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INTRODUCTION

A. Wokaun

Strengthening of international collaborations repre-
sented a strategic goal of the General Energy Re-
search Department for 1999. For the Fifth Framework
Program of the European Union, we participated in
consortia and in the preparation of proposals, several
of which will receive funding. An international work-
shop on 'Electroactive Membranes' was held in Febru-
ary 1999 at the Monte Verita in Ascona, and hosted a
series of well-attended sessions and discussions,
ranging from biological membranes to technical appli-
cations.

National networks with partners from academia and
industry have been formed in two topical areas of cen-
tral interest in the context of sustainability, i.e. 'Eco-
efficient energy use and material cycles' on the one
hand, and 'Sustainable transportation' on the other
hand. Developing these networks into living collabo-
rations is one of our central goals for the following
years.

PSI's research portfolio was the subject of an internal
review during the first half of 1999. We have used and
enjoyed this opportunity to present and assess our
ongoing projects, and received valuable feedback on
our research plans. As a consequence of the audit,
activities will be regrouped and concentrated in terms
of five laboratories starting January 2000, i.e.

• Energy and Material Cycles (S. Stucki)

• Solar Technology (R. Palumbo)

• Combustion Research (K. Boulouchos)

• Electrochemistry (O. Haas)

• Atmospheric Chemistry (U. Baltensperger).

In the new structure, PSI's projects investigating gase-
ous pollutants, aerosol chemistry, and trace gas fluxes
into ecosystems have been brought together in the
new Laboratory for Atmospheric Chemistry. We
warmly welcome U. Baltensperger, who joined our
department following a successful research career
within the 'Particles and Matter' research department.

In addition to the above-mentioned areas, Energy
Systems Analysis will be pursued as a central cross-
cutting task. Research results obtained within the new
structure will be reported in the Annual Report Volume
V for the year 2000. For the present issue, con-
tributions have been grouped according to subject ar-
eas, and we are mentioning a few selected highlights
in the following paragraphs.

Energy systems analysis

Technological learning or experience curves represent
the fact that novel energy technologies may become
more competitive as the installed capacity is in-
creased. Our modelling studies point to the importance
of early deployment of efficient and CO2-saving tech-
niques, which turns out to be the most cost effective
economic path even in view of uncertainties regarding
the extent of binding CO2 mitigation targets.

Studies for Switzerland have focused on the economic
effects of CO2 reduction. While the predicted effects
on GDP are marginal due to several counteracting
factors, a small positive effect on employment and,
hence, the 'double dividend' concept are confirmed.

Materials Development and Material Cycles

Catalysis represents a cross-cutting competence of
the department, and the reader will encounter the de-
velopment, use, and characterisation of catalysts for
energy technologies in all sections of this report. In
particular, this year has seen advances in the partial
oxidation of methanol for hydrogen production, and the
processing of methane by catalytic combustion and
reforming.

Realising the importance of the gas/solid interface,
several studies are addressing an understanding of
laser-induced surface modification. The UV laser mi-
crostructuring of specialty polymers, in particular,
opens the way for collaborations with PSI's Laboratory
for Micro and Nano Technology.

Zero waste production is one of the visions of our Ma-
terial Cycles laboratory, and the recovery of metals
from incinerator ash and residues is an important step
towards this goal. We report on a novel Condensation
Interface that will permit in situ sampling of metal con-
centrations during incineration, and on tracer studies
monitoring the volatilisation of metals in a full scale
incineration plant.

Solar Technology

Solar energy research at PSI focuses on the use of
concentrated solar radiation to induce chemical con-
versions, thereby producing energy carriers. The Solar
Chemistry and Physics group has studied the feasibil-
ity of decomposing metal oxides in the presence of air,
with in situ optical monitoring of the temperature using
a novel flash-assisted multiwavelength pyrometer.



Solar process technology is advancing reactor con-
cepts for carrying out these reactions in PSI's high
concentration solar furnace; a novel rotating cavity
reactor capable of efficient solar decomposition of ZnO
at temperatures above 2000 K is described.

Combustion research

Catalytic combustion of methane is one of the most
promising options for lowering the NOX emissions of
industrial and domestic burners. Our advances in the
Thermophotovoltaics' project show how a fraction of
the flame's visible emission can be profitably con-
verted to electricity, thereby making better use of the
exergy of the fuel.

The first successful ignition of a Diesel spray in our
high temperature / high pressure combustion cell
(HTDZ) constitutes a milestone in our project contrib-
uting towards the development of efficient, less pol-
luting combustion engines. Distributions of fuel, radi-
cals, and generated pollutants are visualized by laser
induced fluorescence, gratings, and Raman scattering.

A detailed understanding of reaction mechanisms, i.e.
elucidating the combustion pathways of standard and
emerging fuels, is indispensable for improving the
combustion characteristics. The modelling of turbu-
lence in reacting mixtures remains a challenging task.

Batteries and Ultracapacitors

The performance of lithium ion transfer batteries de-
veloped at PSI has attracted industrial interest. The
contributions in this report document how insights from
modelling, development of electrode materials, and
advanced characterisation of the solid / electrolyte
interphase have been combined towards the scale-up
resulting in a 10 Ah demonstration module.

The oxygen electrode represents one of the major
challenges for the electrically rechargeable zinc/air
battery. We have used synchrotron radiation to char-
acterise the electrocatalyst in situ using X-ray absorp-
tion fine structure (EXAFS). The battery proved to be
well capable of meeting the power-to-weight require-
ments prescribed by European Driving Cycles for bat-
tery powered vehicles.

Ultracapacitors, in which electric charge is stored in
the electric double layer of high surface area elec-
trodes, emerge as a promising energy storage devices
for time scales ranging from milliseconds to hours. In
our project, electrode materials with high specific ca-
pacitance have been developed by thermal activation
techniques, and a 24 V supercapacitor stack was re-
alised for high power applications.

Fuel cells and systems

The performance of proton exchange membranes, in
particular for use with unhumidified gases, continues
to be of central interest for our low temperature fuel
cell program. In view of using methanol as a fuel, we
are aiming at developing membranes with low metha-
nol permeation. As an alternative route, the perform-
ance of a methanol reformer / hydrogen fuel cell com-
bination is analysed, and the successful realisation of
the reformer / fuel cell link-up is described.

Use of neutron radiography at PSI's SINQ is explored
as a novel informative tool for studying the water
household of fuel cell stacks. Powering of a boat on
lake Neuchatel with a stand-alone 1.6 kW fuel cell
stack developed at PSI represents a milestone to-
wards applying PSI fuel cell technology in transport
applications. A first scaled-down prototype power train
for a passenger car comprising a fuel cell stack, ultra-
capacitors, and power electronics has been tested by
hardware-in-the-loop simulation, and the interplay of
its components optimised by simulating its per-
formance under realistic driving cycle conditions.

Atmospheric chemistry

Nitrogen oxides are present in the atmosphere in a
variety of different, partly chemically bound, forms.
Detailed monitoring of the individual species is indis-
pensable for verifying current models of atmospheric
transformation and ozone generation. A versatile in-
strument suitable for airborne use has been developed
for this purpose.

Within the VOTALP (Vertical Ozone Transport in the
Alps) project of the European Union, our measure-
ments show how wind systems generated at the
slopes of hilly areas are effective in transporting highly
polluted air masses from the planetary boundary layer
into higher altitudes.

Airborne lidar measurements have traced the distribu-
tion of aerosol particles at various heights along sev-
eral transects through the Alps. Results of the Aerosol
Chemistry group of U. Baltensperger may be found in
the 1999 report of PSI's Laboratory for Radiochemistry
and Environmental Chemistry (pp. 27-33).

Fluxes of atmospheric trace gases into ecosystems
are traced by analysing the ratios of stable oxygen and
nitrogen isotopes, focusing on the uptake of nitrogen
by plants under elevated CO2 conditions. Records of
past climatic conditions are stored in the 18O/16O ratio
of tree ring samples; this method was established and
will be intensely used in future studies.
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POLICY IMPLICATIONS OF ENDOGENOUS TECHNOLOGICAL LEARNING:
SOME CONCLUSIONS OF THE EU JOULE III PROJECT TEEM

S. Kypreos, L Barreto

The TEEM (Energy Technology Dynamics and Advanced System Modelling) project focused activities on
the role that technology and R&D spending could play for the mitigation of climate change. The primary
objectives of the PSI team were to share experience with other model developers in Europe, to expand the
modelling capabilities, to contribute to quantitative analyses on the diffusion of innovative technologies, and
to gain insights on the public energy research and development strategies. The paper describes the main
findings of some scenarios on C02 mitigation for the global electricity system based on analyses using the
multi-regional version of the ERIS prototype model, developed during the project.

1 INTRODUCTION

Technology plays a fundamental role in the evolution
of the global energy systems. Hence, the mechanisms
and driving forces of technological change must be
understood in order to conceive actions to stimulate
the change in the required directions. Technological
learning, customarily represented using the so-called
learning, or experience, curves, is one of those key
mechanisms. Its endogenisation in energy optimisation
models represents a significant advance in the treat-
ment of technology dynamics. When technology dy-
namics is endogenous, the early investments required
for new technologies to achieve long-run competitive-
ness in the marketplace are reflected.

In TEEM, different European modelling teams contrib-
uted to develop model based analyses with an en-
dogenous representation of energy technology prog-
ress. The PSI contribution included the development of
the Energy Research and Investment Strategy (ERIS)
model prototype [1,2,3] and the extension of the large
scale MARKAL model [4] to include endogenous
learning.

The ERIS model prototype with endogenous learning,
includes stochastic and risk aversion options as well
as multi-regional trade of energy fuels and carbon
permits, allowing to examine a variety of policy ques-
tions related with the Kyoto Protocol and beyond.

2 MAIN RESULTS

Analyses concentrated on the performance of the
electricity markets on the global scale, focusing on the
examination of the impacts of Kyoto-like CO2 con-
straints addressing the uncertainty of demand, emis-
sion targets and in a preliminary way, the effects of the
geographical scale of learning [5]. Some important
policy conclusions can be derived from those analy-
ses.

Fossil fuels, mainly coal and natural gas, will continue
to hold a significant share of the global electricity sup-
ply in the next fifty years and global emissions from
electricity systems will continue to grow substantially.
This is the case for the unconstrained global develop-
ment but also in the constrained case. However, the
analysis of Kyoto-for-ever scenarios (emissions to be

held constant after reaching Kyoto targets) indicates
that a significant growth of low carbon generation op-
tions is required to fulfil the CO2 emission targets. With
an endogenous representation of technology dynam-
ics, early up-front investments are made to stimulate
the necessary technological progress of emerging low
carbon (or carbon-free) generation options, which are
then able to play an active role in the mitigation strat-
egy. Trade of emission permits releases pressure and
allows some of the constrained regions to take more
moderate actions, lowering the mitigation cost, but
provides opportunities for penetration of learning tech-
nologies in different regions, contributing to their long
run cost competitiveness. As shown in Figure 1, trade
among Annex I countries and technological learning
improve economics of de-carbonisation significantly. A
full trade situation including non-Annex I countries
after 2030 increases further the flexibility to respond
against climate change.
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Fig. 1: Comparison of discounted CO2 abatement
costs in the Kyoto-for-ever scenario.

When uncertainty in reduction commitments is consid-
ered, the results point also in the direction of under-
taking early abatement action as a preparation for
future contingencies. Early action and investments to
stimulate technological learning appear as the best
hedging policy against climate change and prove
beneficial in terms of both lower costs and emissions
in the long run. This is in contradiction with the policy
advice that abatement actions should be deferred (for
a discussion of this issue see, for instance, [6]) and is



a consequence of considering learning as an endoge-
nous model variable. In the stochastic situation and
during the first stage where uncertainty is not yet re-
solved, the electricity generation system basically fol-
lows the same decarbonisation path as the determi-
nistic Kyoto-for-ever target. Capacity is built up in low-
carbon or carbon-free technologies (mainly wind, solar
PV and conventional nuclear and to a lower extent
new nuclear and gas fuel cells). Figure 2 presents a
comparison of carbon intensity for the deterministic
and stochastic cases. Other results show that the con-
sideration of uncertain learning rates may drive the
model to follow a more prudent path of investments in
learning technologies, but the basic conclusion re-
mains unchanged.
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Fig. 2: Carbon intensity of global electricity genera-
tion. Stochastic vs. deterministic analysis. The de-
carbonisation path for the stochastic Business as
Usual case (+) is almost the same as the Kyoto-for-
ever case, indicating that investments on technologies
with high learning rates is the best hedging policy
against climate change. A 50% probability is assumed
for both scenarios. Uncertainty should be resolved in
2030.

In a multi-regional framework, the representation of
endogenous technological learning leads to interesting
patterns of response of the model. Due to the under-
lying "increasing returns" mechanism, and the allow-
ance of full spill-over of learning, installations of a
given technology in a certain region contribute to make
it competitive in another region(s), stimulating its de-
ployment there and a further cost reduction. The geo-
graphical scale for learning (global, regional) affects
the possible development. The spatial dimension of
learning and the possibilities of learning "spill-over"
deserve further investigation.

3 CONCLUSION

The above insights are gained with a model that as-
sumes perfect foresight and defines least cost options
when taking decisions under uncertainty. However,
this is not necessarily what is going to happen in the
real world. Nonetheless, the model results illustrate the
influence of the endogenous technology dynamics in

the policy recommendations that can be derived, and
highlight the need of favouring early actions to stimu-
late the technological learning of new, cleaner tech-
nologies. The scope of the model, and the analyses
based on it, was to identify least cost strategies that
mitigate climate change. The next step is to apply in-
novative policy actions in order to materialise the iden-
tified strategies. This refers to R&D spending for new
technologies, but also to investments into demonstra-
tion projects up to the point that the interest of the
private industry is given. It seems that in a world that
has to develop long term strategies and options to
mitigate climate change, part of the financial resources
should be devoted to promising new technologies to
move them along their learning curves. In addition,
innovative financial policies are also needed to attract
investments of the private industry to these risky and
long term markets.
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SOLVING ECONOMIC EQUILIBRIA WITH A NEW OPTIMIZATION SOLVER

O. Epelly

The solver NLPHOPDM, an interior point algorithm dedicated to convex nonlinear programming, has been
implemented and applied to computation of partial economic equilibria. First results are presented.

1 INTRODUCTION

The Energy Systems Section analyses, among others,
the long run evolution of the Swiss energy system in
terms of optimal capacity planning to be found under
economic, technical and environmental constraints in
an open economy. This requires solving large-scale
nonlinear optimization problems, which proves to be
difficult or out of reach for state-of-the-art solvers, let it
be due to algorithms which are not robust enough, or
to limitations of the modeling languages which are
used to describe those models. In collaboration with
J.-P. Vial, of the University of Geneva, and J. Gondzio,
of the University of Edinburgh, the solver NLPHOPDM
has been developed in view of overcoming these diffi-
culties.

2 MARKAL-MACRO

One of the reference models under study is the
MARKAL-MACRO (MM) model which stems from the
linking of the MARKAL model with the MACRO model.
MARKAL is a linear bottom-up engineering model,
developed within the Energy Technology Systems
Analysis Program of the International Energy Agency.
It describes all energy transformations from primary
sources to energy services. MACRO is an extension to
Ramsey's nonlinear macroeconomic growth model.

The model for Switzerland includes several thousands
of variables and constraints. Such a large model is
described through the use of an adequate modeling
environment, which facilitates a concrete formulation
through a language very close to the mathematical
language, while changes are easy to perform and to
document. As most equilibrium models, the MM model
is written in GAMS [2]: this latter, designed at the
World Bank, is the modeling language most widely
used by the economic community.

3 NLPHOPDM: A NEW INTERIOR POINT SOLVER

Interior point methods (IPMs) have gained consider-
able interest since 1984 [5], when they proved to be
very efficient for large-scale linear models. This feature
is interesting in that the MM model is a large-scale
model which has a special structure. Its larger part is a
dynamic linear program, whereas only a few con-
straints are nonlinear. The other basic feature of IPMs
is that nonlinear problems can be optimized properly if
they are smooth enough: Vial, for instance, developed
algorithms with global convergence properties [1, 8].
To this respect, MM models can be reformulated as
convex programs.

IPMs seem therefore particularly well suited to the
solution of general optimization equilibrium problems.
In comparison to other families of algorithms, they take
advantage of the local knowledge of second order
information, whereas other methods just exploit first
order information.

In view of exploiting the special structure of equilibrium
models, we have developed NLPHOPDM, a new inte-
rior point solver based upon the solver HOPDM [4]
and the experience acquired on IPMs applied to con-
vex programming [8]. Its efficiency relies on the use of
exact second derivatives.

So far, IPMs applied to GAMS models were penalized
to the extent that GAMS cannot deliver second deriva-
tives which are needed at each iteration. A solution
could consist in computing approximate second-order
derivatives from the first-order derivatives delivered by
GAMS, but some computational experience proved
that large-scale programs cannot be handled efficiently
in that way. Instead, we developed a special interface
which links NLPHOPDM and GAMS while it uses sec-
ond derivatives computed by AMPL [3], another mod-
eling environment, as illustrated in Figure 1 below.

modeler

GAMS MODEL o- AMPL MODEL
nan/max

f (x) f (x)

s.t. g(x) ^ 0

I/O
AMPL

Library

LPdata
current
iterate

functions
1st & 2nd

1 r derivatives

interface

LP data, current iterate
functions values

1st & 2nd derivatives

next
iterate

NLPHOPDM

OPTIMAL SOLUTION

Fig.1: Interface hooking NLPHOPDM to GAMS.



NLPHOPDM can be seen from the point of view of the
modeler as a black-box, able to solve large-scale non-
linear convex problems in an efficient way. The only
requirement is that the nonlinear part of the original
model written in GAMS be written in AMPL too. This is
easily performed because this nonlinear part is usually
small and because AMPL and GAMS are very close
languages.

This interface opens to NLPHOPDM a wide range of
applications, since many economic equilibrium models
are written in GAMS. More generally, it allows model-
ers to use several modeling environments, taking the
best of them each time, and to solve a large model
which is the aggregation of each part expressed in a
different environment. This feature is specially inter-
esting in the case of multi-regional energy modeling
since different countries might have chosen different
modeling environments.

To our knowledge, NLPHOPDM is the first interior
point solver that is hooked to GAMS in a general way
while using exact second-order information.

Moreover, our algorithm exploits the special structure
of MM models which involve a large linear part. As a
result, we expect better results for larger models.

4 FIRST RESULTS

First runs concern the 5-periods and the 9-periods MM
models for Switzerland [6], whose sizes are given in
Table 1 below.

columns number
rows number

MMCH
(5 periods)

3'000

2'000

MMCH
(9 periods)

5'500

3700

Table 1 : Problems sizes (rounded).

Time spent by MINOS [7] and NLPHOPDM to solve
the 5-periods and the 9-periods MM model for Swit-
zerland is given in Table 2, below. Each solver was
run on a different platform for the time being.

MMCH
(5 periods)

MINOS

NLPHOPDM

25

27

MMCH
(9 periods)

180

110

Table 2: Time (in seconds) for a solution to be found.

MINOS is the solver currently used by the Energy
Economics group and is installed on one node out of
32 64-bit 180 MHz HP PA-8000 RISC processors of a
parallel machine under HP-Unix. NLPHOPDM is in-
stalled on a machine run by a 350 MHz 32-bit Pentium
II processor under Linux.

Due to differences between platforms, comparisons
are not easy to perform. However, it is worth mention-

ing that the 180 MHz HP machine is faster than the
350 MHz Intel machine, as far as floating numbers
computation is concerned. We assume that differ-
ences in runtime are mainly due to the solver which is
used, which underestimates NLPHOPDM efficiency.

We observe that MINOS is 10% faster than
NLPHOPDM for the smaller problem, whereas
NLPHOPDM is 40% faster for the larger one.

5 CONCLUSION

For the first time, it is possible to solve any large-scale
convex model expressed in GAMS by an interior point
method based on exact second derivatives. This IPM
is implemented in NLPHOPDM, and is hooked to the
GAMS modeling environment via an interface which
uses the AMPL modeling environment too.

At first sight, NLPHOPDM performance, measured in
terms of runtime, appears to be equivalent to MINOS
performance. It seems that NLPHOPDM behaves
better for larger models, which is expected in general
from IPMs in comparison with active-sets methods like
MINOS.

Further tests are under way on larger models, as well
as the installation of NLPHOPDM on the same plat-
form as MINOS in order to get a better measure of
performance.
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FIRST RESULTS WITH THE GENERAL EQUILIBRIUM MODEL
GEM-E3 SWITZERLAND

O. Bahn, C. Frei

The GEM-E3 model has been implemented and applied for Switzerland. It has been in particular used to
assess an ecological tax reform in Switzerland. Results of this analysis are presented here.

1 INTRODUCTION

The GEM-E3 model has been developed under the
auspices of the European Commission (DGXII) by
Capros et al. [2]. It is an applied general equilibrium
model that analyses the macro-economy and its inter-
action with the energy system and the environment. It
follows a computable general equilibrium approach in
the sense that it computes the equilibrium prices of
goods, services, capital and labour that simultaneously
clear all markets under the Walras Law [5]. Interac-
tions among the economy, energy system and envi-
ronment are evaluated through the balancing of en-
ergy supply and demand, atmospheric emissions and
pollution control, together with the fulfilment of overall
equilibrium conditions.

2 GEM-E3 SWIZTERLAND

Within the EU Research Project 'GEM-E3-ELITE',
GEM-E3 has been successfully implemented and ap-
plied for Switzerland by Bahn and Frei [1]. This has
required in particular the development of a specific
Swiss database for each of the GEM-E3 modules
(economic and environmental). Notice that the eco-
nomic database has been elaborated from a Social
Accounting Matrix developed by Guillet and Antille [4],
with the help of the Federal Statistical Office and of the
Institute for Business Cycle Research (KOF).

3 SIMULATIONS WITH GEM-E3 SWITZERLAND

The purpose of these simulations is to evaluate eco-
nomic consequences for Switzerland from reducing,
using a carbon tax, its CO2 emissions by 10% from the
1990 level (45 million tons) by 2010. Notice that this
target is more stringent than the one (8% reduction by
2008-2012) agreed by Switzerland in the Kyoto Proto-
col. But it corresponds to the reduction target ap-
proved by the Federal Assembly in October 1999.
Notice also that we assume that the carbon tax reve-
nue is recycled domestically to reduce social security
charges.

3.1 Scenarios

Two scenarios are considered for CO2 emissions: i) a
baseline scenario, where emissions are not limited and
ii) a 10% reduction scenario, where the abatement
target is based on the 1990 emissions level and is to
be reached by 2010. This reduction is supposed to be
achieved linearly, assuming that a matching 5% re-
duction target is also imposed by 2005. For each sce-
nario, two variants are considered related in particular

to technical progress: a) a low growth variant, and b) a
high growth variant. The framework of the baseline

Low growth

Population

GDP (real terms)

Fossil fuels prices

CO2 emissions

+5.4% by 2010

+1%/year

+1%/year

stabilised (90 level)

High growth

+5.4% by 2010

+2% / year

+1%/year

+2% by 2010

Table 1: Baseline scenario framework, between 1995
and 2010.

3.2 CO2 emissions and tax level

GEM-E3 Switzerland ensures that the desired CO2

reduction targets are fulfilled, that is: starting from 45
million tons in 2000, 42.8 million tons in 2005 and 40.5
million tons in 2010. These targets are implemented in
the model as global constraints on CO2 emissions.
The associated dual variables computed by the model
correspond to a carbon tax, whose levels are given in
Table 2, below.

2010

Low growth

High growth

2005

35

45

83

103

Table 2: CO2 tax rate (in Swiss francs 1990 per ton
CO2) to reach -5% by 2005 and -10% by 2010.

To reduce by 10% CO2 emissions by means of a car-
bon tax, the maximum taxation level computed by
GEM-E3 Switzerland, in the high growth variant, is
thus 103 CHF per ton CO2. This level is similar to one
of the taxation levels envisioned by the Federal Coun-
cil [3]: 60 CHF per ton CO2, plus in particular an en-
ergy tax on gasoline, diesel and jet fuel equivalent to
42 CHF per ton CO2.

The carbon tax revenue is then used to reduce the
social security rate of employers, so as to trigger a so-
called 'double dividend'; see below.

3.3 Gross Domestic Product

The imposition of the carbon tax has a negligible im-
pact on the Swiss GDP, see Table 3 below.

For both variants, two opposite trends are observed.
On the one hand, GDP is driven upward by an in-
crease in consumption and a decrease in imports (of
fossil fuels, in particular). In more detail, the taxation
scheme yields an increase in energy prices (due di-
rectly to the carbon tax) and a decrease in labour



In 106 CHF

Low growth

2005 2010

0.7 -55.4

0.00% -0.01%

High Growth

2005 2010

4.1 -42.1

0.00% -0.01%

Table 3: Variations of the GDP (in producer prices)
relative to the baseline.

costs (due to the recycling of the tax revenue to re-
duce social security charges). Consequently, produc-
ers react by changing their production structure, and
demand less energy and more labour than in the
baseline scenario. The first modification (less energy
demanded) yields the above mentioned decrease in
imports. The second modification (more labour de-
manded) triggers an increase in real wages. This in
turn yields an increase in consumption.

On the other hand, GDP is driven downward by a de-
crease in investments and in exports. Indeed, the rela-
tive price of labour decreases compared to energy but
also to capital. In the production structures, a fraction
of capital is thus substituted by labour. The decreasing
capital demand implies a lower rate of return for capital
and consequently a decrease in total investment. Con-
cerning exports, the energy costs increase has a
stronger impact on the Swiss competitiveness than the
labour costs decrease. There are thus competitiveness
losses that lead to a reduction of the Swiss exports.

Overall, the first trend (increase in consumption and a
decrease in imports) is stronger in 2005, the second
(decrease in investments and in exports) in 2010.

3.4 Employment

When recycling the carbon tax revenue to reduce the
social security rate of employers, the impact on em-
ployment is slightly positive, see Table 4 below.

In 103

Low growth

2005 2010

4.9 11.1

0.12% 0.26%

High Growth

2005 2010

6.3 13.4

0.15% 0.32%

Table 4: Variations of the employment level relative to
the baseline.

This CO2 emissions taxation scheme is thus leading to
an overall double dividend for Switzerland, namely a
reduction of its CO2 emissions (environmental benefit)
and an increase of its overall employment level
(societal benefit).

This double dividend results from an increase in en-
ergy prices (due to the carbon tax) coupled with a
decrease in labour costs (due to the tax revenue recy-
cling). These changes, in the relative prices of the
production factors, trigger then substitutions in the

production structures, away from energy and in favour
of labour. Less (fossil) energy consumed implies fewer
CO2 emissions. More labour demanded by producers
yields both an increase in real wages and in employ-
ment.

The increase in real wages relative to the one in em-
ployment depends on the 'bargaining power' of the
already employed people. The more this power, the
higher the gain in real wages, and the lower the gain in
employment. In other words, the effect on employment
depends on the structure of the labour market regime.
The rigidity/flexibility of the labour supply is estimated
in GEM-E3 through the real wage rate elasticity of
labour supply. In GEM-E3 Switzerland, this elasticity is
calibrated for the base year (1990) to the Ell average
level. As a sensitivity analysis, one may calibrate this
elasticity to a 50% lower value to simulate a more rigid
labour supply. Under such a regime, gains in employ-
ment are lower and gains in real wages higher, but the
double dividend is still holding.

4 CONCLUSION

The general equilibrium model GEM-E3 has been
successfully implemented and applied for Switzerland.
It has been used in particular to evaluate an ecological
tax reform for Switzerland, aiming at reducing the
Swiss CO2 emissions by 10%. GEM-E3 Switzerland is
currently a stand-alone model. Within the new EU
Research Project 'TCH-GEM-E3', it shall be integrated
with the 15 EU countries version of GEM-E3.
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METHANOL (MeOH) / DIMETHYL ETHER (DME) AS AN ALTERNATIVE FUEL FOR
DIESEL ENGINES

H. Armbruster, J. van Gunsteren

The use of MeOH/DME in diesel engines is conceivable in different ways. Promising concepts are
"fumigation" and "torch ignition". In these concepts, a part of the MeOH is catalytically converted and sepa-
rately introduced into the engine running on MeOH. The reactor design problems for these concepts with
DME production on-board have not been solved yet, especially transient operation and cold start compati-
bility are a challenge. The heating-up behaviour of a reactor is calculated. It is shown that the cold start
problem is solvable.

1 INTRODUCTION

Since the eighties MeOH has been used and tested as
an alternative fuel in different systems, e.g. combus-
tion engines and fuel cells.

One disadvantage of MeOH is its bad ignition behav-
iour in compression ignition engines. Different con-
cepts have been developed in order to overcome this
problem. Additional ignition sources (ignition spark) or
additives (e.g. methyl-tert.-butyl ether MTBE, dimethyl
ether DME) can be used as ignition improvers.

The application of an ignition source is problematic
due to the coking danger of the spark plug.

Additives can be applied in different ways. One is the
addition to the fuel before refuelling. Another way is to
produce the additives onboard. The additives are then
injected separately into the engine.

Another possibility is to convert all methanol to DME.
DME has better ignition characteristics. The conver-
sion can be done in large stationary plants or onboard.
The dehydration reaction is described by the following
equation:

ICH-fiH o C//3OC//3 + H2O

2 REQUIREMENTS FOR AN ENGINE RUNNING
ON NEAT DME

In this concept, DME is used as the main fuel. MeOH
is catalytically converted to DME and water, and the
resulting mixture is injected into the engine.

Figure 1 shows the ignition behaviour of these mix-
tures. The shaded area marks the concentration range
where good ignition properties of the mixtures have
been observed experimentally [1]. The squares within
this area represent mixtures which have been tested in
an engine.

The stoichiometric conversion of MeOH to DME and
water according to the above reaction leads to compo-
sitions along the straight line in the diagram. The re-

sults of our own conversion experiments in liquid
phase are shown as circles along this line. The equilib-
rium position of the chemical reaction at 500 K is pre-
sented by the star.

o.soy

inn/It5^/
0.00 * \ 0.25

Good Ignition

0.00j,1.0

/ i /

-^AJIA Poor Ignition

/ A/
0.50

\

7"

L

.0.6

\

\ /

0.75

o
•

•

,0.4

experiments
literature
thermodynamlc
equilibrium (500 K)

,0 .2

\.nn
1.00

Fig. 1: Ignition characteristics of DME/MeOH/water
mixtures (simultaneous injection) [1].

Figure 1 shows that the compositions which have good
ignition behaviour cannot be achieved by a converter
without separation of the product mixture, independ-
ently of the achievable conversion rate. Ignition is only
possible if water and/or MeOH is separated from the
mixture. An additional separation step after conversion
is, however, connected with an additional technical
effort. Therefore, the concept with conversion of all
MeOH to DME, i.e. an engine running on neat DME,
does not seem promising.

3 DME-FUMIGATION / TORCH IGNITION

In Figure 2, the concepts "fumigation" and "torch igni-
tion" are schematically presented. In these concepts, a
part of the MeOH is catalytically converted and sepa-
rately introduced into the engine [2] running on MeOH.
If a conversion rate of approx. 80 % is achieved, the
reaction mixture can be injected without separating a
component [3,4]. Due to the small mass flows of
MeOH, the conversion can be performed in the gase-
ous phase.
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Fig. 2: Scheme of "fumigation/torch ignition".

4 PRELIMINARY CATALYST SCREENING RE-
SULTS

Figure 3 presents the results of our screening experi-
ments with y-AI2O3. The experiments show that a con-
version of MeOH higher than 80 % is possible at a
temperature of 573 K. These results confirm the re-
sults of [5].

100

i, 75

25

DWtlSV =

473 523 548

temperature [K]

Fig. 3: MeOH conversion as a function of various
temperatures and WhSV.

The concepts "fumigation" and "torch ignition" are
found to be promising alternatives to neat DME, espe-
cially since the emission levels obtained from engines
running on fumigated MeOH are comparable to DME
engines [1,6].

5 REACTOR DESIGN

The engine experiments with fumigation reported in
the literature were performed with synthetic DME from
the bottle. The reactor design problems for these con-
cepts with DME production on-board have not been
solved, especially transient operation and cold start
compatibility are a challenge.

In Figure 4 the heating-up behaviour of a reactor is
calculated, based on a pseudo-homogeneous heat
transfer model. The reactor is flowed through by hot
gases produced by MeOH combustion in an appropri-
ate burner. The calculation is based on a catalyst vol-
ume of approx. 1,5 litres, which is determined from the

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.2!

lenglh of the reactor [m]

Fig. 4: Heating-up behaviour of the reactor.

experiments with y-AI2O3 and a DME requirement for
running a 180 kW engine with DME fumigation.

A time of approx. 13 s is needed to warm up the re-
actor from 273 K to 573 K, the operating temperature
of the Y-AI2O3 catalyst.

The preheating time is in acceptable order of magni-
tude for the application onboard. In an experimental
set-up the start phase and load changes will be tested.
The heating-up behaviour of the reactor depends on
the reactor design, which will be investigated in further
experiments.

6 CONCLUSION

For the use of MeOH in the diesel engines, promising
concepts are available, i.e. fumigation and torch igni-
tion. The requested conversion rate can be achieved
by using a suitable catalyst (Y-AI2O3). The reactor de-
sign problems for these concepts have not been
solved yet. Potential solution to these problems are
available.

7 REFERENCES

[1] S. Sorenson et al., Performance and Emissions of
a 0.273 Liter Direct Injection Diesel Engine Fu-
elled with Neat Dimethyl Ether, SAE paper
950064.

[2] EP 0 032 003 B1.

[3] T. Murayama et al., A Study of a Compression
Ignition Methanol Engine with Converted Dimethyl
Ether as an Ignition Improver, SAE paper 922212.

[4] J. Guo et al., Improvement of Performance and
Emissions of a Compression Ignition Methanol
Engine with Dimethyl Ether, SAE paper 941908.

[5] G. Bercic et al., Catalytic Dehydration of Methanol
to Dimethyl Ether. Kinetic Investigation and Re-
actor Simulation, Ind. Eng. Chem. Res. 32, 2478-
2484(1993).

[6] Y. Sato et al., Combustion and NOX Emission
Characteristics in a Dl Methanol Engine Using
Supercharging with EGR, SAE paper 971647.



14

C02 REFORMING OF METHANE BY THE COMBINED ACTION OF CATALYSTS
AND DIELECTRIC-BARRIER DISCHARGES

M. Kraus, U. Kogelschatz (ABB Corporate Research Ltd), A. Wokaun

The combination of heterogeneous catalysts and dielectric-barrier discharges (DBD) is examined for the
CO2 reforming of methane. This reaction may play a major role in future greenhouse gas control strategies.
As a special kind of catalytic support/dielectric barrier, ceramic foams are used in these experiments. The
past results show that the use of DBDs significantly increases the conversion of CO2 and CH4, especially at
temperatures where no catalytic activity is observed in a thermal experiment.

1 INTRODUCTION

An interesting approach to syngas (CO/H2) production
is the CO2 reforming of methane [1].

CH4 + CO2 o 2 CO + 2 H2 AH0 = 247 kJ/mol

The reaction is most attractive for converting the two
inexpensive raw materials and greenhouse gases into
more valuable products. Capturing CO2 and combining
it with methane to yield synthesis gas or liquid fuels
could lead to a substantial reduction of emissions from
remote locations like offshore oil drilling platforms.
However, one drawback of this process is the high
temperature (800-1000 °C) that is necessary to ob-
tain sufficient yield.

Fig. 1: Dielectric-barrier discharge in a ceramic foam.

In this project, the combination of dielectric-barrier
discharges and heterogeneous catalysts is evaluated
for the CO2 reforming of methane. The electrons pro-
duced in this discharge have energies in the range of 1
to 10 eV, a range ideal for dissociation and radical
formation. The idea of combining catalysts with dielec-
tric-barrier discharges originated from the finding that
the interaction of catalytic surfaces with non-
equilibrium discharges can lead to catalytic activity at
much lower temperature. This was shown e.g. for the
case of methanol synthesis from CO2 and hydrogen
[2]. As a special kind of support, reticulated ceramic
foams are used, where the discharge can be operated
inside the pores of the dielectric structure.

2 EXPERIMENTAL

To perform this kind of experiments, a reactor was
built, which is suitable up to 800 °C and high voltage
operation up to 20 kVpeak at atmospheric pressure.

The electric power input, delivered by a high voltage
amplifier, is on average 10W, delivered in pulses of
5 ms length. The ceramic foams are coated for the
experiments with nickel or noble metals like rhodium or
ruthenium. The feed composition for the measure-
ments is 74 % CO2, 24 % CH4 and 2 % N2.

3 RESULTS

The use of the dielectric-barrier discharge in combina-
tion with the nickel-coated foam leads to an increase in
the hydrogen and carbon monoxide yield of the CO2

reforming reaction. Especially at low temperatures,
where -according to the thermodynamic equilibrium-
no production of CO and H2 is observed in the thermal
process, the synergetic effect of the discharge and the
catalyst is pronounced.
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Fig, 2: CO/H2 production over a Ni coated foam.

The reason for the promotion of the catalytic process
is probably the activation of the methane molecule,
either by excitation of higher vibrational levels of the
molecule or by generating CHX fragments that react at
the catalyst surface. The next step will be to study the
influence of the discharge on the catalytic process in
more detail.
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DETERMINATION OF KINETICAL DATA:
A NOVEL APPLICATION OF DRIFT MODULATION SPECTROSCOPY

E. Ortelli, J. Wambach, A. Wokaun

For investigating the mechanism of solid-state catalysed reactions, sine wave modulation of feed gas con-
centrations was used to obtain information about the microkinetical model, its reaction rate constants, en-
ergy scheme and conversion. This new method was tested for the CO oxidation with O2 over a Pd25Zr7S

based catalyst.

1 INTRODUCTION

CO oxidation is important in various energy conversion
systems. Therefore we investigated this reaction using
a concentration perturbation in feed [1] to obtain in-
formation on the reaction rate constants. From the
derived data, conversion and an energy scheme have
been deduced. The choosen simplified reaction path-
way [1] is:

Here /c,, kA and K2 are effective first order rate con-
stant (s"1). K3 is an equilibrium constant. The DRIFT
cell was modelled as a continuous stirred tank reactor,
with residence time x.

2 EXPERIMENTAL

The set-up consists of a gas dosing system and a
DRIFT cell. The activated Pd25Zr75 catalyst [1] was
held under a constant overall mass flow, in which the
feed concentration was sinusoidally varied [1] with
different frequencies and for different temperatures.
From the evolution of the phase shifts, reaction rate
constants and activation energies can be estimated.
The measurement conditions [1] were choosen in or-
der to investigate the following topics:

a. Interaction of CO with the catalyst.

b. Interaction of CO2 with the catalyst.

c. Effect of CO in the CO-oxidation reaction.

3 RESULTS AND DISCUSSION

A numerical comparison of the values obtained in the
different experiments (data not shown) shows that at
temperatures above 300 K, k.A is higher than K2. This
indicates that the desorption of COad is faster than its
oxidation. The adsorption rate /q is always higher than
the desorption rate constant kA. This means that CO
adsorption is in quasi-equilibrium, and suggests that
the oxidation of COad is the rate limiting step. In Figure
1, a tentative energy reaction scheme for the CO oxi-
dation is shown. The total reaction energy is obtained
from the known combustion enthalpy of CO. A com-
parison of these data with the estimated reaction rate
constants suggests that a less positive activation en-
tropy value of the COad oxidation is responsible for the
rate limitation of the entire reaction.

Energy

Fig. 1: Energy reaction scheme for the CO-oxidation.

In Figure 2 the CO conversion as function of the tem-
perature is shown. The estimated conversion (o) de-
rived from the reaction rate constants follow quite well
the obtained values for the steady state conditions (•).

300 400 500 600
Temperature [K]

Fig. 2: CO conversion measured under steady state
conditions (Error + 5 %): (•). CO conversion calculated
from the estimated reaction rate constants: (o).

This indicates that the estimated kinetic constants
describe both the present observations and previously
published data sufficiently well.

4 CONCLUSION

The results demonstrate the validity of the modulation
concept in heterogeneous catalysis. Additional infor-
mation on the reaction pathways will be obtained by
monitoring adsorbed species in a DRIFT cell.
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IMAGING-XPS / RAMAN INVESTIGATION ON THE CARBONISATION OF POLY-
IMIDE AFTER IRRADIATION AT 308 NM

J. Wambach, T. Lippert, F. Raimondi, E. Ortelli, J.-C. Panitz, J. Wei, A. Wokaun

The laser ablation of polyimide using 308 nm laser irradiation was studied using laser fluences of 225 mJ
cnr2. Raman microscopy revealed the deposition of carbon surrounding the ablation crater, which consists
of amorphous carbon with some crystalline features. Inside the crater graphitic material was detected, very
similar to the material from CW-Ar* ion laser irradiation. FT-Raman measurements reveal the presence of
intermediates of the polyimide decomposition. Imaging-X-ray Photoelectron Spectroscopy confirmed the
deposition of carbon material surrounding the ablation crater and showed that oxygen and nitrogen content
of the remaining material decreases.

1 INTRODUCTION

Laser ablation of polyimide (PI) is studied very well [1].
The reasons for the interest in PI are numerous, inclu-
ding industrial application (e.g. via holes in multi chip
modules, nozzles in ink jet printer heads). - Polyimide
allows high quality structuring with excimer wave-
lengths [2]. Another effect of UV irradiation of polymers
is the possibility of changing physical properties of the
polymer, e.g. to induce electrical conductivity (with an
increase of up to 12 orders of magnitude) into poly-
imide upon laser irradiation [3]. The resulting conduc-
tivity was assigned to surface carbonisation.

To better understand the mechanism of carbonisation
/ablation of PI after 308 nm irradiation we combined
analytical techniques with lateral resolution: imaging-
XPS and Raman spectroscopy. FT-Raman spectro-
scopy was used to exploit its capability to overcome
the inherent fluorescence problem of polymer samples
in Raman spectroscopy.
We used a XeCI Excimer Laser (Lambda Physik Com-
pex 205), a X-ray photoelectron spectrometer (XPS)
ESCALAB 220i XL (Mg Ka @ 300 W), and a Labram
DILOR Raman-microscope. Samples with ablated
craters of 0 = 300 |im were investigated.

2 RESULTS AND DISCUSSION

Small spot analysis (150 micron square) of PI revealed
an increase of the C atomic % from 77 % to 90 %
within the crater. In the Figure 1 (top) the image of the
O1s peak is shown. The ablation crater with a diame-
ter of 300 microns is clearly recognisable. The sur-
rounding ring (width about 600 microns) shows a low
oxygen content, due to the coverage of this area by
deposited carbon. The line scan (Figure 1, bottom)
reveals that inside the crater the oxygen content is
reduced too, in accordance with the XPS small spot
analysis.

3 SUMMARY

Irradiation of PI with a XeCI excimer laser with flu-
ences above 100 mJ cm"2 results in the deposition of
amorphous carbon with partly crystalline character
(surrounding the crater). At higher fluences (>200 mJ
cm"2) some graphitic carbon is detected inside the

crater. The material is very similar to material obtained
with CW laser irradiation [4]. The carbon content inside
(and outside) the crater increases from 77 % to at
least 90 % of carbon for irradiation with 225 mJ cm-2.

1000

Fig. 1: Top: XPS image (CRR = 4, background cor-
rected) of the O1s peak of a crater irradiated with 10
pulses and 225 mJ cm"2 fluence. - Bottom: line scan
through the XPS image (center of the crater).
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SURFACE MODIFICATION AND STRUCTURING OF ELECTRICALLY CONDUCTING
AND ISOLATING POLYANILINE FILMS

F. Raimondi, T. Lippert, J. Wambach, J. Wei, A. Wokaun

The ablation behaviour of polyaniline was studied using a 308 nm XeCI-excimer laser. Both the polymer in
its insulating and in its doped, conducting form, could be structured with high resolution and showed similar
ablation properties. In both cases X-ray photoelectron spectroscopy (XPS) revealed carbonisation of the
irradiated surface and an increase of the relative amount of surface amine groups. The polymer imine
groups were identified as the preferred decomposition sites.

1 INTRODUCTION

Polyaniline (PAN) is a n-conjugated polymer that exists
in different oxidation states depending on the relative
amount of imine and amine groups in its chains. In the
emeraldine base (EB) oxidation state, corresponding

a)

to y = 0.5, PAN shows physico-chemical properties
that allow its use in a wide number of applications (e.g.
the fabrication of gas separation membranes) [1].
Moreover it is well known that treatment of EB with
protonic acids gives rise to a dramatic increase of the
polymer conductivity that makes it suitable for the
manufacture of all-organic electronic devices [2].

The possibility of structuring the polymer with high
resolution using an UV-laser would provide a valuable
tool for quick and inexpensive processing of this mate-
rial. For this reason we studied the ablation of EB
films, before and after doping with HCI, using a XeCI-
excimer laser (308 nm). To understand the main
chemical changes induced by laser irradiation, a de-
tailed small-spot XPS analysis (spot size 150 \xm) of
the ablation craters (0 300 nm) was performed.

2 RESULTS AND DISCUSSION

Both doped and undoped EB films reveal a favourable
ablation behaviour. Craters with sharp contours and
no debris surrounding the etched area are formed.
The ablation threshold fluence, Fth, is also comparable
for both types of PAN:

= 52 mJ/cm2

As shown in Figure 1a the carbon content of the sur-
face (XPS analysis depth ~ 20 nm) of both kinds of
PAN increases from 75 to 85% upon laser irradiation
at a fluence of 1 J/cm2.

In the XPS spectra, the N1s peaks were analysed by
fitting the experimental data with components corre-
sponding to neutral and protonated amine and imine
groups [3] (Figure 1b).

The increase in the relative amount of amine groups
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Fig. 1: Change of the C and N atomic percent (top)
and of the y parameter (bottom) in doped and un-
doped PAN samples after various number of pulses at
U/cm2.

is attributed to the decomposition of the imine moieties
upon UV-laser irradiation.

3 CONCLUSION

The feasibility of high resolution structuring of PAN via
UV-laser ablation has been demonstrated. Additionally
carbonisation of the surface has been detected. The
imine groups in the polymer are identified as preferred
decomposition sites.
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CHARACTERISATION OF COMBINED POSITIVE-NEGATIVE PHOTORESISTS
BY EXCIMER LASER ABLATION

J. Wei, N. Hoogen (Til Munich, Germany), T. Lippert, Ch. Hahn,
O. Nuyken (TU Munich, Germany), A. Wokaun

Novel photopolymers containing side groups based on o-methoxy-cinnamylidenemalonic acid, which un-
dergo selective photocrosslinking upon irradiation atX> 395 nm, have been developed for potential appli-
cations as combined positive-negative resists. An etch rate of about 2 fjm per pulse at a fluence of 9 J/cm2

could be achieved for all polymers. The polymer with triazene groups reveals a higher etch rate at low flu-
ences (less than 300 mJ/cm2) than the polymer without triazene group. Using a Schwarzschiid type reflec-
tion objective (15x), microstructures with a resolution in the micron range were produced on both polymer
films.

1 INTRODUCTION

Triazene containing polymers have been demon-
strated to be suitable for laser ablation lithography [1,
2]. Selected polyesters also exhibit good ablation be-
haviour [3]. Introducing a functional group that enables
photocrosslinking without destruction of the polymer
backbone can result in new photoresists, which can
function as positive as well as negative resists. An
application could be envisioned where first a 'large'
scale structuring, using standard negative resist meth-
ods, is followed by a positive (e.g., laser ablation) step
to structure the remaining areas in more detail.

In this work, monomers based on o-methoxy-
cinnamylidenemalonic acids were used as pho-
tocrosslinking units [4]. Cinnamylidenemalonic acid is
known to photodimerize via (2+2)-cycloaddition [5].
The photocrosslinking groups absorb at X > 395 nm. At
these wavelengths, neither the triazene nor the ester
groups are absorbing. The chemical structures of the
new polymers TCP3 and CSMP3 are shown in Figure
1. TCP3 contains the triazene functional groups,
whereas CSMP3 is a polyester without triazene
groups.

Fig. 1: Chemical structures of CSMP3 (upper) and
TCP3 (lower).

2 EXPERIMENTAL

The polymers TCP3 and CSMP3 were synthesised
using a standard polycondensation reaction. Pho-
tocrosslinking of the polymers was realised by irradia-
tion at X > 395 nm for 40 minutes. After crosslinking,
the polymers are named TCP3C and CSMP3C, re-
spectively. Polymer films with a thickness of = 50 |im
were prepared by solvent casting.

A XeCI excimer laser (Lamda Physik; \ = 308 nm, t =
20 ns) was used as irradiation source. For determining
the etch rates of the polymers, a pinhole mask
(diameter = 4 mm) was demagnified with a lens (f =
100 mm) onto the polymer surface to create circular
craters. The fluence for a constant spot size was var-
ied between 0.001 J/cm2 and 10 J/cm2 using a dielec-
tric attenuator (Laser Laboratorium Gottingen) and an
additional beamsplitter (10% transmission). The num-
ber of pulses delivered to the sample was controlled
by a pneumatic shutter. For a typical experiment, a 10
x 10 matrix of circular craters was created on every
polymer film, while varying the fluence and the pulse
number. The depth of the ablated craters was meas-
ured with a surface profiler (Dektak 8000).

For the microstructuring experiments, a copper mask
(diameter = 3 mm) with a slit pattern was used. The
mask was imaged by a Schwarzschiid type reflecting
objective (Ealing, demagnification: 15x) onto the poly-
mer surface to avoid lens aberration. The quality of the
ablated structures was evaluated by scanning electron
microscopy (SEM).

3 RESULTS

The etch rates of the polymers were calculated from
plots of etch depth versus pulse number. A plot of etch
rates versus the natural logarithm of the fluence is
shown in Figure 2 for all polymers, revealing a linear
relation in the low fluence range. At high fluence ( F >
0.5 J/cm2) the etch rates of TCP3 and TCP3C are
slightly higher than those of CSMP3 and CSMP3C.



19

However, the difference between the etch rates of
TCP3 and CSMP3 is more pronounced at low fluences
(F < 0.3 J/cm2), suggesting that the triazene containing
polymer TCP3 has a higher ablation sensitivity proba-
bly due to its higher linear absorption coefficient at the
irradiation wavelength. The maximum etch rate of
these polymers is = 2 jxm/pulse at ~ 9 J/cm2. The ob-
served threshold fluences of the polymers, « 60
mJ/cm2 for TCP3 and « 70 mJ/cm2 for CSMP3, are
quite low, which is important for potential applications.
After crosslinking, a three-dimensional network is
formed resulting in a higher mechanical strength and
higher thermal stability. However, crosslinking has little
effect on the etch rates.

The surface features in the ablated area of the poly-
mer films are characterised by scanning electron mi-
croscopy (SEM). At high fluences, well defined circular
craters with diameter ~ 0.28 mm are observed. The
circular structures on all polymer films exhibit sharp
edges and a smooth bottom surface, suggesting that,
at least at high fluences, the triazene group does not
play an important role for the quality of the ablated
structures. At low fluences (F < 300 mJ/cm2), conical
structures were formed during laser ablation for the
polymers TCP3, TCP3C and CSMP3. The density and
size of cones are dependent on fluence and pulse
number. Less cones were formed at higher fluences
and with less pulses.

I
s
E

—D — CSMP3

—• —CSMP3C

—o—TCP3

—•—TCP3C

In fluence (mJ/cm2)

Fig. 2: Etch rates versus natural logarithm of fluences
for the polymers. Typical error bars of the measure-
ments are shown for CSMP3C.

To demonstrate the possibility of high resolution pat-
terning, microstructures with channel patterns are
created (see Figure 3). Well-defined patterns with
sharp edges, steep slopes and flat bottoms are
achieved. The resulting patterns consist of broad (ca.
8 |im wide) and narrow channels (ca. 4 |im wide). Mi-
crostructures produced on the films of TCP3 and
CSMP3 exhibit similar qualities. The resolution
achieved in this study is limited by the experimental
set-up, not by the polymers. Microstructures with sub-
micron resolution can probably be created on the
polymers by improving the experimental set-up.

Fig. 3: SEM micrographs of microstructures created
on the CSMP3 film at 7.9 J/cm2 with 7 pulses.

4 CONCLUSION

The laser ablation behaviour of potential positive-
negative resists, TCP3 and CSMP3, has been investi-
gated at low and high fluences. The presence of the
triazene functional groups increases the sensitivity of
the polymers to laser ablation at low fluences probably
due to the higher linear absorption coefficient. Well
defined microstructures can be created on the polymer
films at high fluences, while conical structures were
formed on the ablated surfaces of TCP3 and CSMP3
films during the ablation at low fluences, reducing the
quality of ablated structures. In contrast, no cones
were observed for the crosslinked polymer CSMP3C,
which contains no triazene groups. The crosslinking
has only minor effects on the ablation behaviour with
the given crosslinking parameters.
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SINGLE PULSE NM-S1ZE GRATING FORMATION IN POLYMERS USING LASER
ABLATION

T. Lippert, T. Gerber, A. Wokaun, D.J. Funk (Los Alamos National Laboratory, USA), H. Fukumura,
M. Goto (Japan Atomic Energy Research Institute, Neyagawa, Japan)

Laser ablation at 355 nm of a specially designed polymer was used as a true single step dry-etching proc-
ess to create a two-beam interference grating. Gratings with groove spacings of 180 and 1090 nm were
created with single laser pulses. Moreover, by varying the laser fluence and/or the angle between the two
beams, variable modulation frequencies (depth/spacing) could be obtained. Additional pulses deteriorated
the grating quality, demonstrating the importance of the single pulse approach.

1 INTRODUCTION

Gratings having micron to sub-micron periodicity have
other important applications in optoelectronic devices
and for alignment of liquid crystals. The standard tech-
nique for the fabrication of these gratings is the irra-
diation of a photoresist followed by various develop-
ment and dry etching processes. These are relatively
complicated, time consuming technologies. Many dif-
ferent approaches for the direct laser writing of grat-
ings in polymers and glasses have been developed.
The resulting gratings range in size from micron to sub
100 nm size spacing, and are highly reproducible.
Single pulse grating formation has been reported only
recently [1]. We have studied single and multiple (=10
pulses) pulse grating formation in a photodecompos-
able polymer at 355 nm. The polymer was chosen
because of its high sensitivity, the possibility of a pho-
tochemical ablation mechanism, and the absence of
solid ablation products which could contaminate the
surface lowering the grating quality, or necessitate
additional cleaning steps.

2 EXPERIMENTAL

For the ablation experiments we used a frequency
tripled Nd:YAG in a Michelson set-up. Thin films of the
polymer were prepared by spin coating. The chemical
structure of the polymer is shown in Figure 1.

(CB>)6 N N=N-

Fig. 1: Chemical structure of the polymer.

3 RESULTS AND DISCUSSION

Well-defined interference gratings with spacings corre-
sponding to the expected values were found for single
pulse experiments. We believe that the quality of the
gratings is at least as good as the best previously re-
ported gratings formed in polymers by direct writing
methods. The gratings formed here are much deeper
than the gratings described previously. Figure 2 shows
AFM data for the experiment with a single pulse and a
fluence of 80 mJ cm"2 and a grating spacing of 1.09 u
m. The grooves and ridges are equidistant and the

tops of the ridges are relatively flat and not rounded.
Gratings with 180 nm size groove spacing were also
produced [2]. This value is close to the theoretical
spacing limit, 7J2.

Fig. 2: AFM micrograph of the structured polymer.

In an attempt to improve the modulation frequency, by
increasing the grating depths, experiments with multi-
ple pulses (2 to 10) have been performed. After multi-
ple pulses a pronounced deterioration of the grating
was detected.

4 CONCLUSION

Formation of two beam interference gratings in a spe-
cial designed polymer using a 'direct' writing method
(laser ablation) have been demonstrated.
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HEAVY METAL VOLATILISATION OF SYNTHETIC WASTE IN LABORATORY
EXPERIMENTS SIMULATING MSW INCINERATION

J. Wochele, S. Stucki, Ch. Ludwig, A. Schuler

Experiments in a small laboratory furnace simulating the incineration process of a municipal solid waste
grid furnace were carried out to study the volatility of heavy metals with the objective to reduce these ele-
ments in the bottom ash. Operating conditions, such as temperature profile, temperature level, residence
time and different waste compositions and atmospheres were investigated. Heavy metal evaporation is
enhanced by higher temperatures, longer residence times and more chlorine. Zn and Pb were clearly vola-
tilised under reducing atmosphere, whereas for Cu only massive addition of HCI lead to marked evapora-
tion.

1 INTRODUCTION

The guidelines for waste management in Switzerland
postulate that incineration should produce materials
which are recyclable or fit for final deposition. Bottom
ash from conventional municipal solid waste incinera-
tors (MSWI) does not fulfil these criteria, because of its
high heavy metal (HM) content. MSWI are optimised
for volume reduction, hygienisation and inertisation
and for energy production, but not for separation. Can
the separation potential of MSWI grate furnace be
exploited by thermal optimisation of the combustion
process in order to reach the goal of inert or earth-
crust like bottom ash? This was one question we in-
vestigated in the 'Integrated Project IP Waste' of the
'Swiss Priority Program Environment'.

Concentrations of HM in today's bottom ash are about
3x higher than the limits of inert material for final depo-
sition as defined by the Swiss technical waste order
(TVA) or about 30x the value of earth-crust concentra-
tion (Figure 2, [1]).

Previous thermodynamic equilibrium calculations have
indicated that it should be possible to remove
(evaporate) the toxic heavy metals by choosing the
right set of parameters [2]. Laboratory scale experi-
ments based on similarity between real incinerators
and the model were carried out to test these findings
and to determine the influence of different measures
on heavy metal volatilisation.

2 EXPERIMENTAL

The incineration process in a MSW grate furnace was
simulated in a quartz-glass reactor tube (QRR) of 70
mm diameter. Samples of synthetic waste in an alu-
mina crucible were subjected to the same temperature
and air supply profile as in the solid waste bed of a
real MSW incinerator (Figure 1). A standard combus-
tion procedure was established in order to simulate the
100 min. residence time in a MSW plant [3].

All model experiments consisted of 3 min. drying at
120 °C, 3 min. pyrolysis at 600 °C, 10 min. combustion
at 900°C and 6 min. of afterburning at 500 °C. The
synthetic waste was made up of 54% sawdust, 26%

MSW Incineration
Original Model

• i t -

Fig 1: Burning MSW in a grate furnace and in model
experiment.

lava, 19% polyethylene and 1% of PVC and approxi-
mated the average elemental compositions of refer-
ence MSW. The concentrations of Zn, Cu, and Pb as
metals and oxides corresponded to average values of
MSW. The solid residues of each incineration experi-
ment were analysed for their heavy metal content by
HNO3/HF pressure digestion and atomic emission
spectroscopy (ICP-AES) and the results were used to
calculate the transfer coefficient to raw gas (volatility
coefficient) for the relevant elements.

3 RESULTS

In Figure 2 the results of model combustion experi-
ments are summarised. The standard case (A) com-
pares well with the reference of average bottom ash
from Swiss MSWI (a) and gives confidence that such
experiments can model, to a certain extent, metal be-
haviour in the waste incineration process [3].

Starting from standard experiments, the influence of
different combustion conditions on heavy metal evapo-
ration were investigated.

Influence of reducing atmosphere: Conventional MSWI
run with excess air (K= 1.6-2) in order to assure com-
plete oxidation of the organic fraction. For the reducing
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atmosphere experiments, a nitrogen atmosphere was
maintained during the first half of the residence time
and then air was added for total oxidation. Reducing
conditions enhance the evaporation of Zn and Pb sig-
nificantly (Figure 2,B), but have practically no influence
for Cu, in accordance thermodynamic calculations.

Influence of chlorine: Chlorine is known to assist the
evaporation of metals. PVC and NaCI in waste contain
chlorine. Experiments with excess chlorine in various
forms have been reported in previous communications
[4]. In Figure 2 data are shown with HCI in the primary
air. By heavy doses of HCI (ca. 10 %) nearly all of the
heavy metals can be transfered to the flue gas (Figure
2,C).

0.01 10 100

Fig. 2: Concentration [g/kg dry ash] of heavy metals
in MSWI bottom ash and lab experiments compared
with limits of earth-crust and inert material (TVA).
MSWI ash: a Swiss reference
QRR experiments: A standard case

B reducing atmosphere
C excess HCI in primary air.

The influence of other parameters was also investi-
gated [5], but their importance for heavy metal evapo-
ration is less pronounced. Their effects are summa-
rised in Table 1 as qualitative tendencies.

4 CONCLUSION

The quartz glass reactor (QRR) with experiments
based on similarity theory is a good tool for investigat-
ing the behavior of heavy metals in waste combustion.

Zn and Pb can clearly be volatilised under reducing
atmospheres or with HCI. For Cu, only massive HCI
addition leads to marked evaporation.

Whereas in the case of Zn and Pb primary measures
in the incineration process seem a promising way of
approaching inert or earth-crust like quality for MSWI
bottom ash, it will be hard to reach these goals for Cu.
More promising is a combination of thermal and me-
chanical separation (grinding and sieving).

measure

lower incineration temperature

temperature profile with very high
temperature at beginning

longer residence time

combust, in reducing atmosphere

waste composition

with less plastic (less carbon)

more Si, Al, Fe (more ash)

higher heavy metal content
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Table 1 : Influence of different measures and incinera-
tion conditions on heavy metal evaporation from labo-
ratory experiments; (arrows up mean increasing vola-
tilisation).
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ON-LINE QUANTIFICATION OF HEAVY METALS IN
THERMODESORPTION PROCESSES

Ch. Ludwig, A.J. Schuler, F.R. Ahmad, H. Lutz, S. Stucki

The evaporation behaviour of heavy metal traces (Cd, Cu, Pb, and Zn) from fly ash (FA) of municipal solid
waste incineration was investigated. We tested a new method which allows on-line detection of heavy met-
als in hot gases using a conventional Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES) equipment. A quantitative relation between the amount of evaporated heavy metal traces and the
ICP-OES signal was established. The experiments have shown that the method could become a comple-
mentary tool for common analytical digestion and measuring methods for the determination of heavy metal
traces in solid samples.

1 INTRODUCTION

Our research aims to close element cycles and has a
strong focus on the thermal behaviour of heavy metals
in various thermal processes. Recycling of heavy met-
als from different wastes could reduce the hazardous
potential of such materials and could save raw mate-
rial resources for the production industry.

Filter ashes (FA) from municipal solid waste incinera-
tion, for example, contain high amounts of heavy met-
als such as Zn, Pb, Cu, and Cd. Therefore, in Swit-
zerland FA can not be deposited without pre-
treatment. Today, FA are stabilised with cement prior
to landfilling [1]. However, such treatment is very ex-
pensive, long-term predictions for such landfills is diffi-
cult, and valuable resources are wasted. Instead we
propose to thermally separate toxic heavy metals.

In this context the investigation of the mechanisms that
control evaporation and interaction of heavy metals
with their substrate (waste matrix) is fundamental. An
understanding of these mechanisms will allow to ad-
vance thermal recycling methods. For our investiga-
tions we use a new method which offers the possibility
to perform on-line measurements of heavy metals
during evaporation.

2 A NEW ANALYTICAL METHOD

2.1 Measuring Heavy Metals in Hot Gases

At PSI an interface (Condensation Interface, Cl) was
developed which permits to transfer reproducibly a
defined fraction of heavy metals, for example evapo-
rating from a sample placed in a quartz tube furnace,
into a conventional detector, such as an ICP-OES [2].
The Cl solves the problems caused by the complex
chemical phenomena which occur when gaseous
heavy metals condense across a larger temperature
range [3].

2.2 Measuring Heavy Metals in Solid Samples

Based on the new technique for measuring heavy
metals in hot gases [2, 5], and our experience in ther-
mal separation procedures [2-5] we have designed a
new method for the quantitative analysis of heavy
metals in solid samples. The method combines on-line

digestion and analysis which drastically could shorten
common practices. We have constructed a prototype
that could be adapted for standardised measurement
of micro-pollutants in contaminated soil, wood, gal-
vanic sludge, scrap metal, bottom or fly ash, and other
solid samples. Today, alternative methods require
tedious and time consuming digestion procedures.

3 RESULTS AND DISCUSSION

3.1 Heavy Metal Evaporation

Figure 1 shows the result obtained during the evapo-
ration of heavy metals from FA. Cd, Pb, Cu, and Zn
were simultaneously measured by ICP-OES. Under
the given conditions Cd and Pb volatilise more easily
than Cu and Zn.

1.0-1

0.0
0 10 20 30 40 50 60 100 200 300 400

time [min]

Fig. 1: Simultaneous measurement of Cd, Cu, Pb,
and Zn during evaporation from certified FA (BCR
176)at900°CinAr.

Figure 2 illustrates a typical result of a TDS-
experiment (Thermal Desorption Spectroscopy) with a
FA sample. The observed intensity of the peaks indi-
cates that the evaporation involves different mecha-
nisms and species. As Cd in FA is present in very low
quantities and the evaporation is possibly influenced
by other volatile compounds it is difficult to interpret
the peaks. However, thermodynamic data support that
the first peak at low temperatures most probably cor-
responds to volatile Cd°.
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Temperature was increased at a constant rate of
3°C/min while Cd evaporation was measured on-line
by ICP-OES (XCd = 228.802 nm).

3.2 Measuring Traces in Solid Samples

Thermodesorption experiments were performed using
different amounts of FA. A correlation of the amount of
evaporated Cd and the integral of the ICP-OES signal
was observed (Figure 3). A similar correlation was
obtained for Cu, Pb, and Zn. This shows that the new
method can be used for the on-line quantitative deter-
mination of heavy metal evaporation during thermal
treatment.
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Fig. 3: Correlation of the amount of evaporated Cd
and the integral of the ICP-OES signal. Each point
represents a separate experiment. Total evaporated
Cd was determined analysing the residues by a con-
ventional pressure digestion method after the thermal
treatment.

The heavy metals can totally be removed from FA and
other solids in an HCI atmosphere [5]. Use of HCI is an
example of how a method could be developed for the
quantitative determination of traces in contaminated
samples.

4 CONCLUSION

Quantitative on-line measurement of heavy metals,
evaporating from contaminated samples during ther-
mal treatment, is possible.

The new method has a high potential to become a
complementary tool for common analytical digestion
and measuring methods for the determination of heavy
metal traces in solid samples. As the method com-
bines extraction and analytical steps, it therefore can
shorten conventional procedures. Moreover the
method is more sensitive in many cases. The applica-
tion could become especially powerful for the analysis
of contaminated soil and waste residuals.

For certain samples and elements it may be possible
to associate the observed peaks of the TDS diagram
to definite compounds, allowing the quantification of
the volatilised species. The determination of species
present in the original untreated solid sample becomes
possible if the observed evaporation can be associ-
ated with a known chemical reaction, e.g. the reaction
of a metal oxide in the solid sample with HCI that is
added to the carrier gas.

The high resolution in time makes the method particu-
larly effective for kinetic studies.
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VOLATILITY OF ZINC AND COPPER IN WASTE INCINERATION: RADIO-TRACER
EXPERIMENTS ON A PILOT INCINERATOR

S. Biollaz, M. Beckmann (Clausthaler Umwelttechnik-lnstitut, CUTEC), M. Davidovic (CUTEC),
T. Jentsch (Fraunhofer Institut fur zerstorungsfreie Prufverfahren, IzfP)

Experiments have been carried out on a 0.5 MW pilot grate to investigate the heavy metal evaporation
process. Zinc as volatile and copper as a more or less non-volatile metal were investigated. The operation
conditions of the incineration where changed between combustion and gasification operation. For the in-
vestigation of heavy metal evaporation in situ, a radio tracer method has been developed and successfully
applied. The results show the expected trends. Copper is negligibly evaporated whereas zinc is evaporated
during a very short period at high temperatures and reducing conditions.

1 INTRODUCTION

The improvement of ash quality from incineration of
municipal solid waste (MSW) is a very important R&D
task for achieving sustainable waste treatment. Reus-
able products would be: minerals as secondary raw
material for building applications and heavy metals as
ore concentrates.

Such improvements will be accepted only if they can
be realised with moderate additional costs. Grate sys-
tems offer the technical potential for the intended im-
provement. In the present work the approach used for
improvement of bottom ash is the separation of the
heavy metals from the mineral matrix by evaporation.

The factors which influence the heavy metal evapora-
tion are temperature, partial pressure of oxygen and
the chlorine content in the gas, e.g. [1-3]. Macro- and
microscopic mixing and the mean residence time can
have an influence on the heavy metal evaporation.

2 PILOT PLANT AND DETECTOR POSITIONS

The pilot plant with a thermal power of 0,5 MW con-
sists of the main components (Figure 1): forward-
acting grate system, post combustion chamber system
and flue gas purification (cleaning unit).

Fig. 1: Pilot plant and detector positions.

For the incineration a synthetic model waste was pro-
duced using similarity theory [2]. The main compo-
nents were urban waste wood, plastics and lava as
mineral component. With this approach the results of
the pilot plant should be comparable with the ones

from municipal solid waste (MSW) incineration and
from model experiments in the tube furnace [2].

As the composition was kept constant during the
whole measurement campaign any observed effects
must be due to changes in operation and not due to
changes in the input waste stream.

In technology radio tracers have often been used for
measuring the residence time distribution (RTD), e.g.
[4]. The application of radio tracers for the localisation
and quantification of heavy metal evaporation in an
incineration process is new.

Zn and Cu isotopes were injected as tracers as a sin-
gle pulse at the front end of the grate. Their gamma
radiation was measured as a function of time with
detectors positioned alongside the grate and the flue
gas system.

3 RTD OF WASTE MATERIAL ON THE GRATE

The residence time distribution (RTD) information of
waste material on the grate is a prerequisite for calcu-
lating from the time-dependent evaporation signal the
location on the grate.

Indium oxide was used as a tracer for determining the
RTD of the grate furnace. In Figure 2 an example of
measured RTD is shown. The shape of the transients
recorded by the individual detectors is predominantly
due to insufficient shielding of the detectors.

detector position on grate

0.0 [m].
0.3 [m]
0.6 [m]'
0.9 [m].
1.3 [m]
1.9 [mf

0:00 0:10 0:20 0:30 0:40

time[h:min]
0:50 1:00

Fig. 2: Residence time distribution (RTD) measure-
ment of waste material on the grate.

The analysis of the shape of the curves suggests that
axial mixing is negligible. Therefore the system is
comparable to a plug flow stream. In the example the
measured residence time is 45 minutes for the whole
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grate. The relation between location and time is used
for calibrationing the following measurements.

4 COPPER EVAPOARTION

Two experimental measurements with Cu tracer are
shown in Figure 3. Both measurements were executed
under identical operation conditions (high temperature,
oxidising conditions) and show a good reproducibility.
The evaporation occurs alongside the whole grate and
can not be allocated to a specific place. Only 3 to 5 %
of the Cu was evaporated in a run, which confirms the
hypothesis that even under chemically favourable
conditions no substantial Cu evaporation occurs.

primary air zone: 1 2 3

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

position on grate [m]

Fig. 3: Normalised Cu amount detected in flue gas
scrubber after the pulsed addition of Cu tracer at posi-
tion 0. Accumulation is monitored while tracer is trans-
ported along the grate (0.0 to 2.0 m). oxi.: oxidizing
conditions; w: water content of waste.

For a significant reduction of copper in the bottom ash
other separation technologies such as mechanical
processes are needed, as they are presented for ex-
ample in [5].

5 ZINC EVAPORATION

For three different operation conditions the measured
Zn evaporation is shown in Figure 4. The two para-
meters which were varied on the grate were the oxy-
gen partial pressure and the temperature.
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Fig. 4: Normalised Zn amount detected in flue gas
scrubber after the pulsed addition of Zn tracer at posi-
tion 0. Accumulation is monitored while tracer is trans-
ported along the grate (0.0 to 2.0 m). oxi.: oxidizing
conditions; red.: reducing conditions (gasification); w:
water content of waste.

Figure 4 reveals that the general characteristics of zinc
evaporation is independent of the operating conditions
and the amount of evaporated zinc. The evaporation
takes place very fast i.e. in a narrow area on the grate.
However the location of the evaporation depends on
the operating conditions. The evaporation occurs al-
ways at a location with sufficiently high temperatures
and with reducing conditions. It reached up to 100%
evaporation of the injected Zn tracer if favourable con-
ditions are given.

For the run in Figure 4 yielding only 50% evaporation
of the radio tracer (wet, oxidising) we assume the fol-
lowing: First, the location of evaporation is shifted fur-
ther down the grate, due to delayed reaching of the
necessary temperature. Second, the shift in the tem-
perature profile brings the evaporation zone for Zn into
the region where oxidising conditions prevail (air zone
2). More and more ZnO is produced which is not vola-
tile and therefore zinc evaporation is stopped.

6 CONCLUSION

The new radio tracer method was successfully applied.
The transport of the radio tracers through the incin-
erator could be monitored, especially it allows to lo-
calise the place where the evaporation occurs.

The results show the expected trends. Cu is negligibly
evaporated whereas Zn is evaporated during a very
short period at high temperatures and reducing condi-
tions. By changing the operation conditions from com-
bustion to gasification the amount of evaporated zinc
can be increased.
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INVESTIGATIONS ON THE DECOMPOSITION OF MnO2 AND Fe2O3

UNDER CONCENTRATED SOLAR RADIATION

Th. Frey, D. Wuillemin, M. Sturzenegger

The decomposition of manganese oxide MnO3 and iron oxide Fe2O3 under concentrated solar radiation
was subject to kinetic and thermodynamic investigations. Experiments were conducted at PSI's solar fur-
nace with the specially designed apparatus, called TREMPER, combined with the in-house developed
temperature measurement technique FAMP. Irradiated samples were identified as mixtures of MnO-Mn3O4

and FeUx0-Fe304, respectively. The fraction of MnO ranged from 50 mol-% under air to 85 mol-% under
inert atmosphere. Decomposition of Fe2O3 under an inert atmosphere yielded samples with up to 25 mol-%
FeUxO.

1 INTRODUCTION

Metal oxides often function as energy carrier in ther-
mochemical cycles for converting concentrated solar
radiation to convenient chemical fuels such as hydro-
gen [1]. Knowledge about thermodynamics and kinet-
ics is needed to identify suitable metal oxides and for
designing efficient solar reactors. Since for tempera-
tures above 1900 K only few experimental data are
published, the decomposition of manganese oxide
MnO2 and iron oxide Fe2O3 was experimentally stud-
ied under different atmospheres at high temperatures.

2 EXPERIMENTAL

Solar experiments were conducted at the 45 kW solar
furnace at PSI. The main part of the experimental
setup (see Figure 1) is TREMPER, an apparatus to
study solar thermal reactions at high temperatures [2].
Key features to be mentioned are: On-line gas phase
analysis by means of mass spectrometry and the pos-
sibility to freeze the high temperature composition of
the sample by crushing it with a cold hammer.

In addition to previously reported experiments, sample
temperature measurement by means of flash assisted
multiwavelength pyrometry (FAMP) [3] was imple-
mented. The measured sample temperatures varied
between 1800 and 2100 K, which is in agreement with
the observed formation of Fe^O and MnO, respec-
tively. The validity of the temperature measurements
was verified by using oxides with known melting points
(CoO, MnO) as well as by comparing measurements
with a solar-blind pyrometer [3].

The starting material, pure manganese oxide MnO2 or
iron oxide Fe2O3, was pressed into pellets with a
thickness of 2 mm. For each experiment fragments of
them with a size of about 5 x 5 mm2 and a weight of
about 200 mg were placed on the sample support. Ex-
periments were conducted with different irradiation
times, under air or nitrogen, with and without quench-
ing. Reacted samples were analyzed by means of
powder X-ray diffractometry and thermogravimetric
reduction in hydrogen. To calculate the product com-

position in mol-%, the metal cations of the phases
were normalized to unity, i.e., Mn3O4 is treated as V3

Mn3O4.

Direct solar irradiance between the experiments varied
from 700 to 950 WITT2. Corresponding flux densities in
the sample plane ranged from 230 to 330 Wcnr2. The
gas flow through the reactor was set to 10 lNmin"1.

Fig. 1: Experimental setup: FAMP with flash and two
lenses (left), TREMPER (right) and a white target to
measure the flux density (rightmost).

3 RESULTS

Irradiation of the samples caused melting and the for-
mation of droplets with a diameter of about 4 mm. The
decomposition of MnO2 yielded mixtures of MnO and
Mn3O4. Phase analysis gave no evidence for the pres-
ence of Mn2O3. Figure 2 shows the MnO content of
MnO2 samples decomposed under nitrogen without
quenching as a function of irradiation time. Initially,
conversion to MnO increases with increasing irradia-
tion time. Beyond 100 s the MnO content levels off at
about 85 mol-%.

MnO contents of samples decomposed under air var-
ied between 25 and 50 mol-% (see Figure 2). For re-
action times longer than 20 s no dependence on the
irradiation time was observed. Chemical analysis gave
no evidence that quenching significantly effected the
final composition.
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Fig. 2: MnO content of MnO2 samples decomposed
under nitrogen (• not quenched) and under air (A
quenched, o not quenched) as a function of irradiation
time. Results were derived from thermogravimetric
reductions in hydrogen.

Decomposition of Fe2O3 produced mixtures of Fe^O
and Fe3O4. Table 1 shows, that under nitrogen, sam-
ples with up to 25 mol-% Fei.xO were obtained. The
composition of samples from experiments with and
without quenching do not differ significantly.

Irradiation
Time [s]

65
167
179
122
125

Quenched

no
no
no
yes
yes

Fe^O
[mol-%]

21
25
20
15
21

Table 1: Fe^O content of Fe2O3 samples decom-
posed under nitrogen. Results were derived from
powder X-ray diffractometry.

4 DISCUSSION

As can be appreciated from Figure 2 the decomposi-
tion of MnO2 under nitrogen includes two regimes: The
first one includes heating the sample and decomposi-
tion of MnO2 to a two phase mixture of MnO-Mn3O4.
On-line gas phase analysis and temperature mea-
surements, respectively, indicate that this step is com-
pleted after only 10 to 15 s. The authors of a similar
study suggested that this regime is controlled by the
diffusion of the released oxygen through the boundary
layer around the oxide [4]. The composition that corre-
sponds to the thermodynamic equilibrium is then es-
tablished by a distinctly slower process. An
unequivocal interpretation for this process is part of
ongoing research.

The decomposition of MnO2 under air (see Figure 2,
light symbols) initially proceeds similarly to that under

nitrogen. It is initiated by the formation of a mixture of
MnO and Mn3O4. The MnO content is slightly lower
than under nitrogen because of the higher oxygen
partial pressure. Although the results for the decompo-
sition under air are characterized by a larger scatter-
ing, we see no evidence for a further increase of the
MnO content when sample irradiation is extended up
to 6 minutes. We therefore assume that the equilibrium
composition is established immediately during the first
20 s of the experiment.

The course of the decomposition of Fe2O3 conducted
under nitrogen is similar to that of MnO2 under air. Af-
ter 20 s Fe1.xO-Fe3O4 mixtures with about 20 mol-%
Fe^O are formed. Neither extended irradiation nor
quenching appeared to effect the final composition
(see Table 1). Fe^O contents of about 20 mol-%
contrast with MnO contents of up to 85 mol-%. Al-
though a lower degree of reduction was expected be-
cause of the higher equilibrium temperature predicted
by thermodynamics, the observed Fe^O contents are
too low compared to earlier experimental studies [4].

In summary, TREMPER proved to be an excellent tool
to study high temperature reactions. It yielded valuable
information about the decomposition characteristics of
MnO2. Investigations to complete the assessment of
F e ^ O - F e ^ as a system for the production of solar
hydrogen will be conducted in the year 2000.
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PYROMETRIC TEMPERATURE MEASUREMENTS IN THE SOLAR FURNACE

H.-R. Tschudi, Ch. Muller

Surface temperatures are key parameters in many applications of concentrated solar radiation. Pyrometric
temperature determination is here hampered by the reflected solar radiation. Two approaches to solve this
problem were experimentally tested with the TREMPER reactor in the solar furnace at PSI: the flash as-
sisted multiwavelength pyrometry (FAMP) developed at PSI and a so called "solar-blind" pyrometer devel-
oped by IMP AC Electronic GmbH in Frankfurt, Germany, in collaboration with PSI. Performance,
advantages and disadvantages of the two different pyrometers are reported and discussed.

1 INTRODUCTION

Accurate temperature information is crucial for process
control in solar chemistry as in many other different
fields (metallurgy, semiconductor industry, chemical
processing etc.). Thermally emitted radiation is a con-
venient source for this information and pyrometry is an
established technique to measure surface tempera-
tures in absence of external light sources. But ordinary
pyrometry fails if emittance is not accurately known or
if external light sources strongly interfere. Both in-
stances typically occur in solar furnaces.

The FAMP method [1] developed at PSI can deal with
this situation. Figure 1 sketches the experimental set-
up. FAMP proceeds roughly as follows. The spectral
emittance/reflectance of the lambertian sample, the
temperature, and the spectral irradiance of the light
source are determined in situ by performing two
measurements of the spectral contents of the light
coming from the sample and from a cooled reflectance
reference situated nearby: one measurement without
and the second with additional light from a strong
electric flash. In a first step, the spectral reflectance of
the sample is determined from the spectra recorded
with and without the flash. The temperature and the
incoming spectral irradiance are then obtained from a
least-square fit of the input spectra without flash based
on an analytical model of the emitted thermal plus the
superimposed reflected external radiation. The method
also gives estimates for the statistical accuracy of the
measured temperature and irradiance values. It
causes no problem to measure temperatures through
a quartz window or a mirror of sufficient optical quality.
Effects of absorbing gases or vapours may be mini-
mised by an appropriate choice of the spectral interval
used for the analysis.

A solar-blind pyrometer is a one-colour pyrometer be-
ing sensitive uniquely in a spectral range where solar
radiation is absorbed by the atmosphere. Such a so-
lar-blind pyrometer was developed by IMPAC Elec-
tronic in collaboration with PSI. It uses a small
wavelength interval around 1400 nm where water va-
pour in the atmosphere absorbs sunlight. The water
vapour in the solar furnace does hardly interfere be-
cause of the short measurement distance of 60 cm.
The temperature range of the pyrometer lies between
500 °C and 2500 °C.

Fig. 1: The hardware configuration of FAMP.

2 EXPERIMENTS AND DISCUSSION

Both pyrometers were tested on the TREMPER reac-
tor [2] in PSI's solar facility. The samples were small
pellets (<|> = 8 mm) of slightly compressed powders
placed on a cooled sample holder inside a quartz cyl-
inder in order to allow for experiments under controlled
atmosphere. The incoming concentrated solar radia-
tion (maximal flux s 3 MW nrr2) is deflected by 90° by a
cooled silver mirror. For the temperature measure-
ments, the sample and the reflectance reference were
observed through the cylinder and the mirror.
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Fig. 2: Comparison of FAMP with a thermocouple
(solid line). Dashed line: solar input.
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In a first experiment, an oxidised nickel cylinder was
used as a sample with a thermocouple placed just be-
low the surface exposed to radiation in order to test
the accuracy of FAMP. Figure 2 shows the output of
the thermocouple (solid line) and of FAMP, both in K.
Solar irradiation was constant at 890 Wnrr2. The input
solar flux was varied by a partial closing of the en-
trance shutter of the furnace. The resulting effective
solar input is indicated in Figure 2 by the dashed line.
The erroneous FAMP values at the beginning are a
consequence of the time delay of about 3 s between
the two corresponding images with and without flash
during the steep temperature rise. The error bars indi-
cate 95% confidence intervals. The relatively high sta-
tistical uncertainties during the irradiation period are
caused by the low intensity of the flash compared with
the incoming concentrated solar radiation.
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Fig. 3: Comparison of FAMP with a solar-blind py-
rometer (solid line). Dashed line: solar input.

In the second experiment, a Fe2O3 sample under ni-
trogen was observed with both FAMP and the solar-
blind pyrometer (see Figure 4). Solar irradiation was
again fairly constant at about 880 Wnr2. The dashed
line gives the effective solar influx as a function of
time, the solid line the output of the solar-blind py-
rometer, the open circles the results of FAMP (95%
confidence intervals). The pyrometer temperature un-
expectedly reaches a maximum of 1980 K five sec-
onds after the opening of the shutter. The temperature
then monotonously decreases and stabilises at about
1910 K, 60 seconds later (dotted line). We explain this
feature as an effect of the chemical reduction of Fe2O3

to a mixture of Fe-|.xO and 1/3 Fe3O4 with a molar ratio
of 1:1. The apparent temperature decrease is, in fact,
rather an decrease of the emittance of the sample in
the course of the chemical reaction. A relative emit-
tance increase of 21% accounts for the effect.

The first FAMP temperatures are too high as a conse-
quence of the emittance change with time and of the
time delay between the corresponding images with
and without flash. However, there is a considerable
scatter of the FAMP temperatures even after stabilisa-

tion. We attribute this to erroneously determined re-
flectances because of the insufficient flash intensity.
Small differences of the incoming irradiances at the
moments where the images with and without flash are
taken lead to considerable systematic deviations of the
calculated reflectances. This hypothesis is supported
by an alternate evaluation of the FAMP input data
where temperatures were calculated with the mean
value of all reflectance spectra measured after stabili-
sation (full circles in Figure 3). The constant difference
of 13.7 +/- 3.1 K between the readings of the solar-
blind pyrometer and FAMP lies within the 95% confi-
dence limit of the FAMP results and can be explained
by an uncertainty on the true emittance of the sample
at 1400 nm.

3 ASSESSMENT OF THE TWO PYROMETERS

The direct and simple measurement principle of the
solar-blind pyrometer allows for a fast and reliable data
acquisition and evaluation at a moderate price of the
instrument. The influence of solar radiation is suffi-
ciently suppressed by the optical narrow band filter
used. The greatest weakness of the solar-blind py-
rometer is the one-colour principle. Precise tempera-
ture measurements require an accurate knowledge of
the actual sample emittance which is, however, often
not available.

The main advantage of FAMP is that the reflectance of
the sample is measured in situ. No assumption has to
be made except that the surface is lambertian. Data
acquisition and evaluation are considerably more
elaborated limiting the time resolution of temperature
determination. More complicated and expensive hard-
ware is needed.

The experiments performed this year have proven the
usefulness of the solar-blind pyrometer. They have
also shown that FAMP can reliably determine tem-
perature, reflectance, and irradiance of lambertian
surfaces. However, they have revealed that the flash
intensity on the sample must be considerably in-
creased by using a more powerful flash and an im-
proved focusing system for the flash light.
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THE PRODUCTION OF ZINC BY THERMAL DISSOCIATION OF ZINC OXIDE -
SOLAR CHEMICAL REACTOR DESIGN

P. Haueter, S. Moeller, Ft. Palumbo, A. Steinfeld (PSI and ETH Zurich)

We describe the design, fabrication, and preliminary test of a novel solar chemical reactor for conducting
the thermal dissociation of ZnO into zinc and oxygen at above 2000K. The reactor configuration features a
windowed rotating cavity-receiver lined with ZnO particles that are held by centrifugal force. With this ar-
rangement, ZnO is directly exposed to high-flux solar irradiation and serves simultaneously the functions of
radiant absorber, thermal insulator, and chemical reactant. The reactor design respects the constraints im-
posed by both the chemistry of the decomposition reaction and the transitory nature of solar energy. A 10
kW prototype reactor, made from conventional reliable materials, was tested at PSI's high-flux solar fur-
nace and exposed to peak solar radiation fluxes exceeding 3500 kW-m-2. The reactor system proved to
have low thermal inertia and resistance to thermal shocks.

1 INTRODUCTION

The production of Zn from ZnO in a high temperature
solar decomposition process is a means for converting
solar energy into a storable and transportable fuel. In
the process, the oxide is decomposed into its elements
at a temperature near 2000K. Zn, recovered after
quenching the product gases, can be used directly as a
fuel in a fuel cell or battery. It has been suggested that
when hydrogen is needed to supply a market, Zn be
used to split water to hydrogen in an exothermic reac-
tion. The by-product of either the power generation or
the water-splitting reaction is ZnO which would be recy-
cled to the solar process.

Our work focused on developing solar chemical reac-
tors that effect the decomposition of solid ZnO. In this
paper, we present our design methodology and engi-
neering details for one reactor concept.

2 DESIGN METHODOLOGY

The design was constrained by two boundary conditions
that, in our opinion, help insure the final process reactor
will be one that could be scaled to an industrial power
level. Firstly, the reactor concept respects the transitory
nature of solar energy. This constraint is pragmatic from
a mechanical engineering point of view: the reactor
must produce Zn while the sun is available. To accom-
plish this task, the reactor needs to have a low thermal
inertia. This design constraint also implies that the re-
actor is made from reliable materials of low thermal ca-
pacitance and be capable of withstanding the thermal
shocks that often occur under the severe environment
of transient intense solar radiation.

Secondly, the reactor concept must respect the chem-
istry of the reaction. At a basic level, this means that the
reactants must reach temperatures above 1850K for an
acceptable decomposition rate.

We have shown that the solar energy conversion effi-
ciency is determined, in part, by the interrelationship
between the solar flux intensity, the chemical kinetics of
the reaction, and the method by which the reactants are
fed to and extracted from the reactor [1]. A feed

condition for which the rate controlling step is the ZnO's
intrinsic chemical kinetics may lead to efficient heat
transfer but to a low exergy efficiency because, in this
case, the rate of solar absorption nearly equals to that
of emission [1]. In contrast, a feed condition in the form
of a packed-bed, for which the rate controlling step is
the heat transfer rate, may lead to an improved exergy
efficiency of the process [2]. Our reactor concept is
based on the later feed condition.

3 DESIGN DETAILS — ROCA

Figure 1 is a detailed schematic of our reactor concept,
called ROCA, that emerged from the above design con-
siderations. It is a reactor closed to air. The main com-
ponent is a rotating conical cavity-receiver (1) made of
Inconel steel, that contains a small opening, the aper-
ture (2), to let in concentrated solar radiation through a
window (3). Because of multiple reflections among the
cavity's inner walls, the cavity approaches a blackbody
absorber that can efficiently capture and absorb incom-
ing solar energy. The solar flux concentration may be
further augmented by incorporating a CPC (4) in front of
the aperture [3]. Both the copper-made window mount
and the aluminium-made CPC are water-cooled and
integrated in a concentric (non-rotating) conical shell
(5). The reactants, ZnO particles, are continuously fed
axially into the rotating cavity at the rear of the reactor
(6). The centripetal acceleration forces the ZnO powder
to the wall, forming a thick layer of ZnO (7) that insu-
lates and reduces the thermal load on the cavity's inner
walls. The gaseous products Zn(g) and O2 are swept
out by a continuous flow of inert gas that enters the cav-
ity-receiver tangentially at the front (8), and exits via an
outlet port (9) to a quench device (10). The purge gas
also keeps the window cool and clear of particles or
condensable gases.

With this arrangement, concentrated sunlight enters
through the windowed aperture and impinges on the top
surface of the ZnO layer, in this manner, the reactants
experience direct solar thermal radiation. This efficient
heating condition leads to a system with a low thermal
inertia—the reaction starts almost immediately. Fur-
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thermore, the ZnO itself protects the Inconel steel. The
ZnO serves simultaneously as radiant absorber, thermal
insulator, and chemical reactant.

From the ROCA design concept, a 10 kWth solar reactor
prototype was fabricated and is shown in Figure 2.

Fig. 1: Schematic of ROCA - a solar chemical reactor
for the solar thermal decomposition of ZnO. Legend: 1 =
rotating cavity-receiver, 2 = aperture, 3 = quartz win-
dow, 4 = CPC, 5 = outside conical shell, 6 = reactant's
feeder, 7 = ZnO layer, 8 = purge gas inlet, 9 = product's
outlet port, 10 = quench device.
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Fig. 2: The 10 kWth solar reactor prototype, tested at
PSI's high-flux solar furnace.

4 PRELIMINARY TEST RESULTS

Preliminary tests were conducted at PSI's new high-flux
solar furnace [4]. Zinc yields, purge gas rates, tem-
perature profiles, and dilution ratio (ratio of purge gas to
moles of decomposed ZnO) are some of the data that
have been recorded. The solar input power was 6.3 kW
for a peak solar flux of 3955 kW-nr2 at the focal point
and an average solar flux of 2228 kW-rrr2 over the ap-
erture. The reactor has little thermal inertia: as soon as
the furnace shutter is opened to 33%, ZnO surface

temperature increases at a rate of over 1000 K-sec"1.
We also observed the immediate start of the reaction
when the shutter was fully opened. The temperature at
the outer conical shell did not exceed 900K, corrobo-
rating the thermal insulation effect of the ZnO layer.
Based on the mass of products collected in the quench
device for a given time period of irradiation, the rate of
ZnO decomposition for an experiment was estimated to
be 6 gr-min"1. An N2 purge gas flow rate of 30-40 ln/min
was used resulting in a dilution ratio in the 20-25 range,
which is an encouraging value. It is most desirable to
keep this value as low as possible. Although it will need
to be verified by experimental work and rigorous nu-
merical modelling, we anticipate that the radiant heat
transfer condition on the exposed surface of ZnO within
the cavity will lead to high sunlight-to-fuel conversion
efficiencies.

5 CONCLUSION

At this juncture, we have a reactor capable of operating
at temperatures near 2000K made from conventional
reliable materials. It has a low thermal inertia, and it is
resilient to thermal shock. The reactor design respects
the constrains imposed by both the chemistry of the de-
composition reaction and the transitory nature of solar
energy. The development work is now focused on ex-
perimental evaluation and on finding optimal operating
conditions for maximum exergy efficiency.
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EFFECTS OF THE MOLECULAR DIFFUSION ON THE DETERMINATION OF THE
QUANTUM EFFICIENCIES IN HETEROGENOUS PHOTOCATALYSIS

M. Corboz, I. Alxneit, H.-R. Tschudi

A framework to determine the quantum efficiency r\ of a photoreaction in a porous layer of photocatalyst is
presented. The procedure relies on a model of the photoproduct diffusion in the porous structure of the
photocatalyst. The model incorporats a position dependent source term mirroring the light intensity profile
in the layer and an effective diffusion coefficient Deff. It allows for a simultaneous determination of r\ as well
as Deff. The method is applied to the photosynthesis of CH4 from gaseous H20 at the solid/gas interface of
a porous layer of TiO2 (Degussa P25). A value ofr\ = (8.79 ± 0.79) x 10-4 is found for the formation of CH4

and an effective diffusion coefficient Deff = (5.64 ± 2.51) x 10~10 cm2 s~1is obtained.

1 INTRODUCTION

We propose a new method to determine the quantum
efficiency from data of batch experiments in fixed-bed
photoreactors where gaseous products accumulating
above the photocatalyst bed are measured by for ex-
ample mass spectroscopy. The method can also be
applied to experiments with immersed catalyst beds as
used in water detoxification studies. The method is
applied to the photosynthesis of CH4 from gaseous
H2O at the solid/gas interface of a porous layer of TiO2

(Degussa P25) that has been extensively studied be-
fore [1,2,3,4].

2 EXPERIMENTAL RESULTS

The photochemical experiments were performed in a
u-reactor shown in Figure 1. The u-reactor and details
of the sample preparation are discussed in [5]. A 200
W Hg/Xe-lamp was used as light source and the in-
tense Hg emission line at 365.015 nm was selected by
a narrow bandpass filter (Jo = 8,7 x 10"9 mol s"1).
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Fig. 1: Schematic setup of the experiment. The re-
actor is irradiated while closed.

The samples were prepared by transferring an aque-
ous suspension of TiO2 onto the sapphire discs form-
ing the windows of the u-reactor and by subsequent
slow evaporation of the solvent. With this technique,
200-800 ug TiO2 were deposited onto the windows as
dense, optically homogeneous layers of 11 mm di-
ameter. The structure of the TiO2 layers was analysed
in some details by SEM microscopy (Topcon ATB-60)
and their corresponding thicknesses d = 1.5-6.0 urn

and their porosities cp = 0.58 ± 0.07 were determined
from the micrographs. The light absorption coefficient
K(365 nm) = 0.34 ± 0.11 unr1 and the scattering coef-
ficient S(365 nm) = 0.68 ± 0.07 urn"1 of the samples
have been determined experimentally.

The influence of the layer thickness on the product
formation for two configurations (see Figure 2) was
studied.. In "front irradiation", meaning that the TiO2

layer was irradiated on the side facing the gas volume
of the u-reactor, the photons are primarily absorbed at
the interface between the layer and the reactor cavity
in which the products are accumulated. In "back irra-
diation", the geometry of the setup is inversed such
that the photons are mainly absorbed at the sapphire
TiO2 interface.

Fig. 2: CH4 yield measured after 600 s of irradiation.
The solid line represents the "back irradiation" geome-
try while the dashed line corresponds to the "front irra-
diation" geometry.

3 MODELLING AND DISCUSSION

As show in Figure 2, the influence of the layer thick-
ness on the CH4 production depends on the choice of
the irradiation geometry. This can be explained by a
simple model of the system. The photoproduction oc-
curs in the whole finite layer and depends on position
due to the spatial variation of the light intensity in the
layer. In the framework of the Kubelka-Munk theory,
this source term q(x) is given by

q(x) = r1-K-E{x) (1)



35

where E(x), the light intensity profile, can be calculated
from the optical characteristics (K and S) of the layer.
The diffusion of the photoproducts from their place of
formation in the layer to the void volume of the u-
reactor has to be taken into account. This diffusion
process is described in this work by a phenomenologi-
cal effective diffusion coefficient Deff without any refer-
ence to the nature of the different microscopic
processes involved. One has to solve a 1D diffusion
problem with the corresponding source term and ap-
propriate boundary conditions.

-^c(x,t) = Deffj-Fc(x,t) + q(x) (2)

c(d,t) = -^\tdt'4rc(d>V) (3)

where (3) reflects that products leaving the porous
layer accumulate in the void volume of the u-reactor.
The measured quantity is the photoproduct concentra-
tion in the void volume cv(t):

(4)

All the arguments, except r\ and Def{, are external ex-
perimental parameters (t,d,J0) or known from other
experiments (K,S). The analysis was performed with
numerical integration based on a discretisation ap-
proach. The values Deff = (5.64 ± 2.51) x 10"10 cm2 s"1

and TI = (8.79 ± 0.79) x 10'4 were determined by a
non-linear least square fit (Levenberg-Marquart) from
the measured CH4 yield of Figure 2.

Fig. 3 Simulation of the experimental data of Figure
2. For both curves Deff = 5.64 x 10"10 cm2 s~1 and t| =
8.79 x 10"4.

Even if, as shown in Figure 3, the reproduction of the
experimental results is not perfect, we judge the fit to
be quite satisfactory taking into account the uncertain-
ties of the measured layer thicknesses and the poros-
ity, respectively. The general form and the
dependence on the irradiation geometry have been
reproduced astonishingly well. The method allows to
determine independently the values of ri and Deff. The
position of the maximum of the curve cv(d) is a sensi-
tive indicator for the value of Deff, while the quantum
efficiency enters only as a multiplicative factor and
does not influence the shape of the curve.

4 CONCLUSION

The method allowed to determine the quantum effi-
ciency r| = (8.79 ± 0.79) x 10"4 in the case of the pho-
tosynthesis of CH4 from CO2 and H2O at the surface of
TiO2 and a surprisingly small value of Deff = (5.64 ±
2.51) x 10"10 cm2 s"1. We explain this low value by a
high tortuosity of our samples produced by slow sedi-
mentation of aqueous suspensions. We stress the fact
that Deff has to be considered as an effective diffusion
coefficient eventually comprising processes like prod-
uct adsorption and desorption.

The procedure described in this study is rather general
and may also be applied with minor modifications to
other traditional catalysis methods.
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OPTIMIZATION OF THE PERFORMANCE OF A THERMOPHOTOVOLTAIC
CONVERTER

J.C. Mayor, W. Durisch, J.-Ch. Panitz, F. von Roth

Theoretical considerations show that an optimum emitter temperature exists at which the electrical effi-
ciency of a thermophotovoltaic (TPV) generator reachs its maximum. The location of the optimum depends
on the combustion parameters and on the spectral characteristics of the main components of the system:
emitter, filter and photocells. Theoretical calculations indicate that the filter should not absorb but reflect the
part of the infrared radiation which cannot be converted by the photocells. The emitter temperature itself
can be controlled by the burner power and the combustion air number. Thus the optimum working condi-
tions can be found by varying these two parameters.

1 INTRODUCTION

The principle of TPV is the conversion of thermal ra-
diation emitted by a hot radiator into electricity, using
suitable photocells. The TPV generator developed at
PSI was already described in the Annual Report, An-
nex V 1997, [1]. This article describes the progress
achieved during the year 1999. The most important
achievement was the commissioning of a 20 kWthTPV
generator. As theoretical considerations showed that
an optimum emitter temperature exists at which the
electrical efficiency of a TPV generator reaches its
maximum, first experiments were performed in order
to confirm this theory.

2 THEORY
The location of the optimum not only depends on the
combustion parameters and on the optical characteris-
tics of the emitter, but also of the components situated
between the emitter and the photocells, particularly on
the spectral characteristics on the filter. Figure 1
shows qualitatively the temperature distribution in the
burner/emitter system.

burner emitter

•ad

exhaust
gases

Fig. 1: Temperature distribution in the burner/emitter
system.

The radiation share will be first defined. It is the part of
the burner energy which is transferred through the
flame to the emitter by thermal convection. Under the
assumption that the temperature of the exhaust gases
is approximately equal to the emitter temperature, Tgex

~ Tem (which means a high heat transfer from the
flame to the emitter) this ratio may be written as:

4 Qem

Qbr

m9 h(Tad)-h(Tem)
(1)

where

T,ad adiabatic flame temperature [K]
emitter temperature [K]
gas enthalpy [J/kg]
lower heating value of methane (50.1 MJ/kg)
specific gas mass flow [kg/s-m2]
radiant power of the emitter [W/m2]
specific burner power [W/m2]

The radiation share %em depends of the air number Xak

as Tad decreases in function of Xair Eq. (1) shows
therefore that £,em is a decreasing function of both pa-
rameters Tem and Xair. Furtheron only a part of the
emitter radiant energy will be converted into electricity
by the photocells:

h

K
m

Qbr

4s, = (2)

Due to the Wien's displacement law this ratio is an
increasing function of Tem.
With these definitions the electrical efficiency can be
written as the product of the two previous functions:

•n - el — ? f-1 \el ~ • ~ Sem ' Se/
Qbr

(3)

this product shows an unambiguous maximum in func-
tion of the emitter temperature Tem.

The following example shows this behavior for a TPV-
generator equipped with a Yb2O3 emitter, Si photocells
and two different filters (a single quartz window and a
filter consisting of a layer of Sn-doped ln2O3 on glass,
[2]). Figure 2 shows the influence of both filters on the
electrical efficiency and on the optimal emitter tem-
perature. The main reason for the better behavior of
the ln2O3filter is due to its high reflectance in the infra-
red spectral region. Unfortunately this filter shows a
relatively high absorption for wavelengths between 1
to 3 |xm which heats up the filter. The relationship be-
tween the emitter temperature and the burner power
can be found by applying the Wef Radiation Method [2]
to the whole system. Neglecting the influence of the
photocells the radiative emitter power is given through



39

the following relation:

(4)

where p(T,X) is the Planck's hemispherical radiative
power at the temperature 7". The factor p is a function
of the geometry (emitter radius r1t filter radius r2) and
of the spectral characteristics of both emitter
(emissivity sem) and filter (reflectivity Rf). For infinite
cylindrical geometry this factor can be written:

(5)

Filter: Quartz
1.2

1200 1300 1400 1500 1600

Emitter ternperature [°C]

Fig. 2: Electrical efficiency in function of the emitter
temperature and air number.

The emitter temperature can then be determined
through an energy balance over the emitter. This leads
to a nonlinear integral equation for the unknown emit-
ter temperature Tem:

-Te ) = J (6)

Figure 3 shows the solution of Eq. (6) for the two filters
considered above (Aair = 1.05 -^ Tad = 1984 °C). This
figure shows that the optimum emitter temperature can
be reached through a corresponding adjustment of the
burner power.

1800

100 200 300 400

Specific burner power [kW/m2]

500

Fig. 3: Emitter temperature in function of the specific
burner power (power per unit emitting surface).

For the mentioned example:

• Sn-ln3O2: 7"em=1450°C

• Quartz:

qbr = 125 kW/m2

Tem = 1600 °C -> qbr « 500 kW/m2

3 EXPERIMENTAL RESULTS

Figure 4 shows some experimental results gained with
the 20 kWth TPV demonstration heating system
(without axial reflectors and with a water filter consist-
ing of a thin water shield between two quartz cylin-
ders).
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Fig. 4: Electrical efficiency in function of the burner
power and air number (Yb2O3 emitter, empty points:
single layer tissue, filled points: double layer tissue).

The strong influence of the air number and burner
power on the electr. efficiency is clearly demonstrated.

4 CONCLUSION AND OUTLOOK

Till now an electric power of 80 W has been reached
with the 20 kWth burner. Future activities will focus on
the improvement of the emitter and filter. The integra-
tion of the system inside of a commercial heating
boiler will be made in close cooperation with our in-
dustrial partner. Further experimental and modeling
work will be performed in order to optimize the whole
system.
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CATALYST DEVELOPMENT FOR A NO-NOX NATURAL GAS-HYDROGEN-AIR
BURNER WITH IGNITION AT ROOM TEMPERATURE

E. Newson, P. Hottinger, F. von Roth, T.B. Truong

Previous work [1] had demonstrated the technical feasibility of the catalytic ignition at room temperature of
methane-propane-air mixtures by the addition of hydrogen in the reactant gas to the catalyst. Total oxida-
tion efficiencies were 95% and catalyst lifetime was only 500 hours. By suitable choice of reaction engi-
neering parameters, and control of the hotspot in the commercial, noble metal, monolith catalyst, total oxi-
dation of methane was increased to 99.6%, propane to 99.9%, after 1000 hours of continuous operation.
Subsequently, the cold start procedure with hydrogen was repeated and initial catalyst activity without hy-
drogen was again demonstrated. Power densities were in the range 160 kW/m2 with methane slip of
260 mg/kWh. Initial experiments in scaleup to 3 kW with industrial partners are being investigated.

1 INTRODUCTION

By virtue of its high hydrogen content, natural gas
(primarily methane, CH4) is the premium fossil fuel for
heating and power applications. In contrast to flame
combustion of fossil fuels at temperatures over
2000°C, catalytic combustion takes place generally
below 1000°C thus excluding the formation of nitrogen
oxides (NOX). In previous work with natural gas, hy-
drogen, air mixtures [1], the room temperature ignition
of hydrogen followed by the ignition of propane and
methane was shown. Due to the high adiabatic tem-
perature rise (ATad) for propane and methane, hot spot
temperatures of 680°C were observed with severe
deactivation after 500 hours.

CH4 + 2O2 => CO2 + 2H2O

C3H8 + 5O2 => 3CO2 + 4H2O

2H2 + O2 => 2H2O

ATad = 245°C

ATad = 628°C

ATad = 82°C

In recent literature [2], hydrogen assisted catalytic
combustion of methane on platinum has been demon-
strated with inlet gas temperatures of 27°C. In the
same workshop, a zero NOX catalytic ceramic natural
gas cooker was described where ignition is started
with a conventional flame which is extinguished as
catalytic conversion increases. A platinum on a lan-
thanum stabilised catalyst as a washcoat on a ceramic
honeycomb was the most suitable catalyst [3].

The purpose of this report, is to show how methane
conversion and catalyst lifetime have been significantly
increased by hotspot control. With a view to no-NOx

catalytic burner development, subsequent room tem-
perature ignition of methane by hydrogen addition was
confirmed and the turndown ratio effect was investi-
gated.

2 EXPERIMENTAL

In a project partially supported by Gaz de France, the
laboratory apparatus shown in Figure 1 was used to

investigate the room temperature ignition of synthetic
mixtures of methane, propane, hydrogen (for startup
only) and excess air (stoichiometric ratio ca. 5/1). The
gas mixture was passed over a commercial, noble
metal, monolith catalyst in a well insulated reactor tube
without external heating. After total oxidation, water is
removed from the exhaust gases before online sam-
pling by gas chromatography for unburnt hydrocar-
bons and carbon oxides. PC control of the apparatus
allows unattended operation and continuous datalog-
ging for safety controls.

'(stainless steel)

Glaswool
Catalyst:
Monolith

0 1 3 x 20mm

Exhaust
Gas

Data Logging
Water Separator

Gas-Chromatograph
HC's ; H2; N2 ; O2

CO ; CO2

Fig. 1: Laboratory apparatus for total oxidation of
methane/propane air mixtures with a commercial noble
metal monolith catalyst. Hydrogen addition only for
startup at room temperature.

3 RESULTS AND DISCUSSION.

To investigate the intrinsic activity of the commercial,
noble metal, monolith catalyst, a sample was crushed
and placed in a microreactor to determine the conver-
sion-temperature characteristic for a 1% methane-air
mixture, Figure 2. The results show a 10% methane
conversion (lightoff) under isothermal conditions at a
temperature of 330°C.
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Fig. 2: Temperature-conversion characteristic for
methane-air oxidation using a crushed, noble metal,
monolith catalyst; gasmixture: air = 400 ml/min, meth-
ane = 4 ml/min (1 vol%).

Catalyst deactivation in the monolith form was tested
continuously for 1000 hours as shown in Figure 3.
Room temperature ignition of the 3% methane, 0.05%
propane mixture in air was achieved by initially adding
3% hydrogen to the reacting gases. On reaching a
hotspot temperature under 600°C, the hydrogen was
turned off.
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Fig. 3: Catalyst deactivation of the commercial, noble
metal monolith catalyst in the total oxidation of meth-
ane-propane-air mixtures, VHSV = 24'000 h-1, mono-
lith: 013x20 mm.

Compared to a previous run at more severe condi-
tions, conversions were maintained at 99.6% (meth-
ane) and 99.8% (propane) for 1000 hours. On shut-

down, the turndown ratio was tested and the room
temperature ignition phenomena were repeated as
shown in Table 1. Catalyst deactivation was in evi-
dence as shown by the 5% hydrogen needed for
startup, after 1020 hours compared to 3% hydrogen
initially (10 hours).

Run [hours]

Hotspot [°C]

CH4 conversion

( 3 vol% inlet)

H2 vol% in the 20 Min.

startup procedure

10

594

99.9

3.0

1000

586

99.6

-

<r- cold-start -»

1020

589

99.7

5.0

1040

588

99.7

5.0

1070

591

99.9

5.0

Table 1: Room temperature ignition of the monolith
catalyst after the 1000 hour run.

4 CONCLUSION AND FUTURE WORK

The results from laboratory scale have shown that
control of hotspot temperatures to less than 600°C
significantly increases catalyst life (> 1000 hours) with
high conversions of methane (99.6%) and propane
(99.8%). The addition of hydrogen was only necessary
for startup from room temperature. Power densities of
160 kW/m2 were achieved, similar to literature data [4].
The commercial noble metal monolith catalyst had a
lightoff temperature in methane-air mixtures of 330°C.
Future work is aimed at scaleup to 3 kW size with
industrial partners together with optimisation of mono-
lith geometry and noble metal contents.
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SIMULTANEOUS RAMAN AND LIF MEASUREMENTS IN A CATALYTIC BURNER

R. Bom bach, W. Hubschmid, A. Inauen, B. Kappeli

A turbulent catalytically stabilized combustion process has been characterized by applying simultaneously
multispecies Raman spectroscopy and laser induced fluorescence (LIF).

1 INTRODUCTION

The examination of turbulent combustion processes is
especially challenging for laser diagnostics because as
many quantities as possible have to be recorded within
the turbulent time scale. By obvious reasons a detec-
tion resolved in at least one dimension is highly desir-
able. We have chosen a combined Raman/LIF diag-
nostics system. The Raman spectra give the quantita-
tive 1-D distribution of the majority species N2, O2,
H2O, and H2 at 13 positions in the combustion channel
whereas the LIF method shows the 2-D distribution of
the hydroxy! (OH) radical.

The experiment is challenging by the presence of win-
dows, the poor optical accessibility of the space be-
tween the plane parallel plates, and by index variations
within the gas under investigation. The windows con-
tribute to the stray light level by scattering and fluores-
cence. The windows and the index variations prevent
the use of multi-pass techniques and signal retrore-
flectors. The plates themselves limit the optical collec-
tion angle severely and lead to vignetting effects. They
prevent the use of point focussing of the excitation
beam, too. On the other hand, the conditions of the
catalytically stabilized combustion process are very
favorable to (ultraviolet) Raman measurements,
namely the comparatively low temperatures and the
absence of hydrocarbons. In addition the lean equiva-
lence ratio and the hydrogen fuel facilitate data analy-
sis. So a signal loss of one to two orders of magnitude
compared to conventional approaches [1] had to be
expected.

2 EXPERIMENTAL

The experimental setup is depicted in Figure 1. A two
stage tuneable narrowband KrF excimer laser
(Lambda Physik Compex 150 T) was used as Raman
excitation source. The pulse energy was 230 mJ at
248 nm. The laser light profile of 25 x 6 mm was fo-
cused to a line by an f=202 mm cylindrical quartz lens
(L1). Two 70 mm diameter quartz lenses (L2, L3) col-
lected the Raman scattered light and focused it to the
entrance slit of a 25 cm imaging spectrograph. The
much more intense Rayleigh signal was attenuated by
a 1 cm liquid filter containing butyl acetate of appropri-
ate concentration. The excimer laser was carefully
tuned to a wavelength within the 248 nm emission
band which did not excite water vapour, OH radicals or
hot oxygen molecules [2].
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Fig. 1: Experimental setup for the combined Raman/
LIF measurements, see text.

A Nd:YAG pumped, frequency doubled dye laser
(Quantel YG-781C/TDL50) provided a wavelength of
285.088 nm to excite the P1(7) line of the OH(1-0)
band. The signals of the OH(1-1) and (0-0) transitions
have been selectively filtered to observe the 2D LIF
images [3,4].

Both, the 1-D Raman and the 2-D LIF signals have
been recorded with cooled intensified CCD cameras
(LaVision FlameStar2F).

The combustion channel consists of two electrically
preheated platinum coated ceramic plates 300 mm
long and 100 mm wide separated by a distance of
7 mm. The measuring positions were located 20 mm
off-center to maximize the optical collection angle.

3 DATA ANALYSIS

The Raman data have been referenced to a room
temperature distribution of nitrogen in the combustion
channel. The determination of the effective Raman
cross sections was made by recording the signals of a
mixture of H2 and air of known composition. Despite
the filtering of the Rayleigh signal, stray light problems
have still been severe. A polynomial was fit to five
points of the background signal to account for the
spectral varying stray light contribution. A first guess of
the temperature distribution was derived from the ni-
trogen signal assuming ideal gas behavior. These
temperature values have been used to correct the
temperature dependent Raman cross sections using
data from Eisenberg [5]. Repeating the above steps
five times gave a good convergence of the iteration.
Actually the temperature determination is the same as
for Rayleigh measurements with the additional ad-
vantage of a spectrally separated signal.
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The OH signals have been calibrated using an ab-
sorption measurement described in [3]. These cali-
bration measurements were made with a homogene-
ous laminar combustion in the channel.

4 RESULTS

Figure 2 shows the temperature distribution and the
spatial evolution of the hydrogen and water vapour
concentrations at a flow velocity of 40 m/s and a fuel
equivalence ratio of q> = 0.24. Making the measure-
ments at 13 positions allows for a quasi-2-D display.
Each of the 1-D spectra has been integrated over 100
laser shots which corresponds to an UV energy of
23 J.

.9

1

Fig. 2: The distribution of H2O (left; 0 to 12% scale),
H2 (mid; 0 to 10%), and temperature (right; 300 to
1300 K) within the combustion channel. The flow was
from bottom to top. The straight lines mark the meas-
uring positions whereas the curves indicate the corre-
sponding profiles. The actual observed channel size
was 210 x 7 mm.

To observe turbulence quantities additional 500 single
shot spectra have been recorded at every operating
condition and each of the 13 measuring positions ex-
tending from 25 mm to 235 mm from the beginning of
the catalytic surface. Figure 3 shows the mean values
and standard deviations of water and hydrogen con-
centrations and temperature. The combustion channel
was operated at a flow velocity of 20 m/s and a fuel
equivalence ratio of 0.24.

40 60
y

Fig. 3: Statistics of 500 single shot spectra, see text.
The abscissa indicates the distance between measur-
ing position and upper catalytic plate, in arbitrary units.

5 SUMMARY

We succeeded in measuring quantitatively the spatial
evolution of the combustion of a mixture of hydrogen
and air which is flowing between catalytically active
plates. The applied technique was 1-D spatially re-
solved Raman spectroscopy.

The obtained data will be used to test models of tur-
bulent catalytically stabilized combustion (TCSC).
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TEMPERATURE MEASUREMENTS IN SOOTY FLAMES BY
LASER-INDUCED GRATINGS

B. Hemmerling, A. Stampanoni-Panariello

The dependence of the oscillation period of the grating scattering efficiency on the intensity of the pump
laser is a serious limitation for the use of laser-induced gratings for temperature measurements in sooty
flames.

Measurements in sooty flames are a demanding task
for optical diagnostics. Besides increased absorption
and scattering due to soot, laser-induced incandes-
cence of soot is a major problem for spontaneous
Raman spectroscopy. Furthermore, laser produced C2

can interfere in coherent anti-Stokes Raman scattering
(CARS) measurements. While widely recognised as
established method to determine flame temperatures,
vibrational CARS, based on a Nd:YAG system, is of
limited use in soot loaded flames. Rotational CARS
trades off the C2-problem for a reduced sensitivity of
measurements at high temperatures. Recently, laser-
induced gratings have been proposed for temperature
measurements in sooty flames [1]. The present contri-
bution addresses some of the problems which were
encountered by using this technique.

Laser-induced gratings arise from the interference of
two pump beams of wavelength XP, which intersect
each other in a medium at an angle 8. The interfer-
ence produces a spatially periodic light intensity distri-
bution with fringe spacing A. This intensity distribution
may change the complex refractive index of the me-
dium by various resonant or non-resonant mecha-
nisms.

Laser-induced gratings can be detected by scattering
the beam of a probe laser off the grating. The scatter-
ing efficiency is high if the Bragg condition is satisfied.
To follow the temporal evolution of the scattering effi-
ciency, a continuous wave laser or a pulsed laser with
an adjustable delay with respect to the excitation laser
pulse has to be used for the detection process.

The scattering efficiency of a laser-induced grating is

(1)
_ Is_ _ (nAndY (AKdY

~ h~{ ^R J V 4 )
where IR and /s are the intensity of the read-out and
the scattered beam, d is the thickness of the grating,
XR is the wavelength of the read-out laser, and An and
AK are the changes of the refractive index and of the
absorption coefficient across a fringe of the grating,
respectively. If there is no laser-induced absorption at
the wavelength of the read-out laser, a pure phase
grating is obtained.

Soot particles absorb widely across the electromag-
netic spectrum. Hence it is possible to generate laser-
induced gratings with almost any pulsed laser source.
The absorbed energy is balanced by an increase in
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Fig. 1: Temporal evolution of the grating scattering
efficiency, a measured in a propane/air diffusion
flame, b simulation.

particle temperature, by heat conduction to the sur-
rounding gas, by vaporisation of the particle, and by
radiation, respectively. Fast energy release generates
acoustic waves with their wavelength defined by the
fringe spacing of the interference structure. They
propagate in opposite directions, normal to the planes
of the fringes. The counter-propagating acoustic
waves form a standing wave and thereby a spatially
periodic density grating that oscillates in time with the
period TG = A /v (v is the sound velocity). Simultane-
ously a stationary density grating is generated having
the same amplitude as the standing acoustic wave.
Therefore, the oscillation period of the scattering effi-
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ciency of the laser-induced grating is given by TG.
Slow relaxation of absorbed laser energy exclusively
forms a stationary density grating.

If fringe spacing and gas composition are known, the
temperature 7of the medium can be deduced from the
oscillation period TG of the grating scattering effi-
ciency,

be considered for the decay of the absorption grating.

T =
A 1 M

y
-R-i

(2)

where R denotes the universal gas constant, y the
specific heat ratio, and M the molar mass. While the
gas composition can be assessed by combustion equi-
librium codes, there may be problems to determine the
oscillation period of the grating scattering efficiency.

In our experiment, the pump beams are provided by
the output of a Nd:YAG laser at its fundamental
wavelength (kP= 1064 nm). The pulse length is about
8 ns. Both beams are crossed at an angle of 9 = 0.6°,
resulting in a fringe spacing of A = 100 (im. A cw Ar+

laser (XR = 514 nm) is employed to read out the grat-
ing [2].

Figure 1a depicts the first 0.5 \xs of the temporal evo-
lution of the grating scattering efficiency, acquired with
a pump laser intensity of lp = 0.6 GW/cnf in the vicinity
of the flame front of a propane/air diffusion flame. The
signal starts with a sharp spike and is followed by an
oscillation of frequency ĉ  = 200 MHz which suddenly,
after about 100 ns, switches to frequency
c^ = 100 MHz. The light absorbed from the pump
beams rapidly (< 8 ns) vaporises the soot particles
resulting in a vapour cloud, mainly consisting of C, C2,
and C3. Due to the production of C2, an absorption
grating is generated in addition to the phase grating,
as the wavelength of the probe laser (514 nm) acci-
dentally coincides with a transition of C2 (see Eq. 1).
The phase grating partly cancels the contribution of
the stationary density grating to the total scattering
efficiency leading to an oscillation period of the scat-
tering efficiency of 1 G / ^ - Figure 1b depicts a simula-
tion of the grating scattering efficiency. The time con-
stant of the signal decay, given by viscosity and heat
conduction, was taken from the measurement. To
reproduce the measured temporal signature of the
grating scattering efficiency we had to take into ac-
count a time constant Tab = 90 ns for the decay of the
absorption grating. At flame temperature the mean-
free path is about 0.5 jim. The collision rate is ap-
proximately 3 GHz, so the vapour molecules are rap-
idly mixed with the combustion gases over a short
distance. An estimated diffusion coefficient of
0.3 cm2/s for C2 in N2 [1] indicates that the absorption
grating is washed out with a time constant of xw = 8 us.
Therefore, other processes than washing out have to

1850

intensity / GWcrrf

Fig. 2: Temperature, deduced from the oscillation
period of the grating scattering efficiency, versus
pump beam intensity.

By varying the intensity of the pump laser in a acety-
lene/air diffusion flame we found a correlated change
of the oscillation period of the grating scattering effi-
ciency. Figure 2 depicts the resulting temperature
versus the pump laser intensity. For the sake of sim-
plicity we assumed the gas composition of air. This
certainly affects the absolute temperature but not its
dependence on the pump laser intensity. There is a
sharp rise of the temperature with increasing pump
laser intensity until the threshold of vaporisation is
reached (about 0.4 GW/cm2). Above this threshold the
temperature increases at a lower rate, nearly linearly
with increasing pump laser intensity. For pump laser
intensities significantly exceeding the vaporisation
threshold the particle is entirely vaporised already at
the leading wing of the laser pulse and no more en-
ergy can be absorbed by the medium. However,
higher laser energies enable particles in the spatial
wing of the pump laser beams to contribute to the
absorption process. Below the threshold of vaporisa-
tion the heat absorbed by the particle is lost by vapori-
sation and conduction changing temperature and
composition of the surrounding gas. The modification
of the local gas composition increases the value of M/y
on the order of 15% [1]. Energy release by heat con-
duction is a comparable slow process (TR = 4 \\s, as-
suming a particle radius of 50 nm) leading to the for-
mation of a stationary density grating.
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LIF MEASUREMENTS OF THE LIQUID-FUEL / AIR PREMIXING
IN ATMOSPHERIC AND HIGH PRESSURE BURNERS

A. Inauen, R. Bombach, T. Gradinger (ETH Zurich), W. Hubschmid, B. Kappeli

The mixing process of fuel and air in premixed atmospheric as well as high-pressure gas turbine burners
was studied using planar laser-induced fluorescence (LIF). The experimental data were compared to the
results of direct numerical simulation (DNS) for validation of new models developed at the ETH Zurich.

1 INTRODUCTION

The air pollutant (NOX, etc.) emission reduction po-
tential of combustors greatly depends on the under-
standing of the combustion processes involved. Both,
experimental and numerical methods are used to
achieve this goal. On the modelling side, direct nu-
merical simulation (DNS) is becoming a common tool
for optimization of burners or combustion processes.
This results in a increasing need for experimental vali-
dation of new numerical models adapted to special
combustors. Laser diagnostics (and more specifically
LIF) is well suited for this purpose because it is non-
intrusive, and therefore not disturbing the turbulence in
the reactors studied. This fact allows for an easier
comparison of experimental and numerical data.

2 EXPERIMENTAL

We used the laser-induced fluorescence (LIF) tech-
nique to study the mixing of fuel-oil light (FOL) and air
inside the cylindrical mixing tubes of gas-turbine com-
bustors, i.e. in a commercial full-scale atmospheric
burner (FAB) and a small-scale high-pressure burner
(SHB). The cylindrical mixing tubes partly consisted of
quartz to provide optical access for the laser wave-
lengths used (248 nm, 308 nm, and 351 nm). For
geometric reasons the LIF signal was observed at
angles of 37° and 44° with respect to the laser sheet
plane.

Fig. 1: Laser-induced fluorescence image of FOL
inside the mixing tube of the high-pressure burner (left:
uncorrected; right: after corrections). The line patterns
are due to impurities of the quartz tube.

The FAB experiments are described in detail by Arnold
et al. [1]. Only few modifications to the optical setup
were applied for the measurements at the SHB test
rig. The smaller diameter of the mixing tube allowed to
use the full height of the laser light sheet without en-
largement. However, the divergence of the sheet in-
side the SHB mixing tube (see Figure 1) was even

higher than in the FAB case, mainly due to the much
smaller diameter of the quartz tube than in the atmos-
pheric experiments. Another difference was the use of
308 nm XeCI laser light because the 248 nm KrF light
was fully absorbed within about 60% of the tube di-
ameter.

The goal of the measurements on the SHB test rig
was a detailed parameter study of the air/fuel ratio 9,
pressure p, temperature T, and flow velocity v similar
to the FAB experiments. The parameter ranges cov-
ered were 9 = 0.25 ... 0.5, p = 5.. . 15 bar,
T = 450 ... 550°C, andv = 70 ... 100 m/s.

3 DATA PROCESSING

Several corrections had to be applied to the CCD im-
ages, (a) Due to the observation angles y < 90° the LIF
pictures were elliptically distorted, (b) This effect was
enforced by the divergence of the laser light sheet, (c)
Across the diameter of the mixing tube the absorption
of the laser light amounted to up to 80%, leading to an
over-emphasized LIF signal at the entrance of the
laser light sheet compared to the exit. For the absorp-
tion correction we used an iterative procedure based
on the algorithm of Hertz and Alden [2].

As an addition we introduced an apparatus function [1]
which is constant for given burner, laser, and camera
operating conditions. Once this apparatus function is
determined using an averaged image, even single shot
pictures can be absorption corrected, provided that
they are taken at exactly the same conditions as the
averaged image (cf. Figure 2).

Fig. 2: Single shot pictures of the fuel oil fluorescence
in the FAB mixing tube. Left: uncorrected; right: cor-
rected for laser light absorption.

4 RESULTS AND DISCUSSION

In the FAB experiments the LIF signal shows an al-
most linear dependence on the FOL concentration [1]
at the exit of the mixing tube. Therefore, the corrected
LIF profiles along the radius of the tube can readily be
compared to numerical data.



47

Figure 3 shows the atmospheric pressure LIF profiles
at the exit of the mixing tube for three different fuel/air
ratios <p = 0.25, 0.33, and 0.5. While the one at <p = 0.5,
which corresponds to common operation of this type of
burners, shows a distinct gaussian profile peaking in
the center of the tube, the ones at cp = 0.33 and 0.25
exhibit a second maximum at the tube walls. This indi-
cates abnormal operation of the burner.

UF of evaporated fuel oil

Fig. 3: LIF profiles along the radius at the exit of the
FAB mixing tube.

The origin of this unexpected observation is revealed
by measurements at the entrance of the tube: De-
creasing the fuel mass flow with respect to the air ob-
viously results in asymmetry of the fuel/air inlet (see
Figure 4) and a lower atomization potential of the in-
jection nozzle. This leads to a stronger penetration of
the fuel spray. A considerable amount of fuel oil
evaporates from the wetted tube walls, thus forming
another peak concentration at this location.

LIF of evaporated fuel oil

I
I

entrance side of laser light sheet
exit side of laser light sheet

Fig. 4: LIF profiles along the radii at the entrance of
the FAB mixing tube showing the asymmetric behav-
iour of the burner at <p = 0.33.

No such effects were observed in the high pressure
experiments upon variation of the fuel equivalence
ratio <p, the pressure p, nor the axial position inside the
mixing tube. The FOL concentration always peaks at
the center of the tube, as shown in Figure 5 for three
different pressures. All of them are of convex shape, in
contrast to the FAB profiles.

5 COMPARISON OF EXPERIMENTAL AND
NUMERICAL DATA

In the FAB case there is good agreement between the
FOL distribution measured by LIF on the one hand,

and calculated with models developed at the ETH
Zurich using an adapted Sauter mean diameter (SMD)
on the other hand [3,4]. This holds for both, data at the
entrance and the exit of the transparent tube, showing
that the temporal evolution of the FOL distribution is
calculated correctly. Due to the asymmetry of the FAB
reported in section 4 above, the LIF profiles at the
entrance of the mixing tube had to be averaged over
the whole cross-section of the laser sheet for compari-
son with the numerical data.

5.4 bar 10 bar 15.8 bar

UF
Al (standord BCs)
A2 (SMD: - 2 5 %)

Bl (standard BCs)
B2 (SMD: - 1 0 %)

LIF
C1
C2
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BCs)
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r/D r/D r/D

Fig. 5: Experimental LIF and numerical concentration
profiles in the SHB mixing tube at different pressures.
Details of the model runs (A1 ...C2) are described in
Refs. [3] and [4].

The situation is somewhat less satisfying in the case of
the SHB. There, we have to use different corrections
to the initial SMD for different air pressures in order to
achieve agreement with the LIF data. At 5.4 bar the
applied SMD correction is maximal and reaches 25%
(trace A2 in Figure 5) with respect to the standard
boundary conditions (BC). For higher pressures the
necessary corrections decrease to 5% at 15.8 bar
(trace C2).
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HTDZ, A CONSTANT VOLUME TEST CELL FOR INVESTIGATION OF THE
DIESEL ENGINE CYCLE

A. P. Tzannis, S. Kunte (ETH Zurich), H. terMeulen (University of Nijmegen, The Netherlands),
T. Gerber, B. Mischler, P. Radi, H.-M. Frey, P. Beaud

Ignition of a Diesel spray was obtained in a High Temperature High Pressure Cell (HTDZ) constructed at
PSI. Here we present the first results obtained with combustion parameters within the domain in which
automotive spray combustion is typically operated.

1 INTRODUCTION

The High Temperature High Pressure Cell constructed
at PSI [1] for the investigation of automotive Diesel
spray combustion proved to be fully operational within
the intended parameter range. As there is no com-
pression, i.e. no piston, pressurized hot air has to be
fed to the constant volume prior to an experiment. In
contrast to an engine where in-cylinder temperatures
are high but the body is at moderate temperatures, in
our experiment, the whole cell has to be heated up to
800 K. In combination with the high pressure that is
required to obtain Diesel self-ignition conditions, seri-
ous mechanical problems arise, especially when
mounting the windows required for the visualization of
the spray combustion. Many components of the cell
operate close to their material limits.

2 RESULTS

When higher initial temperatures are required, a pre-
combustion is used, i.e., a small amount of fuel is in-
jected within the cell prior to the actual experiment.
With a controllable injector (Ganser Hydromag AG,
Zurich) the amount of fuel used for the pre-combustion
and the main combustion can be arbitrarily adjusted,
as well as the delay between the two injections. All the
experiments presented here are performed with fol-
lowing cell parameters:

Diesel injection pressure 1000 bar

Cell pressure 40 bar

Cell & injected gas temperature 800 K

Figure 1 shows the pressure development within the
cell for a typical experiment, together with the needle
lift (opens on falling edge of the depicted signal). The
pressure rise following the first injection is highly de-
layed indicating a delayed ignition due to a low initial
temperature. However, the fuel injected 20 ms later
ignites very fast, within 0.5 ms or less corresponding to
an engine like situation. Since the amounts injected in
the cell are rather small (~35 mg) compared to the size
of the cell, 0.4 I volume, the fuel/air ratio is small.
Therefore, the combustion products of the pre-
injection can be neglected.

In order to study the spray penetration into the cell and
the Diesel self-ignition and combustion, two types of
experiments are performed, shadowgraphy and com-

bined Mie-scattering and imaging of the natural flame
emissions.
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Fig. 1: The cell pressure is used in conjunction with
the needle lift to determine the start of ignition (lift=1:
closed, lift=O injection active).

200 JUS ASOI Window contour
Fig. 2: Shadowgraph of a Diesel-spray recorded 200
u,s after start of injection (ASOI). The diameter of the
cross section shown is 45 mm.

For the first experiment the cell is filled with N2 in order
to suppress combustion. The injected spray is illumi-
nated by a Nd-Yag laser pulse (10 ns). The shadow of
the spray is recorded, see Figure 2, by a gated CCD
camera. Adjusting the trigger of the laser and the
camera, in relation to the start of injection point, we
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can progressively record the evolution of the spray.
Shadowgraphy monitors both vapor- and liquid-phase
Diesel. Consequently in images as shown in Figure 2,
it is not possible to differentiate between liquid core
and vapor-phase of the Diesel. Shadowgraphy merely
indicates that the fuel penetrates across the cell and
has a constant cone angle.

Laser Sheet

200 jus ASOI
Laser Sheet

Window Contour

500 \k% ASOI Window Contour

Fig. 3: Visualization of the liquid-phase Diesel and the
combustion in the cell, at 200 JJ.S and 500 u,s after start
of injection (ASOI).

In a second experiment the laser light scattered from
the liquid-phase Diesel by Mie-scattering, is simulta-
neously recorded together with the natural emission of
the combustion with the gated CCD camera. The laser
light is formed as a thin sheet and enters a side win-
dow of the cell. The scattered light is recorded through

a second window, perpendicular to the propagation of
the laser sheet. Combination of the Mie-scattering
images with the shadowgraphs provide information on
the opening angle and penetration depth of the liquid-
phase of the fuel spray and the zone where the evapo-
ration establishes a fuel-rich mixture.

The findings presented in this report seem to confirm
the observations of J.E. Dec and co-workers [2], with
the one important difference that our experiments are
performed with common Diesel fuel instead of techni-
cal reference fuels. A rather long spray is measured
indicating a maximum penetration depth of about
20mm. This length is rapidly built up during the first
200 U-S and remains fairly constant during the rest of
the process. The images contain no information about
what fraction of fuel is vaporized. The abrupt end of
the liquid-phase fuel is only an indication where the
last droplets vaporize. In contrast, the shadowgraphs
show that the combined vapor-phase and liquid-phase
Diesel penetrate deeper in to the cell. Comparison of
the two kind of images show a narrow liquid-phase jet
which is surrounded by a vapor-phase Diesel. In front
of the liquid-phase jet follows a zone of rich vapor-
phase fuel/air mixture, too fat to ignite. Combustion
takes place only when the vapor-phase Diesel is suffi-
ciently diluted by air further downstream. The start of
ignition is detected by recording the onset of the natu-
ral flame emission, as shown in the right side of sec-
ond image in Figure 3. This early, relatively weak
flame emission is due to chemiluminescence, created
by highly energetic chemical reactions, and should
mark, temporarily and spatially, the occurrence of heat
release by combustion. The appearance of this
chemiluminescence has to be compared with the
pressure increase, as measured in Figure 1 to deter-
mine if the flame emission is a precise indicator of the
start of ignition.

The above results illustrate the potential of this facility
to provide valuable information on Diesel combustion.
Further experiments will be performed to validate fur-
ther features of conceptual models of Diesel combus-
tion.
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COLLISION-INDUCED RESONANCES IN TWO-COLOR RESONANT FOUR-WAVE
MIXING

A.P. Kouzov (Saint-Petersburg State University, Saint-Petersburg, Russia), P.P. Radi,
B. Mischler, P. Beaud, H.-M. Frey, T. Gerber, A.-P. Tzannis

By applying Two-Color Resonant Four-Wave Mixing (TC-RFWM) spectroscopy to OH- and NH-containing
flames, a number of resonance lines forbidden by conventional three-level schemes is observed. The fea-
tures are rationalized by inelastic collisions enabling an observation of TC-RFWM within a four-level
scheme. Expressions for the triply-resonant part of the third-order susceptibility are derived by incorpo-
rating the off-diagonal part of the relaxation matrix. It is shown that the newly observed TC-RFWM reso-
nances are induced by collisional transfer within the population, alignment and orientation gratings formed
in both electronic states coupled to the laser fields.

1 INTRODUCTION

TC-RFWM is a sensitive and selective method to
measure concentrations of1

transient species and the temperature in a combus-
tion environment [1]. Theoretically, TC-RFWM is de-
scribed by using dipole-allowed resonances coupled
within three-level schemes ([2] and references
therein). Recently, a new class of TC-RFWM transi-
tions was observed at PSI between two pairs of states
which do not have a common level [3]. These new
transitions were ascribed to the collision-induced rota-
tional energy transfer within the ground/excited elec-
tronic states. However, such experimental studies are
at the beginning and so far their theoretical description
has not been developed. The present study, together
with the recent laser-induced fluorescence measure-
ments performed at PSI in OH-containing flames [4],
yields a more detailed relaxation picture. The results
suggest new potentials of TC-RFWM as a gas-
diagnostic tool.

2 OUTLINE OF THEORY

The theory is developed under following assumptions:
(a) weak-field limit (no saturation), (b) steady-state
regime (sufficiently long laser pulses), (c) weak ab-
sorption, and (d) no depletion of the incident beams.
The experiments are designed to meet (a), (c), and
(d). The 7 ns duration of the PUMP and PROBE laser
pulses is approximately an order of magnitude larger
than the typical relaxation times which makes (b) a
reasonable approximation in our case.

The construction of the model is divided into the fol-
lowing steps. First, the third-order susceptibility %m

expression is derived using the Heisenberg perturba-
tion approach. This offers a simple way to introduce
the general (four-state and frequency-dependent)
relaxation matrix f b y applying the line-space for-
malism [5]. Additionally, the use of this approach de-
creases the total number of the j ( 3 ) -terms by a factor
of two. Second, the triply resonant TC-RFWM contri-

bution to^(3)is analytically obtained by means of the
momenta coupling technique. The TC-RFWM ampli-
tude derived contains the total angular momentum
quantum numbers Jn and Jm of the upper (n) and
ground (m) rovibronic states and the geometrical fac-
tors Gm4(r) [2] giving the dependence of ^(3)on the
polarization of the incident beams. The neglect of the
off-diagonal part of f reduces the formulas to those
previously derived [2].

It follows that, in contrast to spectroscopies with a
single frequency variable, the effect of nonsecular
relaxation (line mixing) on TC-RFWM leads to the
appearance of additional resonant lines. This features
are observed by scanning the frequency of the PUMP
laser at fixed PROBE frequency or by the reversed
procedure (see below). The analysis shows the r-th
rank gratings [6], formed in the ground/upper elec-
tronic states to be the main source of these extra reso-
nances. Their amplitudes are proportional to the off-di-

1 r l l f l r 1

agonal relaxation matrix elements r";"1(r)assoc 'a tec '
with the inelastic collision rates between nx and «3.
Here Q.{ and £l2 are the pump laser frequencies which
differ due to the finite laser bandwidths; Q3 and

Q2 are frequencies of the probe and
generated beams respectively, r,,,,, are halfwidths of
the dipole-allowed m^n transitions with the Honl-

|London factors |c/mn|2, and pk is the Boltzmann fac-
tor for the state k.
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3 COMPARISON WITH EXPERIMENTAL DATA

The OH and NH spectra are obtained using the TC-
RFWM set-up described earlier [1, 3]. The selection
rules for the three-level schemes allow transitions for
which the difference AJ between values of J in the
upper (UP case) or lower (SEP case) states is less or
equal to 2. However, in the A 2Z+ -X2 n, band of OH
the intensities of the UP lines with | A J | = 1 are much
weaker than predicted by the theory [2] (Figure 1).
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Fig. 1: Off-diagonal relaxation observed by
RFWM. See text for details.

TC-

This discrepancy is resolved by considering that both
pumped and probed transitions must change the state
parity. Since the upper state of OH (2Z+) has no elec-
tronic momentum, its rotational levels differing by
|AJ| = I have different parities. For the X 2 U, ground
state, each J rovibronic state exhibits two sublevels of
different parity (Atype doubling). Thus, the observed
weaker transition occurs from a different sublevel of
the A -doubled J-state and is therefore collisionally
induced. Similarly, the |AJ[ = 0,2 selection rules should
hold for the SEP transitions in NH whose ground state
is32T. Present investigations are performed in this
laboratory to verify these predictions.

1
*^^M> PI*" ̂ fr*W***f G^fM^'f r^W ^** r f ^J^ ' l ' ^ r^rV" V r̂™***[Tf ^^f^^if r*f"f T^^W'y'Hf f^T"**T
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Fig. 2: RET of NH X 32T in a NH3/O2 flame. The
PUMP frequency is scanned over the Q-band range of
the (1-0) vibrational transition and the PROBE is fixed
at the QT(4) (0-0) transition (a) PUMP beam polariza-
tions parallel and (b) perpendicular. The traces are
normalized to Q,(4). See text for details.

A typical J-dependence of collision-induced TC-RFWM
intensities of NH is displayed on Figure 2a (UP
scheme), where only the Q-|(4) (v"=0-^v'=1) line is
allowed [7]. The overall line intensity decrease with Jis
compatible with the known data on the relaxation rates
for OH [4]. However, its behavior is nonmonotonous
indicating that the collisional odd-A J transitions are
more probable than the neighboring even- AJ ones.
Crossing the pump polarization planes inhibit the for-
mation of a population grating (r=0) contribution and
substantially decreases the collision-induced line in-
tensities (Figure 2b). Remarkably, the collisional inten-
sity transfer to the F2- and F3-states (Q2(J) and Q3(J)
lines,) is pronounced and strongly polarization-
dependent. To interpret the above features quantita-
tively, a detailed calculation and modeling of the f -
matrix is required along with the simulation of the TC-
RFWM profiles.

4 CONCLUSION

The nonsecular relaxation matrix is incorporated for
the first time into the TC-RFWM amplitudes for the
steady-state regime. Based on the expressions de-
rived, the new collision-induced resonances are inter-
preted in terms of grating formation in the ground/
upper states. This gives an overall qualitative agree-
ment with our measurements of the TC-RFWM spec-
tra of OH and NH radicals in flames.
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A BIASYMPTOTIC FORMULA FOR THE TURBULENT ENERGY CASCADE

R. Badii, P. Talkner

We present a family of differential models for the scaling exponents x(p) which characterize the moments of
the energy dissipation rate in turbulence. This scheme interpolates between the asymptotic values of the
derivative z'(p) of r(p) versus p in the limits p->+°° and reproduces the negative-p part of the exponents
spectrum z(p) as well, in contrast with other recent conjectures. Each member of the family is defined by a
sigmoidal function, the form of which remains open to theoretical investigations.

One of the most striking features of turbulent flows at
high Reynolds number is the apparent universality of
small-scale velocity fluctuations, for which the effects
of the boundary conditions can be neglected. In par-
ticular, the moments of the locally averaged energy
dissipation rate e are conjectured to exhibit a power-
law dependence on the domain size, with universal
exponent t(p) [1,2]. In [3] we have presented two-scale
relations not in the form of power laws. While showing
in a future paper that a more accurate description of
e's scaling exists [4], here we mention that recently
proposed models for the shape of the function x(p) can
be cast into a unique differential framework.

In [5], we have presented a class of models, each
characterized by a sigmoidal function which controls
the shape (curvature) of the exponent x(p) versus p.
Some yield better agreement with the experiment for -
1 < p < 3, some outside this range. As a result, the
differences among various current approximations
(see [2,5] for the references) and their relative degree
of success can be easily assessed, see Figure 1.

Since these are essentially phenomenological models,
not based on any real physical understanding of the
basic mechanisms of turbulence, our introduction of a
whole class of model functions should not be dis-
missed as a mere technical artifact to achieve a fit but
seen as a further confirmation that no physical criterion
presently exists to discriminate between possible
models. In fact, it is unlikely that this goal may be
achieved by experiment only. Indeed, all of the func-
tions we consider provide good fits to the experimental
estimates.

Hints for a physical modelling, however, can be ob-
tained from the differential equations for T(P). Indeed,
the choice of a Heaviside function corresponds to an
assumption of log-Poissonian statistics for the energy
cascade. Analogously, other models in our family can
be traced back to different statistical mechanisms
which would be interesting to test in a direct way.
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TURBULENT FEATURES OF BRAIN ACTIVITY AND DISCRIMINATION OF SLEEP
STAGES

R. Badii

The small-wavelength structure of human EEG signals recorded during sleep presents features in common
with turbulent signals, in the form of statistical scaling laws satisfied by relevant observables. Recently in-
troduced two-scale methods and a refined scaling ansatz permit discrimination of different sleep phases.

Human brain activity, as recorded by electro-en-
cephalographic (EEG) techniques, exhibits a variety of
wave patterns which depend on the state of the sub-
ject. Early studies, based on power-spectral analysis
and stochastic linear modelling, have been largely
subsided by the introduction of methods commonly
employed in nonlinear dynamics [1].

However, the variability of EEG signals, which often
goes beyond the limits of stationarity, casts doubts
about the reliability (or even the interpretation) of the
results. Finite, and sometimes small, values of dimen-
sion and entropy, in fact, can be spuriously obtained
for signals exhibiting low-frequency noisy features or
nonstationarity. Indeed, the evaluated "dimension"
values range from 2.05 to about 9.

Notwithstanding this, the differences in the estimated
indicators and in the convergence properties of the
employed algorithms, which are observed on different
signals, should not be dismissed as the mere conse-
quence of the application of a wrong paradigm. EEG
signals do come in a broad variety of forms, the likely
result of the interaction of many nonlinear intercon-
nected elements.

Here we report on the analysis [2] of time series from
two all-night sleep episodes. The moments of the
small-wavelength fluctuations exhibit scaling laws (see
Figure 1) in analogy with what observed in turbulence
[3].

Characteristic exponents (as defined in [4-5]) are esti-
mated and their nonlinear dependence on the order of
the moments indicates that different "phases" coexist:
indeed, these exponents vary depending on the sleep
stage. These findings provide a method for an objec-
tive discrimination of such stages.

Scaling does not persist beyond a time T of the order
of 1 s, because of natural bounds on the excursion of
the signals. Both kinds of motion (sub- and super-T)
are evidently nonlinear. However, dimension esti-
mates, performed on various sleep stages with the
nearest-neighbours method [6], exclude simple dy-
namical mechanisms. The signals' structure in the sub-
T range can hardly be dismissed as "noise"' and might,
indeed, be more relevant than the super-T structure.

0.5 r

0 ln(t/T)

Fig. 1: Expectation E[e2(t)] vs t, of a quantity e analo-
gous to the energy dissipation rate in turbulence,
computed for REM (squares) and non-REM 2 (circles)
sleep, compared with our refined scaling law [5].
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MODELING OF THE MEASURED DYNAMICS OF
LITHIUM MANGANESE OXIDE ELECTRODES FOR LITHIUM-ION BATTERIES

E. Deiss, D. Haringer, O. Haas, P. Novak

The lithium insertion and extraction dynamics of spinel lithium manganese oxide electrodes used in lithium-
ion batteries have been investigated. A numerical model was developed which represents the electrode as
a bed of manganese oxide spheres, and which includes diffusion of lithium in the spherical manganese
oxide solid and interparticle electrolyte, as well as electrochemical kinetics at the manganese oxide sphere
surfaces. Ohmic resistance is also taken into account. Potential step experiments have been performed
and analysed by the model. It can be concluded that both diffusion of Li in manganese oxide spheres and
electrochemical kinetics at the manganese oxide sphere surfaces are rate determining steps. The effective
diameter of the spheres is given by the observed primary particle size of manganese oxide rather than by
its grain size. Values of the corresponding lithium diffusion coefficients and standard heterogeneous rate
constants were evaluated.

1 INTRODUCTION

The high energy density available from lithium-ion
batteries is the reason for their key importance in both
the current high-end consumer electronics and the
future development of electric vehicles. In such bat-
teries both the negative and positive electrode are
made from electronically conductive, electrolyte-
percolated porous composites containing electroactive
materials capable of inserting variable quantities of
lithium ions. During discharge lithium ions move from
the negative electrode through the electrolyte into the
positive electrode. So far, electroactive insertion mate-
rials used in commercial lithium-ion cells are based on
carbon (LiC6) and lithium metal oxides, as a rule
LiCo02 [1]. These materials have several drawbacks -
they are expensive, their kinetics of lithium inser-
tion/extraction are slow for high-power applications,
and LiCoO2 (as well as LiNiO2) is carcinogenic. From
economical and ecological reasons spinel type man-
ganese oxide has been developed in the last few
years as an alternative for a commercially applicable
positive electrode material. The dynamics of both the
lithium insertion into metal oxides in the positive elec-
trode and its extraction from the negative electrode is
the limiting factor for the specific power of Li-ion bat-
teries during discharge. A detailed knowledge about

each process that affects the electrode performance is
necessary for the understanding of its dynamic be-
haviour and would facilitate the further electrode opti-
misation. In this work we present measurements of the
electrode dynamics with a potential step technique for
porous Li1.8Mn204/carbon electrodes with three differ-
ent average grain sizes of the lithium manganese ox-
ide. For the evaluation of the measured charge and
discharge curves, caused by the potential step, a de-
tailed numerical model for a porous composite elec-
trode was developed.

2 EXPERIMENTAL

Three lithium manganese oxide electrodes have been
prepared using average grain sizes of 3, 16, and
30 |im for LiMn2O4, respectively. A SEM micrograph of
the 30 (xm material is shown in Figure 1, a cross-cut
through a corresponding grain in Figure 2, and a
scheme of the electrode in Figure 3. Potential step
measurements with each of the three electrodes have
been performed with steps from 4076 to 3300, 3500,
and 3700 mV vs. Li/Li+ (insertion), and from 3300,
3500, and 3700 to 4076 mV vs. Li/Li+ (extraction).
Figure 4 shows the measured charge density evolution
vs. time of the electrode with the 30 p.m material, to-
gether with the calculated curves discussed later.

30

Fig. 1: SEM micrograph of LiMn2O4 grains (30 (j.m
material).

Fig. 2: SEM micrograph of a cross-cut through a
LiMn2O4 grain (30 (im material) showing the primary
particles with a diameter of ca. 0.2 |xm.
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3 MODEL DESCRIPTION

The positive manganese oxide electrode consists of a
mix of (i) electrochemically active Li1.6Mn204 with a
variable amount of Li (0 ^ 8 < 1) depending on the
insertion degree and (ii) electrochemically inactive
carbon as electric conductivity enhancer. These mate-
rials are pressed together with a binder and soaked
with an organic electrolyte. A scheme of such an elec-
trode is shown in Figure 3. During insertion Li+ ions
diffuse through the electrolyte to the surface of the
Lii-5Mn2O4 particles. The penetration of the Li+ ions into
the Li1.8Mn204 is governed by a reduction of a Mn(IV)
to a Mn(lll) center in the neighbourhood of the Li* ion.
Once penetrated the lithium diffuses in the Li1.sMn204

bulk towing an electron in its vicinity which jumps from
Mn to Mn. Between the current collector and the
Li1.§Mn204 particles the electrons are mainly trans-
ported via the well conducting carbon matrix. Within
such an electrode our model takes the following ef-
fects into account: (i) diffusion of Li+ in interparticle
electrolyte filling the pores of the electrode, (ii) electro-
chemical reaction at the surface of the Li1.sMn204 par-
ticles, (iii) diffusion of lithium within the L i ^ g M n ^ par-
ticles, (iv) ohmic resistance in separator, (v) ohmic
resistance in interparticle electrolyte, (vi) ohmic resis-
tance of the electrically conducting solid (Lii_sMn204

and carbon), (vii) porosity, and (viii) observed primary
particle diameter. A computer program was written
which calculates numerically the charge density evolu-
tion vs. time of a potential step experiment for an in-
sertion and extraction, respectively.

4 RESULTS

The diffusion coefficient D of Li in L i ^ g M n ^ and the
heterogeneous rate constant k are expected to be
independent of the grain size. The measured charge
density evolution curves for the 3, 16, and 30|am ma-

' ' ' / ' / / ' • ' ' / ' ' - • / ' • • / ' • ~ ,
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terial could only be fitted with a unique D and k, if a
unique particle diameter for all materials was used
instead of the diverse grain diameters. For this unique
particle diameter we used the observed primary parti-
cle diameter of 0.2 |im (see Figure 2). This yielded a
value of 3.7(5) •10"14cm2/s for the diffusion coefficient
and a value of 1.35(45) -10"8 cm/s for the heterogene-
ous rate constant. Figure 4 shows a comparison of
experimental and simulated data for the 30 jim mate-
rial.
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Fig. 3: Scheme of a porous LiMr^CVcarbon elec-
trode.

Fig. 4: Experimental and simulated charge density
evolution curves for a LiMn204/carbon electrode pre-
pared from LiMn2O4 with 30 (j.m grain size diameter
(note the logarithmic time scale).

5 DISCUSSION

The results demonstrate that the diffusion of lithium in
Li1_8Mn204 and the electrochemical reaction at its sur-
face are rate determining steps, depending on the
applied overpotential. This explains also why extrac-
tion in Figure 4 is slower than insertion. As another
interesting result, the size of the primary particles
rather than the grain diameter is found to be relevant
for the kinetics. This suggests that the pores within the
grains are completely filled with electrolyte. This find-
ing is supported by the micrograph in Figure 2, which
shows that the interior of a grain consists of a loose
agglomerate of primary particles. We can conclude
that the above model offers a qualitative and quantita-
tive physical understanding of the insertion/extraction
processes which can be used as a basis for the design
of composite electrodes.
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CHARACTERISATION OF NOVEL VANADIUM OXIDE NANOTUBES

B.Schnyder, Ft. Kotz, F. Krumeich (ETHZurich), H.-J. Muhr (ETHZ), M. Niederberger (ETHZ),
F. Bieri (ETHZ), ft Nesper (ETHZ)

A novel tubular nano phase of vanadium oxide with mixed valency was obtained as the main product in a
sol-gel reaction followed by hydrothermal treatment using alkyl amines or a,o>aikyl diamines as templates.
The tubes are up to 15 jjm long and have outer diameters ranging from 15 to 150 nm and inner diameters
from 5 to 50 nm. The lengths and the diameters of the tubes depend on the conditions selected for the
preparation, e.g. concentration and type of template.

1 INTRODUCTION

Since many years, vanadium oxides and derivated
compounds have attracted special attention because
of their outstanding structural flexibility combined with
chemical and physical properties which are of interest
for e.g. catalytic and electrochemical applications.
Recently, we obtained a novel tube-shaped vanadium
oxide by intercalation of primary alkyl amines. There
are only few examples of solids crystallizing in a tubu-
lar morphology. Long known prototypes are silicate
minerals like serpentine [1]. The carbon nanotubes,
discovered by lijima in 1991 [2], are at present in the
focus of worldwide investigations, because of their
unique structural and physical properties and the nu-
merous potential applications (references in [3]). The
discovery of a further example for this particular mor-
phology in form of a modified vanadium oxide repre-
sents a major step forward because these materials
are easily accessible in gram quantities as the main
reaction product under soft chemical conditions.

2 EXPERIMENTAL

Vanadium oxide nanotubes were obtained as the main
product in a sol-gel reaction followed by hydrothermal
treatment from vanadium(V) alkoxide precursors and
primary amines (CnH2n+1NH2 with 4 < n < 22) or a,o>
diamines (H2N[CH2]nNH2 with 14 < n < 20) [3]. The
intermediate products and the nanotubes have been
investigated by transmission electron microscopy
(TEM), X-ray powder diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS).

3 RESULTS

Aliphatic primary amines with alkyl chain lengths within
a large size range (between 4 and 22 CH2 groups) can
be used as templates for the preparation of vanadium
oxide nanotubes. The variety of chain lengths in the
case of aliphatic a,o>diamine templates
(H2N(CH2)nNH2) is more limited and extends only from
n=14 to 20. Further decrease of the chain length pre-
dominantly leads to vanadium oxide fibers (n=12) or to
lamellar structured composites with irregular shape
(n=4).

The tubular structure is evident from TEM images (cf.
Figure 1). The tubes are up to 15 urn long and have
outer diameters ranging from 15 to 150 nm and inner
diameters from 5 to 50 nm. The lengths and the di-

ameters of the tubes depend on the conditions se-
lected for the preparation, e.g. concentration and type
of template. The tube walls consist of 2-30 crystalline
vanadium oxide layers with amine or diamine mole-
cules intercalated between them. According to XPS
measurements of the N 1s level the amine molecules
are protonated. The distance between the layers, de-
termined by XRD, is proportional to the length of the
alkylamine, which acts as structure-directing template
[3].

a.) b.)

10 nm 100 nm

Fig. 1: TEM-lmages: Examples of vanadium oxide
nanotubes showing the tubular structure (a) and the
formation of bundles (b).

The ratio of the vanadium with the valence state of 5+
and 4+ could be followed by XPS during the course of
the reaction. Starting from the orange, lamellar struc-
tured hydrolysis product, through the intermediate
products at elevated temperatures, and finally to the
black nanotubes, the ratio (V5+/V4+) was found to de-
crease.
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ELECTROCHEMICAL SPM INVESTIGATION OF THE SOLID ELECTROLYTE
INTERPHASE FILM FORMED ON HOPG ELECTRODES

D.AIliata, R. Kotz, P.Novak, H. Siegenthaler (University of Bern)

To investigate the Solid Electrolyte Interphase film formation on carbon electrodes, we studied a highly
oriented pyrolytic graphite (HOPG) electrode in non-aqueous electrolyte by in-situ Electrochemical AFM.
For potentials below 0.7 V vs. Li/Li+a polymer film is formed on the HOPG electrode surface. After the first
cycle the film is rough, compact and covering the full surface of the HOPG electrode. To quantify the thick-
ness of the SEI film, the surface of the electrode was scratched by increasing the pressure of the AFM tip.
In this way we measured a thickness of about 26 nanometers for the SEI film after two scan cycles be-
tween 3 and OVvs Li/LP.

1 INTRODUCTION

The development of Li-ion batteries represents one of
the most important improvement in battery technology
thanks to their high energy density and good cycleabil-

When a carbon electrode in non-aqueous electrolyte is
charged from the open-circuit potential (3 V) to close
to 0 V (vs. Li/Li+), Li ions are inserted into the carbon
structure. In addition to Li insertion, the other major
electrochemical/chemical reactions that occur during
the first charge are the decomposition of the electro-
lyte on the carbon surface and the formation of a sur-
face layer. This film, also called Solid Electrolyte Inter-
phase (SEI), is responsible for insulating the LiX
(carbon) electrode against further direct reaction with
the electrolyte, but also reduces the energy density of
the cell substantially.

In the present communication we are examining the
system of highly oriented pyrolytic graphite (HOPG) in
LiCIO4 by in-situ electrochemical AFM, as a model to
elucidate the mechanism of SEI film formation. The
method of investigation already explored in aqueous
media [2] was extended here to a non-aqueous elec-
trolyte.

2 EXPERIMENTAL

AFM investigations were performed with a Park Scien-
tific Instruments Model AP-100 Autoprobe CP scan-
ning probe microscope equipped with a home-made
electrochemical cell and an EG&G Versastat 270 po-
te ntiostat/galvan ostat.

As a working electrode we used a HOPG crystal which
was freshly cleaved with adhesive tape before each
experiment. The electrolyte solution was a 1M LiCIO4

salt in a mixture of ethylene carbonate and dimethyl
carbonate (1:1 in weight).

All the in-situ AFM experiments were performed in a
glove box saturated with Argon and all potentials are
quoted against a Li/Li+ reference electrode.

3 RESULTS

Cyclic voltammograms were measured during in-situ
electrochemical AFM experiments at a scan rate of 5
mV/s. Figure 1 shows the first and the second cycles
between 3 V and 0.01 V. A deep current drop appears
for potentials below 0.7 V. This first peak is centered at
0.4 V. Then the current increases again from 0.3 V to
the reverse point. During discharge only one anodic
counterpeak appears. The cathodic peak at 0.5 V is
not present in the second voltammogram.

-0.5

Potential \ Vvs. Li
0.5 1.5 2.5 3.5

-0.5
-40

Potential\ Vvs. Li
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Fig. 1: Cyclic voltammograms on HOPG, 5 mV/s, in
1M LiCIO4 (EC:DMC). Up: 1s t cycle; down: 2nd cycle.

AFM investigations were focused on an area of the
HOPG crystal where a well defined step was located.
Figure 2a shows a typical step on a basal plane.
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Fig. 2a: AFM image of a HOPG electrode in 1M
LiCIO4(ED:DMC).

The image was acquired while the potential was
scanned from 2.6V to 1.3V. In this potential region the
basal plane morphology does not change.

The same area was then imaged at a constant poten-
tial of 3V after having completed the first cycle volt-
ammogram. As shown in figure 2c, now the surface of
the HOPG electrode is full covered by a polymer film,
which exhibits an average roughness of 4 nm. The
following AFM images did not reveal other relevant
change in the morphology of the HOPG electrode
surface.

In order to measure the thickness, part of the SEI film
was scratched away by increasing the pressure of the
scanning AFM tip. The same area was then imaged at
a lower loading force to minimize any further compres-
sion of the SEI film. According to the height profile of
Figure 3, the SEI film thickness is corresponding to
26 nm.
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Fig. 2b: Same view area as in Figure 2a.

In Figure 2b the same step area was imaged between
1.3V and 0.01V. From 0.7V to 0.01 V the HOPG elec-
trode is no more flat since a polymer film is starting to
cover the surface.

Fig. 3: Electrode surface after the SEI film was par-
tially removed by scratching.

4 CONCLUSION

The SEI film formation process has been investigated
by in-situ electrochemical AFM. The investigation re-
vealed that the SEI film formed below 0.7 V vs. Li/Li*.

The film is soft, presenting an average roughness of 4
nm and covering the full surface of the HOPG elec-
trode.

Finally, the thickness of the SEI film after 2 cycles
between 3 V and 0.01 V is 26 nm.

Fig. 2c: Same view area as in Figure 2a.
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SAFETY INVESTIGATION ON THE NEGATIVE ELECTRODE OF A LI-ION BATTERY
BY DIFFERENTIAL SCANNING CALORIMETRY

F. Joho, P. Novak

Carbons are widely used as the negative electrode in lithium ion batteries. Their influence on a thermal
runaway is discussed and the choice of the material is considered.

1 INTRODUCTION

Safety investigations are a major task in modern en-
ergy storage systems. As a general rule, the more
energy is stored, the more hazardous will the energy
storage system be. Therefore, beside many standard
safety tests in the battery industry, safety analyses of
single battery components are important to improve
the safety of batteries [1,2]. The most difficult test for
fully charged Li-ion batteries are the nail penetration
(local short circuit) and the heating test of fully charged
batteries, which must not lead to an explosion or com-
bustion of the batteries. According to the literature [1],
the positive electrode containing the highly oxidized
compound LiCoO2, may evolve atomic oxygen above
220°C, which will react with the organic solvent of the
electrolyte solution. As a result, a large amount of
energy is released (Figure 1).
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Fig. 1: Heat evolution of typical oxides, which are
typically used as cathode materials in lithium ion bat-
teries.

Cycled carbon electrodes give off heat at temperatures
of about 140°C (Figure 2). The effect is much smaller
than that observed with the positive electrodes, but the
heat evolved might bring the cell to temperatures of up
to 220°C, where the oxygen evolution occurs, which
then may cause a thermal runaway of the cell. We
must ask, therefore: "Can sufficient energy be set free
from the negative electrode to cause a thermal run-
away of the cell?"
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Fig. 2: Typical DSC traces of a negative electrode
material.

2 HEAT EVOLUTION OF NEGATIVE
ELECTRODES

Differential scanning calorimetry (DSC) is well suited
for studies of the heat evolution of electrodes. Gener-
ally, cycled carbon electrodes evolve heat within two
temperature ranges (Figure 2). A small heat evolution
occurs at 120-150°C [3], which is probably caused by
the decomposition of the surface layer of the elec-
trode. A larger heat evolution occurs at 270-300°C,
which is assigned to the decomposition of the binder.
The heat evolution from fully charged electrodes is
more pronounced than from cycled but discharged
electrodes, which hardly contain any lithium and are
called Li-free. Like positive electrodes, negative elec-
trodes are more dangerous, when they are fully
charged.
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Fig. 3: Heat evolution from four different graphites, all
fully charged.
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Another interesting question for battery manufacturers
is the influence of the type of graphite on cell safety.
We compared four different types of graphite, which
are summarized in Figure 3. The heat evolution of a
graphite with a high surface area (KS6) is much more
pronounced below 220°C. Less heat is evolved from
two other types of graphites (KS44 and SLM44), which
do not differ much, whereas MCMB 10-28, which is a
highly graphitized carbon containing less crystalline
regions, has a different DSC-trace.

The properties of the electrochemical systems change
during use. Therefore, we investigated an electrode of
a cell, which was charged and discharged 1000 times
with 100% of the available capacity. The cycling ex-
periment lasted about 6 months. After these 1000
cycles the cell still had 63% of its initial capacity. Its
carbon electrode had a completely different DSC trace
than the original material (SLM 44) (Figure 4). This
indicates that the SEI layer has been changed during
cycling.
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Fig. 4: The influence of cell history on heat evolution
from a typical graphite used in lithium-ion cells.

3 CHOICE OF CARBON MATERIALS

The DSC traces of different carbon materials are not
identical, but the amounts of heat evolved from low
surface area material such as MCMB 10-28, KS 44 or
SLM 44 are approximately 200 J/g, whereas the high
surface area material (KS 6) displays a significantly
higher heat evolution (~900J/g). From these figures,
we estimated the temperature increase in a cylindrical
cell (18 x 65 mm). We assumed that this cell had a
capacity of 1.4 Ah, weighed 39.4 g, which are typical
values for a commercial lithium ion battery, and a spe-
cific heat of 0.92 J/g [4]. Using these estimates and
assumptions we calculated that the temperature would
increase about 30°C for cells with MCMB 10-28, KS
44, SLM 44 and also for the negative electrode after
1000 cycles (Figure 5). The effect of slightly lower

specific heat of MCMB 10-28 is compensated by the
15% lower capacity of this material. In contrast to the
above materials, KS 6 evolves much more heat and
the estimated temperature increase is about 100°C,
which lowers the thermal runaway temperature of the
corresponding lithium ion cell from 180°Cto 110°C.
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Fig. 5: Heat evolution of typical graphites and tem-
perature increase resulting from the thermal abuse of
the cell.

4 CONLUSION

The DSC peak between 100 and 200°C is probably
due to the decomposition of the surface film (SEI) and
depends on the electrolyte, the graphite type, and the
cell history. The heat evolved from low-surface-area-
graphite materials will be able to raise the temperature
of a cylindrical cell (18 x 65 mm) by about 30°C. A
higher-surface-area-graphite yields an estimated
100°C temperature rise (lowering the thermal runaway
temperature of a Li-ion cell from 180°C to 110°C).
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XPS AS A VERSATILE ANALYTICAL TOOL IN THE INDUSTRIAL
DEVELOPMENT OF LITHIUM ION BATTERIES

B.Schnyder, R. Kotz, R. Imhof (Renata AG), B. Dobler (Renata AG), W. Haupt (Renata AG),
I. Exnar (Renata AG)

The industrial development of any consumer good relies on the solution of a multitude of small and bigger
problems within a given timeframe dictated by business plans and existing market windows. As time is an
important factor, industry is dependent on a fast and reliable collaboration with competent external part-
ners when additional information is needed to solve certain specific problems. We show in this article that
the use of XPS has contributed to overcome fast self-discharge problems in prismatic lithium ion batteries
at elevated temperatures.

1 INTRODUCTION

Rechargeable batteries for consumer goods have to
pass a variety of performance, safety and abuse tests
according to IEC and UL-standards before they can be
introduced on the market. As an example, batteries for
electronic devices like laptop computers or mobile
phones have to withstand extended operation time at
temperatures around 60 °C with no significant per-
formance loss. Both, battery and electronic device
manufacturers must test therefore the batteries regu-
larly under such conditions. In 1997, RENATA AG
started its lithium ion project, and currently the first
pilot line for the production of prismatic lithium ion
batteries for mobile phones is installed near Basel.
However, a problem with the new battery was discov-
ered and hindered the rapid development of the proj-
ect. Batteries discharged to 2.75 V revealed a fast
voltage breakdown upon exposition to 60 °C (within
days) and concurrently showed a severe swelling of
the battery casing.

tron spectroscopy (XPS). Small area XPS measure-
ments on the deposits and on the "clean" surface were
carried out (cf. Figure 1).

3 RESULTS

The elemental composition of the deposit was deter-
mined by XPS. Figure 2 shows XPS spectra of two
different spots on one separator out of such a dis-
charged battery. The main difference between the
spectra is the presence of antimony in the black de-
posit. A polymeric battery insert contains different
flame-retardants, among others, Sb2O3. At room tem-
perature, no negative influence of these flame-
retardant additives could be detected, however, at 60°
C, the additives seem to be released from the poly-
meric insert into the electrolyte and form soft shorts
leading to the observed fast self-discharge of the bat-
tery. Until present, the exact mechanism of these
processes and the influence of antimony remain un-
clear.

XPS Measurement::

Fig. 1: Photography of a separator with black depos-
its.

Post mortem analysis revealed black deposits on the
current collector foils of the electrodes (aluminium and
copper) and on the microporous separator membrane
(cf. Figure 1), however, their origin remained unclear.

2 EXPERIMENTAL

Several samples of separators and current collectors
were systematically investigated by X-ray photoelec-
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Fig. 2: XPS-spectra taken on the white part of the
separator (upper curve) and on the depositions (lower
curve).

Subsequently, a polymer without flame-retardants
such as Sb2O3 replaced the plastic insert material and
the observed problem at elevated temperature was
definitively solved.
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SCALE-UP OF Li-ION BATTERIES: FROM A COIN CELL TO A 12 Ah BATTERY

W. Scheifele, F. Joho, B. Rykart, P. Novak

A scale-up in lithium-ion battery technology is described from a coin cell (5 mAh) to 1.5-Ah batteries and
further to a successful demonstration of a 12-Ah battery. Costs were kept low by using cheap electrode
materials such as synthetic graphite and lithium manganese oxide. The final 12-Ah battery could be cycled
reasonably well, but further improvements in cell design are needed in order to reach a higher power and
energy density.

1 INTRODUCTION

Secondary lithium-ion batteries are the power supplies
of choice in mobile phones and laptop computers. The
market in this applications sector is still looking for
better performance at lower cost. So far lithium-ion
batteries have mainly replaced the NiCd and NiMH
batteries in the upper price segment.

In spite of their success in portable applications, lith-
ium-ion batteries for electric vehicles have not left the
development stage. If their materials and manu-
facturing costs can be significantly reduced, lithium-ion
batteries owing to their high specific energy should at
once constitute one of the most promising systems for
this application. With this consideration in mind, it was
our goal to build a battery with relatively cheap and
ecologically sound materials.

2 THE PERFORMANCE OF COIN CELLS

Based on our experience with coin cells with a nominal
capacity of 5 mAh, which after 1000 cycles still re-
tained more than 60 % of the initial capacity (Figure 1),
we used this design as a starting point for the scale-up
of lithium-ion batteries.
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Fig. 1: Cycle performance of a coin cell containing
lithium manganese oxide and graphite as electrode
materials. The cell was discharged to 100 % of its
capacity at a current of 2.5 mA, and recharged with
the same current, for each cycle.

3 SCALE-UP TO 1.5-Ah BATTERIES

As a first step of the scale-up, we decided to manu-
facture a prismatic 1.5-Ah battery with a nominal volt-
age of 3.6 V. We used graphite coated on a copper foil
as the negative electrode and lithium manganese ox-
ide with carbon as conductive additive as the positive
electrode. These materials were slurried up in an or-
ganic solvent containing a binder polymer. A coating
machine was developed in order to obtain a uniform
electrode thickness. Seven pairs of electrodes with
250 cm2 of geometrical surface area were assembled
and connected in parallel. Each pair was separated by
a glass fiber separator, which was soaked with a solu-
tion of lithiumhexafluorophosphate in ethylene carbon-
ate and dimethylcarbonate. The air-tight battery com-
partment made of polypropylene and glass-fiber-
reinforced epoxy resin measured 150x55x20 mm.
The cell was charged and discharged at the 5-hour
rate and retained 75 % of the initial capacity after 250
cycles. The voltage profile during the discharge was
quite flat, the average cell voltage was 3.7 V (Figure
2).

co

Fig. 2: Voltage profile of a 1.5-Ah battery at the
5-hour discharge rate.

About 10 batteries of this size were built and tested.
Although the housing was not as rigorously air-tight as
industrial standards, the lifetimes generally attained
several months.



65

4 THE 12-Ah DEMONSTRATION BATTERY

A ten times larger battery was built after this experi-
ence with the 1.5-Ah batteries. It consisted of 21 elec-
trode pairs with a geometric surface area of 1500 cm2.
They were stacked and connected in parallel by cop-
per or aluminium conductors. Figure 3 can be in-
spected in order to compare the sizes of the compo-
nents and the polypropylene housing.

Fig. 3: Components of the 12-Ah battery.

The electrodes were assembled as shown in figure 4,
soaked with the organic electrolyte solution, and
pressed together in the housing to the width of the
polypropylene frame between the two glass-fiber-
reinforced epoxy end plates. Then the edges were
sealed with U-profiles and epoxy resin to maintain the
pressure.

After an initial formation cycle the battery showed a
reasonable cycling stability of more than 12 Ah after
50 cycles (Figure 5).
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Fig. 5: Discharge capacity of the 12-Ah battery at the
6-hour discharge rate.

The end plates of a battery have to sustain a strong
pressure due to volume changes of the electrodes
during cycling. A reasonable stability of performance
could only be achieved when the battery was clamped
to prevent loss of contact during negative volume
changes.

5 CONCLUSION

A 12-Ah battery was successfully assembled from PSI
components, and a reasonable cycling stability was
demonstrated. Using graphite and lithium manganese
oxide as electrode materials and realising further im-
provements in cell design it should be possible to
achieve an energy density of 120 Wh/kg or even more.
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SYNCHROTRON X-RAY ABSORPTION AND DIFFRACTION STUDIES ON
La0.6Cao.4Co03 PEROVSKITE CATALYST IN BIFUNCTIONAL OXYGEN

ELECTRODES

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

Synchrotron x-ray absorption and diffraction studies were performed on bifunctional oxygen diffusion elec-
trodes loaded with La06Ca0ACoO3 perovskite as an electrocatalyst. Valence state changes and structural
changes were monitored as a function of electrode potential and time.

1 INTRODUCTION

Electrically rechargeable zinc-air-batteries are of great
interest due to their high energy density and inexpen-
sive electrode materials. The primary life-limiting com-
ponent of electrically rechargeable zinc-air-batteries is
the bifunctional gas-diffusion electrode. The severe
operating conditions during charge and discharge of
the battery lead to oxidation of the catalyst and its
support material in the oxygen diffusion electrode. To
avoid gassing at the zinc electrode, non-noble cata-
lysts such as metal-oxides in the form of perovskites,
pyrochlores and spinels are used to activate the oxy-
gen reduction and evolution reaction. Lao.6Cao.4Co03

perovskite dispersed on graphitized carbon black is an
interesting catalyst for this purpose. We analyzed the
behaviour of this catalyst using in-situ and ex-situ x-ray
absorption and diffraction investigations of oxygen
electrodes loaded with this catalyst.

2 EXPERIMENTAL

X-ray absorption measurements were carried out on
beam line X-11A of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory
(BNL) with the storage ring operating at 2.52 GeV,
beam energy and beam currents between 340 mA and
140 mA. A Si(111) double-crystal monochromator was
used for energy selection. The intensities of the inci-
dent and transmitted x-rays were monitored by nitro-
gen filled ionization chambers.

X-ray diffraction data were collected in transmission
mode on beam line X18A at the NSLS at Brookhaven
at an energy of 10375 eV {X =1.195 A).

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

The electrodes were prepared by a calendering rolling
process as described before [1] where the active layer
contained 50% perovskite, 40% graphite (XC 72) and
10% PTFE as a binder. The active layer was rolled on
the diffusion layer (which contained 30% PTFE and
70% XC 72 but no perovskite) and pressed on the
current collector Ni -mesh. The assembly was then
dried and sintered for 25 min at 340°C yielding an
electrode with a thickness of 0.5 mm.

For the ex-situ investigations new electrodes and
electrodes cycled for 160 and 1300 hours were used.
The samples were prepared by cutting a disc out of
the electrode with a diameter of 1.5 cm and removing
the Ni-grid current collector or by mixing the pure
perovskite powder with BN (1:5) and pressing a pill of
this diluted sample. The sample was then moved in to
the x-ray beam using an adequate sample holder.

The in-situ investigations were performed with a thin
electrochemical cell (as depicted in Figure 1 ) with a
gas diffusion working electrode loaded with catalyst
and a graphite counter electrode. To minimize X-ray
absorption from other components in the cell, the
electrode distance was minimized and 15 % sodium
hydroxide solution rather than the usual potassium
hydroxide was used as an electrolyte.
During the X-ray studies the electrode was held at
different potentials using a Zn foil as a reference elec-
trode which contacted the edge of the separator.

Al-end plate
X-ray-window
(Mylar-Foil)

Current collector (Cu-Foil)

Oxygen electrode
loaded with perovkite -

Zn-reference

Neopren-sealing

Cellulose separator

Current collector
(Graphite)

X-ray-window
(Mylar-Foi

Al-end plate —

Pb-shielding -

Fig. 1: Electrochemical cell for the in-situ x-ray ab-
sorption and diffraction studies.

3 RESULTS AND DISCUSSION

In-situ investigation. If the valence state of Cobalt
changes with potential, the K-edge in the XANES
spectrum is expected to shift. At higher valence state
electrons are bounded more strongly to their nucleus
and therefore the absorption edge - where the X-rays
excite the Co 1s electrons - is shifted to higher energy.
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Fig. 2: In-situ XANES spectra of a La06Ca04CoO3

loaded oxygen electrode at different potentials i) open
circuit potential ii) 0.9 V vs Zn (oxygen reduction po-
tential) iii) 1.9. V vs (oxygen evolution potential).

Figure 2 shows the x-ray Co near edge absorption
spectra (XANES) of an electrode at three different
potentials. The Laa6Ca0.4CoO3 perovskite oxygen
electrode was first held at open circuit potential
(middle curve), then for more than 30 minutes at 0.9 V
vs Zn (oxygen reduction potential, left curve), and
finally at 1.9. V vs Zn (oxygen evolution potential, right
curve).

The valence state of cobalt in the lanthanum calcium
cobalt perovskite can also be shifted if the La and Ca
ratio in the perovskite is varied. For a comparison we
prepared two samples of perovskite with a different
La/Ca ratios namely La0.6Ca0.4CoO3 and
La0.4Ca0.6CoO3 and prepared electrodes containing
these perovskites.

1.6

ELa0.6Ca0.4CoO3
ELa0.4Ca0.6CoO3
PLa0.4Ca0.6CoO3

7690 7750 7770

Fig. 3: XANES Spectra of La0.4Ca0.6CoO3 and
La06Ca04CoO3 (E) incorporated in a oxygen diffusion
electrode. Spectrum of a pill of a BN diluted
La04Ca06CoO3 sample (P).

Figure 3 shows the near edge absorption spectra of
these electrodes and of a pill containing a BN diluted
La0.4Ca0.6CoO3 sample. The valence state of the co-
balt in La0.6Ca0.4CoO3 perovskite is formally 3.4
whereas in the La0.4Cao.6Co03 perovskite it is 3.6. As
expected the x-ray absorption edge of the
Lao.4Ca0.6Co03 perovskite loaded electrode is there-
fore shifted to higher energies. As the difference in the
edge energies is similar to that observed in the in-situ

measurements at 0.9 V and 2.0 V vs. Zn (Figure 2),
we suggest that the valence state change in the in-situ
experiment is close to 0.2.

Surprisingly the spectrum of the pill of the BN diluted
Lao.4Ca0.6Co03 sample looks somewhat different with
the absorption edge at higher energies than the two
other samples. This is most probably due to the fact
that the Cobalt is slightly reduced during the electrode
preparation. Since the electrodes were sintered at
temperature 340 °C, Co might be reduced by graphite
forming a perovskite with a somewhat lower valence
state for the cobalt. Additional x-ray absorption meas-
urements on reference samples are necessary to de-
termine the exact valence state of Co in the perovskite
catalyst.

X-ray diffraction investigations of the electrodes and of
the pure perovskite samples, however, showed that
during the electrode preparation the perovskite struc-
ture was preserved. For small valence state changes
only slight structural changes of the perovskite are
expected. Thus the XANES spectra and the x-ray dif-
fraction data are not in contradiction. Further X-ray
diffraction investigations on used electrodes showed
no change of the diffraction pattern after holding the
electrode for 160 hours at 0.9 V and 2.0 V respectively
but some additional lines started to show up if the
electrodes were alternately held at the oxygen evolu-
tion and oxygen reduction potential for 1300 hours .

4 CONCLUSION

The in-situ and ex-situ X-ray absorption and diffraction
experiments performed at the National Synchrotron
Light Source in Brookhaven gave interesting insights
to the catalyst behaviour of bifunctional oxygen elec-
trodes used for Zn/air batteries.

The XANES spectra show that the valence state of Co
in the La06Ca0.4CoO3 perovskite is already slightly
changed during sintering of the electrodes. Valence
state changes on cobalt could also be observed in-situ
if the electrode potential was varied in the potential
range typically used in the Zn/air batteries during the
charge and discharge. Reference spectra however
reveal that the valence state changes are small.

X-ray diffraction data showed that this valence state
change has almost no influence on the perovskite
structure. It showed also no significant changes within
the first 160 hours no matter if the electrode was kept
at oxygen evolution or oxygen reduction potential.
However, some weak additional peaks indicated
structural changes after 1300 hours.
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MECHANISTIC STUDIES OF OXYGEN REDUCTION AT Lao.6Cao.4Co03 -
ACTIVATED CARBON ELECTRODES IN A CHANNEL FLOW CELL

V. Hermann (ETH Lausanne), Ch. Comninellis (ETH Lausanne), S. Muller.

The mechanism of the oxygen reduction reaction (orr) was studied in alkaline media at LaQeCaOACo03-
activated carbon electrodes in a channel flow cell (CFC). The electrodes were made by depositing a mix-
ture of the perovskite (La0.6Ca04CoO3) powder as the catalyst, Vulcan XC 72 as the carbon, and Triton X-
100 as the binder on Ti substrates. The results obtained for the oxygen reduction reaction show that the
mean number, ng, of electrons transferred per O2 molecule remains around 2, while the ratio k/k2 (the rate
constants for direct reduction to OH- and indirect reduction to H02~) is much smaller than 1, both at nonac-
tivated and perovskite-activated carbon electrodes. This indicates that most of the oxygen was reduced via
the two-electron pathway to HO2~. The hydrogen peroxide ions appear to be stable at Vulcan, but are fur-
ther reduced and/or chemically decomposed in part in the presence of the Lao.eCa04Co03 catalyst.

1 INTRODUCTION

Recently, an electrically rechargeable Zn/air battery
using La0.6Ca0.4CoO3 perovskite-activated bifunctional
air electrodes with interesting specific energy and
power data has been developed [1]. In an effort to
investigate the mechanism of the oxygen reduction
reaction (orr) at such electrodes, we focused our work
on the active layer containing the Lao.6Cao 4Co03

catalyst using a channel-flow cell, CFC. This is an
interesting alternative to the rotating ring-disc elec-
trode (RRDE), whereby the convection is created by a
forced laminar flow of the electrolyte in a channel. The
upstream (generator) electrode produces the electro-
active species of interest, which is then detected at the
downstream (collector) electrode.

For mechanistic orr studies, oxygen is reduced to OH"
ions at the cathodically polarised generator electrode
following the direct four-electron pathway (rate con-
stant k-,), and in parallel to hydrogen peroxide ions,
HO2", following the indirect two-electron pathway (rate
constant k2). The peroxide ions can be further reduced
to OH", either by accepting another two electrons
(electrochemical rate constant k3) or by undergoing
disproportionation (a chemical reaction) to O2 and OH-
(chemical rate constant k4). Part of the HO2" ions pro-
duced at the generator electrode is transported by the
electrolyte flow to the collector electrode, which is
anodically polarized in order to oxidize them back to
O2. Current lg is generated by both the direct and indi-
rect reactions (rate constants k-i, k2 and k3), while cur-
rent lc is due to oxidation of the collected HO2".

2 EXPERIMENTAL

Powder of the La0.6Ca0.4Co03 perovskite catalyst was
prepared by the amorphous-citrate-precursor method.
Corrosion-resistant Vulcan XC 72 that had been
graphitised by a heat treatment at 2700 °C was used
as the catalyst support, as in the gas diffusion elec-
trodes [1]. The catalyst and the Vulcan carbon were
blended in a 1 :1 solution of 2-propanol and H2O with
ultrasonic agitation. The resulting suspensions were

filtered with a 0.2-|a.m Millipore membrane, and the
solid material remaining on the filter was dried for 24
hours in an oven at 130 °C. About 20 mg of the cata-
lyst-Vulcan mixture were blended in 0.4 ml of a 10%
Triton X-100 solution (binder), the slurry was then
painted on Ti foils (0.125 mm thick). The coated Ti foils
were dried for 12 hours at room temperature, then
annealed for 2 hours at 300 °C to obtain the elec-
trodes used as generator electrodes. The results de-
scribed in this paper were obtained with two different
electrodes. One electrode contained no catalyst
(designation 0:1), the other had a catalyst-Vulcan
ratio of 1 : 1 . The collection efficiency, N, indicating the
fraction of the product formed at the generator that can
be detected at the collector was determined in ad-
vance (reduction of the ferricyanate ions).

3 RESULTS AND DISCUSSION

•200

Fig. 1: Current-potential curves measured for O2

reduction at various flow rates in the channel flow cell.
Generator electrode: La0.6Ca0.4CoO3/Vulcan = 0 : 1 .
Potential of the collector electrode (Ec): +0.550 V vs.
Hg/HgO. Electrolyte: 1 M KOH (oxygen-saturated).

Figure 1 shows typical experimental current-potential
curves (lg and lc vs. Eg ) for oxygen reduction in the
CFC at a generator electrode without catalyst. It can
be seen that the collector current is important, and that
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peroxide formation therefore was not negligible. There
was no real diffusion-convection limiting current at the
generator, i.e. the reaction was not entirely under
mass-transport control. The corresponding curves
recorded at the electrode containing La06Ca04CoO3

were similar, but as expected, the overpotential for O2

reduction was lower in the presence of the catalyst.
Moreover, for the perovskite-activated electrode, the
collector currents were smaller. This indicates that
hydrogen peroxide decomposition was more efficient
in the presence of the catalyst, and fewer hydrogen
peroxide ions were transported to the collector elec-
trode.

An analysis of the measurements described above can
be made by plotting lg"

1 vs. v1/3 [2] at several generator
potentials, the slope of the plot yields the mean num-
ber of electrons transferred per O2 molecule (ng). For
the two electrodes (0:1 and 1:1), ng had values of 1.8
and 2.2, respectively and did not reveal any potential
dependence. In Figure 2, plots of -N lg/ lc vs. v'1/3 are
shown for the electrode without catalyst (2a) and the
perovskite-activated electrode (2b). The ordinate inter-
cept yields 1+2ki/k2, (see Eq. 1). For both electrodes,
k^ka is very low (almost zero), which indicates that a
direct reduction of O2 to OH- was negligible. These
results indicate that oxygen reduction at the
La0.6Ca0.4CoO3-activated carbon electrode proceeds
mainly via the "parallel" pathway, leading to HO2". It is
well known that O2 reduction via HO2" formation is
predominant at graphite and carbon [3]. The addition
of La06Ca0.4CoO3 catalyst leads to a slight increase in
ng. This can be explained by further electrochemical
reduction of a part of the peroxide ions (k3).

According to Damjanovic [4], the shape of the plots
-N lg/lc vs. v"1/3 can provide additional information on
the reaction mechanism taking place at the generator
electrode. Indeed, following Eq.(1) below in the case
where k ^ is very low, the expression for the slopes
of these plots can be simplified to the sum 2k3+k4

(ZH0- v
1/3 in Eq.1 expresses the formal rate constant

for tne diffusion-convection process) where the chemi-
cal rate constant k4 is supposed to be potential-
independent. For the electrode without catalyst, which
yields almost horizontal plots of -N lg/ lc vs. V1/3, one
can deduce that HO2" ions are not further reduced at
the Vulcan (k3=0). To the contrary, for the 1 :1 elec-
trode, the slope of the plots increases at higher
cathodic potentials, which implies that k3 varies with
Eg. Thus, part of the HO2- ions was further reduced at
the generator electrode in the presence of catalyst.
This could explain the lower collector current and the
slight increase of ng observed at this electrode. These
results do not rule out that the perovskite

La0.6Ca0.4CoO3 exhibits catalytic activity for the chemi-
cal decomposition of hydrogen peroxide.
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Fig. 2: Plots of -N(lg/Ic) vs v"1/3 obtained for different
steady-state potentials Eg in O2 reduction; (a) cata-
lyst/Vulcan 0 : 1 ; (b) catalyst/Vulcan 1 : 1 .

4 CONCLUSION

In alkaline media, oxygen reduction at Vulcan XC72
electrodes activated by La06Ca04CoO3 leads mainly to
hydrogen peroxide, which appears to be electrochemi-
cally stable at the Vulcan. The catalyst does not boost
the direct reduction of O2 to OH", but part of the HO2

-

ions produced at it appear to undergo further electro-
chemical reduction, which occurs in addition to the
chemical (catalytic) decomposition that takes place at
the catalyst.
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EVALUATION OF CARBON SUBSTRATES FOR BIFUNCTIONAL AIR ELECTRODES
APPLIED IN ZINC-AIR-BATTERIES

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

The key component for improving the energy efficiency and cycle life of the electrically rechargeable zinc-
air battery is the bifunctional air electrode. The air electrodes described in this paper contained different
types of carbon black as the substrate for the perovskite catalyst (La0,6Ca04CoO3). Morphological and
physical properties of the carbon substrates play an important role in enhancing the activity and stability of
the bifunctional air electrode. Current-potential curves and cycle-life tests were applied in order to gather
information on the activity and stability of these electrodes.

1 INTRODUCTION

Electrically rechargeable zinc-air batteries are very
interesting as a low-cost energy storage system with
high specific energy in the range of 100 - 150 Wh/kg
for mobile and stationary application. A promising ap-
proach to improve the round-trip energy efficiency
during the charge-discharge cycle of the battery is that
of decreasing the overpotential at the bifunctional air
electrode. Air electrodes typically contain a catalyst
dispersed on a carbon substrate. This mixture is
PTFE-bonded and forms the active part of the porous
gas-diffusion electrode [1].

We focused our research on the testing of different
carbon materials as substrates for the bifunctional
catalyst.

2 EXPERIMENTAL

The carbon and graphite substrates tested in the pre-
sent study are listed in Table 1. Part of the carbon
black Vulcan (Cabot) was graphitized at 2700 °C in
order to improve its corrosion resistance. This
graphitized material was then divided in two parts, one
was used as such while the other part was heat-
treated at 600 °C in air up to a certain weight loss, in
order to enhance chemical stability.

As a standard recipe, air electrodes were prepared
which contained 35wt.% carbon or graphite, 15wt.%
PTFE and 50wt.% perovskite catalyst in the active
layer. The bifunctional air electrodes were tested in a
three-electrode arrangement. The test cell was
equipped with an air electrode (0.5 cm2), a spirally
wound platinum wire as the counterelectrode, and a
Hg/HgO reference electrode. The cycle life perform-
ance was tested with sets of two identical bifunctional
electrodes having geometric surface areas of 25 cm2,
in an oxygen/oxygen cell where oxygen is reduced at
one electrode and evolved at the other [2]. The poten-
tial of the two gas-diffusion electrodes was measured
vs. Zn. One full cycle of 6 h included both processes
(3 h of oxygen reduction and 3 h of oxygen evolution)
at each electrode. The anodic and cathodic current
density was +/- 6 mA.crrr2. After each half-cycle a
break of 12 minutes occurred.

Carbon Material Source Treatment B.E.T.

Vulcan

Vulcan

Vulcan

Cabot

Cabot

Cabot

A

B

C

250

70

100

Table 1: Carbon Black (CB) materials tested. Carbon
treatment: A (as received), B (graphitized 1 h @
2700 °C, He), C (graphitized and thermally activated).

3 RESULTS AND DISCUSSION

Figure 1 shows current-potential curves measured
with electrodes containing Vulcan XC 72 treated in
different ways. These electrodes were Lao.6Ca0.4Co03-
activated. For a comparison the polarisation behaviour
of a non-perovskite-activated air electrode is pre-
sented in Figure 1. No significant difference in over-
potentials was detected at La0.6Ca0.4CoO3-activated
electrodes for the oxygen evolution reaction, which
takes place at the perovskite. The improvement in
potential over a pure carbon electrode during oxygen
evolution was ca. 800 mV for a perovskite-activated air
electrode. In oxygen reduction, the highest overpoten-
tials were measured for the pure carbon electrode and
the Lao.6Ca0.4Co03-activated electrode containing
graphitized Vulcan XC 72. However, after air activation
of the carbon the current-potential behaviour of the
Lao.6Cao 4CoO3-activated air electrode was markedly
improved. The XPS determination of surface oxygen
groups revealed oxygen concentrations of 1.2%,
0.3 %, and 1.5 % for Vulcan as received, Vulcan
graphitized, and Vulcan graphitized and activated,
respectively. The corresponding contact angles of
water on Vulcan XC 72 as determined by Kinoshita [3]
are 79°, 82°, and 72°, respectively. These results re-
veal the strong influence of carbon surface properties
on the performance of the electrode in oxygen reduc-
tion.
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Fig. 1 : Current-potential curves measured for (a)
La06Ca0 4CoO3-activated bifunctional oxygen elec-
trodes containing (•) Vulcan as received, (•) Vulcan
graphitized, (•) Vulcan graphitized and activated, and
(b) a pure carbon air electrode (+).

The electrode with graphitized Vulcan, for which high
chemical stability was expected, actually exhibited the
shortest life-time under conditions of cycling (< 50
cycles). Its stability was even lower than that of the
electrode with Vulcan as received. Visual observation
of this electrode after a long-term experiment revealed
cracks in the active layer, which could be attributed to
a pressure increase in this layer during oxygen evolu-
tion.

500

Timet/h

1000 1500 2000

100 200
Cycle Number

300

Fig. 2: Cycle life of 25-cm2 bifunctional oxygen elec-
trodes containing Vulcan as received (O) and Vulcan
graphitized and then activated with (A) 5.5 % weight
loss, (+) 10 % weight loss and (•) 40 % weight loss.
Electrolyte: 15 % KOH + 1.5 M KF + ZnOsat.

Figure 2 illustrates the cycle life of bifunctional air
electrodes containing Vulcan-type carbon black that
had been activated to different degrees, and then
loaded with La0.6Cao.4Co03. After short-term activation

of the graphitized Vulcan involving a loss of 5 % car-
bon the stability of the material under cycling condi-
tions was found to be improved over that of
graphitized, non-activated Vulcan and of Vulcan as
received. We found a maximum in life-time for elec-
trodes containing Vulcan which had been activated
until a weight loss of 10 % was reached. A longer acti-
vation time (40 % carbon loss) produced a marked
decrease in chemical stability of the Vulcan. X-ray
diffraction analysis showed an activation-time-
dependent decrease in crystallinity for the activated
graphitized Vulcan. Longer activation times with a
higher total weight loss of the carbon material led to a
gradual decrease in crystallinity of the carbon black.
However, the B.E.T. surface area remained fairly con-
stant at ca. 100 m2.g"1 regardless of the activation
time.

4 CONCLUSION

The oxygen diffusion electrodes prepared by a rolling
technique using different carbon black materials
showed different activities for oxygen reduction. The
ranking of the activities for oxygen reduction of the
carbon mixed with Lao.6Cao.4Co03 was shown to be:
Vulcan as received > Vulcan graphitized and thermally
activated > Vulcan graphitized. No significant differ-
ence in overpotential was measured for the oxygen
evolution reaction at oxygen electrodes prepared with
different carbon materials. At a current density of
100 mA.cnrr2 the average oxygen evolution potential
was 600 mV vs. Hg/HgO. Among the Vulcan-
containing air electrodes, the best cycle life was ob-
tained using Vulcan thermally activated in air to a
weight loss of 10%. Its cycle life was more than
2000 h under constant cycling at +/- 6 mA.crrr2.
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DRIVING-CYCLE TESTING FOR THE PSI ZINC/AIR BATTERY

F. Holzer, J.-C. Sauter, G. Masanz, S. Muller, O. Haas

This contribution describes our research and development effort towards an electrically rechargeable
zinc/air battery which is capable of meeting the demands of a scaled power profile (driving-cycle tests). The
power profiles DST (Dynamic Stress Test) and ECE15-L (European Driving Cycle for alkaline Batteries)
were applied to our 200 and 50 cm2 electrically rechargeable Zn/O2 cells with nominal capacities of 30 and
7.5 Ah, respectively.

1 INTRODUCTION

Electrically rechargeable energy storage concepts
leading to a high specific energy, low cost and envi-
ronmentally compatible components are urgently
needed for electric vehicles, stand-alone photovoltaic
applications or as power sources for portable elec-
tronic equipment. The electrically rechargeable zinc/air
battery is a very promising candidate for these appli-
cations. The practical specific energy of the battery
system is in the range of up to 150Wh/kg, and its
main component, zinc, is inexpensive and relatively
non-toxic.

Fig. 1: Configuration of a single 50 cm2 PSI Zn/air cell
with a pasted zinc electrode wrapped into the separa-
tor and placed between two polypropylene foils and
two bifunctional air electrodes.

Recently many investigations have focused on en-
hancing the cycle life of the components of recharge-
able Zn/air cells. Significant progress has been made
concerning the cyclability of the system by utilising
pasted zinc electrodes with improved cellulose addi-
tives, low zinc solubility alkaline electrolytes and metal
oxide catalysts dispersed on graphitized carbon for the
bifunctional oxygen diffusion electrodes [1,2,3]. It is of
great interest, however, to know whether or not these
batteries can provide the necessary transient power
response required for vehicle applications. SFUDS
(Simplified Federal Urban Driving Schedule) power
profile tests for Zn/O2 and Zn/NiOOH laboratory-size
cells have been reported [4], SFUDS profiles where
later transformed into DST (Dynamic Stress Test)
profiles, which require higher regeneration levels and
also higher discharge power. This report describes our
efforts towards the demonstration of driving-cycle tests
on PSI Zn/O2 cells.

2 EXPERIMENTAL

Both components for the electrically rechargeable
zinc/air battery, the anode (pasted zinc electrode) and
the cathode (bifunctional oxygen diffusion electrode)
were prepared at PSI. The anode was prepared by a
pasting method [1] and the cathode by a calendering
rolling technique [3]. Both electrodes were made in
sizes of up to 200 cm2. The electrodes were tested
using a sandwich cell arrangement, with the pasted
zinc electrode in the middle and a bifunctional O2

electrode covered with a polypropylene sheet on each
side, as shown in Figure 1. The electrolyte used was
15 or 30 % KOH presaturated with ZnO and with 1.5 M
KF as an additive.
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Fig. 2: Driving cycle power profile for one ECE15-L
cycle (A) and one DST cycle (B). Positive power is
applied during charge, negative power during dis-
charge.

200 cm2 and 50 cm2 square Zn/O2 cells with 30 Ah
and 7.5 Ah nominal capacity, respectively, were used
for the driving-cycle tests. 1/3 to 2/3 of the nominal
capacity of the cells can be utilised for cycling. DST
(Dynamic Stress Test) and ECE15-L (European Driv-
ing Cycle for alkaline Batteries) power profiles were
applied to the cells. The cycles have a scaled power
profile which lasts 20 minutes (ECE15-L, shown in
Figure 2A) or 360 seconds (DST, shown in Figure 2B)
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per cycle. The profiles are repeated end-to-end with
no rest period between them. Both cycles have an
urban part, with moderate specific power demands,
and a suburban part with ambitious specific power
demands. The suburban part in the DST profile asks
for 60 W/kg peak power pulses in the charging and
120 W/kg in the discharging mode. The ECE15-L pro-
file (35 W/kg charge and 90 W/kg discharge) has
moderate demands as compared to the DST profile,
but the pulses last longer. The power profiles were
tested by applying a current profile to the cells.

3 RESULTS AND DISCUSSION

The estimated weight of a 50 cm2 Zn/O2 cell was
about 60 g, that of the 200 cm2 cell was 193.4 g. The
weight is distributed as follows: Zn electrodes 35 -
40%, O2 electrodes 15%, the electrolyte 25 - 30%,
the case and contacts 15 - 20%. The calculated
power and measured voltage profiles for the 200 cm2

and 50 cm2 Zn/O2 cells under ECE15-L and DST
driving cycle conditions are shown in Figure 3 and 4.
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Fig. 3: ECE15-L driving-cycle profile (2 cycles) meas-
ured for a 200 cm2 PSI Zn/O2 cell with a nominal ca-
pacity of 30 Ah. The consumed capacity per cycle is
approx. 1.35 Ah.
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Fig. 4: DST driving-cycle profile (7 cycles shown)
measured for a 50 cm2 PSI Zn/O2 cell with a nominal
capacity of 7.5 Ah. The consumed capacity per cycle
is approx. 0.12 Ah.

The 200 cm2 Zn/O2 cell is capable of providing the
specific power required for the ECE15-L driving-cycle
for charging positive power) as well as discharging
(negative power) conditions. One cycle consumes
about 1.35 Ah of capacity. The cell was discharged to
10 Ah (approx. 7 cycles) with the ECE15-L profile.

Under DST driving-cycle conditions, the 50 cm2 Zn/O2

cell was only partly capable of providing the power
required. The demands of the urban part for charging
and discharging conditions were fulfilled, but the sub-
urban part with ambitious specific power demand was
only fulfilled during charging. The peak at discharging
of 120 W/kg was not reached, the cell showed a peak
at discharging of about 90 W/kg. The applied current
profile has a capacity consumption of about 0.12 Ah
per cycle. The cell was discharged to 2.5 Ah (approx.
20 cycles).

4 CONCLUSION

Pasted zinc electrodes and bifunctional O2 electrodes
are manufactured at PSI in sizes of up the 200 cm2.

The 200 cm2 Zn/O2 cells with 30 Ah nominal capacity
are able to meet the requirements for the ECE15-L
(European Driving Cycle for alkaline Batteries) power
profile, which has a moderate power demand, during
prolonged time periods of 8-83 seconds, of up to
90 W/kg at discharge and up to 35 W/kg at charge.

The 50 cm2 Zn/O2 cells with 7.5 Ah nominal capacity
were able to meet partly the requirements for the DST
(Dynamic Stress Test) power profile, which has a am-
bitious power demand of up to 120 W/kg at discharge
and up to 60 W/kg for charging. The requirements for
the urban part were met (charge and discharge), those
for the suburban part were only partly met (only
charge).
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EVOLUTION OF MICROPORE SIZE AND ELECTROCHEMICAL CAPACITANCE OF
GLASSY CARBON DURING THERMAL ACTIVATION

A. Braun, M. Bartsch, B. Schnyder, R. Kotz, O. Haas

Closed pores in glassy carbon are opened during thermal activation resulting in a porous film. Activated
glassy carbon can be utilized as double layer capacitor electrode. The volumetric internal surface area of
the film decreases during activation, while the volumetric capacitance increases. This surprising and con-
tradictory effect is explained by the decreasing surface area attributed to the coalescence of pores and
the increase of capacitance due to enlargement of pores becoming more accessible to the electrolyte.

1 INTRODUCTION

Thermal oxidation (activation) of glassy carbon (GC) is
a successful process for the development of elec-
trodes for electrochemical double layer capacitors
(EDLC). The 1-5 nm sized pores in GC can be opened
by thermal oxidation to make them accessible to liquid
electrolytes and thus attractive as EDLC electrodes.
The smaller the pores the larger the internal surface
area and the bigger the capacitance. Pores smaller
than about 7 to 9 A, however, are not anymore acces-
sible to the electrolyte.

2 EXPERIMENTAL

GC foils having a thickness of 60 urn were oxidized for
different times. The capacitance was determined with
electrochemical impedance spectroscopy. The internal
surface area of non-oxidized and oxidized GC was
determined with small-angle X-ray scattering (SAXS)
and nitrogen gas adsorption (BET) [1]. Pore size dis-
tribution was determined with SAXS.

3 RESULTS

Figure 1 displays the decrease of the volumetric inter-
nal surface area of GC versus the activation time.
During activation, the surface area decreases ap-
proximately from 2000 m2/cm3to 1000 m2/cm3.

50 100 150
Activation time [min]

200

Fig. 1: Internal surface area versus activation time.
Open circles: data from BET. Closed circles: data from
SAXS. The line is a linear least square fit.

Direct proof of a pore enlargement is furnished by the
SAXS pore size distribution, shown in Figure 2 for
non-activated and activated GC. The maximum of the

distribution shifts from 2.5 to 3.5 A within 3 hours of
activation. A considerable part of the pores is smaller
than 7 to 9 A.

non-oxidized

90 min. oxidized

min. oxidized

5 10
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Fig. 2: Micropore radii distribution of GC samples.

The capacitance per unit volume increases with in-
creasing activation time, as displayed in Figure 3.

150

40 80 120 160
Activation time [min]
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Fig. 3: Volumetric capacitance versus activation time.

Smaller pores are opened successively during activa-
tion. These results can only be explained by the en-
largement of pores which become more accessible to
the electrolyte.
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A MATHEMATICAL MODEL FOR THE GROWTH OF POROUS ACTIVE FILMS IN
GLASSY CARBON DURING THERMAL OXIDATION - ANALYTICAL EXPRESSION

FOR THE ACTIVE FILM THICKNESS

A. Braun, M. Bartsch, B. Schnyder, R. Kotz, O. Haas

The growth of the porous active film in glassy carbon due to thermal oxidation is superimposed by a sub-
stantial decrease of the sample dimension due to burn-off of carbon material. Classical models and
mathematical expressions for the film thickness during oxidation, such as Tammann's square-root law due
to diffusion, fail to determine the film thickness. However, we found that the system "thermal oxidation of
glassy carbon sheets" follows an exactly solvable growth law with an analytical expression for the active
film thickness, the so-called Generalized Lambert W function G.

1 INTRODUCTION

Activated glassy carbon (GC) is successfully utilized
as material for electrochemical double-layer capacitor
(EDLC) electrodes [1]. GC is built up from graphite like
nanosized crystals, which enclose 1-5 nm sized pores
(voids).

The pores can be opened by thermal gas phase oxi-
dation to make them accessible to liquid electrolytes
and thus attractive as EDLC electrodes [2,3]. De-
pending on the process parameters such as oxidation
temperature, time, concentration of the reactant gas,
and on the material parameters such as diffusion coef-
ficient and reaction rate, a porous active film with a
certain thickness grows on the GC surface [4].

The goal of the investigation of GC is to find the best
activation parameters for a maximum thickness of the
active layer in a reasonably short time.

2 EXPERIMENTAL

Commercially available GC with a thickness of 60 urn
(foils) to 1000 urn (plates) was oxidized at different
temperatures for different times, and also at different
gas concentrations. The film thickness was determined
by scanning electron microscopy of the cross section
of the broken samples.

3 THEORY

A mathematical expression for the film thickness in a
flat sample reacting with a fluid is derived as a function
of reaction time.

The formulation is based on a gas-solid reaction and
takes into account two moving reaction frontiers, one
due to the shrinking unreacted core and one due to
the changing thickness of the samples as a result of
combustion.

The equation of motion for the two reaction boundaries
can be solved exactly for flat samples applying a so-
called Generalized Lambert W function G.

j ,
d

Fig. 1: Schematic of the evolution of the active film in
a flat GC sample of initial thickness Zo during oxida-
tion. The unreacted core is black, the film material is
grey.

A flat sample with an initial thickness Zo is considered,
as illustrated in Figure 1. At an arbitrary time t, the
thickness of the overall sample is ze(t) < Zo. The thick-
ness of the unreacted core material is Zj(t) < ze(t) < Zo,
thus the film thickness is d(t) = ze(t) - z,(t).

The shrinking of the unreacted core corresponds to
the film growth and is controlled by the diffusion of
reactant gas (O2) and product gas (CO and CO2)
through the film. The shrinking of the overall sample is
a process controlled by the chemical reaction. Taking
into account these two processes, an ordinary differ-
ential equation as follows is obtained:

h p
dz,, oc z,,

a being the burn-off rate in um/h and p being the film
growth rate constant in um2/h. The time dependence is
obtained with the constant burn-off rate a:

dt
= a<0 (2)

The solutions of the differential equation can be found
with the computer algebra program Maple [4]. Taking
into account initial conditions, the following expression
for the film thickness is found:

(3)
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The Lambert W function W is the solution of the tran-
scendental equation with complex argument z:

W(z)-exp(W(z))=z (4)

A shorter expression for the film thickness is obtained
when the Generalized Lambert W function G is used:

(5)

Three principal predictions can be drawn from Equa-
tions (4) and (5):

1) The film thickness attains a constant saturation
value (saturation film thickness: SFT).

2) Due to the Arrhenius type acceleration of the burn-
off, an increase of activation temperature lowers
the SFT.

3) Increasing the concentration of oxidant gas does
not affect the SFT. However, a higher oxygen con-
centration shortens the time until the SFT is
reached.

In this report, the model for the flat samples is com-
pared with experimental results (GC foils and plates).

The model was extended to samples with spherical
geometry, which is important for GC powder [5]. The
case with spherical geometry is mathematically and
experimentally even more challenging.

4 RESULTS

Figure 2 displays the film thickness versus activation
time of GC foils activated at temperatures T1, T2, and
T3 (T1 < T2 < T3). Figure 3 displays film thickness
data of GC plates having a different microstructure
(smaller and less ordered crystallites), a higher diffu-
sion coefficient and a higher burn-off rate compared to
GC foils. Figures 2 and 3 show that the film thickness
is constant (SFT) after about 80 minutes of activation
atT3, in accordance with prediction 1).

50 100 150
Reaction time t [min]

200

The SFT of the GC activated at T3 is smaller than the
film of the GC activated at lower temperatures, in ac-
cordance with prediction 2). The sample activated at
T1 (Figure 2) yields the SFT after a longer time than
the sample activated at T2. The evolution of the film
growth during activation, including SFT, depends on
the material parameters a and fj and thus on the mi-
crostructure, such as crystallite size and orientation of
the GC.

The SFTs of the samples in Figure 3 (30 urn at T3) are
substantially larger than those in Figure 2 (8 urn at
T3).

Fig. 2: Film thickness versus activation time of GC
foils for activation temperatures T1, T2, and T3 (T1 <
T2 < T3). Symbols denote experimental data, drawn
lines denote calculated data.

50 100 150 200
Reaction time t [min]

Fig. 3: Film thickness versus activation time of GC
plates for activation temperatures T2 and T3.

It could be confirmed that an enhanced oxygen con-
centration during activation can reduce the time to
reach the SFT by far [5], fully in line with prediction 3).
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DEVELOPMENT OF SUPERCAPACITOR ELECTRODES COMPOSED OF
CARBONACEOUS MATERIALS

M. Bartschi, R. Richner, S. Muller, R. Kotz, A. Wokaun,
R. Gallay (montena components sa), A. Schneuwly (montena components sa)

Electrodes for electric double-layer capacitor (EDLC) applications are made of highly porous and electri-
cally conducting materials comprised of a carbonaceous material and a binder, coated onto a current col-
lector. A method for the coating of the current collector with a mixture of activated carbon and a blended
binder was developed with regard to ease of processability. A carbonaceous material was selected that
was known not to swell. The electrode performance was investigated as a function of the separator, its
porosity, and the thickness of the active layer. Characteristic specific capacities of 70 F/g active material
were achieved for coated electrodes. The measurements were made in 1 M tetraethylammonium
tetrafluoroborate (TEA TFB) in acetonitrile as an electrolyte using a three-electrode assembly.

1 INTRODUCTION

Electric double-layer capacitors (EDLC) storing charge
at the interface between a high-surface-area activated
carbon electrode and an organic electrolyte solution
have been developed and are widely used as a main-
tenance-free power source for IC memories and mi-
crocomputers [1]. Newly proposed applications for
large size EDLC are load levelling devices in electric
and hybrid vehicles. Capacitors for high energy appli-
cations require electrodes made of high-surface-area
activated carbon with an appropriate surface and pore
geometry, as well as an electrolyte solution providing
high conductivity and adequate electrochemical stabil-
ity so that the capacitor can be operated at high volt-
ages. Common carbonaceous materials for the men-
tioned applications are activated carbon fibres and
microbeads as well as carbon black.

Most of the work published [2,3,4] concerns the devel-
opment and testing of electrodes in laboratory-scale
devices. However these designs are rarely adaptable
for large-scale industrial fabrication. Therefore a coat-
ing method was developed with a view to further scale
up. The scale-up feasibility was confirmed by the fabri-
cation of the electrodes on a industrial coating ma-
chine.

Many of the separators available commercially are
designed mainly for battery use. Hence an accurate
evaluation of the separator is essential in order to
achieve the exceptional performance of EDLC's.

Earlier work [5] indicated that TEATFB in acetonitrile
was the best organic electrolyte system for EDLC ap-
plications.

2 EXPERIMENTAL

Activated carbon powder was suspended in a binder
solution containing 1 % (by weight) carboxymethyl-
cellulose (CMC) in an appropriate solvent mixture.
Alternative coating experiments were performed using
a combination of CMC and poly(tetrafluoroethylene)
blended in an organic/aqueous solvent. Different
PTFE/CMC ratios were examined. Thin metal foils
were doctor-bladed with the suspensions and finally

dried with hot air. The dried electrodes were charac-
terised electrochemically in a test cell, using 1 M
TEATFB in acetonitriie as the electrolyte. The per-
formance of these electrodes was compared with that
of calender-rolled carbon-black electrodes described
elsewhere [6].

Electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) of the coated electrodes was
performed using two and three-electrode assemblies.
The two-electrode assembly represents the simplest
EDLC device. A glassy carbon counter and a
Ag/AgNO3 reference electrode were used in the three-
electrode test cell. The bias potential was held at 0 V
and an AC amplitude of 10 mV was superimposed
over the frequency range from 10 kHz to 10 mHz.

3 RESULTS

The measurements of two-electrode EDLC cells
equipped with different separator materials showed
the advantage of a highly porous glass-fibre felt over
microporous polypropylene foil. The internal series
equivalent resistance was lowered by 60 %.
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Fig. 1: Nyquist plot of EIS from two-electrode EDLC
using different separator materials.

The Nyquist plot (Figure 1) measured with a glass-
fibre-separator revealed, due to its higher porosity, a
significantly lower high-frequency resistance compared
with a micro-porous polypropylene foil.
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Doctor-bladed and calender-rolled electrodes were
compared with regard to their electrochemical per-
formance. The resulting differences in their specific
power and energy density in a EDLC device are pre-
sented in Figure 2. The Ragone plot shows signifi-
cantly higher power and energy for the coated elec-
trode at any given frequency.
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Fig. 2: Ragone plot of EDLC cells built up of differ-
ently prepared electrodes. The data presented are
referred to the mass of the active layer.

In further work toward an improved electrode perform-
ance, we noted a remarkable influence of the active
layer thickness on the corresponding impedance
(Figure 3).
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Fig. 3: Nyquist plots of doctor-bladed electrodes with
different active-layer thickness.

The influence of different blended and pure CMC
binders was determined for doctor-bladed electrodes
and compared with earlier studies [7]. An improvement
of the specific capacitance (Cspec) was not observed in
this work. Only a slight decrease in adhesion of the
active layer on the metal foil and the mechanical sta-
bility of the active layer were found when PTFE was
added to the electrode material.

The scale-up of the laboratory coating process
(doctor-blade) was successfully accomplished with
industrial coating equipment.

The highest Cspec achieved for a single electrode was
70 F/g @ 10 mHz. 90 % of this specific capacity was
measured @ 100 mHz (Figure 4).
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Fig. 4: Cspec as a function of the frequency measured
for a single electrode fabricated by a doctor-blade
method.
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A 24 V BIPOLAR SUPERCAPACITOR FOR HIGH POWER APPLICATIONS

M. Hahn, M. Bartsch, B. Schnyder, R. Kotz, M. Carlen (ABB), Ch. Ohler (ABB),
E. Krause (Leclanche SA, Yverdon-les-Bains)

A 24 V double layer capacitor stack has been built from thermally activated glassy carbon sheets, serving
as the bipolar electrodes. Sulfuric acid was used as the electrolyte. Both, the high ionic conductivity of the
acid and the good electronic contact between the porous active layer and the non-porous backbone of the
glassy carbon electrodes contribute to the low RC time constant of the device compared to conventional
supercapacitors (with organic electrolyte and activated carbon powder). The exceptional high power per-
formance is confirmed by impedance data.

1 INTRODUCTION

With respect to specific energy and specific power,
double layer capacitors (DLCs) close the gap between
aluminium electrolytic capacitors and batteries. Within
the group of carbon based DLCs two concepts can be
distinguished: aqueous systems with low resistivity
(e.g. 1.2 £2cm @ 300 K for 30 % sulfuric acid) and a
maximum cell voltage of about 1.2 V, and aprotic or-
ganic systems with high resistivity (> 20 Qcm) and a
maximum voltage of about 2.5 V.

A DLC prototype was designed to fulfill the high power
specifications of a switch gear [1]. Data of this device,
which was completed in december of 1999, are pre-
sented below.

Since the contact resistances within the porous carbon
layer, and between this layer and the current collector
contribute significantly to the equivalent series resis-
tance (ESR) of commercial powder type DLCs, we
employed the unique concept of monolithic activated
glassy carbon (GC) electrodes in conjunction with an
acidic electrolyte for the prototype device [2].

2 COMPONENTS AND ASSEMBLY

The electrodes (diameter 120 mm) are prepared from
GC sheets by activation at about 500 °C in ambient
air. Upon this oxidation process a nanoporous and
mechanically stable layer grows on each side, 20 urn
thick and tightly bound to the remaining bulk material,
about150 urn thick.

>*•

Fig. 1: The 24 V prototype.
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A single cell of the stack consists of two adjacent GC
electrodes, separated by a glass fiber separator,
soaked with electrolyte and sealed with a rubber gas-
ket. The whole stack consists of 31 electrodes, i.e. 30
cells. Electrical connectors are glued with conductive
epoxy resin to the outermost electrodes.

3 RESULTS

The prototype (Figure 1) was characterized by imped-
ance spectroscopy. A capacitance of 0.4 F at 0.1 Hz
and a resistance of 25 mQ at 1 kHz were found, corre-
sponding to a RC time constant of 10 ms. Figure 2
shows the dependence of energy density on power
density, calculated from impedance data [3] and the
volume of the device, 360 ml.
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Fig. 2: Energy-power (density) relation of the proto-
type, calculated from impedance data.
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INFLUENCE OF MEMBRANE THICKNESS AND MEMBRANE EQUIVALENT WEIGHT
ON THE PERFORMANCE OF FUEL CELLS OPERATED

WITH UNHUMIDIFIED GASES

J. Huslage, F.N. Buchi, G.G. Scherer, R. v. Helmoldt (Siemens AG, Corporate R&D, Erlangen,
Germany), M. Waidhas (Siemens AG, Corporate R&D, Erlangen, Germany)

Proton-conducting membranes are used as electrolyte in polymer electrolyte fuel cells (PEFCs). The re-
sulting fuel cell performance is strongly dependent on the water content of the membrane, because the
membrane conductivity is strongly dependent on the membrane water content. In this work we have met
the challenge to identify requirements of membranes for fuel cell operation without external humidification
of the reactant gases. The present results demonstrate that low thickness and low equivalent weight are
the most important requirements for optimised proton-conducting Nafion® membranes for fuel operation
with unhumidified gases.

1 INTRODUCTION

Fuel cells combine hydrogen and oxygen in an elec-
trocatalytic reaction, that means without combustion,
to generate electricity, heat and water. In low-
temperature polymer electrolyte fuel cells a proton-
conducting polymer membrane is used as the electro-
lyte. This electrolyte allows only proton migration from
the anode to the cathode but separates the anode and
cathode gases. For this reason a high proton conduc-
tivity is important for attaining high power density
and/or efficiency. The most commonly used mem-
branes are the mechanically and chemically stable
perfluorinated sulfonic acid membranes like the
Nafion® series from DuPont, whose chemical structure
is shown in Figure 1 [1]. The membranes within this
series differ only with respect to thickness and/or
equivalent weight (EW = 1000 and 1100 g/eq., re-
spectively).

- (CF-CF 2 ) m - (CF 2 -CF 2 ) -

O
I

CF 2 -CF-O-CF 2 -CF 2 -SO 3 H

CF,

Fig. 1: Structure of Nafion®.

A fundamental problem is the mechanism of proton
conduction which is based on the transport of hydrated
protons in an aqueous phase within the membrane. As
a result the proton conductivity of Nafion® membranes
is strongly dependent on its water content [2,3].

The migration of hydrated protons from the anode to
the cathode (electroosmotic drag) lowers the water
content of the membrane on the anode side. The re-
sulting water concentration gradient leads to a
"backdiffusion" of water from the cathode to the anode
side (Figure 2). Therefore, the transport of water from
the anode to the cathode side is, according to Fick's
law, a function of the membrane thickness [4].

In the present work we have investigated the influence
of membrane thickness and equivalent weight on cell
performance without external humidification of the re-
actant gases.

LOAD RESISTANCE

• WATER DISTRIBUTION WITHIN THE MEMBRANE
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Fig. 2: Schematic illustration of water transport
mechanism within a PEFC.

2 EXPERIMENTAL

The experiments were performed with specially pre-
treated Nafion® membranes [3] and 0.6 mg / cm2 Pt
E-TEK electrodes (with an additional Nafion® loading
of 0.6 (-0.7) mg / cm2) in either 30 cm2 graphite cells
or 200 cm2 gold plated stainless steel cells. All experi-
ments were conducted at 1.5 bara gas pressure and
the gases were fed in counter flow mode.
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3 RESULTS AND DISCUSSION

3.1 Influence of membrane thickness and EW

Figure 3 shows the influence of membrane thickness
and equivalent weight on the performance of fuel cells
operated with dry hydrogen and dry air.
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Fig. 3: Performance data of fuel cells with different
Nafion® membrane types without external humidifica-
tion of the reactant gases (Tcen = 65 °C, 1.5 bara, X H2 /
X Air = 1.1/2.0, 0.6 mg/cm2 Pt, 30 cm2 active area).

The cell with the 50 |j.m thick (dry) Nafion® 112 mem-
brane attains a 300 % higher peak power than the
125 jim thick (dry) Nafion® 115 with the same equiva-
lent weight. In comparison to Nafion® 115 the Nafion®
105 with same thickness but lower equivalent weight
(1000g/eq instead of 1100g/eq) attains a 50%
higher peak power. This better performance data is
observed due to a higher membrane conductivity in
the case of the Nafion® 105 membrane as compared
to the Nafion® 115 membrane, which results from a
higher membrane water content [3].

3.2 Variation of the air humidification

Additional experiments with Nafion® 112 and
Nafion® 1135 (thickness: 88 urn (dry)) in 200 cm2 gold
plated stainless steel cells demonstrate that a de-
crease in membrane thickness by only 43 % leads to a
dramatic improvement of cell performance if the air
humidification is below a dew point of 70 °C (Figure 4).
In this 200 cm2 fuel cell operation at 65 °C and
1.5 bara without external humidification of the reactant
gases is only practicable by using the thinnest
Nafion® membrane type.
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Fig. 4: 200 cm2 fuel cell. Cell voltage as a function of
air humidification (65 °C, 1,5 bara, Anode: E-TEK
0.6 mg/cm2 Pt, Cathode: E-TEK 2.0 mg/cm2 Pt, dry
hydrogen, variable air humidification, A,= 1.2/ 2.0).

4 CONCLUSION

Our results show that good performance data can be
obtained without external humidification of the reactant
gases by using thin membranes with low equivalent
weight. Therefore, an aim for future research should
be the development of thinner, but still mechanically
and chemically stable membranes for fuel cell opera-
tion with unhumidified gases.
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IN SITU OBSERVATION OF WATER CONDENSATION IN AN OPERATING
POLYMER ELECTROLYTE FUEL CELL BY MEANS OF NEUTRON

IMAGING AT THE SPALLATION NEUTRON SOURCE (SINQ)

A Tsukada, E. Lehmann, P. Vontobel, G.G. Scherer

Hydrogen and air are supplied along parallel channels (flow field) milled in a so-called bipolar plate in each
side of a membrane electrode assembly. The temperature of the graphite bipolar plate could drop locally
below the dew point, particularly when the cooling medium temperature is not homogeneous or during
transient phases (load variations, shut down) where the bipolar plate temperature variation could be very
high. The resulting water condensation in certain channels leads to an inhomogeneous gas distribution in
the plate due to an increase of local pressure drop, and consequently to a degradation of the fuel cell char-
acteristics. In situ observation of water in an operating polymer electrolyte fuel cell (PEFC) by means of
neutron imaging enables the location of condensed water for a given cell operating conditions to be deter-
mined and could help to improve the construction of the fuel cell stack.

1 INTRODUCTION

Hydrogen H2 and air are often humidified to ensure
good cell operating conditions. In some particular con-
ditions, the dew point is reached, and water vapor
could condense and increase the pressure drop in the
channel. Water condensation could lead to an inho-
mogeneous gas distribution in the bipolar plate and
consequently could reduce cell performance, mainly in
the fuel cell stack configuration. This is certainly a
great problem for the fuel cell stack cooling, because
on the one hand, too large temperature difference of
the cooling medium between input and output tem-
peratures causes water condensation, while, on the
other hand, too small a temperature difference neces-
sitates the installation of a larger heat exchanger.

2 NEUTRON RADIOGRAPHY [1]

In 1998, the neutron radiography facility NEUTRA,
using the spallation neutron source, was completed
and started its routine operation at PSI.

The profile of the beam was measured by imaging
plates (20 x 40 cm) to observe the whole neutron field
(40 cm 0). The result shows a very homogenous
beam distribution, which is very important to obtain a
steady and coherent image. Although X-ray film has
the advantage of high resolution, the relatively new
method using imaging plates and a CCD-camera has
been chosen because of their low sensitivity to visible
light but high neutron radiation sensitivity, in addition
there is no need for darkroom conditions. Moreover,
the liquid nitrogen-cooled CCD camera guarantees
high reproducibility during repeated investigation cy-
cles. Thanks to the high neutron flux and the increased
sensitivity of the detector systems, the investigation
time was reduced from minutes or hours down to only
several seconds (PEFC: 20 sec).

3 RESULTS

The following five pictures (Figures 1 to 5) have been
obtained, enhancing (image division, dynamic range
shift) the image of the observed process, while the
CCD camera and the PEFC remained fixed throughout
all the experiments.

For the experiments, a one-cell PEFC has been put in
the beam to observe the water condensation in the H2

and air channels. Both of them are identical and milled
in the graphite plates (dimensions: 13 x 13 x 0.5 cm).
The entrances of air and H2 are on the upper right side
and the upper left side, respectively. The exits are both
on the bottom, on diametrically opposite sides. Some
liquid water has been intentionally introduced in the air
channels to check the beam sensitivity and to observe
the configuration of the channels. Accumulated water
is visible in Figure 1, depicted in black.

150 mm
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Fig. 1: Water artificially filled in the air flow field of a
fuel cell graphite plate.

The PEFC has been connected directly (dry) to the H2
and air high pressure cylinders and set under opera-
tional conditions (constant resistance R = 0.011 Q.,
stoichiometric ratio H2/air: X = ca. 1.3/3.0). The
evacuation of the liquid water introduced took a couple
of minutes by injecting dry air before beginning the ex-
periments. A few minutes after the electrical connec-
tion had been made, water condensation had already
taken place at the bottom of the cell, particularly at
both air and H2 exits, as depicted in Figure 2. This was
certainly due to the cooling effect of the cold aluminum
plate to which the cell was fixed.

As certain portions of the channels are exactly super-
imposed, distinguishing between H2 and air channels
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is not easy. Nevertheless, water condensation took
place mainly in the H2 channels due to the very thin
membrane thickness (25 jxm) which favors the back-
diffusion of product water from the cathode.
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Fig. 2: At the start of operation (cell voltage U = 0.53
V, current I = 48 A, cell temperature Tcen = 30°C, stoi-
chiometric ratio H2/air: X = ca. 1.3 / 3.0).

After 15 minutes, some water condensation took place
mainly in the center of the plate, particularly when the
channels were inclined upwards, as depicted in Figure
3, even if the center temperature was about 3 to 5 K
higher than that of the edges. This was due to the in-
crease of cell activity in the center and the humidifica-
tion caused by the back-diffusion of water into the H2

channels. However, cell performance was not affected
by this condensation. It could be more problematic
when many cells are assembled in the stack configu-
ration where the gas could by-pass a blocked cell.

Fig. 3: After 15 min. operation (U = 0.57 V, I = 53 A,
TceN = 43°C; H2 / air: X = ca. 1.3 / 3.0).

After 25 minutes of operation, in comparison to Figure
3, water condensation in the channels has hardly in-
creased, but stabilized due to the rise of the dew point
on the plate, as depicted in Figure 4. Over 55 °C at
standard pressure, the cell began to dry.

We know from other tests that, if the cell temperature
had increased over 50 °C, the quantity of liquid water
gradually reduced, and over 63 °C the cell dried out.
To confirm this result, it was necessary to heat the cell
from outside with heating plates, which however could
disperse the neutron beam.

After cell shut-down, when the cell reached ambient
temperature, condensed water accumulated at the
bottom of 5 of the 7 channels, as depicted in Figure 5.

"ML-

Fig. 4: After 25 min. operation (U = 0.58 V, I = 54 A,
Teen = 48°C, H2/ air: k = ca. 1.3 / 3.0).

Restarting the cell may be a problem, if all 7 channels
were blocked in a stack configuration, which means
that the cooling system of the stack has to be redes-
igned.

Fig. 5: Water condensation in H2 flow field after cool-
ing the cell (Tce,| = 26°C).

4 CONCLUSION

Neutron radiography provides a new and interesting
method of investigating fuel cells. The method is very
simple and not time consuming. We could record more
than 40 pictures in 3 days, including setting up of the
whole fuel cell system. The pictures indicate con-
densed water in the channels and help to improve the
stack design. Nevertheless, beside low image con-
trast, some improvements are necessary. One of
these is more-accurate spatial resolution, to distin-
guish clearly the air and H2 flow fields. This is abso-
lutely necessary in order to differentiate between the
cells assembled in a stack configuration. These prob-
lems can be solved using fine pixel-imaging plates and
suitable lenses.
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EX SITU AND IN SITU MEASUREMENTS OF METHANOL PERMEATION IN
PROTON CONDUCTING MEMBRANES FOR APPLICATION

IN DIRECT METHANOL FUEL CELLS

J. Kiefer, E. Kemperman, G.G. Soberer

Two different methods have been used to determine the methanol diffusion behavior in proton conducting
membranes. A new ex situ technique based on mass spectrometry has been developed at PSI to deter-
mine the methanol diffusion coefficient and the methanol permeability as a function of methanol concentra-
tion. Complementary the methanol crossover has been determined ,,in situ" thus allowing to investigate the
influence of temperature. The results of both measurements on PSI membranes and a commercial
Nafion 117 membrane (from DuPont) are compared.

1 MOTIVATION

Nowadays fuel cells are considered as a promising
option to substitute internal combustion engines for
automotive applications. Whereas the technical feasi-
bility of hydrogen-fed fuel cells has been demonstrated
by several automotive companies, the storage of hy-
drogen remains one key problem of this technology.
Methanol is an attractive fuel alternative as it offers
high energy density, low price and a low C:H ratio (the
latter determines the amount of CO2 emission). Fur-
thermore the handling and distribution of this liquid fuel
could be done similar to gasoline.

One approach to use methanol as a fuel is its on-
board catalytical conversion to hydrogen. This strategy
has been demonstrated but it requires an additional
reformer unit which must operate at fairly high tem-
peratures (typically T>250°C). In order to reduce the
system complexity and aim for a low system price it
would be highly desirable to oxidize the methanol di-
rectly such as in a direct methanol fuel cell (DMFC) as
shown in Figure 1. However several technical prob-
lems must be solved to make DMFC technology com-
petitive to state-of-the art hydrogen fed fuel cells.

CH3OH + H2o

-*• CO2 + 6H++6e".

3/2 O, + 6 H+ + 6 e-

membrane
Pt-Ru Pt-black

3H2O

Fig. 1: Principle of a direct methanol fuel cell.

The direct oxidation of methanol is fairly complicated
and slow compared to the one of hydrogen. In an in-
termediate step of methanol oxidation CO is produced
which blocks active catalyst sites (Pt) and thus poisons
the anode. CO is also present in the hydrogen stream
produced by the catalytic reforming of methanol. After

intensive research on the development of CO-tolerant
catalysts, Pt-Ru alloys are most widely used for
methanol oxidation. However the development of
catalyst layers using Pt-Ru, their assembly with a
backing and the membrane to form the so-called
membrane-electrode assembly (MEA) has been
mainly optimized with regards to oxidation of hydrogen
resulting from on-board reformation of methanol. Con-
sequently no commercial electrodes and backings
specifically designed for DMFC application are com-
mercially available. However significant advancements
in DMFC performance has been achieved recently by
several research groups while preparing their own
catalyst layers and ME As to meet the specific re-
quirements of DMFCs. Similar attempts to enhance
methanol oxidation are also pursued in our research
group.

A second challenge for the advancement of DMFC
technology is the development of proton conducting
membranes with low methanol permeation. The de-
sired level of proton conductivity is generally achieved
by the incorporation of highly polar, sulfonic acid
groups into a hydrophobic polymer film. The proton
conductivity is then closely related to water transport
and strongly depends on the hydration state of the
membrane. The protons which form during methanol
oxidation in a DMFC and travel across the membrane
are surrounded by a hydrated shell. This effect is
called electroosmotic drag. Owing to the intrinsic mis-
cibility of methanol and water, methanol is also trans-
ported to the cathode. This methanol crossover is
highly undesirable as it leads to formation of a mixed
potential and also loss in fuel which both reduce the
efficiency. Additionally methanol poisons the Pt-
catalyst which is used at the cathode for oxygen re-
duction.

At PSI we have developed proton conducting mem-
branes based on the radiation-grafting technique for
application in fuel cells [1]. The properties of these
PSI-membranes together with the potential of signifi-
cant cost reduction compared to commercial mem-
branes (Nafion® from DuPont) make these materials
attractive for use in fuel cells for automotive applica-
tions [2]. It was now our objective to apply the radia-
tion-grafting technique for the preparation of mem-
branes with low methanol permeation for application in
DMFCs.
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2 EXPERIMENTAL

To allow for the determination of methanol diffusion
characteristics of these membranes, we have devel-
oped an ex situ measurement technique based on
mass spectrometry (MS) [3]. In this experiment the
methanol is injected on top of a water-swollen mem-
brane and MS is used to detect the effluent as a func-
tion of time. The variation of methanol flux with time is
then used to calculate the methanol diffusion coeffi-
cient, DMeOH, as well as the methanol permeability,
JMeOH> while applying know solutions of Fick's second
law for the experimental boundary conditions.

Additionally the methanol crossover is also measured
by an Jn situ" technique which has been proposed by
a research group at Los Alamos National Laboratory
[4]. It should be noted that the direction of proton
transport and electroosmotic drag in this experimental
setup is opposite to the real situation in a DMFC
(Figure 1).

3 RESULTS AND DISCUSSION

The ex situ measurements with MS have shown that
methanol transport obeys a Fickian diffusion behavior
in Nafion and PSI membranes. Furthermore it was
found that the methanol diffusion constant is inde-
pendent on the methanol concentration and the value
of DMe0H of Nafion1100 membranes is around
2*10"6cm2/s at room temperature. This is in good
agreement with experimental data of Zawodzinski [5].
In perfect agreement with Fick's first law, we also find
that methanol permeability increases almost linear with
methanol concentration (Figure 2). It is clearly seen
that methanol permeability of a PSI-membrane is sig-
nificantly lower than for Nafioni 17.
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A typical result on the measurement of methanol
crossover with the Jn situ" method by Ren is shown in
Figure 3 for Nafioni 17. These results are in very good
agreement with data obtained by this group using the
same method.

250

Fig. 2: Results of ex situ measurements using mass
spectrometry on Nafioni 17 and a PSI-membrane.

E(V)

Fig. 3: Results of Jn situ" measurements of methanol
crossover on a MEA containing Nafioni 17 with a
2mol/l methanol feed using the method of Ren [4].

While comparing data of the Jn situ" measurement
with our ex situ measurements using MS, we find very
similar values for the PSI membrane. However con-
versely to our previous findings with MS (Figure 2) the
Jn situ" measurements on a MEA equipped with
Nafioni 17 give lower values of methanol permeability
than on an otherwise identical MEA with our PSI-
membrane. We will continue to explore whether this
discrepancy may result from differences in the prehis-
tory of these MEAs or whether it may be attributed to
differences in the electroosmotic drag in both type of
membranes.
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KINETICS AND REACTION ENGINEERING OF METHANOL PARTIAL OXIDATION
FOR FUEL PROCESSOR-FUEL CELL SYSTEMS

P. Mizsey, E. Newson, T.B. Truong, P. Hottinger, Th. Schucan, F. von Roth, K. Geissler, T. SchiUhauer

Fuel processor-fuel cell systems offer a cleaner and more energy efficient alternative to internal combustion
engines for mobile systems based on well-to-wheel analysis. The fuel processor-fuel cell power train based
on methanol could use a renewable energy source (biomass) but other promising alternatives such as a
fuel cell with compressed hydrogen derived from natural gas and the hybrid diesel motor are also com-
pared in this report.

The kinetics of autothermal methanol partial oxidation (wpox) to produce hydrogen for fuel cell systems
were studied in isothermal reactor systems. The original comprehensive six-reaction system could be sim-
plified to five major reactions with activation energies between 50-117 kJ/mol with standard deviations of 6-
25% and the hydrogen burning is considered mass transfer limited. Turnover frequencies at 250°C for the
pox reaction were calculated from copper surface area measurements on a commercial catalyst. They
were of the same order of magnitude (460mirr1) as literature values (250mirr1) [1].

Using commercial catalysts for non-isothermal operation both hotspots (100°C) and coldspots (70°C) were
observed in dual reactor pilot plant operation for 60 hours. Power densities of 26 kWth per liter reactor vol-
ume were attained but catalyst stability was insufficient, so temperature stable copper catalysts are being
investigated.

1 INTRODUCTION

A parametric study of different power trains (pt) com-
pares the overall CO2 emissions, (i.e. the sum of the
emission values of the pt and the fuel production), the
well to wheel (w-to-w) efficiencies, and the installation
costs of a 50 kW power train (estimated for year
2010). Efficiencies of reformer-fuel cell systems were
estimated in this study; values for other steps of the w-
to-w fuel chain were taken from [2]. The five power
trains are 1: base case, gasoline with a w-to-w effi-
ciency of 18%; 2: hybrid diesel; 3: fuel cell operating
with compressed hydrogen produced from natural gas,
4: fuel reformer-fuel cell with methanol obtained from
natural gas; 5: fuel reformer-fuel cell with gasoline.
The comparison is related to the base case (Figure 1).
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Fig. 1: Relative performance of different power trains,
1 - 5 see text, related to base case (gasoline power
train with well to wheel efficiency of 18%).

The trends show that the hybrid diesel pt has the high-
est w-to-w efficiency (30%) but the fuel cell pt with
compressed hydrogen from natural gas has the lowest

CO2 emission value (42% less than that of the base
case). The installation costs are higher in all cases
than those of the base case.

However, only the fuel reformer-fuel cell pt using
methanol has the advantage that the fuel could be de-
rived from a renewable energy source (biomass). This
case has the lowest environmental impact, is CO2

neutral and offers a sustainable energy solution.

This report describes the determination of applied ki-
netics for methanol wpox in fixed bed, isothermal,
laboratory reactors. Results of reaction engineering in
pilot plant scale (6.2kWth) are also presented.

2 STOICHIOMETRY AND EXPERIMENTAL

Isothermal measurements were made from 200°C to
300°C in a microreactor system to study the methanol
autothermal partial oxidation reaction (wpox) [3]:

4 CH3OH + 3 H2O + Va O2 -> 11 H2 + 4 CO2

With side reactions, this comprises a six-reaction sys-
tem with dimethylether, DME, methanol, Me

Reaction Stoichiometry
DME formation 2CH3OH <=> CH3OCH3 + H2O

Me decomposition CH3OH <=> CO + 2H2

Water gas shift (WGS) CO + H2O « CO2 + H2

Steam reforming (SR) CH3OH + H2O <=> CO2 + 3H2

Partial oxidation(POX) CH3OH + Va O2 => CO2 + 2H2

Hydrogen burning H2 + V2 O2 => H2O

The microreactor had an internal diameter of 4 mm
and a total length of 130 mm. The length of the cata-
lyst bed was 14 mm, containing 100 mg of commercial
copper/alumina catalyst in 0.25-0.5 mm particle size.
The dual reactor pilot plant system contained 110
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grams of catalyst in each reactor with appropriate feed
and product systems, all under PC control for safe and
continuous operation.

3 RESULTS AND DISCUSSION

The measured isothermal data points were evaluated
according to stoichiometry as first order, equilibrium
limited reactions with the SIMUSOLV software pack-
age. Arrhenius temperature dependence is assumed
and the activation energies and pre-exponential fac-
tors are determined. The multidimensional optimisation
showed, that the activation energies of the previously
studied DME formation, methanol decomposition, and
steam reforming reactions [4] are practically the same
in this more complex case. The WGS reaction can be
neglected because it is significantly slower than the
other reactions and the hydrogen burning is mass
transfer limited at the temperatures usual for fuel
processor systems.

The results with standard deviations are shown in Ta-
ble 1. Figure 2 shows the Arrhenius plot of the reac-
tions. Figure 3 shows the comparison of calculated
and observed rates of reaction for methanol.

Reaction

DME
Me decomp.
SR
POX

Act. energy
[kJ/mol]

117
76
81

65 (6%)

Pre-exp. factor
[mol/gcat sec kPaxl
130.0 (17%)

1.138 (24%)
34.5 (12%)
0.466 (11%)

Table 1: Pre-exponential factors and activation ener-
gies for autothermal partial oxidation, wpox.

Estimated turnover frequencies at 250°C for the POX
reaction were 460 min"1 compared to 250 min"1 for ex-
perimental Cu-Zn catalysts [1].

— - DME

McOH decomp

- - - WGS

^ ™ 'SR

POX

""""""•""H2 burning

CH3OH <=> DME + HjO
CH3OH<=>CO + 2H2

CO + H2O <=> CO2 + H2

CH3OH + H2O <=> CO2+ 3 H2

CH3OH + 0.5 O2 => CO2 + 2 H2

H2+0.5O2=>H2O
0.0022 a t G=0.08 kg/m! sec

-25

0.0017 0.0018

300°C

Fig. 2: Arrhenius rate constants for the six-reaction-
system, k [mol/gcat sec kPax] ( x = £ reaction orders).

Two commercial catalysts (JM, SC) were compared in
a dual reactor pilot plant. Operation was continuous for
60 hours at 3 bar pressure with reactor temperatures
between 250-340°C and hot-spots about 100°C in the

first reactor and cold-spots (70°C) in the second reac-
tor. Hydrogen production was 5.5 - 6.2 kWth i. e. about
9000 I H2/h/liter reactor volume (Irv) or power densities
of 26 kW,h/lrv, Table 2. Catalyst stability was insuffi-
cient and temperature stable copper catalysts are be-
ing investigated.

Parameter

Run hours
Me Convers., %
C-Balance, %
H2 Prod., I H2/h/lrv
H2 Prod., kWth

CO, Vol.-%

JM
(0.5-1.0 mm)

57
50
110

9400
6.20
0.39

SC
(1.0-2.0 mm)

50
64.5
103

8340
5.50
0.56

Table 2: Results from partial oxidation of methanol in
a dual reactor pilot plant with commercial catalysts.

8.E-05

6.E-05

4.E-05
Rcalc,
MeOH

2.E-05

0.E+00
0.E+00 2.E-05 4.E-05 6.E-05

Robs, MeOH
8.E-05

Fig. 3: Comparison of calculated and observed rates
of reaction of methanol R [mol/gcat sec].
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LAB SCALE LINK-UP OF A METHANOL FUEL PROCESSOR
WITH A POLYMER ELECTROLYTE FUEL CELL (PEFC)

L. Gubler, G.G. Scherer, A. Wokaun, E. Newson, T.B. Truong, F. von Roth

A lab-scale link-up of a methanol fuel processor and a polymer electrolyte fuel cell (PEFC) has been estab-
lished. The reformer was fed with a mixture of methanol, water and air, giving rise to partial oxidation and
steam reforming reactions in the catalyst bed. The H2 content of the crude reformate produced was 70%.
The CO-cleanup unit consisted of a Pd based metallic membrane, which exhibits a high permeability for H2-
Chemical analysis of the permeate showed no sign of carbon monoxide, which would have a deleterious
effect on the performance of the fuel cell. The fuel cell was fed with the crude reformate, the permeate, and
pure H2 gas as reference. With the crude reformate (2 % CO) catastrophic fuel cell poisoning occurred,
whereas no adverse effect was observed with the permeate compared to pure H2, confirming that the CO-
cleanup unit provides ultra-clean hydrogen.

1 INTRODUCTION

The fuel question for the polymer electrolyte fuel cell is
a central aspect and a subject of intense debate for
the commercialization of these electrochemical power
sources. Methanol offers several advantages com-
pared to H2 as a fuel for transport applications of the
PEFC, for instance its liquid state and improved han-
dling properties. Since the power density achievable
by the direct electrochemical conversion of methanol is
relatively low, the methanol is converted to a H2-rich
gas in an on-board fuel processor ('reformer') via a
catalytic reaction. A subsequent CO-cleanup unit low-
ers the CO content to fuel cell compatible levels to
minimize CO-poisoning of the electrocatalyst [1,2]. In
the fuel cell, electricity is produced from the electro-
chemical oxidation of H2 (Figure 1). In addition to
methanol, other liquid hydrogen carriers are under dis-
cussion as fuels for the PEFC. A strong candidate is
gasoline, due to the existing refuelling infrastructure
[3].

2 FUEL PROCESSING UNIT

The methanol reformer is a catalytic reactor in the
shape of a steel tube, through which the vaporized re-
actants flow. The commercial catalyst used was of the
copper/alumina type. There are two principal reactions
occurring in the reformer:

Methanol Steam Reforming (SR)

CO2+3H2
, AHe = +60 kJ/mol

Methanol Partial Oxidation (POX)

CHfiH + lA o2
CO2 +2H, , AHR = -184 kJ/mol

where AHR is the heat of reaction at standard condi-
tions. Steam Reforming is endothermic (AH>0) and
requires water as co-reactant, whereas the POX-
reaction, carried out with oxygen from the air, is exo-
thermic. The appropriate combination of the two proc-
esses yields a balanced enthalpy of AH = 0, which is
referred to as Autothermal Reforming. The operating
temperature of the reformer was 300 °C. The reac-

Methanol

Water Air

w \ r w

Fuel
Processor

I
CO-
removal

POX-
Reformer

Pd-Ta-Pd
Membrane

PEFC Fuel Cell

Fig. 1: The methanol reformate fuel cell system,
comprising a fuel processor unit to produce a hydro-
gen-rich fuel gas stream.

tants were vaporized prior to feeding them to the re-
former. The overall reaction in the fuel processor was:

4 CO2 H2

With the oxygen coming from the air, the theoretical
maximum hydrogen content of the reformate is 65 %
for complete conversion of methanol. About 2 % CO is
produced by undesirable side reactions.

CO-cleanup of the crude reformate was carried out by
means of a metallic membrane system using a Pd-Ta-
Pd sandwich construction with a thickness of 70 jim,
which shows a high permeation rate for H2, but not for
other gases. Temperature of the membrane unit was
regulated to 300 °C. In order to have a high H2

throughput, a pressure difference across the mem-
brane is required. The reformer, producing the crude
reformate, was therefore operated at 8 bara. The
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Fig. 2: Graphite fuel cell (28 cm2 active area), gas-
kets and electrochemical components.

cleansed H2, the 'permeate', was fed to the fuel cell.

3 FUEL CELL

The fuel cell used has an active area of 28 cm2. Cur-
rent collectors are graphite plates, comprising a ser-
pentine gas channel flow field for the distribution of the
reactant gases (Figure 2). The polymer electrolyte
membrane used was Nation® 115, electrodes were
from E-TEK with a noble metal loading of 0.6 mg/cm2,
Pt-Ru on the anode and pure Pt on the cathode side,
respectively.

Permeate / O2

Permeate / Air

Crude Reformate / Air

200 400 600 800 1000

Current Density [mA/cm2]

Fig. 3: Effect of the composition of the reactant gases
on fuel cell performance. Operating temperature:
60 °C, pressure: 1 bara.

4 RESULTS

The fuel processor was fed with methanol equivalent
to a weight-hourly-space-velocity (WHSV) of 11 hr1.
Prior to feeding the product from the reformer to the
CO-cleanup unit, the liquid phases were separated in
a condenser unit. Therefore, the hydrogen concentra-
tion in the crude reformate exceeded the theoretical
value of 65% (Table 1).

species H2 CO2 N2 CO

cone. 69.7% 22.4% 5.9% 2.0%

Table 1: Composition of the crude reformate from the
methanol reformer.

Gas analysis of the permeate showed that CO was
below the detection level of 5 ppm. The permeate was
therefore essentially pure H2.

The fuel cell was operated with the purified reformate
for several hours at an operating temperature of 60 °C.
The current-voltage characteristics recorded are pre-
sented in Figure 3. There was only little variation com-
pared to reference data collected previously with pure
H2. With air as oxidant, the cell performance is obvi-
ously inferior due to the dilution of O2. In a further test,
the crude reformate containing 2 % CO was used as
fuel for the fuel cell. This led immediately to the com-
plete poisoning of the anode catalyst. A polarization
curve recorded a few minutes later documents the
catastrophic effect (Figure 3). The original perform-
ance could, however, be restored after changing the
fuel back to the permeate or pure H2.
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DEVELOPMENT OF A 1.6 kW PE FUEL CELL SYSTEM

F.N. Buchi, C.A. Marmy, R. Panozzo, G.G. Scherer, O. Haas

Design and layout of a 1.6 kW polymer electrolyte fuel cell (PEFC) system and the development of a PEFC
stack required for such a system are described- Test results for the stack and system are presented. The
complete system offers a power output of 1.64 kW at an efficiency of 42 % (LHV) when running on H2 and
air at rated load.

1 INTRODUCTION

In a complete polymer electrolyte fuel cell (PEFC)
system, the cell stack must be supplemented by de-
vices for air and fuel supply, gas humidification, cool-
ing and controls. In designing a practical H2/air PEFC
system in the low-power range (ca. 1.6 kWe|) we de-
cided that the two most important issues are (i) system
simplicity and (ii) low parasitic power requirements of
the subsystems. These two limitations imply that the
system should operate at low gas pressures (< 1.2
bara) and low air stoichiometry of Xair < 2 (to minimize
the power requirement for air compression) and low
gas humidities (to simplify the gas humidification sub-
system). Also, for system simplicity, the stack should
be air-cooled.

2 STACK CONSTRUCTION

The new stack was designed for efficient (electro-
chemical) operation under the conditions of low air
pressure and low air humidity and of air cooling. This
included a new bipolar plate composed of two graphite
half-plates leaving open channels between the halves
(see Figure 1) to provide efficient air cooling of each
cell.

The common method for shaping graphite plates is
milling. However, this is expensive and wasteful. As a
cheaper method, pressure molding of graphite-
polymer mixtures was chosen, and the plate design
was adapted for this process. Plates with a thickness
of 2.4 mm for each half-plate were produced.

This bipolar plate design permits for the construction of
a stack with the following features: The weight of one
repeating unit (plates, gaskets and one electro-
chemical cell) is 220 g. With an electro-active area of

190 cm2, the specific weight is 1.16 g/cm2 active area.
Gore Primea™ 5510 membrane electrode assemblies
were used as electrochemical components. The total
weight of a 50-cell stack (see Figure 2) with endpiates
and tie-rods is approx. 16 kg.

3 SYSTEM DESIGN

A schematic of the system is shown in Figure 3. For
the process air supply a commercial dual-flow side
channel compressor (Rietschle SKG 180) was retro-
fitted with an efficient DC motor (Maxon). Under full
load the compressor delivers approx. 7.2 m3/h of air at
120 mbar above ambient pressure. The power re-
quirement of the compressor motor at this point of op-
eration is 200 W (about 10 % of the PEFC system
output).

For the air cooling a commercial radial blower was ret-
rofitted with an efficient DC motor. For hydrogen recir-
culation a small membrane pump was used. Because
of the optimized bipolar plate structure, 30 Pa of differ-
ential pressure of the cooling air is enough to cool the
stack to 60 °C at a load of 2 kWe|. The air humidifica-
tion system was realized by employing a combined
heat and humidity exchanger [1,2]. This is a passive
device made more efficient by introducing waste heat
from the stack [3] as shown in Figure 3.

The electronic controls of the system mainly consist of
analog components. They regulate the air compressor
and the hydrogen recirculation pump according to the
electric load of the stack. For start-up of the system a
small lead-acid battery (2 Ah) is used. The complete
system is shown in Figure 4.

Fig. 1: Bipolar plates separating the membrane elec-
trode assemblies (MEA) are composed of two half-
plates.

Fig. 2: 50 Cell Stack. Weight 16 kg.
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Fig. 3: Schematic of the complete fuel cell system.

4 RESULTS

Stack performance : The performance of the 50-cell
stack is shown in Figure 5. At 60 A (316 mA/cm2) the
average cell voltage is 672 mV. This is the rated point
of operation and the stack power is 2.0 kW.

The peak power obtained for the stack under the con-
ditions specified in the caption of Figure 4 is 2.75 kW
at 90 A. Therefore, a specific power for the stack of
170 W/kg is obtained. Considering the low gas pres-
sure and low gas humidity (specified in caption of Fig-
ure 5), this is a reasonably good value.

System performance: The net power output of the
system is reduced by the power consumption of the
auxiliary components. At rated load (stack delivering
2.0 kW) a net power output of the system of 1.64 kW is
obtained. Even for this low-pressure system (gas
pressures ca. 1.1 bara), the power for the process air
supply (200 W) is a significant parasitic load in the
system, 10 % of the electric power output of the stack
are consumed for it. The total parasitic load at the
rated point of operation is 360 W (18 % of output).
Therefore an overall efficiency of 42% is obtained. As
shown in Figure 6, the efficiency increases to 48 % at
50% part load (25 A).

Fig. 4: Complete system: 1 Stack, 2 Process air
blower, 3 Hydrogen recirculation pump, 4 Air humidi-
fier 5 Cooling air blower, 6 Electronics.
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HARDWARE-IN-THE-LOOP-SIMULATION OF A FUEL CELL POWERED CAR

P. Dietrich, A. Amstutz (ETH Zurich), R. Schelbert (ETHZ), O. Garcia (ETHZ), F. Buchi,
R. Kotz, G.G. Scherer

The combination of a fuel cell and a supercapacitor can be arranged for a possible power train concept. To
consider the system dynamics, the behaviour of the main components, and the control system, a hard-
ware-in-the-loop arrangement has been realised. An 1kW fuel cell stack, an 5 Wh supercapacitor and the
power electronics interfacing the supercapacitor to the rest of the system are realised as hardware. The
system can be controlled to simulate vehicle operations like test driving (New European Driving Cycle). The
potential of increasing fuel efficiency by recovering braking energy can be demonstrated. The efficiency of
the power electronics has a substantial influence on the total system efficiency.

1 INTRODUCTION

Improved efficiency of the power train of passenger
cars help to reduce primary energy consumption and
greenhouse-gas-emissions, a demand of the societies
and of the policy of sustainability. The fuel cell techno-
logy offers a new option with better efficiency at re-
duced power demands which fits with the application
in a passenger car. The recuperation of the kinetic
energy of the vehicle can in addition help to increase
overall efficiency. In city driving the stop and go traffic
offers a potential of 15-35% of the mechanical energy
consumption of the vehicle to be recuperated. The
combination of a fuel cell and an energy storage de-
vice - in this case a supercapacitor has been chosen -
offers a substantial potential to improve the efficiency
of the power train. To prove the feasibility of such a
concept and to gain insights into the dynamics of the
system, a scaled-down power train has been realised.

2 SIMULATION

The system with its components is modelled and opti-
mised in Matlab-Simulink in different driving conditions
(test cycles). For reasons of significantly shorter cal-
culation time, the optimisation of the system is per-
formed in a demand driven way. The results are
transferred into an input-driven model where some
component-models are substituted by hardware. In
this Hardware-in-the-Loop concept the power demand
of the virtual vehicle, e.g. as required to follow a de-
fined driving cycle, is transferred by the software to a
set-point for the real power demand of the hardware-
components [1]. Consequently the power sink is also
controlled by the simulation.

A driving strategy was designed to distribute the power
flow between the fuel cell, the supercapacitor and the
vehicle to optimise the overall power train efficiency.
The presented strategy is optimised for a specific cy-
cle. For real driving, the constant power flow has to be
adapted to the actual averaged power demand of the
vehicle. The applied strategy is operating along the
following principles:

• The fuel cell should operate at a constant power
level as long as possible (best subsystem effi-
ciency).

• If the power demand of the vehicle is higher than
the power which the fuel cell delivers, the superca-
pacitor is discharged.

• If the supercapacitor is empty, the fuel cell is oper-
ated as single power source.

• If the vehicle demand is below the delivery of the
fuel cell, the supercapacitor is charged.

• If the supercapacitor is full, the fuel cell power is
reduced.

3 EXPERIMENTAL SETUP

The key components of the power train, the fuel cell
stack, the supercapacitor and the DC/DC converter
are realised in hardware, the auxiliaries are simulated.
In Figure 1, the arrangement of the experimental setup
is displayed. The supercapacitor (characteristics in
Table 1 measured at PSI and compared to [2]) is con-
nected by the DC/DC converter which was designed
by the ETH Zurich [3]. The fuel cell stack (characteris-
tics in Table 2) is operated with pressurised hydrogen
and air of the laboratory supply [4]. The vehicle is
emulated by an combination of an electronic load and
a power supply.

Fig.1: Structure of the hardware-in-the-loop-simula-
tion arrangement.
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Product, type

Number of SC

Max. voltage

Operating voltage

Capacitance

Mass

Spec, power

Spec, energy

Max. stored energy

Series resistance

Maxwell Technologies, Power-
Cache PCM14014

7 (type PC 2632)

14V

6 - 1 2 V

115 F

2.73 kg

2.5 kW/kg

1.15Wh/kg

3.14Wh

DC: 12.95 m£2; 1kHz: 7.77 mQ

Table 1 : Characteristics of the supercapacitor used in
the pilot power train.

4 RESULTS

In Figure 2 the combination of powering the vehicle
and recuperating can be seen on the voltage of the
supercapacitor. Increasing voltage of the superca-
pacitor is an indication of charging it, which happens
mostly by recuperation in this case. The driving strat-
egy of constant power delivery of the fuel cell can be
seen, as long as the supercapacitor is not empty
(supercap is empty between second 1050 -1160). The
operation of the DC/DC converter induces some
losses which reduce the efficiency of the recuperation.

1200

1100 1200

Fig. 2: Measured operation in a New-European-Driv-
ing-Cycle in the power-sharing mode with a constant
fuel cell power of 100 W. The power demand of the
real vehicle is scaled-down by a factor of 66 for this
hardware-in-the-loop-simulation.

Cell type, media

rated/max power

Operating range

Operating pressure

Mass (stack)

Spec, power

Volume

PEFC; hydrogen, air

880W/1000W

19.6-13V;<600W

1-1.3 bar

11.7 kg

75W/kg; 92 W/l

23x22x19 cm (LxWxH)

Table 2: Characteristics of the polymer-electrolyt-fuel-
cell used in the pilot power train.

5 CONCLUSION

The experiments have shown, that the chosen ap-
proach to control the system is adequate to the com-
plexity of the system.

The implemented system provides, in a technically
challenging but low cost manner, detailed insights in
the different research and development problems of
fuel cell vehicles.

The system dynamics of the system are comparable to
those of a internal combustion engine. Therefore sim-
ilar system performance and drivability can be ex-
pected.

To realise a high system efficiency the main compo-
nents and the auxiliaries have to be designed carefully
with regard to component efficiency.

6 ACKNOWLEDGEMENT

Financial support by the Swiss Institute of Technology
Zurich is gratefully acknowledged.

7 REFERENCES

[1] A. Amstutz, R. Schelbert, O. Garcia, F.N. Buchi,
P. Dietrich, Fuel cells for transportation - hard-
ware-in-the-loop-simulation of a fuel cell powered
car, European Automotive Congress, European
Automobile Engineers Cooperation, Barcelona,
Sp, June 30-July 2 (1999).

[2] R. Richner, S. Muller, R. Kotz, A. Wokaun, Stud-
ies of activated carbon and carbon black for su-
percapacitor applications, PSI Scientific Report,
1998, V, 47(1999).

[3] H. Stemmler, O. Garcia, A simple 4 (6)-way dc dc
converter module for energy flow control in an
electric vehicle with fuel cells ans super capaci-
tors, electric-vehicle-symposium EVS-16, Peking,
Ch, October 13-16(1999).

[4] F.N. Buchi, C.A. Marmy, M. Ruge, G.G. Scherer,
Experimental 1 kW 20 cell PEFC stack, PSI Sci-
entific Report 1998, V, 63-64 (1999).



96

SEARCH FOR OPTIMAL STRATEGIES TO CONTROL A FUEL-CELL
DRIVEN CAR WITH SUPERCAPS

F. Gassmann

Different strategies for an automatic control of the energy flows between the fuel-cell, a supercap and the
electromotor in a fuel-cell driven car are investigated with the aim to achieve a predetermined performance
with minimal energy consumption. On the basis of different test cycles, control parameters are optimized
with dynamical forward-simulations of all important energy flows. Special emphasis is put on the question
how good a control strategy that has been optimized for a defined test cycle, turns out to be in the general
case of a "noisy" environment characterized by unforeseeable stochastic velocity disturbances.

1 INTRODUCTION

In the framework of the development of a powertrain
for a fuel-cell driven car with supercaps [1], novel con-
trol strategies are needed to automatically determine
power flow between the supercaps (SC) and electro-
motor (EM) or fuel-cell (FC) in a way minimizing fuel
consumption. Two reasons support the introduction of
SC: First, SC deliver peak power to guarantee accept-
able acceleration even with relatively low FC maximum
net power of 40 kW. Second, SC allow recuperation of
energy during braking and downslope drives and so
contribute to energy saving.

2 THE SIMULATION MODEL

Our simulation model contains a simple driver model,
i.e. the prescribed velocity profile is considered as an
intention of the car driver that he tries to realize by
accelerating or decelerating the car. His drive style has
been translated into a single time constant, with a
small value simulating e.g. an aggressive drive style
normally called "sportive". According to this time con-
stant, more or less power is requested from the FC,
the SC or both and, depending on the actual velocity
and the slope angle, the acceleration is calculated on
the basis of the laws of mechanics. The strategy for
the power management is based on the following re-
quirements:

For zero velocity, the SC contain maximum energy
(i.e. maximum voltage UMax = 2.05 V per cell) to en-
sure good acceleration. For high velocities, however,
SC voltage is lower to allow recuperation of kinetic
energy. An example for the optimization of this lower
bound will be given below. To reach these SC volt-
ages, that depend in a predefined way on the ever
changing velocities, energy is used from the SC even
in situations that could be managed by the FC alone.
On the other hand, the SC are loaded as soon as the
velocity is reduced. This can be done only, if FC power
is not entirely needed for generation of mechanical
power to which priority is given (e.g. during upslope
driving).

For very low power requirements, power is taken, if
possible, exclusively from the SC, to circumvent the
low net efficiency of the FC at low power output.

For slow velocities (e.g. driving in a traffic jam, stop
and go in front of a traffic light signal, etc.), the car is
driven by the SC alone. If their voltage falls too low,
they are loaded by the FC during a stop at half its
maximum power where its efficiency is high.

Short intensive power peaks are covered by the SC to
avoid abrupt transients for the FC so enhancing its
lifetime.

At the end of a simulated cycle, the supercap is loaded
to its maximum voltage UMax by the FC to get inter-
comparable results. Each calculation is also started
with fully loaded SC.

As the automatic driving strategy controller does not
see into the future, decisions can only be made on the
basis of past and present states of the car. As unfore-
seen velocity fluctuations are rather the rule than the
exception during real driving, the role of this stochastic
element on the optimization of the control strategy is
especially investigated. Taking such fluctuations (in
physics normally called "noise") into account is also
expected to enhance robustness of the results. The
exclusive application of highly artificial and simple test
cycles as e.g. the "new European drive cycle"
(NEFZ=Neuer Europaischer Fahr-Zyklus) could lead
to solutions being optimal only for the specific cycles
the calculations were based on and not for the general
complex and noisy every-day situation.

3 EXAMPLES OF RESULTS

To investigate performance of the above described
strategy and to optimize the values of its parameters, a
journey from Zurich ETH to Lugano Paradiso over the
Gotthard pass was chosen. The whole trajectory was
divided into 3260 sectors characterized by length,
slope angle and road type [2]. The last parameter was
then transformed into typical car velocities for the re-
spective sectors (17.7%, 2.5%, 8.8%, 6.5%, 64.5% of
the road 50, 80, 90,100,115 km/h).

To illustrate the effect of noise on optimization results,
average hydrogen consumption in Mol per 100 km has
been calculated for different values of the minimal SC
voltage UMin that should be reached at a certain veloc-
ity VM , based on a linear dependency of voltage U on
car velocity V:
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U M a x - (U M a x -U M i n ) - ^ - (1)

Another relationship could be derived from the idea
that kinetic energy and SC energy should be linearly
related (rather than SC voltage and velocity):

(2)

All other parameters were held constant for this illus-
trative example. The lowest curve in Figure 1 was
calculated without any noise, representing a situation
with very low traffic during the whole journey over 211
km. For the optimal value of UMin = 1.0 V per cell, av-
erage consumption is 553 Mol H2 or 131 MJ per 100
km. The time needed (8515 s) is 93 s longer than the
time calculated by the integration of the prescribed
velocities on every path increment due to transient
operation. The mechanical output energy at the
wheels is 51 MJ/100 km or 39% of the chemical en-
ergy input. The FC produces 77 MJ/100 km electricity
or 59% of the heating value of H2, demonstrating its
good average gross efficiency. The difference of 20%
is used by the aggregates of the FC (mainly the air
compressor) and dissipated by the DC/DC converter,
the SC series resistance, the alternator, the electro-
motor and the transmission. A total of 4.4 MJ/100 km
or 3.3% were removed from and fed into the SC. Due
to this small temporal energy storage, the investigated
parameter UMin is of inferior importance (Figure 1,
lowest curve).

900-

550
1.1 1.2

i i i i i r
1.4 1.5 1.6 1.7 1.8 1.91.3

Umin (Volts per cell)

Fig. 1: H2-consumption and standard deviations for a
journey from Zurich to Lugano with different parame-
ters UMin in formula (1). The lowest flat curve is for
undisturbed traffic. For velocity fluctuations of 1 m/s
(middle) and 4 m/s (top curve), the optima at the low-
est value for UMin = 1.0 V per cell are much more pro-
nounced. The important energy increase of 20-35%
even for small fluctuations of 1 m/s is clearly visible.

However, if a Gaussian noise is added to the velocity
of each of the 3260 road sectors simulating a dis-
turbed traffic, the result changes character as shown
in Figure 1. First, energy consumption is different for
each realization (cf. standard deviations) and second,
the optimum is well defined. The reason for this im-
portant noise effect is a combination of different non-
linear effects. A fluctuating traffic causes more energy
transfers into and from the SC: For velocity noise with
standard deviation of 1 m/s (4 m/s), energy transfers
increase fourfold (sixfold) to 16 MJ/100 km (26 MJ/100
km) or 12% (20%) of chemical energy consumption. A
sensitivity analysis shows, however, that the main
causes for the result are not the characteristics of the
SC but rather the efficiency curve of the FC: E.g. de-
creasing SC series resistance by a factor of 10 (from 2
to 0.2 mOhm per cell) reduces energy consumption by
only 0.9% (for fluctuations of 4 m/s and UMin = 1.0 V).

The comparison of the simulated optima based on
equations (1) and (2) for UMin = 1.0 V shows that total
consumption is by 1.6, 8 and 5% higher with formula
(2) for noise levels 0, 1 and 4 m/s respectively. Though
formula (2) is based on a plausible physical concept,
its performance with respect to energy consumption is
inferior to the performance of the simple and rather
unphysical linear relationship (1).

A repetition of the calculations with the NEFZ cycle
shows 10-20% less energy consumption per 100 km
compared to the Gotthard cycle and a similar noise
dependency. The addition of noise again results in
better defined optima. As practically the same char-
acteristics are obtained with two very different drive
cycles, the results seem to be robust.

4 CONCLUSION

Two different drive cycles investigated here give the
same optimum UMin that is well defined only when
velocity fluctuations are included into the optimization
calculations. Further results of this preliminary study
show that energy consumption sensitively depends on
the driving strategy (cf. results based on two different
formulas for UMin). To develop an optimal strategy for
the control of the energy flows from and into the SC,
additional strategies have to be investigated and traffic
fluctuations have to be taken into account.
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NOxTOy: A MINIATURISED NEW INSTRUMENT FOR REACTIVE NITROGEN
OXIDES IN THE ATMOSPHERE

J. Dommen, A.S.H. Prevot, B. Neininger (MetAirAG), N. Clark (Flinders University)

Emission of nitrogen oxides (NO, NO2) and hydrocarbons into the atmosphere lead, under sunlight, to the
formation of ozone and other photooxidants. To better understand the ozone forming processes, the pro-
duction and concentration of the nitrogen containing reaction products like nitric acid (HNO3) or peroxya-
cetylnitrate (PAN) have to be determined. In a joint project with other research institutions and a private
enterprise a miniaturised instrument was developed under a KTI contract. It is possible to measure several
nitrogen oxides, NO2, NOX, NOy, PAN, HNO3 and Ox simultaneously. The dimensions and the power con-
sumption of the instrument are suited for the operation in a motorglider and in a van. First measurements
have been successfully performed and are presented.
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1 INTRODUCTION

Hydrocarbons (RH) and nitrogen oxides (NOX = NO +
NO2) are the two key chemical precursors of photo-
chemical smog and its concomitant high concentra-
tions of ozone (O3). The reactions that lead to O3 pro-
duction involve the oxidation of hydrocarbons and
other volatile organic compounds (VOC) in the pres-
ence of nitrogen oxides (NOX) and sunlight. The nu-
merous reactions can be aggregated into two sets of
reactions, the NOX cycle and the VOC cycle (Figure
1). The reactions in the NOX cycle are the following:

o

o2

NO2 is photolyzed leading to the formation of ozone,
but is regenerated via the reaction of NO with ozone.
In the course of the oxidation of the volatile organic
compounds described in the VOC cycle, intermediate
peroxy radicals are formed (RO2), which also convert
NO to NO2 without destruction of O3. Chemically
speaking, the NOX are the catalyst and VOCs are the
fuel of the ozone formation. However, NOX is not an
ideal catalyst, since there exist many reactions which
remove it from the reaction system. These termination
reactions, also shown in Figure 1, lead to a variety of
nitrogen oxide compounds. The knowledge of their
composition and concentrations with respect to other
photooxidants is very valuable for the understanding
and modeling of air pollution processes.

Ten years ago a successful collaboration to measure
air pollutants with a small aircraft started between PSI
and MetAir company [1,2]. Up to now, NO2 was the
only nitrogen oxide species which we could measure.
No commercial instrument to measure other nitrogen
oxide compounds was available which satisfied our
restrictions of size, weight and power consumption. In
view of the importance of the different nitrogen oxide
species to the understanding of air pollution pro-
cesses, we decided to build our own instrument. It was
developed in a joint project of PSI, MetAir AG, FZJ
(Forschungszentrum Julich) and Flinders University in
Adelaide, Australia.
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Fig. 1: Aggregate mechanism of the production of
ozone and the formation of various reactive nitrogen
oxide compounds.

2 INSTRUMENT

The instrument is based on the chemiluminescence of
Luminol when reacting with NO2. It has 6 separate
inlet channels, each measuring a different nitrogen
oxide compound or a sum of different compounds.
This was achieved by introducing different catalysts in
the channels, which convert one or several nitrogen
oxide species into NO2. The air is then passed over a
luminol wetted glass frit. The chemiluminescence in-
tensity is detected with photon counters (Figure 2).

1. NO2: can be measured directly.

2. NOX = NO + NO2: the air is pulled over small bricks,
which were coated with Chromium trioxide. CrO3

converts NO into NO2.

NOy = NOX + HNO3 + HONO + RCOO2NO2 +
RONO2 + p-NO3" + p-NO2" (p = particulate): All
these species are first reduced to NO over molyb-
denum heated to 350°C. NO is then converted to
NO2 via CrO3.

3.
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4. NOy - HNO3: At the inlet HNO3 is removed with a
Nylon filter. The rest of the species is then again
reduced to NO with a molybdenum converter. NO
is subsequently converted to NO2 via CrO3.

5. NO in the inlet air is converted to NO2 with CrO3.
Afterwards, RCOO2NO2 is decomposed to NO2 in
the inlet line, which is heated to 125°C.

6. Ox = O3 + NO2: A high concentration of NO is fed
into the inlet tube, some of which is converted by
the ozone containing air into NO2.

Thus, the concentrations of NO2 and NOy, which is the
sum of all kinds of reactive nitrogen oxide species, are
given by the signals of their respective channels. The
concentration of other nitrogen oxide compounds can
be derived by calculating differences of the measure-
ments of some of the channels (ch# = channel number
as described above):

NO
HNO3

RCOO2NO2

o3

ch2-ch1
ch3 - ch4
ch5 - ch2
ch6 - ch1

The size of the instrument is only 44x24x28 cm3 and
power consumption is less than 100 W.

3 MEASUREMENTS

The instrument behaves as expected from literature. It
shows a nonlinear behavior below 3 ppb. Ozone and
PAN lead to a small interference signal due to their
reaction with luminol. The rise time is less than a sec-
ond, which allows to perform flux measurements and
also yields a good spatial resolution for flight meas-
urements.

First flight measurements have been carried out in the
Lombardy region during the LOOP (Limitation of oxi-
dant production) field campaign. Figure 3 shows the
increased levels of NOX down-wind north of Milano
and above highways and main roads measured a few
hundred meters above ground.

Fig. 3: Flight measurements in Northern Italy. Sym-
bols (o) are proportional to the NOX concentration at
< 700 masl. Main roads (thin line) and highways (thick
line) are drawn. Coordinates are in the Swiss km grid.

4 OUTLOOK

The instrument has already been in operation for sev-
eral field campaigns and strongly improved the meas-
uring capacity of MetAir. Other research groups ex-
pressed strong interest in this instrument, which
eventually could lead to its commercialization.
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VERTICAL TRANSPORT OF ATMOSPHERIC POLLUTANTS OVER THE FOOTHILLS
OF THE ALPS

A.S.H. Prevot, J. Dommen, M. Furger

During the EU-VOTALP II (Vertical ozone transports in the Alps) project, aircraft and other measurements
of gaseous pollutants were performed in the Alpine foothills near Lake Como, Italy. It could be shown that
vertical air motion induced by the hills caused an increase of pollutant concentrations at altitudes well
above the hill crests. Substantial concentration increases were observed for formaldehyde, nitrogen oxides
aerosol number and other species down-wind of the hilly area at altitudes which were higher than the
mixed planetary boundary layer over the Po Basin. This suggests that vertical pollution transport not only
occurs in deep valleys as previously shown for the Mesolcina valley but also over Alpine foothills.

1 RESULTS OF VOTALPI

In the first EU VOTALP project, we showed that deep
Alpine valleys can act as very efficient pumps for verti-
cal air transport [1,2]. We found that in the Misox val-
ley with a volume of 100 km3 below 2000 m asl
(meters above sea level) around 400 km3 was ex-
ported vertically into the higher altitude air during day-
time of one day. This led to considerable pollutant
concentration increases during the course of the day
at high altitudes, up to around 4000 m asl [3].

2 CONCEPT OF VOTALP II MEASUREMENTS

The main idea of the PSI contribution to VOTALP II
was to derive air mass budgets for Alpine foothills. The
final goal will be a more complete understanding of the
air mass and vertical pollutant fluxes over different
types of terrain in the Alps.

In the valley, the vertical flux was determined from the
difference of the horizontal air mass fluxes through two
separated valley cross-sections [1]. For the foothills,
the winds and pollutant concentrations are measured
on different constant altitude levels around the hilly
area. From this data, horizontal air mass and pollutant
fluxes and finally divergence and convergence can be
determined for the different altitude levels. At altitudes
above the mixed planetary boundary layer over the

Upper layer wind
Low concentrations

surrounding flat area, we expected to find higher con-
centrations downwind than upwind of the hills caused
by polluted air injections in updrafts over the hills. Fig-
ure 1 gives a schematic depiction of the expected
processes and concentration changes in the observed
hilly area.

3 OBSERVATIONS

As a matter of fact, we see in Figure 2 that the pollut-
ant concentrations are higher downwind (i.e. North-
west) of the hills near Lake Como in Italy. The data
shown is from the flight path at 2000 m asl, 400 to 800
meters above the highest crests within the hilly area.
The HCHO concentrations were up to 50% higher
north of the hills. These differences were well above
the precision of the instrument. Substantial and quan-
tifiable differences can also be found for aerosol num-
ber concentrations, nitrogen oxides, and other species.
Ozone usually showed only small changes because
the vertical concentration gradients are considerably
weaker than the vertical gradients of the primary pol-
lutants. Similar flight patterns were also flown over the
Alpine foothills in Germany near Garmisch-Parten-
kirchen. Also in that region, we observed concentration
differences up- and down-wind of a hilly area for sev-
eral species.

Higher concentrations

Alpine foothiiis

Fig. 1: Schematic of the winds and pollution concentration differences around a hilly area. High concentrations are
found in the planetary boundary layer. Low pollutant concentrations are expected up-wind, higher concentrations
down-wind of the hills.



103

Aircraft measurements 2000 m asl
95

90-

>- 85

5
CO 80

75

70
725 730 735 740

Swiss-X

PO-BASIN

745 750

HCHO

1.3 ppb O
1 ppb O

0.8 ppb o
J

wind speed

2 m/s >
1 m/s >

v y

Fig. 2: Formaldehyde (HCHO) and wind measurements during a flight at 2000 m above sea level (masl). Consid-
erably higher HCHO concentrations are found down-wind than up-wind of the hills.

4 OUTLOOK

So far, we have investigated the concentration
changes over the hills in order to prove that the meas-
uring concept was valuable. As a next step, we will
quantify the horizontal fluxes into and out of the region
and will try to translate the horizontal pollution and air
mass fluxes into vertical fluxes. Finally, we will com-
pare the results with the VOTALP I findings.
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ALPINE BOUNDARY LAYER DEVELOPMENT OBSERVED WITH AIRBORNE LIDAR

M. Furger, S. Nyeki, CD. Whiteman (Pacific Northwest National Laboratory, Richland, WA, USA)

Airborne lidar cross-sections of the atmospheric boundary layer (ABL) over the Bernese Alps were ob-
tained during the STAAARTE campaign in 1997, providing information on the distribution of aerosols over
this complex terrain area. Lidar offers a much better spatial and temporal data coverage than conventional
instrumentation, and the good spatial resolution allows many small-scale features and phenomena of the
mountain atmosphere to be recognized and quantitatively or qualitatively described.

1 INTRODUCTION

Until the advent of remote sensing systems in the se-
cond half of this century, measuring atmospheric con-
ditions in three dimensions required dense arrays of in
situ point measurements. First steps towards radar
measurements of clouds and precipitation date back to
World War II and were a by-product of aircraft detecti-
on and ranging with radio waves. Nowadays, many
remote sensing instruments are available for speciali-
zed meteorological applications. Spatial and temporal
resolution have been increased so that fine details of
atmospheric flow and turbulence can now be detected
and analyzed. Today, exciting atmospheric flow
structures can be measured directly and visualized
graphically, offering new possibilities for gaining un-
derstanding of the complexities of airflow and pollutant
transport in mountainous terrain.

In this paper, we present and analyze several lidar
cross-sections of the daytime Alpine boundary layer
that were measured on 30 July 1997, a fair weather
day with a weak northwesterly flow across the Alps
[1]. Cross-sections were obtained with a downward-
looking aerosol lidar carried on the DLR Falcon rese-
arch aircraft flying at a height of 8000 m above mean
sea level (MSL). The lidar data have a vertical resolu-
tion of 15 m, and a new profile was obtained once per
second. Given the 160 m s"1 mean speed of the
Falcon, this yields a horizontal resolution of 160 m.
Lidar images presented here were made at a wave-
length of 532 nm, although measurements are also
available at 354 and 1064 nm.

2 LIDAR SIGNALS

Lidar beams are scattered by tiny aerosol particles
suspended in the atmosphere. The back-scattered
signal contains information on both particle concentra-
tion and particle size. The particle sizes that can be
detected best depend on the wavelength of the laser
light. Additionally, particle movement can be measured
by a covariance technique by tracking air parcels of
similar concentrations between subsequent cross-
sections. The lidar beam is not capable of penetrating
optically thick clouds or fog.

3 ALPINE BOUNDARY LAYER FEATURES

The Alpine ABL, in contrast to the ABL over flat terrain,
exhibits a complex, three-dimensional structure whose
measurement is difficult with conventional instruments.
We illustrate this complexity with a few examples.

3.1 Slope and glacier winds

Solar irradiation received at the ground heats the air
adjacent to the earth's surface through convection.
The resulting density gradients force air parcels to
move upslope, transporting heat, moisture and
contaminants. The contaminants are clearly visible in
lidar cross-sections due to strong backscatter signals.
In Figure 1 the northwest slope of the Mittagshorn (at
46.52° N) exhibits a well-defined upslope flow layer
with embedded convection. The layer is about 200 m
thick.

Backscatter Ratio at 532 nm (||-Polarisation) (Leg 28)

46.40

Time [UTC] 13:^4:00

46.50
Latitude J'-N]

13:52:00

46.60 46.70

13:50:0'

Fig. 1: NW-SE lidar transect along a line from Lake
Thun (right) to the upper Rhone Valley (left). The hig-
hest peak is the Mittagshorn. The aerosol structure in
the boundary layer is sometimes obscured by clouds,
which attenuate the beam producing white stripes
between the clouds and the ground.

At night, air near the surface cools and flows down
local slopes as a katabatic wind. Over ice this happens
all day long, producing a so-called glacier wind. On 30
July (Figure 2), the lidar detected a 150 m-deep
glacier wind layer over the Grosser Aletschgletscher.
The glacier wind hinders contaminated air from re-
aching the ice surface until the contamination arrives
at the upper glacier, the source region for the glacier
wind. An in-situ aerosol sensor would not have de-
tected high concentrations over the ice until this time,
while visibility might be reduced significantly.
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3.2 Pollutant plumes and clean air intrusions

The lidar cross-sections also reveal plumes of aerosol-
laden air that alternate with layers of relatively un-
contaminated air. In Figure 2, plumes occur at latitu-
des of 46.45° and 46.61° N latitude. Their shapes are
slightly skewed towards the left, revealing a weak
northwesterly flow above 4 km MSL. Over the Rhone
Valley (46.42°) and especially over the Aletschglet-
scher (at 46.52°) bright zones of weak backscatter
indicate reduced aerosol concentrations. It must be
such areas, spanning several kilometers, that bring
less contaminated, free-tropospheric air down to the
ground and into the valleys [2].

Time [UTC] 13:20:00 13:18:00

Fig. 2: NW-SE (right to left) lidar transect across the
Jungfraujoch and Eggishom. The smooth slope in the
center is the Grosser Aletschgletscher.

3.3 Cloud formation at different levels

Upsiope winds can trigger cloud formation when the
air contains sufficient moisture and rises up to the
condensation level. Figure 3 illustrates cloud formation
at two different levels, 2500 m and 3500 m MSL. Be-
cause saturation occurs at different heights we con-
clude that the temperature and moisture stratification
in the Alpine ABL are quite inhomogeneous.

100
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1 27
1 37
1 48
160
1 73
187

3 0

5.'
Backscatter Ratio at 532 nm (||-Polarisation) (Leg 23)
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Time fUTCl
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Longitude |°E]
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Fig. 3: NE-SW (right to left) lidar transect about 10
km south of Lakes Thun and Brienz, passing close to
Schwalmere, Zweilutschinen (in the valley at 7.90° E)
and the Faulhorn.

4 CONCLUSION

These lidar cross-sections demonstrate the advanta-
ges of good spatially and temporally resolved measu-
rements of Alpine boundary layer structure. The detail
required for in-depth studies can be achieved with
airborne and ground-based remote sensing methods
at appropriate wavelengths.
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A SEASONAL MARKOV CHAIN MODEL FOR THE WEATHER IN THE
CENTRAL ALPS

P. Jordan (University of Basel), P. Talkner

We report on investigations of the dynamics of weather types according to Schuepp's classification by
means of seasonal Markov chain models.

The classification of the different weather situations in
a certain geographical region as e.g. the Alps, is an
important tool of meteorology which summarizes a
large amount of observed data into a few types [1].
These types are frequently used to characterize
weather situations, to make short term weather fore-
casts and to monitor climatic changes [2,3].

In [4] we have investigated the dynamics of the
weather types according to Schuepp's coarsest classi-
fication [5]. Since this dynamics is characterized by
transitions between three possible discrete states
which happen quite randomly, probabilities for the
daily transitions between all pairs of states present an
adequate description. For a Markov chain these tran-
sition probabilities would provide a complete descrip-
tion. In order to test the Markovian assumption we also
estimated the influence of the weather type of the pre-
vious day on the transition probability between two
types on a given to the following day [4]. Since the
frequencies with which the weather types occur stron-
gly depend on the seasons, a seasonal variation of the
transition probabilities must be taken into account. It is
obvious that all these transition probabilities cannot be
obtained from directly counted frequencies. As a con-
venient, sufficiently flexible model for the transition
probabilities we used a logit model the parameters of
which follow from a maximum likelihood estimation. In
the logit model a probability that is to be estimated is
transformed into another quantity that no longer is
restricted to vary between zero and one but may take
arbitrary real values. This transformed probability can
then be estimated by means of a linear statistical mo-
del. In this way we have been able to determine the
2x3x3x365 = 6570 independent transition probabilities
of a seasonal second order Markov chain. The esti-
mate of each of these probabilities is based on all
approximately 18000 observations of the 50 years
from 1945 till 1994. It turned out that the type of the
previous day has almost no influence on the transition
probability and that therefore a first order Markov
chain provides a good description of the dynamics [4],
see also Figure 1.

However, there are some rare events in the data
which are completely unexpected on the basis of a low
order Markov model and which tell us that long non-
exponential correlations are also present in the dy-
namics of the weather types as they are also known
from ambient temperature data [6]. One still must not
abandon the simple Markovian models as they per-
form the necessary basis on which one can detect
these long time effects.
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Fig. 1: Daily relative frequencies of the convective (A),
advective (•) and mixed (+) weather types. The curves
show the corresponding probabilities from a seasonal
Markov chain model.
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LONG-TIME CORRELATIONS IN SWISS DAILY TEMPERATURE DATA

P. Talkner, R. Weber

Approximate scaling behaviour is detected for ambient daily temperatures measured at different Swiss
meteorological stations, both at low altitudes and on mountain tops.

Time series emerging from complex systems are typi-
cally governed by an interplay of random and long
lasting systematic mechanisms. As a consequence
one often observes a nonexponential decay of correla-
tions, of which stretched exponential and algebraic
decay are two examples. A precise classification of the
decay of correlations is of major importance for the
analysis of various natural, technical, and economic
systems. The direct estimate of the correlation function
of a time series is known to be limited to rather small
time lags, and also the determination of the power
spectrum is hampered by large statistical uncertainties
if one goes to those low frequencies which reflect the
long time behavior of the system. More recently, me-
thods have been suggested to cope with this problem
[1-3], and to reliably gain insight into the correlation
structure of a time series. These methods are based
on the idea of building a running sum over a given time
scale. This corresponds to the construction of a ran-
dom walk that has the values of the original time series
as increments. Different quantities characterizing so
constructed random walks have been suggested to
describe the variability of the original time series. In
the so-called fluctuation analysis (FA) [1] the average
spreads of the random walk during time intervals of
lengths s are used to define a variability F(s). In the
detrended fluctuation analysis (DFA) [2] the mean
square deviation from an optimal linear approximation
of the random walk during time intervals of the length
s is introduced as a measure of variability FDF(s). In
all these methods one searches for a power law
describing the particular fluctuation measure as a
function of the scale variable s from which one infers
a scaling behavior of the power spectral density and
the correlation function of the original time series. We
here report on an application of detrended fluctuation
analysis to daily maximum temperatures from Zurich
and Santis as representative stations of midland and
mountain stations, respectively [4]. From an analysis
of the power spectral densities of the data one finds
decreasing power spectral densities that at large fre-
quencies are well fitted by power laws with an expo-
nent of -2 for Santis and -1.5 for Zurich. This means
that at short times the variability of the temperature
series increases faster at Santis than in Zurich re-
flecting a stronger damping influence of the atmosphe-
ric boundary layer as seen in Zurich compared to the
more exposed station at Santis. The result of the de-
trended fluctuation analysis is shown in Figure 1 [4],
No significant differences between the data of Zurich
and Santis are visible. For times longer than approxi-
mately 15 days the fluctuation measure increases in a

way that can be well described by a power law with an
exponent of 0.6-0.7. This corresponds to a power
spectral density that goes proportional to co~0-3 for small
frequencies rather than to a constant as one would
expect for asymptotically independent events. The
time horizon of 25 years up to which the observed long
time correlations exist is essentially limited by the sta-
tistics due to the finite length of the time series. The
physical reason for these long correlations must
presumably be looked for in the dynamics of ocean
circulations that are known to strongly influence the
atmospheric processes on long time scales.
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Fig. 1: Variability of daily maximum temperature at
Zurich and Santis. The straight lines have slopes 0.6
and 0.7.
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COMPETITION FOR NITROGEN IN BEECH-SPRUCE MODEL ECOSYSTEMS
EXPOSED TO ELEVATED CO2

S. Maurer, ft. Siegwolf, M. Saurer

Mixed stands of beech and spruce saplings grown in open-top chambers on either acidic or calcareous soil
were exposed to four treatment combinations of ambient or elevated carbon dioxide and low or high nitro-
gen deposition (four replicates) for four years. In May 1998, ammonium nitrate enriched in 15N (99.7% 15N
atom) was applied to all model ecosystems to study the short-term competition for this nitrogen between
the two species under the given treatment combinations. On calcareous soil, the 15N uptake at the whole-
tree'level was distinctly higher in spruce than in beech saplings, irrespective of the treatment applications.
On acidic soil, beech and spruce saplings exposed to ambient CO2 incorporated similar amounts of the
applied 15N, whereas under elevated CO2, spruce saplings were more competitive for this nitrogen. In the
long term, total nitrogen uptake by the foliage was similar in beech and spruce on calcareous soil, while on
acidic soil distinctly more nitrogen was found in spruce than in beech foliage.

1 INTRODUCTION

Little is known about the long term consequences of
the ongoing enrichment in atmospheric CO2 to com-
plex ecosystems such as forests. The prediction scen-
arios become even less reliable when other pollutants
are additionally taken into consideration. Even worse,
our knowledge is mainly based on experiments with
isolated, potted juvenile tree species which were, by a
majority, exposed for less than one year to different
treatment conditions. Obviously, there is a big need for
more realistic experiments to assess the consequen-
ces of environmental pollution on forest ecosystems.

The ICAT experiment (Impacts of elevated CO2 levels
and air pollutants on tree physiology) at Birmensdorf
was designed to cope with a complex combination of
experimentally controlled treatment conditions. Moreo-
ver, the experiment included species competition and
extended experimental time, all together bringing our
knowledge much closer to reality. Our group was
mainly interested in the nitrogen competition between
beech and spruce under the given treatment combi-
nations, and therefore we carried out a 15N marker
experiment in the fourth year under treatment.

2 EXPERIMENTAL SET-UP

In 1994, 32 model ecosystems each consisting of 8
beech and 8 spruce saplings and an understorey layer
were established on either acidic loamy or calcareous
sandy soil in 16 open-top chambers (OTC) at Bir-
mensdorf (split-plot design). Each chamber was as-
signed to one combination of two levels of partial pres-
sure of atmospheric CO2 (370 vs. 570 umol CO2 mol"1)
and two levels of wet nitrogen deposition (7 vs. 70 kg
N ha"1 year1) from 1995 through 1998. The resulting
four replicates per CO2 x N treatment combination
were arranged in a Latin square. More details about
the plants and the OTC facility are given in [1,2].

On May 7th 1998, 15N enriched ammonium nitrate
(99.7% 15N atom) was given to each ecosystem (24.5
mg 15N nr2). The dynamic 15N uptake process of the
foliage was studied by harvesting samples 0, 4, 8, 15,
28, 56 and 112 days after the marker was applied. At
the end of the experiment in August 1998, samples
from roots and stems were additionally analysed for
15N and total N to account to the whole stand allocati-
on of nitrogen between beech and spruce. Total N and
d15N values were measured with a mass spectrome-
ter.

3 RESULTS AND DISCUSSION

Eight days after the 15N marker was given, the d15N
values in the foliage raised up to 50% of the maximum
value which was realised three weeks later (Figure 1).
Differences were most pronounced between the
needle age classes (d15N of 0-year > 1-y = 2-y), the
two tree species (spruce 0-y > beech), and the two soil
types (acidic soil > calcareous soil), whereas the CO2

and N supply regimes had little and rather diffuse ef-
fects on the foliage d15N values.
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Fig. 1: Seasonal course of d15N in foliage of beech
and spruce saplings (0/1/2 year old needles) as mea-
sured from May 7th (application of the 15N tracer)
through August 27th (pooled data for all treatments).
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On calcareous soil, up to 27% of the applied amount of
15N was allocated into the whole tree stand (i.e. root,
stem, foliage), with spruce being by far more competi-
tive for this nitrogen than beech (Figure 2). This diffe-
rence was less pronounced at increased nitrogen
supply, whereas the atmospheric CO2 concentration
was hardly changing the competition for nitrogen bet-
ween beech and spruce. On acidic soil, the 15N uptake
of the plant community was lower as compared to
calcareous soil, and species differences were lower as
well. In particular, beech were as efficient as spruce
for the uptake of the given 15N when exposed to in-
creased nitrogen and ambient atmospheric CO2.
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Fig. 2: Percentage allocation of the applied 15N in
beech and spruce saplings at the whole stand level
(i.e. root, stem, foliage) on August 27th. Treatment
abbreviations: C: CO2 = 370 umol mol"1 / N = 7 kg ha~1

a"1; CO2: 570 / 7; N: 370 / 70; CO2xN: 570 / 70.

In general, spruce was competing better for the
applied amount of 15N than beech. Most of this nitro-
gen (up to 80%), however, was located in the top soil
layer (0-10 cm) until August, which was obviously ad-
vantageous for spruce with its shallow root system. In
this sense, beech lost the competition for the short-
term available 15N marker mainly due to spatial
reasons in the root system.

Throughout the entire vegetation period the total
amount of N investment into the recent year foliage
was, however, bigger in beech than in spruce (more
pronounced on calcareous than on acidic soil; Figure
3, black and white bars). In this sense, beech trees
were more competitive for nitrogen than spruce. But
spruce is an evergreen species, so older needle age
classes have to be taken into account when comparing

N investments into the total foliage between broad-
leaved and coniferous trees. By this, beech and spru-
ce trees showed similar amounts of N investment on
calcareous soil, independently of the CO2 and N
treatments (Figure 3, whole bars). On acidic soil, spru-
ce foliage showed distinctly higher amounts of N than
beech throughout all treatments.

10
I |beech

spruce 0-y
spruce 1-y

-1 I spruce 2-y

C CO2N CO2

xN
acidic soil

C CO2 N CO2

xN

calcareous soil

Fig. 3: Total N content in beech and spruce foliage
(considered needle ages classes: 0-year, 1-y, 2y) on
August 27th. For treatment abbreviations see Figure 2.

In summary, soil quality proofed to be the most im-
portant determinant in the competition for nitrogen
between beech and spruce, whereas the kind of CO2

and N supply was of minor importance.
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OXYGEN ISOTOPES AS A TOOL IN CLIMATE RESEARCH

M. Saurer, R. Siegwolf, M. Schwikowski, A. Eichler

Natural variations of the oxygen isotope ratio 18O/16O are caused by temperature-dependent fractionations.
The 518O as recorded in various archives is therefore a valuable indicator of climatic conditions. At PSI we
determine 18O/16O ratios in tree rings as well as in ice cores. Regarding tree rings, the recent improvement
of an on-line pyrolysis technique for the analysis of 18O/16O in organic matter enables us to build long chro-
nologies for climate reconstruction. Using fir trees from a site in the Jura, we have established the longest
available tree-ring S18O-record for Europe (1840-1997). We found a quasi-periodic variation with a perio-
dicity of about 24 years. Similar variations were also found in July temperature and could be caused by
fluctuations in the large-scale atmospheric circulation over Europe and the North Atlantic Ocean. Regard-
ing ice cores, we are analysing samples from a high Alpine glacier (Monte Rosa massif). There is a distinct
annual variation in the oxygen isotope ratio which can be used for dating the ice core. Furthermore, we will
investigate the possibility to infer past changes of the origin and flow path of the precipitation deposited on
the glacier, using variations of518O in combination with variations of the D/H-ratio.

1 INTRODUCTION

Stable isotopes in precipitation are known to be related
to temperature when long-term averages from different
locations are considered (see Figure 1). This effect is
caused by isotopic fractionations in the hydrological
cycle: When raindrops form in clouds, the heavier
isotopes are preferably transferred to the liquid phase,
thereby resulting in a reduced isotope enrichment of
the remaining vapour in the cloud. Because conden-
sation is driven by temperature, the isotope ratio of
precipitation is also related to temperature [1]. This
relationship does not only exist in a spatial sense, i.e.
for comparison of mean values at different locations,
but also in temporal sense, i.e. for time series at a
fixed location. In particular, a strong seasonal variation
of the 818O and 8D is observed, with relatively positive
values in summer and negative values in winter.
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Fig. 1: Long-term means of temperature and 818O of
precipitation from several European stations (the data
are supplied by the IAEA, Vienna). The regression line
is also indicated.

The isotope ratio of oxygen in different archives is
therefore a valuable parameter to infer climatic infor-
mation from the past. The oxygen of the precipitation
is preserved in ice of alpine glaciers as well as in tree

rings. The ice cores have the advantage to provide an
undisturbed record of precipitation with a relatively
simple transfer function, but the application is limited to
relatively few locations. On the other hand, trees can
be very well dated and are wide-spread, but the incor-
poration of the oxygen into organic matter is complex
and may be affected by isotopic fractionations.

2 EXPERIMENTAL

An isotope-ratio mass-spectrometer is used at PSI for
the analysis of the 18O/16O ratio, whereby the relative
deviations to an international standard (VSMOW) are
determined (518O). Water samples are measured by
isotopic equilibration with CO2 and organic samples
are analysed in a continuous-flow pyrolysis system [2].

3 RESULTS AND DISCUSSION

The results from a tree ring study with silver fir trees in
the Swiss Jura are shown in Figure 2 [3].

i i i i i i i i i i i i i i25.0-
oxygen isotope ratio in tree rings
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Fig. 2: Upper graph: 10-yr-running mean of the oxy-
gen isotope variations in tree rings from a site near
Solothurn at 1100 m a.s.l. (mean of 4 silver fir trees).
Lower graph: 10-yr-running mean of the July tempe-
rature at Bern.

Due to the inherent biological influences, the results
from several trees have to be pooled in order to as-
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sess a representative chronology for a site. The recent
development of a fast on-line method can cope with
the large sample through-put required. The mean tree-
ring curve in Figure 1 reveals a slow quasi-periodic
variation which is paralleled by similar variations in the
July temperature, although a time-lag appears to exist
in the first part of the record. The influence of July is
biologically meaningful because late-wood was analy-
sed (i.e. the part of the tree ring formed in summer). A
statistical analysis showed a significant period at 24
years (Figure 3).

O-i

0.06 -
—-24 yrs

c 0.05 -

w 0.04 —

I 0-03 H
S 0.02 —|

£ 0.01 - J

_«— spectral density of
618O in tree rings

red noise
90% significance level
95% significance level

I ' I ' I ' I ' I

0.1 0.2 0.3 0.4 0.5
frequency (cycles per year)

Fig. 3: Normalised spectral density of the 518O tree-
ring series.

The variation could be caused by fluctuations in the
large-scale atmospheric circulation over Europe and
the North Atlantic Ocean, which may result in a chan-
ge in source and flow path of atmospheric moisture
affecting the isotopic composition of the precipitation.
This study thus demonstrates the great potential of
tree ring isotope analysis in climatic and in global
change research, even though not all factors influen-
cing the isotopic composition are fully understood.
A 125 m long ice-core was drilled on Grenzgletscher in
the southern Swiss Alps (Monte Rosa massif, 4200 m
a.s.L). The main aim of this study was to reconstruct
past atmospheric composition of trace species [4]. A
prerequisite for this purpose is the accurate dating of
the core. An important dating method is provided by
the seasonal variation in the 818O (see Figure 4). The-
re are large summer-to-winter differences preserved in
the ice, although the amplitude of the signal is decrea-
sing with the depth of the core due to diffusion
processes. The dating based on this seasonal pattern
revealed the time period 1937-1994 [5]. Further, the
D/H ratio was measured along the core. The combina-
tion of oxygen and deuterium isotopes enables the
calculation of the so-called deuterium excess, which is
influenced by the evaporative conditions at the origin
of the precipitating moisture and thus might allow the
retrospective inference of the source of the precipitati-
on deposited on the glacier.
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Fig. 4: Oxygen isotope variations in the upper few
meters of an alpine ice core shown as a function of
depth.
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APPENDIX

PROJECT COLLABORATIONS WITH EXTERNAL
PARTNERS

ALLIANCE FOR GLOBAL SUSTAINABILITY

Projekleiter: S. Kypreos
Mobility in a C02-Constrained World

Projekleiter: S. Kypreos
Energy Modelling, The China CETP Programme

Projektieiter: A. Wokaun
Sustainable Mobility:
Background Systems and Novel Technologies that
Made Urban Transportation Work

BAUGARTEN FOUNDATION

Projektieiter: A. Steinfeld
SYNMET

BBW

Projektieiter: W.K. Graber
MOT ALP. Vertical Ozone Transports in the Alps
EU-Projekt

Projektieiter: W.K. Graber
ECOMONT: Ecological Effects on Land Use Change
on European Terrestrial Mountain Ecosystems
EU-Projekt

Projekleiter: S. Kypreos
GEM-E3-ELITE: European Emission Mitigation Policy
and Technical Evolution
EU-Projekt

Projekleiter: S. Kypreos
TEEM: Energy Technology Dynamics and Advanced
Energy System Modelling
EU-Projekt

Projektieiter: S. Muller
ELZA: Development of Electrically Rechargeable Zinc-
Air Batteries
EU Projekt

Projektieiter: G.G. Scherer
Second Generation PEFC - Development of a Com-
mercially Viable Stack
EU Projekt

Projektieiter: R.T.W. Siegwolf
COST E6 Projekt: HARVE, Holzasche und Ruck-
stande, deren Verwertung und Entsorgung

BFE

Projektieiter: I. Alxneit, M. Sturzenegger, H.-R. Tschudi
Direkte Umwandlung von konzentrierter Sonnenener-
gie in chemische Energietrager

Projektieiter: F.N. Buchi
Brennstoffzellenantrieb fur Elektroboot

Projektieiter: W.K. Graber
WINDBANK3: Windbank mittleres Aaretal
HSK-Projekt

Projektieiter: P. Griebel
Struktur turbulenter Vormischflammen unter Hoch-
druck

Projektieiter: W. Hubschmid
Laserspektroskopische Methoden zur Analyse von
Flammen und Brennstoff-Sprays

Projektieiter: W. Hubschmid,
Teilprojektleiter PSI: A. Inauen
Mischung und Verdampfung von Brennstoffsprays in
Gasturbinen- Vormischbrennern

Projektieiter: M. Koebel
NOx-Verminderung bei mobilen Dieselmotoren mittels
Harnstoff-SCR

Projektieiter: I. Mantzaras
Catalytic Combustion Under Turbulent and High Pres-
sure Conditions

Projektieiter: P. Novak
Wiederaufladbare Lithium-lonen-Batterie

Projektieiter: R. Palumbo, A. Steinfeld
Solar Thermal Production of Zinc

Projektieiter: G.G. Scherer
Material- und Strukturaspekte von Polymerelektrolyt-
Brennstoffzellen

Projektieiter: G.G. Scherer
Entwicklung, Konstruktion und kostengunstige Her-
stellung eines 300 W PEFC
Powerpacks fur Lernzwecke

Projektieiter: Th.H. Schucan, E. Newson
Hydrogen Supply from Liquid Energy Carriers

Projektieiter: A. Steinfeld
SolarPACES: Solar Power and Chemical Energy
Systems



113

Projektleiter: S. Stucki
Vergasung von Abfallbiomasse

ETH-RAT

Projektleiter: R. Kötz
Supercapacitors
PPM/WF Schwerpunktprogramm Werkstoffforschung

ETHZ

Projektleiter: A. Wokaun, L. Guzzella (ETH Zürich),
H. Stemmler (ETHZ), Ph. Dietrich
Brennstoffzellenfahrzeug
(with industrial partners)

Projektleiter: A. Wokaun, M. Meier
Brennstoffzellenstapel

IEA

Projekleiter: S. Kypreos
Activities Implemented Jointly to Curb CO2 Emissions
IEA-ETSAP / Annex VI

INDUSTRY

Projektleiter: S. Biollaz
Collaboration with CUTEC Clausthal in the Field of
Thermal Waste Treatment

Projektleiter: S. Biollaz, S. Stucki
Commercialisation of Integrated Waste Incineration
and Ash Treatment Technoloy
Consortium PECK (PSI, Eberhard Recycling AG,
CT Umwelt AG, Küpat AG)

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 a Triple Junction Module
Bekaert Advanced Materials, Kortrijk, Belgium

Projektleiter: W. Durisch
Solarzellen neuer Technologie
Projekt- und Studienfonds der Elektrizitätswirtschaft,
PSEL

Projektleiter: W. Hubschmid,
Teilprojektleiter PSI: A. Inauen
Mischung und Verdampfung von Brennstoffsprays in
Gasturbinen- Vormischbrennern
ABB Corp. Research Ltd, Baden

Projektleiter: M. Koebel
Entwicklung eines mobilen SCR-Systems für Diesel-
motoren
Liebherr Machines Bulle SA,
Oberland Mangold, Garmisch-Partenkirchen, Germany

Projektleiter: T. Lippert
Laser strukturierbare Kunstoffe
Materials AG

Projektleiter: E. Newson
Low Temperature Catalytic Ignition of Methane/Hydro-
gen/Air Mixtures
Gaz de France

Projektleiter: P. Novak
Entwicklung eines Messverfahrens zur Charakte-
risierung von Lithium-Interkalationsoxiden
BASF/EMTEC AG, Ludwigshafen, Germany

Projektleiter: P. Novâk
Untersuchung von Haftschichten für die positive Elek-
trode der Lithium-Ionentransferbatterie
GAIA Akkumulatorenwerke GmbH, Nordhausen,
Germany

Projektleiter: P. Novâk
Untersuchung von TIMREX Graphiten als negative
Elektrode der Lithium-Ionentransferbatterie
Timcal AG, Sins

Projektleiter: J.-C. Panitz
Entwicklung von Nanokompositen
Von Roll Isola, Breitenbach SO

Projektleiter: G.G. Scherer
Mikrostrukturierte Elektroden
EWI

Projektleiter: G.G. Scherer
Membranen für die Direkt-Methanol-Brennstoffzelle
Automobilindustrie

Projektleiter: A. Steinfeld, W. Hoffeiner
Solar Thermal Processes for Closed Material Cycles
Moser-Glaser & Co. (MGC-Plasma AG)

KTI

Projektleiter: J. Dommen
LOOP II: Limitation of Oxidant Production

Projektleiter: J. Dommen
NOy //: Flugtauglicher Sensor für die schnelle simul-
tane Messung von speziierten Stickoxyden und Ozon

Projektleiter: J. Keller
Influence of the Transboundary Pollution on the Air
Quality in Switzerland
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Projektleiter: P. Novâk
Wiederaufladbare Hochleistungs-Lithium-Ionen-Batte-
rien
Renata AG, Hingen

Projektleiter: R. Kötz
High Power, High Voltage Supercapacitors

NATO

Projektleiter: Prof. S. Georgiou (Greece)
with Prof. T. Dickinson (USA) and T. Lippert
NATO Grant No; CRG 973063

SCHWEIZERISCHER NATIONALFONDS

Projektleiter: S. Biollaz
Ingenieurwissenschaftlicher Nachweis grosstechni-
scher Experimente der integrierten Schlackeschmä-
zung an einer bestehenden Kehrichtverbrennungs-
anlage
Schwerpunktprogramm Umwelt (IP Abfall)

Projektleiter: R. Kötz
Nanoscale Intercalation into Graphite and Metal
Oxides
NFP36

Projektleiter: Prof. U. Krähenbühl, Uni Bern
Co-Projektleiter: R.T.W. Siegwolf
Reconstruction of Anthropogenic Pollution by S- and
N-Bearing Compounds: Isotopie Signature Since the
Turn of the Century Through Study of Environmental
Archives

Projektleiter: S. Stucki
Thermische Abfallbehandlung
Schwerpunktprogramm Umwelt (IP Abfall)

Projektleiter: A. Wokaun
Laser-Photopolymer Interaction of a Micrometer Scale;
Photochemical Reaction Mechanisms, Microspec-
troscopy, and Structuring by Laser Ablation

UNIVERSITY

Projektleiter: J. Keller
Retrieval of Biogeophysical and Biogeochemical Pa-
rameters Using Hyperspectral Remote Sensing Data
Remote Sensing Laboratories (RSL), University of
Zürich

Projektleiter: M. Koebel
Messgerät für gasförmiges Ammoniak und Isocyan-
säure
Universität Kaiserslautern, Germany

TEACHING ACTIVITIES

University Level Teaching

Dr. W.K. Graber
Messung und Modellierung der Austauschprozesse in
Composite Landscapes
Gastprofessur mit Lehrveranstaltung, Universität
Innsbruck, Austria, SS 1999.

PD Dr. Th.H. Schucan
Energie und Umwelt
Universität Basel, SS 1999.

PD Dr. Th.H. Schucan
Sonnenenergie und Energiespeicherung
Universität Basel, WS 1999/2000.

Dr. R.T.W. Siegwolf, Dr. M. Saurer, Dr. S. Maurer,
Y. Scheidegger
Einführung zur Isotopenanalytik in der Ökologie und
Physiologie der Pflanzen
Vorlesung, Universität Basel, Pflanzenbiologie, SS
1999.

Dr. R.T.W. Siegwolf
Einführung in die Analyse stabiler Isotope in der Öko-
logie und Physiologie der Pflanzen und deren Was-
serhaushalt
Vorlesung, Institut für Botanik der Universität Inns-
bruck, Austria, SS 1999.

Prof. A. Steinfeld, Prof. A. Wokaun,
Prof. G. Yadigaroglu, Prof. W. Kroger
Vertiefungseinführung in Energietechnik II:
Nachhaltige Energienutzung
ETH-Zürich, WS 1999/2000.

PD Dr. P. Talkner
Hydrodynamik I
University of Basel, WS 1998/1999.

PD Dr. P. Talkner
Hydrodynamik II
University of Basel, SS 1999.

PD Dr. P. Talkner
Statistische Mechanik irreversibler Prozesse
University of Basel, WS 1999/2000.

Prof. Dr. A. Wokaun
Erneuerbare Energien
ETH Zürich, SS 1999.

Prof. Dr. A. Wokaun
Physikalisch-chemische Aspekte der Energienutzung
ETH Zürich, WS 1999/2000.
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Lecture Courses at Other Schools

Dr. F. Gassmann
Umweltethik
FH Brugg-Windisch
Interdisziplinarer Wahlfachkurs, WS 98/99.

Contributions to Courses at Universities, FHL and
Other Institutes

Dr. R. Badii
MIDIT PhD School in Nonlinear Physics: Thermody-
namics of Dynamical Systems, Formal Languages,
Complexity, Turbulence
Danish Technical University, Lyngby, Denmark,
June 21 -July 4,1999.

Dr. HP. Brack
Radiation-Grafted Membranes
Advanced Course on Membrane Technology in the
Chemical and Automotive Industries, GKSS Research
Center, Geesthacht, Germany, May 31 - June 1,1999.

Dr. F.N. Buchi
Elektrochemische Anwendungen in Industrie und
Energietechnik
Beitrag zur Vorlesung "Elektrochemie",
Prof. H. Siegenthaler, Universitat Bern, WS, 1999.

Dr. J. Dommen
Chemie und Werkstoffe
Zurcher Hochschule Winterthur, WS 1998/99.

Dr. W. Durisch
Messungen an Cu(ln, Ga)Se2-Modulen
Semesterarbeit M. Leutwiler, ETH Zurich, SS 1999.

Dr. W. Durisch
Application of the Generalized Model for Solar Cells
Using Real Condition Measurements
Trainee Work, A. Gray, University of Bristol, UK,
Summer Term 1999.

F. Gassmann
Die wichtigsten Erkenntnisse zum Treibhaus-Problem
Beitrag zu Vorlesung "Okologische Aspekte der indi-
viduellen Mobilitat", ETH Zurich, June 4, 1999.

F. Gassmann
C02-Emissionen und Klimaproblernatik
Beitrag zu Vorlesung "Erneuerbare Energien",
ETH Zurich, June 29, 1999.

Dr. W.K. Graber
Modelle zur Ausbreitung in der Atmosphare
Beitrag zur Vorlesung "Einfuhrung in die Aerobiologie"
Institut fur Pflanzenwissenschaften, ETH Zurich,
June 2, 1999.

P. Griebel
Verbrennung in Fluggasturbinen
Beitrag zur Vorlesung "Gemischbildung und Energie-
umsetzung in Verbrennungskraftmaschinen"
ETH Zurich, May 20, 1999.

Dr. O. Haas
Elektrochemische Energiespeicherung und Umwand-
lung
Beitrag zur Vorlesung "Physikalisch-chemische Grund-
lagen der Energienutzung", Prof. A. Wokaun, ETH
Zurich, WS 1998/1999 und 1999/2000.

Dr. O. Haas
Brennstoffzellen und Elektrochemische Energie-
speicherung
Fachhochschule Burgdorf, Nachdiplomstudium/
Energietechnik, 2. Quartal 1999.

M.Jakob
Energiepotentialabschatzung von (untiefer) Geother-
mie in der Schweiz
Semesterarbeit M. Brogli, ETH Zurich, WS (1999).

M.Jakob
Warmepumpen: Heizenergiepotential von Ober-
flachengewassern und Grundwasser in der Schweiz
Semesterarbeit Th. Kellerhals, A. Matzinger, ETH
Zurich, WS (1999).

M.Jakob
Gasversorgung in der Schweiz - Struktur heute und
moglicher Ausbau
Semesterarbeit C. Kopp, ETH Zurich, SS (1999).

Prof. Dr. W. Kroger, Dr. W. Durisch
Einfuhrung in energiewandelnde Systeme mit Blick auf
sicherheitsrelevante Aspekte (Kernenergie und Photo-
voltaik als Beispiele)
Nachdiplomkurs Risiko & Sicherheit, ETH/HSG/EPFL,
3. Kurs 1998/99, Modul G1, Kandersteg, April 11-15,
1999.

Dr. T. Lippert
Photochemistry
Beitrag zur Vorlesung "Physikalisch-chemische Grund-
lagen der Energienutzung" Prof. A. Wokaun, ETH
Zurich, WS 1999

Dr. Ch. Ludwig
Einfuhrung in die thermodynamische Speziierungs-
rechnung
Beitrag zur Vorlesung "Bodenkunde 3", Hochschule
Wadenswil, December 22, 1999.

S. Muller, Dr. O. Haas
Praktikum: Brennstoffzellen und Batterien
Fachhochschuie Burgdorf, Nachdiplomstudium
Energietechnik, 2. Quartal 1999.
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PD Dr. P. Novak
Elektrochemische Energiespeicherung und Umwand-
lung
Beitrag zur Vorlesung "Physikalisch-chemische Grund-
lagen der Energienutzung", Prof. A. Wokaun, ETH
Zürich, WS 1998/1999 und 1999/2000.

Dr. G.G. Scherer
Brennstoffzellen
Beitrag zur Vorlesung "Physikalisch-chemische Grund-
lagen der Energienutzung" Prof. A. Wokaun, ETH
Zürich, WS 1998/1999 und 1999/2000.

Dr. R.T.W. Siegwolf
Die Verwendung stabiler Isotope bei der Unter-
suchung anthropogener Veränderungen in Öko-
systemen
Vorlesung, Pflanzenökologie: Spezielle Kapitel. Bota-
nisches Institut der Universität Basel, January 21,
1999.

Dr. R.T.W. Siegwolf
Stabile Isotope als Stressindikatoren bei Pflanzen
Ökologie und Stressphysiologie der Pflanzen
Pflanzenphysiologisches Institut der Universität Bern,
April 20, 1999.

Dr. R.T.W. Siegwolf, Dr. M. Saurer, Dr. S. Maurer,
Y. Scheidegger, M. Jäggi
Praktikum zur Vorlesung: "Einführung zur Iso-
topenanalytik in der Ökologie und Physiologie der
Pflanzen"
Paul Scherrer Institut, gemeinsam mit dem Bota-
nischen Institut der Universität Basel, April 22-23,
1999 (Blockveranstaltung).

PUBLICATIONS

Books

F. Gassmann, D. Ahrens*, B. Vogel** (Hrsg.)
Luftqualität und Regionaiklima — REKLIP Schluss-
bericht Nr. 3
Ed. Coprur, Strasbourg, 1999.
* Landesanstalt für Umweltschutz, Karlsruhe,

Germany
** Universität Karlsruhe, Germany

A. Wokaun
Erneuerbare Energien
Teubner, Stuttgart (1999).

Peer Reviewed Papers

D. Alliata, P. Häring, O. Haas, R. Kötz,
H. Siegenthaler*
Anion Intercalation into Highly Oriented Pyrolytic Gra-
phite Studied by Electrochemical Atomic Force Micro-
scopy
Electrochemistry Communications 1, 5-9 (1999).
* University of Bern

D. Alliata, P. Häring, O. Haas, R. Kötz,
H. Siegenthaler*
In Situ Atomic Force Microscopy of Electrochemically
Activated Glassy Carbon
Electrochemical and Solid-State Letters 2, 30-32
(1999).
* University of Bern

D. Alliata, R. Kötz, O. Haas, H. Siegenthaler*
In-Situ AFM Study of Interlay er Spacing During Anion
Intercalation into HOPG in Aqueous Electrolyte
Langmuir 15, 8483-8489 (1999).
* University of Bern

M. Ammann, R.T.W. Siegwolf, F. Pichlmayer*,
M. Suter**, M. Saurer, C. Brunold**
Estimating the Uptake of Traffic Derived NO2 from
15N Abundance in Needles of Norway Spruce
Oecologia118, 124-131 (1999).
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A. Braun
Development and Characterization of Glassy Carbon
Electrodes for a Bipolar Electrochemical Double Layer
Capacitor
Ph.D. Thesis, ETH Zürich, Nr. 13292, August 27,
1999.

P. Geissbühler
Eddy Covariance Measurements of CO2, H2O and
Heat Fluxes in an Alpine Region - Feedbacks on Sca-
lar and Energy Fluxes Caused by Land-Use Change
on Local Scale
Ph.D. Thesis, University of Bern, 1999.

D. Häringer
Untersuchung, Modellierung und Optimierung von po-
sitiven Elektroden für Lithium-Ionentransferbatterien
Ph.D. Thesis, ETH Zürich, Nr. 13237, July 2, 1999.

M.P. Kleemann
Beschichtung von Cordierit-Wabenkörpern für die se-
lektive katalytische Reduktion von Stickoxiden
Ph.D. Thesis, ETH Zürich, Nr. 13401, November 5,
1999.

M. Klenke
Optische Frequenzverdopplung (SHG) an Farbstoff-
Monoschichten und Silberinselfilmen: Apparaturent-
wicklung und Strukturaufklärung
Ph.D. Thesis, University of Bayreuth, Germany,
February 5, 1999.

Y. Scheidegger
Stable Isotopes in Ecophysiological Research: Envi-
ronmental Influences on the Stable Isotope Variation
of ô18O, 5!3C, and S15N in Mountainous Grassland
Species under Different Land Use Intensities
Ph.D. Thesis, University of Bern, November 25,1999.

Z. Veziridis
Modifizierung und Charakterisierung von Modellelek-
troden zur Optimierung elektrokatalytischer Vorgänge
in der Polymerelektrolyt-Brennstoffzelle
Ph.D. Thesis, ETH Zürich, Nr. 13397, December 17,
1999.

A. Weidenkaff
The Zn/ZnO Redox-Cycle for the Chemical Storage
of Solar Energy
Ph.D. Thesis, PSI Villigen/ETH Zürich, Nr. 13289,
August 27, 1999.

DIPLOMA THESES

R. Aeberhard
Alternative Sulfonierungsverfahren für Folien für
Brennstoffzellen
Diplomarbeit, Zürcher Hochschule Winterthur,
September - November 1999.

M. Bärtschi
Entwicklung und Test eines Doppelschichtkonden
sators (C=70F)
Ingenieurschule Burgdorf, October 1998 - January
1999.

K. Klein
Untersuchung zum Lade- und Entladeverhalten von
Zink/Luft Batterien
Fachhochschule Mannheim, Germany, 1999.

V. Weiss
Kinetische Untersuchung der Reduktion von Ilmenit
(FeTiO3) mit Methan

Diplomarbeit, PSI Villigen, January - July 1999.

TALKS

Invited Talks

M. Bartsch
A Study on Oxidized Glassy Carbon Sheets for Super-
capacitor Electrodes
Material Research Society Spring Meeting, San Fran-
cisco, USA, April 5-9, 1999.
M. Bartsch
Bipolar Glassy Carbon Electrochemical Double-Layer
Capacitor: 100,000 Cycles Demostrated
3rd Inter. Symposium New Mater. Electrochem. Sys-
tems, Montreal, July 4-8,1999.

S. Biollaz
Neue Lösungsansätze zur Abtrennung von Schwer-
metallen aus Abfällen
Tagung des IP Abfall/SIGA, April 29,1999. ABB
Forschungszentrum Baden
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A. Braun
Activated Glassy Carbon Electrodes for Electrochemi-
cal Double-Layer Capacitors
Material Research Society Spring Meeting, San Fran-
cisco, USA, April 7, 1999.

A. Braun
Oxidized Glassy Carbon Electrodes for Supercapad-
tors
- Argonne National Laboratory, Argonne/Chicago,

IL, June 11, 1999.
- Sandia National Laboratory, University of New

Mexico, June 14,1999.

F.N. Buchi
Brennstoffzellenforschung am Paul Scherrer Institut
Energietag Burgdorf, Hochschule f. Technik,
November 16, 1999.

M. Coluccia, P. Novak, R. Nesper*
Novel Mixed Metal Oxides for Positive Electrodes of
Lithium-Ion Batteries
50th ISE Meeting, Pavia, Italy, September 5-10,1999.
* Laboratory of Inorganic Chemistry, ETH Zurich

J. Dommen, A. Prevot, M. Baumle*, B. Neininger*,
Th. Staffelbach**, A. Neftel**
Measurements of Hydrogen Peroxide and Formalde-
hyde During PIPAPO
Photochemical Oxidants and Aerosols in Lombardy
Region, Milano, Italy, June 21-22,1999.
* MetAirAG, Illnau
** Swiss Federal Research Station for Agroecology

and Agriculture, Liebefeld-Bern

W. Durisch
Performance of Selected Photovoltaic Modules under
Varying Climatic Conditions
11 th International Photovoltaic Science and Engineer-
ing Conference (PVSEC-11), Sapporo, Japan
September 20-24, 1999.

F. Gassmann
Treibhauseffekt
Schweiz. Drogistenschule, Neuenburg, February 24,
1999.

F. Gassmann
Simulation des Verhaltens von Pflanzen und Pflan-
zengemeinschaften
EAWAG-Seminar, Dubendori, January 15, 1999.

F. Gassmann
Treibhauseffekt und Klimaveranderungen : Sind Ober-
raschungen zu erwarten ?
ELCO-Fachtagung, Oberentfelden, March 17, 1999.

F. Gassmann
Von falschen Wetterprognosen zum Verstandnis kom-
plexer Systeme
Verband der Angehorigen des Koordinierten Wetter-
dienstes, PSI Villigen, April 17, 1999.

F. Gassmann
Das globale Klima als komplexes System— Exkursion
zu den Grenzen des Wissbaren
Kolloquium Emeuerbare Energien, Universitat Basel,
April 21, 1999.

F. Gassmann
Modellierung naturlicher Systeme — Brucken zwi-
schen verschiedenen Betrachtungsebenen
Seminar Umweltnaturwissenschaften, Universitat
Genf, June 4,1999.

F. Gassmann
Chaos und Ordnung — Die Physiker versuchen,
Lebensvorgange zu verstehen
Lions Club, Baden, October 19, 1999.

F. Gassmann
Klimaproblem
VHS Wettingen, October 20, 1999.

F. Gassmann
Der Weg von falschen Wetterprognosen zum physi-
kalischen Verstandnis von Lebensvorgangen
Schweizerische Alpine Mittelschule Davos,
November 17,1999.

T. Gerber
Nichtlineare Kurzeitspektroskopie fur die Untersu-
chung von verbrennungsrelevanten Reaktionen
Fritz Haber Institut, Berlin, Germany, June 18, 1999.

T. Gerber
Determination of Molecular Data of Acetals and their
Fragments
University of Tokyo, Japan, September 22,1999.

T. Gerber
Investigation of Diesel Engine Cycle in a High Press,
High Temperature Combustion Bomb
University of Tokyo, Japan, September 24, 1999.

W.K. Graber
Projektstudien mit dem numerischen Prognosenmodell
"SM" am PSI
Seminar Schweizerische Meteorologische Anstalt,
Zurich, August 24, 1999.

O.Haas
Dynamics of Lfr -Intercalation and Extraction Proc-
esses in Battery Materials
ECS Meeting, Honolulu, October 17-22, 1999.

O. Haas
- Dynamics of Lithium Insertion and Extraction

Processes in Metal Oxide and Graphite
- Electrolyte Decomposition at the Eletrode/Electro-

lyte Interface in Lithium-Ion Batteries
- Electrochemically Active Polymers for Recharge

able Batteries and Supercapacitors
50th ISE Meeting Pavia, Italy, September 5-10, 1999.
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V. Hermann, S. Muller
Study of Oxygen Reduction on Lao6Ca04Co03

Perovskite Electrode in Alkaline Media Using a
Double-Channel-Electrode Flow Cell (DCEFC)
50th ISE Meeting Pavia, Italy, September 5-10, 1999.

V. Hermann
Reduction d'oxygene sur des electrodes a base de
La06Ca04CoO3 perovskite dans une cellule a flux a
double electrode.
Journee d'Electrochemie, Toulouse, France, June 1-4,
1999.

F. Holzer
Secondary Zinc/Air Battery with Improved Specific
Energy and Specific Power
50th ISE Meeting Pavia, Italy, September 5-10,1999.

F. Joho
Differential Scanning Calorimetry of Electrochemically
Lithiated Synthetic Graphites
International Symposium on Intercalation Compounds,
Okazaki, Japan, May 31 - June 4,1999.

M. Koebel
Vor- und Nachteile stickstoffhaltiger Reduktionsmittel
beim Einsatz in mobilen SCR-Systemen
Beitrag zum 3. Dresdener Motorenkolloquium,
Dresden, Germany, May 20-21,1999.

M. Koebel
Abgasnachbehandlungsverfahren zur NOx-Minderung
in Abgasen von Diesel- und Otto-Magermotoren.
SVV-Jahrestagung, ETH Zurich, August 27,1999.

R. Kotz
Superkondensatoren: Energiespeicherung in der elek-
trochemischen Doppelschicht
GDCH Kolloquium, Universitat Chemnitz, Germany,
June 3, 1999.

R. Kotz
Supercapacitors: Energiespeicherung in der elektro-
chemischen Doppelschicht
Universitat Ulm, Seminar des Lehrstuhls fur Elek-
trochemie, June 17,1999.

R. Kotz
Ultracapacitor Measurement and Characterisation
Montena SA, Conf. Day Boostcup, Ingenieurschule
Fribourg, June 10, 1999.

S. Kypreos
Technology Learning and the Role of Renewable En-
ergy in Reducing Carbon Emissions
International Workshop on Technologies to Reduce
Greenhouse Gas Emissions, Washington DC, USA,
May 5-7, 1999.

T. Lippert
Laser Ablation - Universal Tool or Destructive Re-
search
TU Munich, Garching, Germany, June 1999.

S. Muller
Entwicklung der elektrisch wiederaufladbaren Zink-
Luft-Hochenergie-Batterie
VDI-Prasentation, Hannover-Messe, Germany,
April 19-24, 1999.

S. Muller
Entwicklung von Superkondensator-Elektroden aus-
gehend von grossflachigen Kohlematerialien
Montena SA, Tagung Boostcap, Ingenieurschule
Fribourg, June 10, 1999.

E.J. Newson, L. Gubler
Fuelling Mobile Fuel Cells: Activities at PS I
Workshop on Application Potential of Low Tempe-
rature Fuel Cells, Horw-Luzern, June 21, 1999.

P. Novak
Advanced In-Situ Methods for the Characterization of
Practical Electrodes in Lithium-Ion Batteries
40th Battery Symposium in Japan, Kyoto, Japan,
November 14-16, 1999.

P. Novak
Graphite as Electrode Material for Lithium-Ion Batter-
ies
- Osaka National Research Institute, Osaka, Japan,

November 17, 1999
- Japan Storage Battery Company, Kyoto, Japan,

November 18, 1999
- Sanyo Electric Company, Osaka, Japan, November

19,1999
- Sony Research Laboratory, Yokohama, Japan,

November 22, 1999
- NTT Telecommunications Energy Laboratories,

Tokai, Japan, November 24, 1999.

A.S.H. Prevot, J. Dommen, B. Neininger*
Aircraft Observations of Air Mass Exchange Between
the Boundary Layer and the Free Troposphere
Photochemical Oxidants and Aerosols in Lombardy
Region, Milano, Italy, June 21-22,1999.
* MetAir AG, Illnau

G.G. Scherer
Ion Transport Membranes for Polymer Electrolyte Fuel
Cells
Gordon Conference on "Ion Containing Polymers",
Salve Regina College, Newport, Rl, June 20-25,1999.

G.G. Scherer
Elektrizitat aus Polymerelektrolyt-Brennstoffzellen
"Le Moteur a Explosion de I'An 2100", SIA, Ge-
sellschaft der Ingenieure der Industrie, EPF Lausanne,
September 16,1999.
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G.G. Scherer
R&D Aspects of the PSI Fuel Cell Project
MIT, Energy Laboratory, Cambridge, MA, June 25,
1999.

G.G. Scherer
Progress in Radiation-Grafted Proton-Conducting
Membranes
50th ISE Meeting Pavia, Italy, September 5-10,1999.

G.G. Scherer
Review of Membrane R & D at Paul Scherrer Institut
International Fuel Cells, South Windsor, CT, June 28,
1999.

G.G. Scherer
Forschungs- und Entwicklungsarbeiten zur
Polymerelektrolyt-Brennstoffzelle am Paul Scherrer
Institut
DECHEMA Jahrestagung 99, Wiesbaden, Germany,
April 27-29, 1999.

G.G. Scherer
Zum Stand der Membranentwicklung fur Polymerelek-
trolyt-Brennstoffzellen
Workshop "Polymerelektrolyt-Membranen" des DFG-
Schwerpunktprogramms 1060, DECHEMA, Frankfurt
(Main), Germany, November 22-23,1999.

G.G. Scherer
Die Polymerelektrolyt-Brennstoffzelle - Forschungs-
und Entwicklungsarbeiten am Paul Scherrer Institut
Institut f. Physikalische Elektronik, Universitat
Stuttgart, Germany, November 8, 1999.

G.G. Scherer
Brennstoffzellen - eine Einfuhrung in die physikalisch-
chemischen Grundlagen
Brennstoffzelle: Forschung - Einsatz in der Automo-
biltechnik, Tagung der Automobiltechnik, PSI,
October 4, 1999.

G.G. Scherer
Ion-Conducting Membranes as Solid Electrolyte in
Electrochemical Cells
"Polymers and Membranes", on the Occasion of the
Retirement of Prof. G. Geuskens and Prof. H. Hurwitz,
Universite Libre de Bruxelles, Belgium, October 15,
1999.

G.G. Scherer
Electrocatalysis Aspects of Polymer Electrolyte Fuel
Cells
3rd International Symposium on Electrocatalysis: Ad-
vances and Industrial Applications, Portoroz, Slovenia,
September 11-15,1999.

G.G. Scherer
Brennstoffzellen fur die Automobiltechnik
Vortrag fur Autotechnischen Verein Luzern,
November 9, 1999.

G.G. Scherer
Brennstoffzellen - Ein Oberblick unter Berucksich-
tigung der am Paul Scherrer Institut durchgefuhrten
F&E-Arbeiten
Anorganisch-Chemisches Seminar der Universitat
Basel, May 17, 1999.

B. Schnyder
Characterisation of Novel Vanadium Oxide Nanotubes
ECASIA 99, Sevilla, Spain, October 4-8,1999.

Th.H. Schucan
Wasserstoff- Technologie
Berufsbildungszentrum des Kantons Schaffhausen,
Cernier, October 21,1999.

A. Steinfeld
High-Flux High-Temperature Solar Furnace Appli-
cations
AG-Solar Experts Meeting, Koln, Germany, April 28,
1999.

A. Steinfeld
The Solar Chemistry Program of the International
Energy Agency's SolarPACES Program
Keynote at ISES Solar World Congress, Jerusalem,
Israel, July 6, 1999.

S. Stucki
BIOMETH - Methanol aus Holz
Tagung Biotreibstoffe, Gottlieb-Duttweiler-lnstitut,
Ruschlikon, June 22, 1999.

S. Stucki
Das IP Abfall - Forschung fur die Praxis
Tagung des IP Abfall/SIGA, ABB Forschungszentrum
Baden, April 29, 1999.

S. Stucki
Holzvergasung und Erzeugung von Wasserstoff bzw.
Methanol
8. Symposium Festbrennstoffe aus Biomasse und
umweltfreundliche Energietechnik OTTI Technolo-
giekolleg, October 25-6, 1999.

P. Talkner
Brownian Motion in a Fluctuating Medium
DAR99, Diffusion Assisted Reactions, Weizmann In-
stitute of Science, Rehovot, Israel, March 14-19,1999.

P. Talkner
Stochastic Resonance in the Semi-Adiabatic Limit
Seminar of Theoretical Physics, Silesian University,
Katowice, October 14, 1999.

A. Thielmann*, A.S.H. Prevot, J. Staehelin*
Ozone and NOy in the Milan Plume: The Episode of
June 19-21, 1998
Photochemical Oxidants and Aerosols in Lombardy
Region, Milano, Italy, June 21-22,1999.
* Institute for Atmospheric Science, ETH Zurich
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A. Tsukada
Stack Development for Power Packs at Paul Scherrer
Institut
The International Conference on "Portable Fuel Cells",
Luzern, June 21-24, 1999.

A. Wokaun
Experimente zur Oberflachenstrukturierung durch
Laser-Ablation
Institut fur Technische Chemie, TU Munich, Garching,
Germany, February 4,1999.

A. Wokaun
Potential of CO2 Mitigation in Transportation
Energia e Cambiamenti Climatici. Quali Prospettive ?
Politecnico di Milano, Italy, February 26, 1999.

A. Wokaun
Anodische Oxidationsprozesse an Modellelektroden
fur Polymerelektrolyt-Brennstoffzellen
Bunsentagung der Deutschen Bunsengesellschaft,
Dortmund, Germany, May 13-16, 1999.

A. Wokaun
Zukunftsperspektiven der Energieforschung
Rotary Club, Balsthal, May 12,1999.

A. Wokaun
Energietrager fur einen nachhaltigeren Individualver-
kehr
Seminarreihe 'Aspekte der Brennstoffzellenfahrzeuge',
ETH Zurich, November 17, 1999.

Other Talks

S. Andreani-Aksoyoglu, J. Keller
Ecological Assessment of Energy Related Air Pollution
in Switzerland
EPFL Lausanne, August 24, 1999.

S. Andreani-Aksoyoglu, J. Keller
Comparison of Model Results for Winter and Summer
Air Quality in Switzerland
Proc. 3^ GLOREAM Workshop, Ischia, Italy,
September 22-24, 1999.

H. Arai
Impedance Analysis of Air Electrodes for High Energy
Density Zinc/Air Batteries
The 40th Battery Symposium in Japan, November 14-
16, 1999.

O. Bahn, S. Kypreos
Modelling and Assessing International CO2 Emissions
Trading: A Global ETA/MARKAL-MACRO Model
5th International DSI Conference, Athens, Greece,
July 4-7, 1999.

H.P. Brack
- Thermal Degradation of Radiation-Grafted Films

and Membranes
- Structure-Property Relationships in Proton Con-

ducting Membranes: Quantification of Crosslinking
and Correlation with Swelling and other Properties

- Characterization and Fuel Cell Testing of Radia-
tion-Grafted PSI Membranes

- Thermal Degradation of Radiation-Grafted Films
and Membranes

Symposium "New Materials for Batteries and Fuel
Cells", Mater. Res. Society, Spring Meeting, San Fran-
cisco, USA, April 5-9, 1999.

F.N. Buchi
Development ofa2kWPE Fuel Cell System
3rd International Fuel Cell Conference, Nagoya, Japan,
December 1-3, 1999.

J. Dommen, A.S.H. Prevot
Airborne Measurements of Indicators for NOX and
VOC Limited O3 Production in the Milan Plume
24th General Assembly of the European Geophysical
Society, The Hague, The Netherlands, April 19-23,
1999.

O. Epelly
Implementation d'une methode primale-duale inadmis-
sible pour des programmes non lineaires convexes
differentiates de grande taille
2eme Congres de la Societe Frangaise de Recherche
Operationnelle et d'Aide a la Decision, ROADEF'99,
Autrans, France, January 1999.

O. Epelly
Implementation of an Infeasible Primal-Dual Interior
Point Method for Large-Scale Nonlinear Convex Pro-
gramming (NLP-HOPDM)
19th IFIP TC7 Conference on Modelling and Optimiza-
tion, Cambridge, GB, July 1999.

H.M. Frey, P. Beaud, T. Gerber, B. Mischler, P. Radi,
A.P. Tzannis
Dissociation ofAcetals upon Excitation by Ultrashort
Pulses
ERCOFTAC, Annual Meeting, ETH Zurich, May 28,
1999.

M. Furger, J. Keller, L.P. Poggio, A.S.H. Prevot
Atmospheric Boundary Layer Structure in a Deep Val-
ley During VOTALP 96
MAP Meeting 99, Appenzell, Swiss Meteorological
Institute, 43, June 9-11,1999.

M. Furger, L.P. Poggio, E. Mursch-Radlgruber*
Slope Winds, Valley Winds, Sodars and Scintillome-
ters During VOTALP '96
EGS 24(h General Assembly of the European Geo-
physical Society, The Hague, The Netherlands, Geo-
physical Research Abstracts 1, 493, April 19-23,1999.
* Agricultural University of Vienna, Austria
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M. Furger, R. Siegwolf, P. Geissbühler, G. Stefanicki,
W. Graber
Budgetierung der CO2 und H2O Flüsse anhand der
Eddy Kovarianz Analyse durch Boden- und Flugmes-
sungen, kombiniert mit Szintillationsanemometrie
GfÖ99 29. Jahrestagung der Gesellschaft für Ökolo-
gie, Bayreuth, Universität Bayreuth, Germany,
September 13-18, 1999.

T. Gerber
Acetals as Interesting Diesel Fuel Admixtures
IEA 21s t Task Leader Meeting, Kyoto, Japan,
September 29, 1999.

W.K. Graber, M. Furger
Evaluation of CO2 and Water Vapour, and Their Tur-
bulent Exchange Rates with an Airborne Open-Path
Infrared Gas Analyzer
EnviroSense 99, Spectroscopic Atmospheric Environ-
ment Monitoring Techniques, European Symposium
on Environmental Sensing IV, Munich, Germany,
June 14-18, 1999.

W.K. Graber, P. Schuhmacher*, M. Furger
Large-Scale Effects of Alpine Land Use Changes on
the Atmospheric Water Cycle
Int. Congress on Modelling and Simulation, Hamilton,
New Zealand, December 6-10,1999.
* GEO Partner AG, Zürich

L. Gubler
Fuelling Mobile Fuel Cells Activities
Workshop on Application Potential of Low-Tempera-
ture Fuel Cells, College of Engineering of Central,
Luzern, June 21, 1999.

L. Gubler
Novel Vehicle Technologies for Sustainable Mobility
3rd AGS Day of Switzerland, ETH Zürich,
December 16, 1999.

O. Haas
Elektrodenbeschichtungsarbeiten am PSI
15. PSI Tagessymposium Elektrochemische Energie-
speicherung, PSI Viiligen, November 29,1999.

A. hauen
Fuel Oil Concentration in a Gas-Turbine Burner Meas-
ured by Laser-Induced Fluorescence
5th International Conference on Technologies and
Combustion for a Clean Environment, Lisbon,
July 12-15, 1999.

M. Jäggi, R. Siegwolf
Variations ofS15N, 5i3C and 5!8O Ratios in Needles of
Norway Spruce (Picea abies) as Affected by Altered
Nutrient Regimes
International Symposium on Applied Isotope Geo-
chemistry (AIG-3), Orléans, France, September 21-25,
1999.

M.Jakob
Finanzierung ökologischer Innovationen aus Sicht der
energetischen und energiewirtschaftlichen Forschung
ULYSSES-Workshop "Finanzierung ökologischer In-
novationen", ETH Zürich, February (1999).

B. Koebel, M. Elsener, M. Kleemann
Urea-SCR: A Promising Technique to Reduce NOx
Emissions from Automotive Diesel Engines
EuropaCat4, Rimini, Italy, September 5-10,1999.

S. Kypreos
The Development of the ERIS Model Prototype with
Endogenous Learning; Options, Lessons and Rela-
tions with MARKAL
IEA-ETSAP/Annex VII; 1 s t Workshop, Washington DC,
USA, April 30 - May 4, 1999.

S. Kypreos
The regionalized Electricity Markets of China; Prelimi-
nary Results of Energy Modeling
The AGS/ABB CETP Stakeholder Symposium, Jinan,
China, October 11, 1999.

S. Kypreos
The China Energy Technology Project and the Model-
ing of Regional Electricity Markets of China
IEA-ETSAP/Annex VII; 2nd Workshop, ECN, Bergen,
The Netherlands, November 3-5, 1999.

S. Kypreos, O. Bahn
Flexible Instruments and the Kyoto Protocol: First In-
sights from 9RT and GMMT with Endogenous Tech-
nological Learning
Joint IEA/EMF/IIASA Energy Modelling Meeting, Paris,
France, June 16-18, 1999.

Ch. Ludwig
Measuring the Evaporation Kinetics of Heavy Metals:
A New Method
3rd World Congress R'99, Geneva, February 4, 1999.

I. Mantzaras
Numerical Modelling of Turbulent Catalytic Com-
bustion
4th International Workshop on Catalytic Combustion,
San Diego, USA, April 14-16, 1999.

A. Meier
CFD Study of a Falling Particle Receiver/Reactor Ex-
posed to Concentrated Sunlight
6th CFD Day of the Leonhard Euler Research Center,
ETH Zürich, January 25, 1999.

B. Mischler, P.P. Radi, P. Beaud, H.-M. Frey,
T. Gerber, A.P. Tzannis
Absolute Concentration Measurements by Two-Color
Four-Wave Mixing and Absorption Spectroscopy in a
Counter-Flow Burner
ERCOFTAC, Annual Meeting, ETH Zürich, May 28,
1999.
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E. Ortelli
Periodic Variations of Reactant Concentrations in Time
resolved FTIR Studies of Heterogeneously Catalysed
Reactions
CERC3 Young Chemist Workshop, Tuusula, Finland,
May 20-23, 1999.

R. Palumbo
Solar Thermal Chemical Processing:
A Renewable Energy Path for Reducing Greenhouse
Gas Emissions
International Conference for TMS, San Diego, CA,
USA, February 28 - March 4,1999.

U.A. Paulus
Oxygen Reduction Kinetics on Carbon supported Pt-
and Pt-Alloy Catalysts
196th Electrochemical Society Meeting, Honolulu,
October 17-22, 1999.

A.S.H. Prevot, J. Dommen
Meteorological Influences on the O3 Concentrations
Around Milan
24th General Assembly of the European Geophysical
Society, The Hague, The Netherlands, April 19-23,
1999.

A.S.H. Prevot, J. Dommen, M. Baumle*
Profiles of Volatile Organic Compounds in an Alpine
Valley
8th International Symposium Transport and Air Pollu-
tion, Graz, Austria, May 31 - June 2, 1999.
* MetAirAG, Illnau

A.S.H. Prevot, J. Dommen, M. Furger, B. Neininger*
M. Baumle*
Vertikaler Luftschadstofftransport uber komplexem
Gelande
Jahresversammlung 1999 der Schweizerischen Ge-
sellschaft fur Meteorologie im Rahmen der 179.
Jahresversammlung der SANW (Schweizerische
Akademie der Naturwissenschaften), October 14,
1999.
* MetAir AG, Illnau

A.S.H. Prevot
Year of Gasphase and Aerosol Measurements
Cercl Air (Schweizerische Gesellschaft der Lufthy-
giene-Fachleute) Exposure to Air Pollution and Health
Risk Assessment, Bern, November 4-5, 1999.

A.S.H. Prevot
The Transit Project
5. Nationale Tagung zur Alpenforschung, Lugano,
November 18-19,1999.

P.P. Radi, B. Mischler, P. Beaud, H.-M. Frey,
T. Gerber, A. P. Tzannis
Sensitive and Selective Species Measurements in a
Counter-Flow Burner by Two-Color Four-Wave Mixing
Spectroscopy
CARS Workshop, Rome, Italy, March 21-23,1999.

M. Saurer
Stable Isotopes in Tree Rings: Physical Basics and
Measuring Techniques
University of Freiburg, Germany, February 3,1999.

M. Saurer
Towards the Simultaneous ™OPeO- and ^C^C-Ana-
lysis of Organic Matter
6th Continuous-Flow Isotope-Ratio Mass-Spectrometry
Workshop, University of Victoria, Canada, August 16-
19, 1999.

Y. Scheidegger, M. Saurer, R.T.W. Siegwolf
Characterization of Land-Use Intensity in Alpine
Grassland Species by Combined Analysis of5i8O,
5<3C, and #5/v
International Symposium on Applied Isotope Geo-
chemistry (AIG-3), Orleans, France, September 21-25,
1999.

R.T.W. Siegwolf
Functional Diversity of Three Grassland Species as
Expressed in the Stable Carbon and Oxygen Isotope
Tagung des Arbeitskreises Experimented Okologie,
Botanisches Institut der University of Basel, May 20-
21, 1999.

A. Stampanoni-Panariello
Investigation of the Impact of High Laser Flux on Soot
by Two-Color Four-Wave Mixing
XVIII European CARS Workshop, ENEA Frascati,
Italy, March 21-23, 1999.

A. Stampanoni-Panariello
Investigation of Soot by Two-Color Four-Wave Mixing
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