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Abstract

The operation of solid oxide fuel cells (SOFCs) with bio-syngas from the gasifica-
tion of biomass is a promising approach to highly efficient and sustainable power
generation. At the same time, the coupling is challenging as several biogenic impu-
rities in the bio-syngas have a negative effect on the anode of the SOFC. In order
to be able to further improve SOFCs with regard to their robustness, it is neces-
sary to show the existing weaknesses by means of systematic degradation through
model contaminants.

For this thesis the impacts of the tar compounds naphthalene and phenol on anode-
supported solid oxide fuel cells were investigated experimentally. Single-cell and
short-stack experiments were performed at 700 °C under load with simulated bio-
syngas consisting of hydrogen, carbon monoxide, carbon dioxide, methane and wa-
ter vapour. Naphthalene and phenol showed significantly different negative effects
on the performance of the SOFC.

Naphthalene caused a pronounced voltage drop at all applied concentrations. It
blocked electrochemical hydrogen oxidation as well as the reforming of methane
and the shift of carbon monoxide. Using electrochemical impedance spectroscopy
it could be shown that naphthalene initially inhibited mass transport to the three-
phase boundaries and later also fuel transport through the anode substrate. The
latter effect could be attributed to the absence of hydrogen from the catalytic
conversion of methane and carbon monoxide in the anode substrate. The cell
voltage increased again when the naphthalene supply was stopped. A complete

recovery of performance could be achieved by increasing the operating temperature
to 900 °C.

Phenol, on the other hand, led to heavy carbon deposition and irreversibly dam-
aged the structure of the anode substrate. With the exception of the highest dosed




phenol concentrations this form of degradation was not visible in the electrochem-
ical operational data. Metal dusting was identified as the underlying degradation
mechanism which is caused by the high solubility of carbon in the nickel grains of
substrate and anode.

Keywords: Solid oxide fuel cell, SOFC, naphthalene, phenol, impedance spec-
troscopy, EIS, metal dusting
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Kurzfassung

Der Betrieb von Festoxidbrennstoffzellen (engl. solid oxide fuel cell = SOFC) mit
Bio-Syngas aus der Vergasung von Biomasse ist ein vielversprechender Ansatz zur
hocheffizienten und nachhaltigen Stromerzeugung. Gleichzeitig ist die Kopplung
komplex, da sich diverse biogene Verunreinigungen im Bio-Syngas schidigend auf
die Anode der SOFC auswirken. Um SOFCs hinsichtlich ihrer Robustheit wei-
terentwickeln zu konnen, ist es notwendig, die bestehenden Schwachstellen durch
gezielte Degradation durch Modellverunreinigungen aufzuzeigen.

Im Rahmen dieser Thesis wurden die Auswirkungen der Teerverbindungen Naph-
thalin und Phenol auf anodengestiitzte Festoxidbrennstoffzellen experimentell un-
tersucht. Es wurden Einzelzell- und Shortstackversuche bei 700 °C unter Last mit
simuliertem Bio-Syngas, bestehend aus Wasserstoff, Kohlenstoffmonoxid, Kohlen-
stoffdioxid, Methan und Wasserdampf, durchgefithrt. Dabei zeigten Naphthalin
und Phenol deutlich unterschiedliche negative Auswirkungen auf die Leistung der

SOFC.

Naphthalin verursachte bei allen angewendeten Konzentrationen eine ausgepragte
Spannungsabnahme. Es hemmte sowohl die elektrochemische Wasserstoffoxidation
als auch die Reformierung von Methan und den Shift von Kohlenstoffmonoxid. Mit
Hilfe elektrochemischer Impedanzspektroskopie konnte gezeigt werden, dass Naph-
thalin zunéchst den Stofftransport zu den Dreiphasengrenzen und spéater auch den
Stofftransport von Brenngas durch das Anodensubstrat behinderte. Letzterer Ef-
fekt konnte auf den Wegfall von Wasserstoff aus der katalytischen Umsetzung von
Methan und Kohlenstoffmonoxid im Anodensubstrat zuriickgefithrt werden. Die
Zellspannung stieg wieder, wenn die Napthalinzufuhr gestoppt wurde. Eine voll-
standige Wiederherstellung der Leistung konnte durch eine Erhohung der Betriebs-
temperatur auf 900 °C erreicht werden.

ITI



Phenol fithrte demgegentiber zu starken Kohlenstoffablagerungen und schéidigte die
Struktur des Anodensubstrats irreversibel. Aufler bei den héchsten dosierten Phe-
nolkonzentrationen war diese Form der Degradation nicht in den elektrochemischen
Betriebsdaten zu sehen. Als zugrundliegender Degradationsmechanismus wurde
Metal Dusting identifiziert, welches durch die gute Loslichkeit von Kohlenstoff im
Nickel von Substrat und Anode hervorgerufen wird.

Schlagworter: Festoxidbrennstoffzelle, SOFC, Naphthalin, Phenol, Impedanzspek-
troskopie, EIS, Metal Dusting
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As Darwin demonstrated, evolution is not an unremitting race towards perfection.
It is a haphazard wander around good enough.

Kelly Clancy, Neuroscientist
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Chapter 1

Introduction

Although climate change and sustainable energy supply are currently attracting
much public attention, the growth of global energy consumption is apparently
unabated. In its world energy outlook 2019 the International Energy Agency (IEA)
assumes that electricity demand will have increased by 58 % by 2040 [1]. This
trend is driven among other things by a growth of world population combined with
globally increasing prosperity, an expansive use of air conditioning and a growing
number of data centres [2]. The predicted de-fossilisation of the chemical industry
will also require enormous amounts of electricity for the production of hydrogen [3].
In order to cover this additional demand for electricity and reverse the simultaneous
increase in COy emissions, the power generation capacity of renewable energies
must be expanded drastically. At the same time the way biomass is used for power

generation must become much more efficient.

One type of biomass is woody biomass in the form of wood, fast-growing natural
resources and wood residues. Most electricity from woody biomass in Germany
is currently generated in biomass combustion plants with an output <5MW [4].
The electrical efficiency of such small plants is very low (20-25%) [5]. In addition
around a quarter of timber harvested in Germany in 2016 was used in private
households for space heating and was therefore lost for electricity production [4].
Taking into consideration that the energetic use is in competition with its material
use as building material and as raw material for chemical products in bio-refineries,
wood and its residues are actually too valuable and scarce to be burned.
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1.1 Generation of Bio-Syngas by Gasification of
Solid Biomass

Electricity can be generated with a higher degree of efficiency if the biomass is first
gasified and the resulting bio-syngas is converted into electricity in gas engines,
gas turbines, micro turbines or fuel cells. In addition to wood, wood residues and
fast-growing energy crops gasifiers can also work with crop residues, empty fruit
bunches or straw [6]. In principle municipal solid waste and plastic waste can also

be used as raw materials [7].

Bio-syngas mainly consists of hydrogen (Hs), methane (CH,), carbon monoxide
(CO), carbon dioxide (CO,), water (H2O) and nitrogen (N3). In a gasifier the
thermochemical decomposition of lignin and hemi-celluloses takes place with a gasi-
fication medium, e.g. air, oxygen, steam or CO, at temperatures of 500-1600 °C
and pressures up to 50 bar. The composition of the bio-syngas depends on the type
of gasifier, the gasification medium and on pressure and temperature. A distinc-
tion is made between fixed-bed, fluidised-bed, entrained-flow and plasma gasifica-
tion. Fixed-bed gasifiers are divided into updraft (biomass and gasification agent
in counter-current) and downdraft (biomass and gasification agent in co-current);
fluidised-bed gasifiers are divided into stationary and circulating fluidised-bed gasi-
fiers. Due to their endothermic character the gasification reactions depend on a
heat source. In autothermal concepts this is provided by the partial combustion of
biomass in the gasifier; in allothermal concepts heat is supplied to the gasifier from
outside, either by electric heating, combustion of part of the supplied biomass or
by using the waste heat from a high-temperature fuel cell. [8, 9]

In addition to the main gas components, the raw bio-syngas contains impurities
in the form of particles, sulphur, alkali and chlorine compounds and tars [10-12].
In this context tars are higher hydrocarbons which result from the incomplete
conversion of complex biogenic macro-molecules in the gasifier. Depending on
the intended use of the bio-syngas, it is necessary to remove the contaminants.
Particles in the form of ash and bed material must always be separated with filters
or cyclones in order to prevent blockages of downstream equipment.
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A successful gasifier concept is the FICFB (fast internal circulating fluid bed)
gasifier developed by the University of Vienna, which is operated commercially
at several locations in Europe. The FICFB is a two-stage allothermal fluidised-
bed gasifier in which the actual gasification takes place in one reactor and heat is
generated by burning biomass in a second reactor. Sand plus mineral compounds
like dolomite or olivine serve as heat transfer medium and as catalytic fluidised-
bed agent. The FICFB plant in Giissing/Austria works with a biomass input of
8 MW (17,000 t/year wood chips) and produces 4.5 MWth and 2MWel in a gas
engine. The bio-syngas contains on average 35-45vol% of Hs, 20-30 vol% CO, 15-
25vol% COs, 8-12vol% CHy and 3-5vol% Ns, which is representative for steam
blown fluidised-bed gasifiers. [13]

There are various arguments in respect to an economically and ecologically rea-
sonable plant size for biomass gasifiers. One approach is that the demand for the
operation of the gasifier should be covered exclusively by locally available resources
in order to prevent long transport distances. For 8 MWy, input as required by the
gasifier in Giissing a calculated area of 14 km? of rapid turnover plantations would
have to be managed or residual wood collected in 160 km? of forest! [4]. Small
plants involve a lower investment risk, and planning and implementation can be
carried out more quickly. For large plants with an input of > 100 MWy, the spe-
cific investment costs are lower which at the same time allows the implementation
of additional features helping to increase efficiency. In order to cover the resource
input of such a plant it is necessary to import biomass from densely wooded re-
gions. As the area estimate from above shows, the biomass collection area can be
so large even for medium-sized plants that biomass imports from another country
may be cheaper. In addition to the higher investment risk the planning effort for
large gasification plants including the necessary biomass logistics is greater.

As an alternative for the generation of electricity, bio-syngas can also be used
for the synthesis of chemicals and fuels [14]. Some experts even demand that
available biomass should only be used as a source of carbon and that energetic
utilisation should only take place for residues that cannot be used for nutrition
or chemical syntheses [15]. Since the chemical industry must also become climate

'Gross annual fuel yield in GJ/(ha - a)[4]: 185 (rapid turnover plantations), 15.6 (forest residual
wood).
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neutral in the decades to come [3] large biomass gasifiers must already be designed
as poly-generation plants in which both electricity and chemical products can be
co-generated. Small to medium-sized gasification plants are therefore preferable
in the current situation: they can be realised more easily due to lower investment
costs and can be dismantled if the purely energetic utilisation of biomass is no

longer economical.

1.2 Efficient Power Generation from Bio-Syngas in
SOFCs

Solid oxide fuel cells (SOFC) are very well suited for the conversion of bio-syngas
into electricity. With an exergetic efficiency of up to 90 % the SOFC is currently
the most efficient device for power generation [16]. The main advantage over e.g.
gas turbines is that SOFCs are very efficient even at small plant sizes [17]. At
an operating temperature of 500-1000 °C the chemical energy of the bio-syngas is
directly converted into electrical power [18]. Fuel is oxidised at the anode with
oxygen. The oxygen is transported from the cathode side through the electrolyte
which is conductive for oxygen ions. In contrast to low-temperature fuel cells CO
and CHy are not poisons here but are also converted into electricity. The high
operating temperature of the SOFC allows heat integration with the gasifier and
gas cleaning as well as extraction of high temperature heat to external consumers,
which increases overall efficiency. Solid oxide cells can be operated reversibly, i.e.
by applying electrical current Hy and CO can be generated from water vapour and
COg at high efficiency. Because of this property SOFCs will play an important role
in energy storage in the future [19].

The interconnection of gasifier and SOFC is called biomass integrated gasification
fuel cell system (B-IGFC). Figure 1.1 shows a simplified flow scheme of such a
system. Biomass is fed into the gasifier and the resulting bio-syngas is converted
into electricity in the SOFC. In addition to gasifier and SOFC further components
are required. Since the SOFC cannot completely convert the fuel, remaining Hs,
CO and CHy in the anode exhaust gas are after-burnt in a burner with the hot
cathode exhaust gas (air). The resulting heat is fed to the gasifier or tar removal




1.3 Main Challenge for a B-IGFC System

Air/Steam/
0,/CO, Air

i Particle Tar HCI, H,S |
i —» —>] —>] » 112 —>
Biomass Gasifier removal removal removal A(.S)O|Fg(+) el. Power

P

>
le—]
<

Air % Burner [—» H,0, CO,, N,

F---------

Heat
Consumer

Figure 1.1: Scheme of a B-IGFC. A(-): Anode, C(+): Cathode.

to allow biomass or tar reforming. A very high electrical efficiency of 63 %y can
be achieved at a total exergetic efficiency of 55 % for an optimised interconnection,
in which the heat of the post-combustion and a part of the waste heat of the SOFC
are introduced into the gasifier via heat pipes and a part of the anode exhaust gas
is recycled [20].

1.3 Main Challenge for a B-IGFC System

As already mentioned, the bio-syngas contains various biogenic contaminants that
can cause severe damage to the anode of the cells or other equipment of the system.
Even at low concentrations in the ppm range HyS and HCI lower the performance
of the SOFC [21] and have to be removed from the bio-syngas. Tars can potentially
block catalytic centres for both electrochemical and reforming reactions, inhibit the
diffusion of fuel, or lead to mechanical deterioration of the cell [22]. But at the
same time they could be reformed at the SOFC anode and serve as a fuel.

The extent of gas cleaning increases the complexity and consequently the costs of
the overall system and accordingly the costs of the generated power. Furthermore,
additional process steps raise the risk of failure and reduce efficiency. In order
to realise economically competitive B-IGFC systems less complex gas cleaning is
therefore desirable. Therefore it is critical to make the SOFC itself more resistant
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to the influence of contaminants. To achieve this it is necessary to characterise the
impact of biogenic contaminants on state-of-the-art SOFCs. With these results as
a base the weak spots can be identified and consequently be overcome by adapting

anode compositions and microstructure parameters.




Chapter 2

Fundamentals

In this chapter the basics for understanding the results of this thesis are given.
In the first section the functional principle of SOFCs, their design and electro-
chemistry are described. The second section addresses the formation of tars and
how they can be handled. In the last section literature regarding the tolerance of
SOFCs towards biogenic tars is reviewed.

2.1 Solid Oxide Fuel Cells

In fuel cells the chemical energy of a fuel is directly converted into electrical energy
[18]. Compared to thermal power engines the electrical efficiency is higher because
it is not limited by the Carnot factor since chemical energy is not converted into
thermal energy first. For the same reason no moving parts are necessary which
enables low-noise and low-maintenance operation. Since individual SOFCs are
interconnected to form stacks and stacks are connected to form larger modules
in order to increase the power output, fuel cell systems already provide electrical
energy in the kW range with a high degree of efficiency [23].

Like MCFC (molten carbonate fuel cell) SOFCs are among the high-temperature
fuel cells. In contrast to low-temperature fuel cells (PEMFC — polymer electrolyte
membrane fuel cell, DMFC — direct methanol fuel cell, AFC — alkaline fuel cell,
PAFC — phosphoric acid fuel cell), SOFCs can be operated not only on pure hy-
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drogen, but also with gases containing CH4 and CO. The latter can be converted
internally to He at SOFC operating temperatures of 500 to 1000 °C by steam-
reforming or the water-gas-shift reaction (WGS) [18].

Disadvantages of the high operating temperature are longer start-up times and
high mechanical and chemical stress on the materials used at the stack and in
the periphery. Reducing the operating temperature is supposed to solve these
problems. This is why intense research has been undertaken in the last years to
enable so called intermediate temperature SOFCs (IT-SOFC) that can be operated
at temperatures between 500 and 750 °C [24, 25].

2.2 Principle of Operation

Figure 2.1 shows on the left the scheme of an SOFC. It is a galvanic element
consisting of the air electrode (cathode), the electrolyte, and the fuel electrode
(anode). [18]

Air and fuel are continuously fed to the cell where they flow in parallel to cathode
and anode and take part in the respective electrode reactions. At the cathode

oxygen is reduced to oxygen ions by receiving electrons:

1
502 +2¢" < 0%, (2.1)

Since the electrolyte is conductive for O%, the ions are transported to the anode.
This material flow is driven by the oxygen partial pressure gradient between cath-
ode and anode, which also determines the cell’s potential. The cell potential can
be measured in form of the cell voltage. At the anode the ions react exothermically
with hydrogen, which is oxidised and releases electrons:

Hy + O* < Hy0 +2¢”. (2.2)




2.2 Principle of Operation

[_]Interconnect

[ ]Anode Ni[] N\

[_]Electrolyte YSZ[ ] \\k ;"

I Cathode LSCF Il .
e @ 20, T

[_]Interconnect

Figure 2.1: Scheme of an SOFC. Zoom on the right shows the schematic structure
around the electrolyte for an SOFC with Ni/YSZ anode and LSCF cathode. Exemplary
triple phase boundaries (TPB) at anode and cathode and the flow of reaction partners

of the electrochemical oxidation of hydrogen (Hs) are indicated.

Addition of equations 2.1 and 2.2 delivers the overall cell reaction:

1
Hy + 505 «— Hy0 ARh = —241.8kJ /mol. (2.3)

The electrons are led back to the cathode via an external circuit, where they in turn
participate in the reduction of oxygen. The current flow via the external circuit
represents the usable current of the fuel cell. The electrolyte must be gas-tight
to prevent a direct reaction of oxygen and fuel, and it must also be electrically

insulating so that the electrons only flow through the external circuit.

Oxidation and reduction of fuel and oxygen take place at the interfaces between the
gas phase and the electrode material, more precisely at the triple phase boundaries
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(TPB)!. For the commonly used anode material Ni/YSZ, a mixture of nickel (Ni)
and yttrium-stabilised zirconium (YSZ), the three phases involved — Ni, YSZ and
gas — and their function are shown in Figure 2.1. Fuel is transported to and reaction
products away from the TPB through the gas phase; oxygen ions are transported
to the TPB in YSZ; nickel is responsible for the discharge of the electrons released
by O? during electrochemical oxidation at the TPB. As for most heterogeneous
catalytic processes the interaction of the mechanisms at the TPB and the influence
of material parameters are complex and still not fully understood, even for Ni/YSZ
anodes [26].

2.2.1 Functional Layers

Depending on which component of the cell provides mechanical stability SOFC
types can be differentiated between anode-supported (ASC) and electrolyte-sup-
ported (ESC). In recent years metal-supported cells (MSC) have also been de-
veloped to market maturity [27] in which all functional layers are applied to an
electrochemically inert porous metal support.

All functional layers should be as 