungen Interaktion,
University of Bern, February 29, 2000.

N. Bukowiecki, D.B. Kittelson*, W.F. Watts*,
U. Baltensperger, E. Weingartner
Comparing SMPS Size Distributions with DC, PAS and
CPC Data
4th ETH Conference on Nanoparticle Measurement,
Zurich, Switzerland,
* University of Minnesota, Minneapolis, USA

C. Condevaux-Lanloy*, O. Epelly, E. Fragniere**
Dynamic Handling of Non-linear Problem Structures
APMOD2000 meeting, Brunei University, England,
April 17-19,2000.
* HEC-Geneva, University of Geneva
** HEC-Lausanne, University of Lausanne

M. Corboz, I. Alxneit, H.R. Tschudi
Effet de la Diffusion Moleculaire sur la Determination
de lEfficacite Quantique d'une Photocatalyse
Heterogene
1eres Journees Chimie Soleil Energie et
Environnement, St-Avold, France, 3 et 4 fevrier 2000.

L.C. de Sousa
Fluidized Bed Gasification of Wood, Urban Waste
Wood and Wood/Plastic Mixtures
International Conference Biomass for Energy and
Industry, Sevilla, Spain, June 5-9, 2000.

W. Durisch
Photovoltaik-Strom aus Sonnenlicht
Energietechnische Ausbildung fur nichttechnische
Fiihrungskrafte, ABB Technikerschule, Baden, May
31,2000.

O. Epelly
Computational Experience with an Interior-Point
Algorithm for Handling and Solving Large-Scale
Macroeconomic Growth Models
IOR Seminar, Zurich, January, 2000.

O. Epelly
Resolution par une Methode de Points Interieurs d'un
Programme non Lineaire Convexe dont le Modele est
Eclate en Blocs Exprimes dans des Langages de
Modelisation Differents
ROADEFF'2000, Nantes, France, January, 2000.

O. Epelly
A New Solver for Markal-Macro Models
IEA-ETSAP Seminar, Paris, May 15-19, 2000.
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O. Epelly
Development of an Interior Point Algorithm for Large-
Scale Smooth Convex Programs with an Application to
E3 Models: Markal-Macro and Merge
IEA-ETSAP Seminar, ABB Dattwil, October 17-18,
2000.

O. Epelly, J. Gondzio*, J.-P. Vial"
Effects of Dynamic Scaling on the Efficiency of
Interior-Point Solver for Convex Programming
APMOD2000 meeting, Brunei University, England,
April 17-19,2000.
* University of Edinburgh, UK
** HEC-Geneva, University of Geneva

O. Epelly, J. Gondzio*, J.-P. Vial**
Computational Experience with Solving Large-Scale
Economic Problems by an Interior Point Method
ISMP2000 meeting, Atlanta, USA, August 7-11, 2000.
* University of Edinburgh, UK
** HEC-Geneva, University of Geneva

T. Gerber
Investigations on the soot reduction potential of
acetals in diffusion flames
IEA, XXII Task Leader Meeting, Stockholm, Sweden,
August 7, 2000.

W.K. Graber, F. Gassmann
Real Time Risk Assessment for Atmospheric
Dispersion of Accidentially Released Air Pollutants
from Nuclear Power Plants
Risk Analysis 2000, Bologna, Italy, October 11-13,
2000.

W.K. Graber, P. Schuhmacher*, M. Furger
An Atmospheric Water Vapor Cycle Model for
Evaluating Large-Scale Effects of Alpine Land Use
Change on the Atmospheric Water Cycle
EnviroSoft 2000, Bilbao, Spain, June 27-29, 2000.
* Geo-Partner AG, Zurich

L. Gubler
Elektroden-Design fur CO-tolerante Polymerelektrolyt
Brennstoffzellen
Bunsentagung 2000, Wurzburg, Germany, June 1-3,
2000.

L. Gubler
Operation of Polymer Electrolyte Fuel Cells with
Reformed Fuels
6th AGS Day of Switzerland, ETH Zurich, June 30,
2000.

L. Gubler
Polymer Electrolyte Fuel Cell Activities at the Paul
Scherrer Institut
Environment Office, Imperial College, London,
October 17, 2000.

M. Hahn
Doppelschichtkondensatoren - Wege der
Selbstentladung
Bunsentagung 2000, Wurzburg, Germany, June 1-3,
2000.

S. Henning
Wolken am Jungfraujoch: welche Partikel werden zu
Wolkentropfen aktiviert?
University of Bern, December 8, 2000.

F. Holzer, S. Muller
Electrically Rechargeable Zn/O2-Batteries Tested at
Driving Cycle Conditions
198th ECS Meeting, Phoenix, USA, October 22-27,
2000.

F. Holzer
Electrically Rechargeable Zinc/Air Batteries (ELZA)
Midterm Assessment Meeting, EU Project, Brussels,
Belgium, April 6, 2000.

J. Huslage, T. Rager, J. Kiefer, L. Steuernagel,
G.G. Scherer
Development of Improved Membrane Electrode
Assemblies based on the Radiation-Grafted PSI-
Membrane
197th Electrochemical Society Meeting, Toronto,
Canada, June 2000.

W. Hubschmid
Relaxation Processes in Singlet O2 Analyzed by
Laser-Induced Gratings
International Quantum Electronic Conference 2000,
Nice, France, September, 10-15.

A. Inauen
Liquid-Fuel/Air Premixing in Gas-Turbine Combustors:
Experiment and Numerical Simulation
ERCOFTAC Annual Meeting, PSI Villigen, May 22,
2000.

A. Inauen
Homogene Gasverbrennung
SVV-Jahrestagung, ETH Zurich, October 13, 2000.

M. Jaggi, R.T.W. Siegwolf
S13C and 818O Ratios in Needles of Norway Spruce
(Picea abies) as Affected by Environmental Conditions
in a Dry (1998) and a Wet (1999) Year
2nd International conference on Applications of Stable
Isotope Techniques to Ecological Studies,
Braunschweig, Germany, May 7-11, 2000.

J. Keller, S. Andreani-Aksoyoglu
Sensitivity of the Peak Ozone Mixing Ratio to Changes
in NOx and VOC Emissions for Two Meteorological
Conditions in Switzerland
Annual Meeting of Competence Centers on
Atmospheric Boundary Layer Turbulence and
Diffusion, Lausanne, December 7, 2000.
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J. Keller, S. Andreani-Aksoyoglu, N. Ritter,
A.S.H. Prevot
Meteorological Surface and Sounding Data: How do
Their Spatial Resolutions Alter the Modelled with
SAIMM/UAM-V?
4th GLOREAM Workshop, Cottbus, Germany,
September 20-22, 2000.

J. Keller, S. Andreani-Aksoyoglu, N. Ritter,
A.S.H. Prevot
Unexpected Vertical Profiles Obtained by the
SAIMM/UAM-V Air Quality Model Over Complex
Terrain
4th GLOREAM Workshop, Cottbus, Germany,
September 20-22, 2000.

M. Koebel
NOx-Verminderung bei mobilen Dieselmotoren mittels
Harnstoff-SCR
SVV-Jahrestagung, ETH Zurich, October 13, 2000.

M. Kraus
Promotion of Catalytic Processes by the Combination
of Heterogeneous Catalysts with a Dielectric-Barrier
Discharge
Jahrestagung Schweiz. Phys. Gesellschaft, Montreux,
March 16-17,2000.

R. Kbtz
A 24 V Bipolar Electrochemical Double-Layer
Capacitor Based on Activated Glassy Carbon
198th ECS Meeting, Phoenix, AR, October 22-27,
2000.

S. Kypreos
Endogenous Technology Learning in Energy Models
3rd Joint IEA-ETSAP/OECD Meeting, Paris, France,
May 17-19, 2000.

S. Kypreos
Some Insights from the CHINA Regional Energy Trade
Model, CRETM
Joint CETP/IEA-ETSAP Seminar, ABB Dattwil,
October 16, 2000.

T. Lang**, H.-M. Frey*, P. Beaud, M. Motzkus**
High Resolution Specroscopy by fs-CARS in a
Molecular Beam: Vibrational Anharmonicity, Rotational
Constants and Isotope Shifts in Polyatomic Molecules
The XVIIth International Conference on Raman
Spectroscopy (ICORS 2000), Peking University,
Beijing, China, August 20-25, 2000.
* now Departement of Chemistry and

Biochemistry, University of Berne
** Max Planck Institut fur Quantenoptik, Garching,

Germany

T. Lippert
Polymers Designed for Laser Microstructuring
E-MRS Meeting, Strasbourg, France, June 2000.

Ch. Ludwig
Recycling Zinc from Muncipal Soild Waste
Recovery, Recycling, Re-integration, R'2000, June 5-
9, Toronto, Canada, 1088-1093 (2000).

H. Lutz
On-line Monitoring of Heavy Metal Evaporation Using
ICP-OES
22. Spektrometertagung, June 4-8, Interlaken, 2000.

J. Mantzaras
Catalytic Combustion of Methanol Air Mixtures over
Platinum: Homogeneous Ignition Distances in Channel
Flow Configurations
28th International Symposium on Combustion,
Edinburgh, UK, July 30 - August 4, 2000.

J. Mantzaras
Homogeneous Ignition in Channel Flow Catalytic
Combustion
ERCOFTAC Annual Meeting, PSI Villigen, May 22,
2000.

J. Mantzaras
Catalytically Stabilized Combustion of Methane-Air
Mixtures
Colloquium Thermo-Fluidynamics, ETH Zurich, June
7, 2000.

J. Mantzaras, T. Griffin*
Catalytic Combustion for Power Generation
SVV-Jahrestagung, ETH Zurich, October 13, 2000.
* Alstom Power, Baden

A. Meier, P. Haueter, S. Kraupl, S. Moeller,
R. Palumbo, A. Steinfeld
Solar Thermal and Carbothermal Production of Zinc
Renewable Energy for the New Millenium, Sydney,
Australia, March 8-10, 2000.

S. Muller
Investigation of the Kinetics and the Transport-
phenomena at Perovskite-Activated Bifunctional Air
Electrodes for Zinc-Air Batteries
51st ISE Meeting Warschaw, Poland, September 3-8,
2000.

S. Muller
Zinc-Air Technology: Combination of Mechanical and
Electrical Recharge
Bunsentagung 2000, Wurzburg, Germany, June 1-3,
2000.

E. Newson
The Autothermal Partial Oxidation Kinetics of
Methanol to Produce Hydrogen
Studies in Surface Science and Catalysis 130, A.
Corma, F.V. Melo, S. Mendioroz, J.L.G. Fierro,
(Editors), Elsevier, 695-700, 2000.
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E. Newson
Hydrogen from Liquid Energy Carriers: The Catalytic
Reforming of Methanol and Hydrocarbons
HYFORUM 2000, Proc. Vol II, Forum fur
Zukunftsenergien (Ed), 351-358 (2000).

A.S.H. Prevot
Diesel Aerosol Sampling in the Atmosphere
Workshop on Traffic Emissions, Roadway & Tunnel
Studies, Vienna, Austria, October 1-3, 2000.

A.S.H. Prevot
New Aspects of Vertical Exchange Between Boundary
Layer and Free Troposphere
EUROTRAC-Symposium 2000, Garmisch-Parten-
kirchen, Germany, March 27-31, 2000.

A.S.H. Prevot
VOTALPII and CHAPOP
TOR-2 EUROTRAC Workshop, Dubrovnik, Croatia,
September 23-26, 2000.
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