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Kurzfassung

Die Detektion von hoheren Kohlenwasserstoffen ist insbesondere in Anwendungen in
denen Reformat- bzw. Synthesegase zum Einsatz kommen ein wichtiges Kriterium.
Bereits geringe Konzentrationen von hoheren Kohlenwasserstoffen kénnen zu erhebli-
chen Problemen fithren. Kondensation oder die Bildung von Hydraten in Verbindung
mit Wasser konnen besonders bei niedrigen Temperaturen zur Fehlfunktion von Ven-
tilen oder Verstopfen von Gasleitungen fithren. Dariiber hinaus werden einige héhere
Kohlenwasserstoffe als gesundheitsschéidlich eingestuft und erfordern daher eine ent-
sprechende Gasreinigung des Synthesegases. Fiir diese Anwendungsfille sind zumeist
Grenzwerte einzuhalten, die somit die Relevanz einer Uberwachung von kritischen
Kohlenwasserstoffen aufzeigen.

Synthesegas aus der Biomassevergasung kann unterschiedliche hohere Kohlenwasser-
stoffe, die unter dem generischen Sammelbegriff "Teer" zusammengefasst werden, ent-
halten. Abhéngig von der jeweiligen Vergasertechnologie kann das Synthesegas Teer-
frachten bis zu 100&/Nm? aufweisen. Fiir die Nutzung des Synthesegases in nachfol-
genden Prozessen, wie beispielsweise in einem Gasmotor, miissen diese Teerfrachten
vorab reduziert werden. Im Falle einer Kaltgasreinigung werden die Teerkomponen-
ten ausgewaschen. Dies fiihrt folglich auch zu einer unerwiinschten Verringerung des
Heizwertes des Synthesegases.

Die Teerkonzentration héngt nicht nur von der Vergasertechnologie, sondern auch von
den Prozessparametern ab. Daher gilt es, die optimalen Betriebsbedingungen zu fin-
den, unter denen die Teerentstehung minimal ist. Derzeit ist kein passender Teersen-
sor am Markt erhaltlich, der eine kontinuierliche Messung der Teerkonzentration am
Ausgang des Vergasers ermdglicht, um diese Optimierung durchzufithren. Typische
Nachteile derzeitiger Messsysteme, wie z.B. Flammenionisationsdetektor, Gaschroma-
tographie, Teer Protokoll oder Solid Phase Adsorption sind eine hohe Komplexitét
der Gasanalyse oder das Fehlen einer Moglichkeit zur Unterscheidung zwischen unter-
schiedlichen Teerkomponenten.

Diese Arbeit untersucht eine neuartige Methode der Teermessung mittels Festoxid
Brennstoffzelle (Solid Oxide Fuel Cell). SOFCs sind im Stande methanhaltiges Syn-
thesegas umzusetzen. Des Weiteren wurde die Umsetzung von unterschiedlichen Koh-
lenwasserstoffen in der Vergangenheit sehr stark untersucht. Im Besonderen wurde
der Einfluss von Kohlenwasserstoffen die bei der Vorreformierung von Brennstoffen
wie Erdgas, Diesel, Methanol, oder Kerosin entstehen, getestet. In dieser Arbeit wird
speziell auf das Umsetzungsverhalten der Biomasseteerkomponenten Naphthalin, To-
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luol und Xylol in einer SOFC eingegangen. Die Umsetzung tragt betrdchtlich zum
Zellpotential bei. Aus diesem Grunde gilt die Untersuchung in erster Linie der Korre-
lation zwischen der Teerkonzentration und dem Beitrag zum Zellpotential. In diesem
Zusammenhang ist die gegenseitige Beeinflussung zwischen den Kohlenwasserstoffen
hinsichtlich der Umsetzung ein wichtiger Aspekt fiir die Untersuchung des Zellpoten-
tials.

Der Sensor erméglicht eine kontinuierliche in-situ Messung. Die hohe Betriebstempe-
ratur des Sensors wirkt sich dahingehend vorteilhaft aus, dass keine Kiihlung des zu
messenden Gases erforderlich ist.

Abschlielend wird ein "2-Zellen-Reformer" Konzept prasentiert, das sowohl die Detek-
tion der Teerkonzentration als auch eine Differenzierung der Teerkomponenten ermog-
licht.
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Abstract

The detection of hydrocarbons is an important issue in many applications where re-
formate gas or synthesis gas is utilised. Even low concentrations of hydrocarbons may
cause difficulties due to different reasons. Blocking of gas pipes because of conden-
sation of higher hydrocarbons or formation of hydrates in combination with water at
very low temperatures are just two of them. Moreover, some of the hydrocarbons
are harmful to health and require gas cleaning for safety reasons. In all cases certain
concentration limits have to be met which necessitates hydrocarbon monitoring.

Synthesis gas from biomass gasification may contain a variety of higher hydrocarbons,
so called tar. Depending on the gasifier technology very high concentrations up to
1008/Nm? are transported in the wood gas. For the utilisation of synthesis gas in
downstream applications such as a gas motor tar has to be removed to a certain
extend first. In the case of wet gas cleaning this eventually means a reduction of the
heating value due to the loss of hydrocarbons.

The level of tar depends not only on the gasifier technology but also on the process
parameters. Therefore, it is obvious that an ideal operating point exists where the
gasifier produces least amounts of tar. So far there is no suitable tar sensor on the
market that allows the continuous monitoring of the tar concentration in the gasifier
outlet gas stream. Typical drawbacks of the current measuring systems such as flame
ionisation detector, gas chromatography, tar protocol or solid phase adsorption are
either a discontinuous gas measurement, a high complexity of the gas analysis or the
inability to differentiate between different hydrocarbon species.

This work investigates a new approach of measuring tar based on a solid oxide fuel cell.
SOFCs are capable of converting synthesis gas containing methane. The conversion
of several hydrocarbons has been thoroughly investigated in the past. In particular
the influence on the SOFC of hydrocarbons coming from the pre-reforming step of
fuels such as natural gas, diesel, methanol or kerosene is multiply tested. This work
concentrates on the conversion behaviour of biomass tar, in particular toluene, xylene
and naphthalene, on a SOFC anode. The conversion significantly contributes to the
cell potential. Therefore a correlation between the contribution to the cell potential
and the tar concentration is developed. In this context the mutual interference of the
conversion of the different tested tar species is an important aspect to evaluate the
cell potential.

The sensor enables continuous measurement including in-situ analysis. The operating
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temperature of the sensor is very high, therefore the wood gas coming from the gasifier
does not need to be cooled before entering the measuring cell.

Finally a "2-cell-reformer" concept is presented that allows a determination of the tar
concentration as well as a distinction between certain tar species.
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Definitions

Hydrocarbon, higher hydrocarbon, tar: The term hydrocarbon is used to include
the whole spectrum of hydrocarbons. By contrast, the term "higher hydrocarbons" is
used when a differentiation to "lower hydrocarbons" such as methane, ethane, propane,
etc. is intended. However, a clear distinction between these two terms does not exist.

Different definitions of tar exist in literature. In this work those hydrocarbons pro-
duced during the gasification process of biomass larger than benzene are considered
as tar. Eventually these are the species which are intended to be detected.

Synthesis gas: Hydrogen containing gas mixtures used for synthesis chemistry are
commonly called synthesis gas. There is a wide range of the production of synthesis
gas. It can be produced through steam reforming of natural gas or through gasification
of coal and biomass. In this work the wood gas produced from biomass gasification
is named synthesis gas as well. In particular the synthetic gas mixture from bottled
gas used in the experiments in this work is called synthesis gas in order to distinguish
from real wood gas. Therefore the synthesis gas may contain higher hydrocarbons or
tar.

Permanent gas components: The main gas components such as Hs, CO, COa2,
CHy, Ny and H5O are called permanent gas components if the synthesis gas without
higher hydrocarbons or tar is addressed.

Wood gas: Wood gas is the name for gas produced in gasifiers from woody biomass
and may include contaminants such as alkali, chlorine, sulphur compounds and tar.

Product gas, producer gas: Producer gas is a generic term referring to wood gas,
town gas or synthesis gas [7].

Reformate gas: Reformate gas is produced by reforming hydrocarbon fuels such as
methane, natural gas, diesel, methanol, kerosene, etc. The oxidant of the reforming
process can be oxygen or steam.

XXix






Chapter 1
Introduction

Numerous applications exist where the information about the hydrocarbon content in
a gaseous, liquid or solid phase is a significant value concerning its utilisation in down-
stream processes. For instance the hydrocarbon content in natural gas significantly
determines the gas quality as well as the dew point. The dew point is an important
parameter for the secure transport of natural gas in pipelines [24]. Condensation of
hydrocarbons has to be avoided in all stages of transport.

When it comes to the energetic utilisation of natural gas, particularly the amount of
non-methane hydrocarbons such as propane or butane are of major interest due to
their impact on the heating value of natural gas. The design and operation of gas
burners severely depends on the heating value and density of the gas mixture that is
burned. The Wobbe-index for example puts those two properties in relation so as to
compare different fuels concerning their operational capability in gas burners.

While natural gas is usually a very constant fuel regarding its composition as long
as it comes from the same well, the gas composition of synthesis gas coming from
gasification processes is rather fluctuating. This fact is a great challenge for a proper
and secure utilisation of such a fuel in gas turbines or gas motors. Whereas fluctuation
of the main gas components (Hz, CO, COy, CHy, N2 and H20) mainly affect the
power output and efficiency of a gas turbine/motor the varying amounts of higher
hydrocarbons can even destroy the machine when certain limits are exceeded.

In the field of tracing pollutants in liquid or solid wastes the hydrocarbon index is
introduced to provide information about the concentration of hydrocarbons between
Cho and Cyg. Especially groundwater is assessed this way. The probe is extracted
with n-hexane and measured with a gas chromatograph. The area under the peak line
together with an internal standard is used to determine the hydrocarbon concentration
represented through the hydrocarbon index.

Depending on the application different requirements for the measuring system can be
derived. Monitoring the feed stream of a wood gas-driven gas motor or turbine requires
the ability of a continuous measurement to be able to react quickly to changing gas
qualities. An exact determination is of secondary importance compared to the general
order of magnitude of the hydrocarbon content.
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Moreover, these systems need robust and easy-to-use solutions for longterm opera-
tion. Feeding in Substitute Natural Gas (SNG) to the natural gas grid coming from
the methanation of wood gas is constraining on gas quality standards. Due to the
limited lifetime of the catalyst, as used for methanation, a continuous monitoring of
the hydrocarbon content is desirable. Furthermore, low system costs of the application
do not allow the installation of expensive sensors. In contrast, demands on the accu-
racy of groundwater quality checks are substantially higher. The probes are analysed
externally in designated laboratories.

While gas chromatography is a very accurate method, its drawback certainly is the
need for specifically skilled personnel and high investment costs. A flame ionisation
detector (without GC) may be less expensive and easier to operate but provides less
information about the individual concentration if more hydrocarbons are measured.
For the detection of higher hydrocarbons, specifically coming from biomass gasifi-
cation, the tar protocol [3] became a standard method that allows the gravimetric
measurement of hydrocarbons higher than benzene through condensation in impinger
bottles. Even though it is the only standardised method in this field it appears to be
an inconvenient procedure due to the many steps involved and the potential sources of
failures. Furthermore, it is not suitable for continuous monitoring and can only pro-
vide an average value because of the long sampling duration. Another commonly used
technology is solid phase adsorption. Samples of gas are adsorbed on a solid phase
and analysed in a second step in a gas chromatograph after desorption. From the
operating point of view SPA is certainly one of the simplest methods. Since sampling
and gas analysis are temporally separated, an implementation into a system control
management is not possible.

Another challenge to the measuring device is the large diversity of hydrocarbons start-
ing with methane, as the simplest structure, up to large molecules such as Cy9 and
higher. High temperatures to avoid condensation of large molecules within the mea-
suring device is one issue to be considered. The molecular structure is also a restriction
to measurement principles based on adsorption. SPA, for example, does not work for
hydrocarbons smaller than xylene. For a similar reason problems occur when using
the tar protocol where benzene is not dissolved completely in the solvent used in the
impinger bottles. This makes it even more complicated for applications where the
monitoring of smaller and higher hydrocarbons is required simultaneously.

1.1 Identified problem: the challenge of continuous online tar
measurement

One application where the monitoring of the hydrocarbon content in a gas mixture is a
desired option, is the production of wood gas through biomass gasification. The wood
gas coming from the gasifier contains high loads of higher hydrocarbons, so called
tar, depending on the type of gasifier. For instance updraft gasifiers produce up to
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~ 1008/Nm? tar [71]. To be able to utilise the gas in downstream processes such as
a gas motor, a gas cleaning unit is installed after the gasifier. Contaminants such as
sulphur, alkali, chlorine, particles and higher hydrocarbons are reduced according to
the operation limits of the downstream machine. Since the higher hydrocarbons are
removed over a reforming catalyst or a scrubber, degradation of either the catalyst or
the scrubber liquid can lead to unwanted high tar loads after the gas cleaning unit.
To avoid a fuel with a critical tar content reaching the machine, a sensor for continu-
ous measurement appears to be a necessary and significant device to monitor the gas
quality and further on initiate control strategies. However, state of the art measuring
principles used in commercial sensors and detectors are not suitable to be implemented
in a system due to cost and complexity reasons. Flame ionisation detectors have the
major disadvantage that they only provide information about the concentration of the
sum of all hydrocarbons which makes individual hydrocarbon detection difficult espe-
cially in the low concentration range when having methane as a major gas component.
Using an FID equipped gas chromatograph enables very accurate measurements but
is too cost-intensive and requires specifically skilled personnel. So far there is no com-
mercial sensor on the market that fulfills the needs and requirements to economically
and simply monitor the tar content of gas mixtures.

1.2 Conceptual formulation: development of a tar measuring
principle

A measuring principle which has not been focused at yet for hydrocarbon measure-
ments is the electrochemical principle. While it is a very successful and accurate
technique applied in commercial C'O sensors it is rather unexplored for the detection
of hydrocarbons. A solid oxide fuel cell (SOFC) - a certain type of fuel cell - is able
to convert not only Hy but also CO [88]. Hydrocarbons such as C'H, can be utilised
through reforming with the combination of steam and Ni-containing anodes. In the
past research concentrated on the utilisation of many different hydrocarbons such as
methane, propane, ethanol or methanol. Recent results from Frank [38], Mermelstein
[69, 70] and Hauth et al. [50] show that an SOFC can even utilise benzene and higher
hydrocarbons to a certain extend. It was observed that the hydrocarbons present in
the gas mixture contribute to the achieved cell voltage [50] when they become reformed
on the SOFC anode. A clear correlation between the cell voltage and the hydrocar-
bon concentration provides the basis for generating a practical signal for hydrocarbon
detection.

Therefore the aim of this work is to establish a measuring principle for the detection
of tar similar to those obtained from biomass gasification based on the principle of
an SOFC. Since the kinetics of the conversion mechanism, among others, depends
significantly on the catalyst material, temperature, pressure, residence time, types of
hydrocarbon and gas composition the conversion rate is coupled with these parameters
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as well. The cell voltage being a result of the gas composition present at the anode
eventually correlates to the conversion rate as well. This means that the cell voltage is
significantly affected by the amount of hydrocarbons that are converted on the anode.

The assignment of this work, in order to establish a measuring principle, can be sum-
marised into three main points:

e Finding out whether the reaction mechanism of synthesis gas taking place on
an SOFC anode can be utilised to develop a measuring principle suitable for tar
measurements.

o Investigate whether the cell voltage can be taken as a measuring signal that
enables the determination of the hydrocarbon content.

e Develop a correlation model using the cell voltage as an input parameter in order
to determine the hydrocarbon content.

The work requires an extensive experimental test program to gain knowledge about
the characteristics of the conversion of hydrocarbons on an SOFC anode. Model tar
species are picked for the experiments in order to represent the large number of tar
species present in real wood gas. Therefore a single cell test rig needs to be built to
carry out fundamental cell tests. The test rig should also feature prototype testing of
the tar sensor. The experimental data is then used in the correlation model in order
to develop the measuring principle.

1.3 Approach: from theory to practice

The intention is to develop a method that enables the determination of the hydro-
carbon content using the cell voltage. Following tasks are formulated to stepwise
investigate the requirements of a tar sensor as well as the correlation between the
hydrocarbons present in synthesis gas and the cell voltage:

Commercial measuring principles (literature research)

Currently available measuring principles and sensors are compared (s. Chapter 2).
Significant requirements for a new sensor will be determined.

Type of SOFC (literature research)

Material tests are not focused on in this work. The main issues when operating
an SOFC with hydrocarbons is the ability of the cell to support the conversion of
hydrocarbons and the avoidance of carbon deposition on the anode surface. Especially
carbon deposition is a well investigated topic in the field of SOFC research. Conversion
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of hydrocarbons on the other hand is extensively dealt with in heterogeneous catalysis
research. From the combination of those two issues an appropriate anode material
suitable for the use of hydrocarbons is expected to be found (s. Chapter 3).

Design and construction of SOFC test rig (constructive)

A single cell test rig for SOFCs has to be built to enable the test of synthesis gas (s.
Chapter 5). Furthermore a precise addition of different hydrocarbons to the synthesis
gas is an important feature of the test rig. Besides the usual voltage and current
measurements the test rig should allow gas analysis at the in- and outlet of the SOFC
anode.

Ideal temperature regime (experimental)

The kinetics of the reforming mechanism is dominated by the operation tempera-
ture. Usually higher temperatures affect the kinetics positively. However, tempera-
ture limitations are given due to the material of the sensor housing. Diluted hydrogen
(H2/H20/N» gas mixture) containing various hydrocarbons is tested on a single cell
to illustrate the individual conversion behaviour. The expected result is to gain the
ideal operating temperature. Furthermore, the suitability of the temperature as a
control parameter for the following conceptual study is examined (s. Chapter 6).

Interaction between hydrocarbons (experimental)

Differences in the reactivity of the hydrocarbons regarding the reforming step might
lead to interfering reaction mechanisms between the hydrocarbons if more than one
hydrocarbon is present in the gas mixture. A general understanding about the reform-
ing order has to be found. This is seen to be the most difficult issue since synthesis gas
from biomass gasification contains a vast number of hydrocarbons which cannot real-
istically all be tested due to the enormous test duration necessary. Therefore model
tar species need to be picked that are representative for the real tar mix present (s.
Chapter 6).

Correlation model (simulative)

A correlation model to determine the hydrocarbon content using the cell voltage as
an input parameter has to be established. Data about the conversion rate from the
experiments are taken to build a model based on equilibrium calculations. This way
it is possible to predict the open circuit voltage by calculating the Nernst voltage. By
implication it is then possible to predict the conversion rate and thus the tar content
respectively for a specific open circuit voltage (s. Chapter 7).






Chapter 2
Hydrocarbon measuring technologies

The detection of hydrocarbons is an important task in many fields and applications.
At first this chapter intends to give an overview about several applications where
hydrocarbon measurement plays an important role. This way different requirements
coming from the specific application shall be pointed out. Secondly, commercial and
lab-proven measurement devices and principles respectively will be explained to iden-
tify significant characteristics and properties of such instruments. A comparison of
different technologies allows the assessment of the investigated hydrocarbon sensor
concept regarding its suitability in the field of hydrocarbon measurement in wood gas
from biomass gasification.

2.1 Selected applications for hydrocarbon measurement

The sensors and principles described in Section 2.2 mostly originate from specific
applications. Some of these applications are explained hereafter in order to show
where the characteristics for certain sensors and principles come from. Further, it
allows the detection of similarities to the regarded task of measuring hydrocarbons in
wood gas.

2.1.1 Hydrocarbon detection in water

From the ecological point of view the detection of the hydrocarbon content plays a role
in contaminated groundwater, soil and waste. The chemical oxygen demand (COD)
indirectly determines the amount of organic compounds in water. In [1] the COD
is defined as the volumetric amount of oxygen equivalent to the mass of potassium
chromate that reacts with those components of the sample which can be oxidised. In
practice, cuvettes which contain the samples are used [37]. The samples including the
oxidant, mostly potassium dichromate are heated for 2h at 148°C. Afterwards the
cooled cuvette is analysed photometrically.

Another commonly used method is the hydrocarbon index. The hydrocarbon in-
dex covers the components of mineral oil between decane (C19Hs2) and tetracontane
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(CyoHso) with a boiling point of 175 to 525 °C and which are not adsorbed on florisil
[2]. This method focuses on mineral oil products such as kerosene, heating oil, diesel
or gas oil [14]. The water probe is extracted with n-hexane and the purged extract
is analysed in a gas chromatograph using a flame ionisation detector [64]. Detection
limits are given by Bachema AG with 5 #g/1 for total hydrocarbons and 0.5 #&/1 for indi-
vidual hydrocarbon components. Besides the quantitative determination a qualitative
identification of the hydrocarbons is additionally achieved. This may be a signifi-
cant information to locate the perpetrator of water pollution. However, pollutions
concerning petrol can solely be detected qualitatively [13].

Whereas the hydrocarbon index is rather an administrative procedure to check whether
pollution of water or soil has already occurred other instruments are applied to actively
monitor drain water in industrial processes that is used for cooling purposes. For
instance leakages in cooling systems can cause serious pollution of river water. Frech
[39] classifies the possible pollutants in cooling water according Figure 2.1.
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Figure 2.1: Possible cooling water pollutants (compare [39]).

This figure illustrates the diversity of hydrocarbons that are of interest. The set of
respected measuring devices is globally divided in direct methods where the substance
itself is detected and indirect methods where the conversion of the regarded substance
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is measured. A further breakdown distinguishes between measuring the substance in
a liquid or gaseous phase. Particular instruments capable to be used for monitoring,
using the gas phase of the sample, are ADOS-hydrocarbon analyser, flame ionisation
detector and galvanoflux. Another instrument converting the liquid sample measures
the total carbon and is known under TOC (Total organic carbon) instrument.

2.1.2 Gas quality for natural gas transported in pipelines

Natural gas consists of a multiplicity of light, gaseous hydrocarbons as well as of a
few higher liquid hydrocarbons. The composition strongly depends on the well of
the natural gas [16, 32]. This is why the dew point of natural gas is anything but a
constant value. Specifically the higher hydrocarbons have a great influence on the dew
point which is defined for natural gas as the "temperature above which no condensation
of hydrocarbons occurs at a specified pressure” [5]. Natural gas additionally contains
fractions of water whose dew point is usually lower than that of the hydrocarbon mix.
A combination of both water and hydrocarbons can cause the formation of hydrates in
high pressure pipelines [4, 16]. These hydrates are critical due to blockages of valves
and pipes. Furthermore, compressors run the risk of becoming damaged [19].

Apart from safety reasons the dew point has a great influence on production costs
and on the economic value of natural gas [4]. Hydrocarbons usually become separated
from the crude natural gas coming from the well in chiller plants where expansion and
cooling takes place (see Figure 2.2). The more hydrocarbons have to be separated
the lower the temperature and pressure has to fall. This has a direct impact to the
operating costs in terms of running the turbine compressors to recompress the gas
to transmission pressures. Moreover, the heating value and thus the economic value
of the natural gas decreases with decreasing hydrocarbon content. For these reasons
the producers are interested in sticking closely to the standards given by the supply
contract [19].

Another critical aspect is the operation of natural gas-fueled turbines that require the
fuel being at least 50 °F above the dew point. "If this is not achieved then the cooling
effect of the expansion of large flows of fuel gas can cause liquid to be formed, resulting
in possible flashback of the flame from the ignition nozzle into the mixing chamber'
[19].

The above mentioned fields of application therefore demonstrate the need for a mea-
suring device that is capable to continuously monitor the dew point of natural gas. A
widely spread system that is commercially available is described in Section 2.2.3.
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Figure 2.2: Natural gas processing method (Source: [19]).

2.1.3 Gas quality of wood gas fed applications and optimisation of the
gasification process

Gasification of biomass produces a synthesis gas consisting of Ho, CO, COs, C'Hy,
H30 and N,. Synthesis gas can be used in several downstream processes such as a
gas motor or for heating systems. Another option is the conversion of synthesis gas to
synthetic methane which is called "Substitute Natural Gas". SNG can be fed into the
existing natural gas pipelines. However, all of these downstream processes have strong
requirements regarding the gas quality. Since synthesis gas from biomass gasification
contains contaminants such as particles, alkali metals, chlorines, sulphur compounds
and higher hydrocarbons a gas cleaning to a certain extend is mostly necessary to
remove or minimise these contaminants. In the case of higher hydrocarbons the con-
centration mainly depends on the gasification technology used. Typical concentrations
can be found in Table 4.2. The large difference occurs due to the different direction
of the pyrolysis gas in the gasifier (see Figure 2.3). If the pyrolysis gas passes the hot
reduction zone the concentration can be kept much lower.

Furthermore, the gasification process itself can be optimised in order to minimise the

10
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Figure 2.3: Types of gasifiers: updraft (left), downdraft (middle), fluidised bed (right).

concentration in the final synthesis gas. In fact, the concentration of higher hydro-
carbons depends on many process parameters such as temperature, oxidant, residence
time of the gas in the reactor, catalyst used in the gasification process (for fluidised
beds) and the biomass used. The formation of higher hydrocarbons during gasification
is a very complex topic which is intensively investigated. Milne et al. [71] determined
different steps during the gasification process where higher hydrocarbons are generated
and categorised them into primary, secondary and tertiary tar. In this context tar is
a collective term for higher hydrocarbons from biomass gasification. The difficulty in
understanding tar formation is based entirely on the fact that measuring tar in-line
is as yet very complicated. Usually certain process steps are simplified and simulated
in lab-scale test rigs. In Section 4.1 the formation of tar is described in more detail.
Furthermore, representative tar species, as well as corresponding tar concentrations,
are given.

An operator of a gasifier is usually interested in a simple and economic solution for
tar measurement. Thus, it would be useful to have a device to continuously moni-
tor the outlet synthesis gas quality concerning tar. The tar protocol or solid phase
adsorption, which are common measuring technologies do not immediately provide

11
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information due to the measuring procedure (s. Section 2.2.1 and 2.2.2). Figure 2.4
shows exemplarily the dependency of the tar load on the steam value o and the gasifier
temperature respectively of an allothermal bubbling fluidised bed gasifier using steam
as a gasification agent. "The excess steam ratio o is the proportion of the fed steam
relative to the stoichiometric steam demand" [59]. These measurements are based on
the tar protocol and usually take several days including the analysis of the samples.
In the case of the tar protocol it is required to run the gasifier in a constant operating
mode during the tar measurement which may take a couple hours. If reproducible
measurements are desired, similar operating conditions have to be ensured. The anal-
ysis of the tar protocol or SPA, after the measurement, may take from several hours
to a couple of weeks, depending on the fact whether the analysis is done in house or
external. Hence, there is no possibility to suitably optimise the gasifier by changing
process parameters and immediately looking at the resulting gas quality.
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Figure 2.4: Tar content depending on steam value o (=ratio between real amount of
steam to stoichiometric amount of steam needed for gasification) (Source:
[59]).

The application of biomass-derived fuel in gas motors and micro gas turbines is in-
vestigated frequently [25, 46]. In particular the changing operating characteristic of
gas turbines with low calorific fuels such as wood gas is a big issue in the first place
[79]. Moreover, the gas quality of producer gas coming from the gasifier has to meet
stringent requirements concerning contaminants such as tar. The maximum allowable
tar content for gas motors required by the manufactures for example must not exceed
50 mg/Nm? because tar condensation can be a problem for certain valves. Crystallisa-
tion of gaseous tar at cold spots may cause a malfunction of such valves. Gas turbines
encounter similar problems at the cold compressor inlet in case that atmospheric gasi-
fication requires compression of the syngas.

Table 2.1 shows the concentration of hydrocarbons in producer gas that is tested in

12
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Table 2.1: Hydrocarbons in synthesis gas after gas cleaning for utilisation in a micro
gas turbine (compare [79])

Component Average Minimum Maximum

[vol.%]  [vol.%)] [vol.%)]

CH, 4.2 3.7 4.5
CyH, 0.23 0.17 0.34
C2H, 1.7 1.4 1.9
CyHs 0.09 0.05 0.13
CeHg 0.23 0.21 0.26
CrHsg 0.017 0.013 0.022
tar - - 0.002

a 30kW,; micro gas turbine from Capstone [79]. The gas is produced in a 500kW;y,
circulating fluidised bed. Gas cleaning comprises dust, tar, water and N Hg removal.
It is not exactly mentioned which species are seen as tar but it is indicated that the
main component responsible for 40 % of the total tar content of 90 mg/Nm3 after the
gas cleaning is naphthalene. If benzene (CgHg) and toluene (C7Hg) in Table 2.1 were
counted to the total tar the tar load would exceed the 90 mg/Nm3 by far. However, no
problems occurring from the tar content in the utilised gas have been reported.

Certainly the combination of an atmospheric biomass gasifier and a micro gas turbine
or a gas motor require low concentrations of higher hydrocarbons. Thus it becomes
obvious that monitoring the gas composition either at the gasifier outlet or at some
point between the gas cleaning and the gas motor/gas turbine is essential to prevent
the machine from malfunctioning.

2.2 Commercially available measuring devices and systems

After explaining the needs and requirements of notable applications where hydrocar-
bons have to be measured, eventually commercial sensors or measuring systems used
are shown in more detail in the following subsections.

2.2.1 Tar protocol

The tar protocol is a development specifically for the determination of organic tar
coming from biomass gasification. In this context, hydrocarbons higher than benzene
CgHg are considered as tar. The tar protocol allows to find:

o Concentration of gravimetric tar in mg/Nm3. The range is typically from 50 to
300 mg/Nm? at relevant sampling point conditions (0 - 900 °C, 0.6 - 60 bar).

o Sum of the concentrations of GC-detectable tar in mg/Nm3.
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The discontinuous sampling of a gas stream containing organic tar and particles under
isokinetic conditions is carried out in two steps; sampling and analysis. Figure 2.5
demonstrates the sampling test set-up for the tar protocol. A constant gas stream
from the gasifier is sucked through the impinger bottles. The solvent used in the
impinger bottles is isopropanol. Both condensation and absorption of tar occurs in
the impinger bottles. After sampling, the solvent is given to a Soxhlet extractor to
remove the isopropanol from tar. The residue can then be weighed and considered as
the gravimetrical tar. In combination with the volume flow which is adjusted during
sampling, the concentration of tar in the producer gas stream can then be calculated
3].

Another option is to inject a probe of the residue to a gas chromatograph in order to
detect the individual tar concentration [3]. However, this is a very complex measure-
ment since the calibration of the gas chromatograph requires GC-specific knowledge
such as the retention time of the tar species. The retention time is one reason why
the gas chromatograph needs to be calibrated individually for each tar species.

Suction pump Flow adjuster

Purge Cj @
+—
Activated Cotton Cotton

Flow meter carbon filter 11 filter I

i B Bd B

Sampling port
ADY AN AN AN AN AN AN AN AN

»
> L

Cooler

Mixture of salt/water/ice bath Isopropanol bath
(temperature 3+1°C) (temperature —22+1°C)

Figure 2.5: Test set-up of tar protocol (Source: [78]).

Generally the gravimetrical method is a relatively easy approach to determine trends
considering the tar load for different operating modes of the gasifier. However, the tar
protocol is less satisfying when the optimisation of the gasifier is focused on. The long
sampling duration ~ 30-60 min and the even longer analysis does not allow continuous
measurement. Furthermore, it has to be noticed that the result is a mean value due
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to the long sampling duration. Peaks or variations of the gas quality based on the
discontinuous gasification process cannot be detected.

2.2.2 Solid phase adsorption (SPA)

SPA is a method to measure higher hydrocarbons transported in the gas phase. The
gas mixture passes a specific adsorbent where the higher hydrocarbons become ad-
sorbed. Then the adsorbent is kept in a gas-tight container and further analysed in
a gas chromatograph. There the adsorbent becomes eluted with e.g. helium. The
adsorbed hydrocarbons will be desorbed and conducted to the gas chromatograph.
This is a convenient method since the sampling with the SPA column and the analysis
with the gas chromatograph can be separated in two steps. The method is suitable
to detect hydrocarbons with a molecular weight between benzene (78.118/mol) and
coronene (300.36 8/mol). More information on SPA can be found in [22, 23, 30].

2.2.3 Hydrocarbon dew point measurement

Direct and indirect methods for the determination of the hydrocarbon dew point in
natural gas are applied in practice. Direct methods for example use chilled mirrors
where the formation of a film of liquid condensate is optically detected. This optical de-
tection can be carried out either manually or automatically. For the indirect method a
gas chromatograph measures the individual concentration of the hydrocarbon species.
These amounts are then taken to calculate the dew point through a thermodynamic
equation of state. However, higher hydrocarbons (>C'1) may be present in very low
quantities that are below the detection limit of the instrument [24]. This can lead to
divergences between the theoretical and the real dew point since the higher hydro-
carbons significantly affect the dew point. Therefore a detection limit of 0.1 ppm is
suggested. A comparison [19] shows the difference of the theoretical dew point being
~ 57 K apart when only taking into account all hydrocarbon species up to either C14
or Cs. The advantage of the indirect method is that the whole dew point curve over
a wide pressure and temperature range as in Figure 2.6 can be calculated.

Figure 2.7 shows the cross section of a commercial hydrocarbon dew point analyser.
The light beam emitted from the LED is directed towards the glass at an angle that
enables full reflection within the glass matrix. A small area in the middle of the
surface is prepared to decouple the light beam C as long as condensation does not
occur. Light beam A illustrates the part of the light arriving at the photo diode if
no condensation takes place. Once condensation starts a liquid film is formed on the
surface. The boundary layer between condensate and gas on the prepared surface
reflects all of the light back into the glass matrix. This way an offset of the light beam
B arriving at the photo diode is created which allows the detection of the beginning
of condensation. In order to cool the mirror accurately a Peltier cooling element is
positioned right under the mirror. The temperature is measured with a Pt-1000 that
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Figure 2.6: Typical hydrocarbon dew point curve of natural gas. The cricondentherm
(indicated by the arrow) is defined as the maximum temperature (at any
pressure) at which condensation can occur (Source: [24]).

is vapor-deposited around the condensation area. This system has the advantage that
the light is not conducted through the gas phase [16].

2.2.4 Flame ionisation detector (FID)

A very common and robust instrument is the flame ionisation detector shown in Figure
2.8. The gas that has to be analysed enters the FID where it is heated up in an
electric oven. Hydrogen and oxygen are used to produce a combustible gas mixture.
The mixture of sample gas and hydrogen travels up to a nozzle where it is burned
with oxygen. This way the hydrocarbons are ionised resulting in reduced carbon
ions created by the flame. A voltage difference between the electrode in the flame
and the collector plate outside the flame repels the ions towards the collector plate
and produces an electrical current which can be measured and used as a measuring
signal. The FID works well for hydrocarbons due to the high amount of carbon
atoms. Carbon which is already partly oxidised produces a weaker signal as molecules
containing carbon and hydrogen only [7]. The FID is only able to measure the sum of
the concentration of all hydrocarbons entering the detector. Therefore it is impossible
to distinguish between the hydrocarbons. This seems to be a problem for a synthesis
gas containing methane. If the methane concentration is high it is difficult to determine
low concentrations of other hydrocarbons present in the gas mixture.
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Figure 2.7: Cross section of a commercial dew point meter (Source: [16]).

Gas chromatography with FID detector

FID are often used as detectors in gas chromatographs. The gas chromatograph splits
the individual components of the sample gas while it is conducted through a capillary
column. The capillary column can be filled with a certain substrate which interacts
with the gas molecules from the sample gas. The interaction forces vary in strength
for the individual sample gas molecules and cause them to pass the column at different
rates. In the case of hydrocarbons this rate is mainly influenced by the boiling point
of the molecules which enables the separation of the molecules in the column. This
way it is possible to detect single species because the molecules arrive at the detector
one after the other.

2.2.5 Mass spectrometer (MS)

Another detector that is commonly used in a gas chromatograph is the mass spec-
trometer. The MS measures the mass-to-charge ratio of charged molecules. Typically
the sample is ionised with an electron beam to generate the charged molecules (ions).
The ions are separated by an electromagnetic field that deflects the ions depending on
their mass and charge. A commonly used type is the quadrupole mass spectrometer
(see Figure 2.9). Only ions with a specific mass-to-charge ratio are able to pass the
electromagnetic quadrupole field between the four rods and consequently enter the
detector.

The mass spectrometer can be used for a large variety of molecules. Furthermore,
the MS allows the characterisation of molecule structures or isotopes. It is a very
powerful instrument for analytical chemistry. The analysis of the mass spectra requires
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Figure 2.8: Cross section of a flame ionisation detector (Source: [6]).

experienced personnel. Moreover, the combination of a GC and an MS usually makes
this measuring technique a complex task [7].

2.2.6 Total organic carbon-instrument (TOC)

The TOC can be used to measure the total organic carbon in water. The water is
purged from inorganic carbon. Afterwards the organic bound carbon is converted
into COs9 either thermally at 900°C or with UV-radiation. The produced C'O; is
stripped and measured in the gas phase with an infra-red detector. The advantage
is that the conversion is 100 %. However, the instrument is high-maintenance due to
contamination of the oven [39].

2.2.7 Hydrocarbon analyser based on heat tone principle

As illustrated in Figure 2.10 the sample gas is conducted over a reference point and
the actual measuring point. The measuring point consists of a catalyst material where
the oxidation of hydrocarbons in the sample gas takes place. A thermocouple is
used to measure the temperature difference between the reference and the measuring
point caused by the oxidation which correlates to the concentration. This technology
is capable to detect any hydrocarbon compound except chlorinated and sulphuric
hydrocarbons [11]. Determination of individual hydrocarbon species in a mix is not
possible.
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Figure 2.9: Cross section of a quadrupole mass spectrometer (compare [8]).

2.2.8 Draeger tubes

The Draeger tubes consist of a closed glass body filled with a substrate. The substrate
is coated with a substance that reacts with a specific gas causing a distinct color change
of the substrate. The measuring gas is sucked through the glass body with a manual
gas pump. On the outside wall of the glass body a scale indicates the concentration.
The higher the concentration the more substrate changes the color. A certain gas flow
through the glass body has to be guaranteed. The attached manual gas pump enables
a distinct volume that is sucked through the tube each time the pump is pressed and
released. For very low concentrations the pump has to be pressed more often to achieve
a higher total volume through the tube.

This method is certainly one of the simplest for fast gas analysis. The measurement
approximately takes one minute and is very convenient in field tests where no electrical
power supply is available. No calibration is necessary. Substrates are available to de-
tect about 500 different gas species [29]. Thus it enables the detection of hydrocarbons
such as benzene or toluene. However, the detection of only one species at the same
time is possible.

2.2.9 Non dispersive infra red detection (NDIR)

An infrared spectrum is radiated alternately through a measuring and a reference
cuvette using a chopper wheel. The measuring cuvette is perfused with the sample
gas. Each molecule of the sample gas absorbs a specific wavelength of the infrared
light according to the Lambert-Beer law. The reference cuvette is filled with nitrogen,
therefore no absorption takes place. The infrared passes two parallel cuvettes and both
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Figure 2.10: Cross section of a hydrocarbon analyser (Source: [11]).

the spectrum of the measuring cuvette and the reference cuvette eventually hit the
receiving chamber. The receiving chamber is filled with the gas species which should be
detected. The infrared light from the sample gas has a significantly reduced intensity
at the wavelength which is absorbed in the measurement cuvette. If the sample gas
contains the same species as the receiving chamber then no absorption takes place
at this specific wavelength in the receiving chamber. The infrared light coming from
the reference cuvette still has the full spectrum and thus absorption in the receiving
chamber takes place. The receiving chamber for the infra-red light coming from the
measurement and the reference cuvette are separated by a membrane. Due to the
different levels of absorption between the two receiving chambers measurable pressure
difference occurs which correlates to the concentration of the component that should
be measured.

This principle works for the continuous detection of CO, COs, NO, SOy, NoO, CHy,
NHjs and a few hydrocarbons between Cy and Cg according to [10]. Technically it
has to be guaranteed that the dew point of the sample gas is not undershot except for
water. Usually a cooler is installed before the gas enters the measuring cuvette in order
to condense the water of the sample gas. Therefore, condensation of other species such
as hydrocarbons with boiling points above the cooler temperature (~ 2°C) cannot be
avoided. Therefore only low concentrations of light hydrocarbons can be detected. A
detection of tar is probably not possible for this reason.
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2.2.10 Galvanoflux

The Galvanoflux measures chlorinated hydrocarbons in liquids. The instrument is
installed behind a stripping unit where chlorinated hydrocarbons are transfered from
the liquid to the gas phase. After this step a thermal decomposition to chlorine takes
place. The chlorine then is measured in a fuel cell [39].

2.2.11 Lambda sonde

Although the lambda sonde is not a sensor to measure the hydrocarbon concentration
it is mentioned because it uses a solid electrolyte similar to an SOFC. The lambda
sonde is a device to measure the oxygen content in hot exhaust gas of combustion
engines. The oxygen content is an important parameter to control the air-to-fuel
ratio in automotive applications. A Nernst cell made of Y SZ-electrolyte uses Pt
electrodes. Pt electrodes are resistant to oxidation in the exhaust gas atmosphere at
high temperatures. At the cathode a reference gas (air) is used while the anode is
exposed to the exhaust gas. For operation A<1 the oxygen partial pressure in the
exhaust gas is very low. For an increasing air-to-fuel ratio the oxygen partial pressure
jumps significantly at A>1. This increased oxygen partial pressure directly influences
the Nernst voltage which is eventually taken as the sensing parameter [7].

2.3 Lab proven measuring principles

2.3.1 Fluorescence spectroscopy

Tar species such as naphthalene, phenol and toluene are stimulated at a certain wave
length by a light source and therefore achieve a higher energy level. After the stimu-
lation the molecules fall back to their original lower energy level and emit light with
a specific wave length for each molecule. The possibility of tar online analysis using
fluorescence spectroscopy is investigated by Baumhakl and Karellas [17, 18]. As a light
source low-cost LEDs (265 and 395 nm) are tested. The results show that the gained
fluorescence signal corresponds with the tar concentration in the product gas.

Similar investigations are performed by Sun et al. [89] with 266 nm Laser. The method
enables more specific excitation of the tar molecules and therefore higher differences
of the peak shapes (peak width and peak hight) are achieved. This may enable a
differentiation of the different tar groups or molecules.
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2.3.2 Electrochemical principles

For the detection of propene in exhaust gas of combustion engines Elumalai et al [34] re-
ports the development of a NiO/Au composite sensing electrode based on Y 'SZ sensor.
Exhaust gas mainly contains carbon monoxide, nitrogen, steam and small quantities
of oxygen. Therefore 10-400 ppm propene mixed in humidified oxygen/nitrogen gas
(5% Og2, 5% H>0 and balance Ns) is tested with the sensing electrode. A reference
electrode supplied with the base gas composed of humidified oxygen/nitrogen gas only
is used to build a voltage difference that is eventually used to measure the propene
sensitivity of the sensing electrode at 600°C. A logarithmic correlation between the
propene concentration and the voltage difference is shown in Figure 2.11.
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-300
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20 50 100 200 400
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Figure 2.11: Logarithmic correlation between voltage and propene concentration of a
NiO/Au-Y SZ sensing electrode at 600 °C (Source: [34]).

The mechanism at the sensing electrode is not explained by Elumalai et al. However,
an oxidation of propene at these conditions is likely. Consequently the gas composition,
especially the oxygen partial pressure at the sensing electrode will change. A reduction
of the oxygen partial pressure significantly increases the Nernst potential at the sensing
electrode. Hence, a measurable voltage difference between the sensing and reference
electrode is caused.

Dutta el al. [31] investigated the performance of a La(SrGaFe)Os electrolyte sen-
sor. The active electrode is composed of (Pty9C0p.1)0.9((CeO2)08(La015)0.2)0.1. As
inactive electrode Lag 5S7r95MnQOs3 is used. Both electrodes are exposed to the same
environment (1 % Os, C3Hg and balance Ns). The operating temperature is 423-673 K.
The sensor is operated at 0.5V in the amperometric mode. A distinct sensitivity is
found not only for C3Hg but also for alkanes and alkenes (see Figure 2.12).
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Figure 2.12: Sensitivity for CsHg, CyHy9, CsHg, CoHy, CoHg and CHy at 473K in
amperometric mode (Source: [31]).

The sensitivity effect is explained by electrochemical oxidation of hydrocarbons at the
active electrode through oxygen ions. At the inactive electrode no oxidation of the
hydrocarbons takes place. While other hydrocarbons besides C'3 Hg show good sensi-
tivities, C Hy seems to be highly tolerant to oxidation at low operating temperature.
There are apparently no cross sensitivity effects concerning other gas components such
as Hy and CO. It is assumed that these components will be oxidised on the active
electrode as well as on the inactive electrode, thus balancing the sensitivity effect.

Measurements of higher hydrocarbons than CyHjy have not been reported in [34]
and [31]. However, the described mechanism requires the presence of oxygen for the
oxidation of the hydrocarbons which is not the case for synthesis gas. Therefore, this
principle is not applicable for synthesis gas. Furthermore, it is not clear whether water
could be an alternative oxidant in this principle.

A sensor principle to detect higher hydrocarbons as well is presented in a patent of the
United States Department of Energy [9] for the detection of benzene, toluene, methane
and other organic compounds in a concentration range of 1-100 ppm. The idea is to
guide the sample gas over a heat element with a catalytic surface. The surface supports
the catalytic oxidation of the components that should be detected. However, it is not
clearly mentioned what type of oxidant is used. The heating element can also be used
as a sensor. The product gas is then further directed to an electrochemical sensor.
The differences of the electrochemical activity of the product gas, due to the catalytic
oxidation, generates a measurable signal.
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2.4 Summary and overview

Although a variety of commercial hydrocarbon detectors and measuring principles ex-
ist there is still a lack of a tar sensor that can be utilised in biomass gasification. Table
2.2 summarises the most important properties and shows the benchmark criteria for a
biomass tar sensor. A continuous on-line sensor where the hydrocarbon concentration
is displayed in-situ is inevitable in order to improve gasification technologies. Com-
pared to the total cost of a biomass gasifier the sensor must be relatively cheap. The
approximate price an operator is willing to invest is estimated at 2000€. Further-
more, operating the sensor must be simple for the operating staff without the need of
extensive training or specific background knowledge.

Concerning the targeted hydrocarbon species that need to be measured it is sufficient
to measure Cg to Cig. A clear differentiation must be possible between the detection
of methane and tar. It is not necessary to measure the individual tar concentration,
however a distinction between secondary and tertiary tar is desirable. The upper
detection limit is around 3000 ppm to cover typical concentration levels that occur in
biomass gasification.

Another important parameter is the operation temperature of the sensor. Ideally the
operation temperature of the sensor is as high as the temperature of the process gas
stream in order to avoid condensation of tar species. In case the sensor temperature
is higher a conversion of the hydrocarbon species before the sensor and thus a change
of the composition must be avoided. Since gas phase reactions between the gas com-
ponents are not assumed, only catalytic surface reactions in the gas supply pipes and
the sensor casing must be avoided under all circumstances.
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The concept of the hydrocarbon measuring principle focused on in this work is based
on a commercial solid oxide fuel cell. SOFCs are known to be an adequate cell for the
use of synthesis gas in power generation. It resists the harsh atmosphere at the anode
and can be operated up to 1000°C. The idea is to use the electrochemical potential
depending on the hydrocarbon concentration to generate a measuring signal. The
following chapter investigates the use of hydrocarbons in synthesis gas in SOFCs and
their impact on the electrochemical cell potential.
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Chapter 3

Conversion of hydrocarbon fuels on SOFC
anodes

In the past great efforts have been undertaken to understand the mechanisms to use
hydrocarbon fuels in SOFCs. Mainly because this is an important step for the com-
mercialisation of SOFCs using any kind of hydrocarbon fuels based on fossil fuels such
as natural gas, jet fuel, coal gas or on biomass fuels such as wood gas from biomass
gasification, biogas from fermentation or methanol. Therefore the intention of many
investigations is to find safe operating conditions in order to achieve an expected life-
time of 40000 to 80000 h [90] as is necessary for power plant applications.

The requirements of a tar sensor are different compared to those of power plants.
Degradation is not as important since the cell in a tar sensor can be easily replaced.
Furthermore, the percentage of the cell costs compared to the overall system costs of
the sensor are relatively low. However the reaction mechanisms on the SOFC anode
of a tar sensor are similar to those of commercial SOFC power plants and can be
considered when developing a tar sensor based on an SOFC.

The concept of the tar sensor is to measure the contribution to the electrochemical
potential caused by the higher hydrocarbons present in the wood gas of a biomass gasi-
fier. A comparison between a tar-loaded fuel gas and a tar-free fuel gas [38] shows a
clear voltage increase that can be attributed to the conversion of higher hydrocarbons.
The ability of a nickel containing anode to convert higher hydrocarbons due to the
reforming and shift reaction results in an increase of the Nernst potential due to the
increase of the partial pressure of Hy and C'O. However, this concept is based on the
prerequisite that the reforming and shift reaction are the main responsible reactions
for the conversion of higher hydrocarbons. Catalytic cracking, for example, would
cause carbon deposition which results in different partial pressures and cell voltages
respectively compared to reforming. In fact, the types of catalytic reactions taking
place on the anode surface strongly depend on the operating conditions, anode struc-
ture/material and gas composition. When focusing on the conversion of hydrocarbons
the following reactions need to be considered for the operation of an SOFC with wood
gas from biomass gasification:

¢ direct oxidation of hydrocarbons
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e dry reforming with C'Oq
o steam reforming in combination with water gas shift reaction

For example dry reforming of methane can be expected at very low steam contents in
the presence of significant amounts of CO5 while steam reforming is dominant at higher
steam contents. The water gas shift reaction clearly depends on the available amounts
of CO, H20O, Hy and C'O5 and can be expected to be very close to equilibrium in the
presence of a catalyst at temperatures between 800 and 900°C. Carbon deposition,
to a high degree, depends on the steam content and the catalyst material used. An
extensive study about carbon formation on Ni-anodes for the operation with methane
for example is shown by Biber [21]. Furthermore, high levels of current density have
shown carbon removal due to direct oxidation of deposited carbon. Additionally,
temperature has a severe impact on carbon deposition. On the other hand, high levels
of HyO and high current densities can cause the oxidation of the nickel catalyst in the
anode. This eventually deactivates the anode and in the worst case leads to physical
damage of the anode due to stresses caused by the expansion of the NiO particle. Even
though there has not been much evidence yet of the direct electrochemical oxidation of
higher hydrocarbons, this possibility needs to be kept in mind as well when operating
an SOFC with high levels of methane and higher hydrocarbons.

Based on the gas mixture as obtained from biomass gasification all the afore mentioned
mechanisms have to be considered in order to correctly interpret the cell voltage and
give a statement about the reactions at the anode. Otherwise a reliable correlation
between the tar content and the cell voltage cannot be found. Furthermore, to find
the ideal operating conditions of the sensor requires a comprehensive knowledge of
the behaviour of the reaction mechanisms. For example, the temperature greatly
influences the kinetics of hydrocarbon reforming. The impact of the current density
on reforming mechanisms has not been investigated yet. The resistance of the used cell
against carbon deposition to operate the sensor in a safe mode needs to be determined
as well. Taking all these points into consideration the following literature research
intends to figure out the crucial topics concerning the operation of the tar sensor.

3.1 Direct hydrocarbon oxidation

The use of hydrocarbons on the anode of an SOFC raises the question whether the hy-
drocarbons can be electrochemically oxidised directly as Hy and C'O or if a preliminary
reforming step is necessary. This question is closely linked to the hazard of carbon
deposition when operating an SOFC on dry hydrocarbon fuel. "Generally, in steam
reforming catalysis, steam-to-carbon ratios of around 2.5-3 are used, i.e. well in ex-
cess of the stoichiometric requirement, such that the equilibrium of the water gas shift
reaction lies to the right to maximise Ho production and minimise carbon deposition
through hydrocarbon pyrolysis and the Boudouard reaction” [88].
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Direct oxidation of dry methane on Cu/ceria anodes

While conventional Ni-containing anodes face the risk of becoming deactivated at low
steam-to-carbon ratio, alternative anode materials such as Cu/ceria-YSZ anodes show
the possibility of direct hydrocarbon oxidation. A comparison by Gorte et al. [41, 42]
of the theoretical conversion rate based on electrochemical oxidation of undiluted dry
methane with that gained from gas analysis at 800°C for a CeOy/Cu/Y SZ anode
show great accordance (see Figure 3.1). C'Hy conversion as well as COy production
increase linearly with increasing current density. Very poor performance is achieved
using C'Hy as fuel over a Cu/Y SZ anode without ceria. No electrochemical oxidation
is observed when measuring a V-i curve. This fact leads to the assumption that ceria
oxide acts as an oxidation catalyst which is oxidised by the oxygen ions coming from
the cathode and is subsequently reduced by the fuel. In this case C'u is only an
electronic conductor but not a catalyst for direct oxidation. Images of a Ni-Y SZ
cermet and a Cu-Y SZ cermet, after heating in a dry mixture of CH4 and toluene
at 700 °C for 1.5h, show complete physical damage of the Ni cermet whereas only a
shiny graphite layer is observed on the C'u cermet which can be removed by scrapping.
This result points out that the carbon deposition mechanism is different between N4
and C'u cermets. Carbon dissolution into the bulk metal and precipitation of carbon
on the surface occurs when using Ni. This can cause very high pressure in the bulk
metal, eventually breaking the N¢ cermet. On the other hand only surface layers of
carbon compounds appear on Cu cermets.

Direct oxidation of higher hydrocarbons on C'u/ceria anodes

More evidence of direct oxidation of hydrocarbons are presented by Park et al. for
n-butane, toluene, methane, ethane and 1-butene [77] and by Gorte et al. for decane,
toluene and diesel [42]. All hydrocarbons except toluene show good performance re-
sults. While toluene could not be used as a fuel for a C'u-ceria composite anode, stable
operation is achieved with a Cu-samaria doped ceria anode.

Direct oxidation of liquid hydrocarbons on C'u/ceria anodes

Direct-utilisation of liquid hydrocarbons over a C'u-ceria-Y SZ anode between 700 and
800 °C for undiluted n-decane, light naphtha, heavy naphtha and a mixture of 20 vol.%
toluene and 80 vol.% n-decane are performed by Kim et al. [60] in order to investigate
the mechanism of carbon deposition and therefore the impact of the anode material
used. V-i curves principally show the ability to directly utilise hydrocarbons on the
anode. It is not clearly mentioned whether direct electrochemical oxidation of the
hydrocarbons is assumed or if electrochemical oxidation of deposited carbon causes
the cell potential. The OCV for undiluted n-decane between 700 and 800°C is ap-
proximately 1.0V and thus lower than the predicted Nernst potentials. Considering
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Figure 3.1: The conversion of methane at 1073 K using a cell with a Cu/CeO2/Y SZ
anode and an electrolyte thickness of 130 um. The points (circles) were
determined from gas analysis and the line was calculated from the electrical
current and the reaction CHy + O?~ — COq + 2H20 + 8¢~ (Source: [41],
primary citation [76]).

the significant degradation after 24 h of operation (see Figure 3.2) associated with the
anode pores being filled with tar-like molecules, direct carbon oxidation could be a
reason for the difference of the measured OCV and the theoretical Nernst voltage.
At the beginning the V-i curve clearly shows polarisation resistance which does not
occur when operating this cell with humidified Hs. The carbon deposition is ex-
plained by free-radical, gas phase condensation reactions and subsequent formation of
high-molecular weight, polyaromatic compounds by pyrolysis. Identical degradation
rates for the afore mentioned hydrocarbon fuels indicate that the polyaromatics are
formed irrespective of aromatic content in the precursor fuel. Furthermore, tempera-
ture programmed oxidation results with HoO as the oxidant for a ceria free and ceria
containing Y SZ slab are contrasted to investigate the impact of ceria on the carbon
removal rate achieved with steam. The result is that carbon is already removed at
700 °C with ceria, compared to 900 °C without ceria.

Operation with benzene in dry diluted hydrogen on Ni-Y SZ anodes

Current density effects on the performance of SOFCs exposed to 158/Nm3 benzene
in a dry 15% Hjy/Ns atmosphere at 765°C are investigated by Mermelstein et al.
[70]. Benzene is used as a biomass model tar for the tests with Ni-Y SZ anodes. V-i
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Figure 3.2: Cell potentials (solid symbols) and power densities (open symbols) as a
function of current density for cells operating on undiluted n-decane at
1073K. The data show the initial performance (circles) and the perfor-
mance after 24 h operation (triangles) (Source: [60]).

curves are shown for initial conditions before exposure to benzene and after 30 min
of operation at 0 and 10mA/ecm? current density (see Figure 3.3). While the OCV
is the same before and after exposure to benzene, the voltage differs significantly at
low current densities. The voltage decreases more rapidly after exposure to benzene.
However, the voltage is higher after operation at 10mA/cm? compared to 0mA/cm?
indicating a negative impact on anode kinetics coming from carbon deposition. This
negative effect seems to be less strong at 10 mA/em?2. Furthermore, a tendency towards
the initial value looking at the V-i curves can clearly be observed the higher the
current density is. This is explained by the possibility of carbon oxidation during the
acquisition of the polarisation curve. Therefore carbon is even seen to act as a fuel for
Ni-Y SZ anodes.

The results of literature show that direct oxidation of hydrocarbons may not be possi-
ble for Ni-Y SZ anodes without risking carbon deposition for dry conditions. However,
synthesis gas from a gasifier usually contains significant amounts of water which sup-
ports steam reforming rather than direct oxidation. Carbon deposition is obviously
less problematic for Cu-ceria-Y'SZ. Nevertheless, it is not reported whether direct
oxidation of higher hydrocarbons may take place in a similar way as for methane.

3.2 Heterogeneous catalysis on a nickel catalyst

In case a Ni-containing anode is used, the possibility of steam reforming is investigated.
Nickel for example is a common reforming catalyst in the chemical industry.
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Figure 3.3: Anode potential of SOFC with Ni-Y SZ anodes after exposure to 158/m3
benzene tar in a dry 15 % Hz /N2 atmosphere at 765 °C after operating at
0 and 10mA/em? for 30 min compared to the initial performance of the cell
before tar loading (Source: [70]).

Heterogeneous catalysis with naphthalene, benzene and methane

Heterogeneous catalysis experiments on nickel catalysts with naphthalene, benzene
and methane show a temperature depending steam reforming behaviour [54]. Com-
pared to pyrolysis results the conversion temperature for naphthalene is significantly
lower and is located between ~600 and 800 °C by experiments of Jess [54, 55]. The
conversion of methane and benzene is observed at even lower temperatures. Mixtures
of hydrocarbons illustrate that these species compete for conversion and that naphtha-
lene is the most reactive [28, 54]. In this case methane and benzene are not reformed
until the temperature is reached where complete naphthalene conversion takes place.

Reaction mechanism for steam reforming of methane

Xu and Froment [92] postulate a heterogeneous catalysis model for methane steam
reforming that suggests the adsorption of methane on the Ni surface, decomposition,
surface reaction and desorption of the products from the Ni surface. Products may be
Hy and C'O which only then become electrochemically converted. Kinetic inhibition
due to the many steps of the reforming reaction can lead to a decreasing reactive
surface caused by the adsorption on the Ni particle.
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Figure 3.4: Thermal and catalytic conversion of naphthalene and benzene. Residence
time with respect to the empty reactor: 0.04sec (1000 °C); total pressure:
160 kPa; feed-gas: 25 % Hs, 23% H>0, 0.4% ChoHg, rest No; dp: 1.5 mm
(Source: [28]).

Steam reforming of methane, methanol and ethanol on Ni-Y SZ catalyst

Catalytic steam reforming of methane, methanol and ethanol over a Ni-Y SZ cata-
lyst performed between 900 and 1000 °C with fuel-to-H2O ratios from 1:3 to 1:5 are
reported from Laosiripojana and Assabumrungrat [65]. The fuel gas enters an annu-
lar ceramic reactor where it is conducted over a Ni/Ce-ZrO;y catalyst prior to the
Ni-Y SZ catalyst. The configuration enables the catalyst to work at the same tem-
perature. The Ni/Ce-ZrO, catalyst is used to simulate indirect internal reforming
for the Ni-Y'SZ catalyst. Tests with and without the Ni/Ce-ZrOs catalyst illustrate
the difference in carbon deposition behaviour on the Ni-Y SZ catalyst for direct and
indirect internal reforming. In the case of methane it is clearly shown that for high
steam contents the Ni-Y SZ anode can be fed directly without the problem of carbon
deposition. A clear tendency to higher Hy production yields is observed the higher
the steam content and the higher the temperature is. Since all the methane is con-
verted for fuel-to-steam ratios as low as 1:3 as well as at 900°C the increasing Ho
production yield at higher steam contents and higher temperature is attributed to the
characteristic of the shift reaction. Measurements of CO and C'O4 further confirm this
suggestion.

Steam reforming of propane, hexadecane and tetralin on NiAl2O3/AloO3-Y SZ
catalyst

Steam reforming experiments for propane, hexadecane and tetralin over a NiAloO3/AloO3-
Y SZ catalyst are reported by Fauteux-Lefebvre [35]. Hexadecane and tetralin reform-
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ing is performed to test the catalyst with paraffinic and aromatic compounds. The
reactants mixed in a HoO/C ratio between 2.3 and 3 are fed to the reactor at 630-
750°C. An increase of the GHSV as well as a decrease of the reaction temperature
shows reduced yield rates for Hs, indicating an impact to the conversion for hex-
adecane. Similarly stable exit gas compositions are achieved for steam reforming of
tetralin at 705°C. In both cases the test duration is between 4 and 5 hours. No
significant catalyst deactivation is observed. Furthermore, carbon deposition is de-
tected in only a few experiments. Comparisons of the equilibrium and measured gas
concentrations at the exit of the reactor are conform.

3.3 Reforming of methane

The following sections examine to what extend reforming of hydrocarbons occurs on a
N1 containing anode. First the behaviour of methane conversion is looked at for steam
and COs reforming. Afterwards steam reforming of tar and other higher hydrocarbons
is focused on.

Modelling of steam reforming of methane on a SOFC anode

A model of a methane fueled SOFC is deployed by Klein et al. [61] to compare direct
and gradual internal reforming. At low inlet HyO/C H ratios the steam for the reform-
ing reaction comes from the electrochemical oxidation of Ho which is called gradual
internal reforming (GIR). Simulations with high HoO/CH, ratios are attributed to
direct internal reforming (DIR). In this model the steam reforming reaction is assumed
to take place on the nickel catalyst of the Ni-Y SZ anode. Further, the produced CO
is said to react in the water gas shift reaction wherever the gas is present, either in
the gas channel or in the pores. Only H» is considered for electrochemical oxidation.
Carbon deposition, due to the Boudouard or cracking reaction, is not regarded in the
model. Depending on the inlet HoO/CHy ratio the reforming reaction is faster for
DIR compared to GIR. For both modes it is observed that the reforming kinetics are
high at the anode inlet and quickly become slower along the cell because of the de-
pletion of methane. The water gas shift reaction, on the other hand is really close to
equilibrium.

Steam reforming of methane on tubular SOFC anode

Experimental data on the steam reforming behaviour of methane in a thin-walled
extruded zirconia tubular SOFC reactor is reported for methane-to-steam ratios be-
tween 5:1 and 15:1 by Finnerty and Ormerod [36]. In particular the conversion rate for
methane over a 50 vol% and 90 vol% nickel cermet anode indicates a significant tem-
perature dependency for the tested temperature interval between 1023 and 1173 K. It
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is not reported whether the conversion rate is based on reforming only, or on carbon
deposition as well. However, TPO measurements indicate the occurrence of two types
of carbon species. At 1023 K both anodes show conversion rates around 31 % whereas
at 1173 K the 90vol% nickel cermet anode leads to significant higher values, up to
49.2 %. Varying the methane-to-steam ratio between 5:1 and 15:1 indicates a reduced
conversion rate at higher ratios for both anodes. This is mainly explained by different
formations of carbon species. These results suggest a far too high methane-to-steam
ratio for the operation of SOFCs.

CO3 reforming of methane on a Ni-Y SZ anode

Further experiments investigate the possibility of COs reforming of methane. Three
different mixtures (50%/50%, 64%/36% and 37%/63%) of C Hy/CO4 are tested over
a Ni-Y SZ anode by Goula et al. [44] at 700-900 °C. A peak of the C'Hy-consumption
rate is observed at equimolar compositions. The products from C'Os reforming being
Hy and C'O are supposed to add to the total electrochemical potential and are shown
by an increased cell voltage at closed circuit conditions (see Figure 3.5). Interestingly
this voltage increase coming from C'Ojy reforming is not observable at open circuit
conditions. However, a competitive adsorption of CH4 and C'O5 on the Ni surface is
suggested. SEM micro graphs show no carbon deposition which is attributed to the
possibility of carbon oxidation through oxygen ions coming from the cathode during
closed circuit conditions.

CO; reforming of methane on a Ni(Au)-GDC' anode

Furthermore, Yentekakis [93], in a similar experiment for a Ni(Au)-GDC anode,
achieved a peak of the C H4 consumption rate at an equimolar CH,/COs2 ratio under
open circuit conditions. Coinciding maxima of the production of Hs and C'O establish
the expectation that mainly dry reforming occurs. Nevertheless, a blackening of the
anode due to a very thin layer of carbon deposited is visible. A degradation of cell
performance at alternating closed- and open circuit conditions could not be noticed
after 220h. Linear V-i curves suggest no mutual interference of the dry reforming
reaction and the electrochemical oxidation of Hy and C'O. Therefore, dry reforming
of methane with COs might be an option for very low steam contents.

CO; reforming of benzene on a Ni/YSZ and Ni/CGO anode

The impact of CO; reforming on a Ni/Y SZ and Ni/CGO anode for a synthesis gas
containing 15 % Hj and 15 g/m3 benzene is shown by Mermelstein [68] for an operating
temperature of 765°C. The COy content changes from 10 to 50 %. Carbon formation
apparently decreases with increasing C'Oy concentration at dry conditions. An inverse
behaviour is achieved for similar tests with 5% steam.
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Figure 3.5: Current—voltage behaviour of the biogas fueled fuel cell under equimolar:
50 % CO2/50 % C Hy, rich-quality: 36 % CO2/64 % C H4 and poor-quality:
63 % CO2/37 % C Hy biogas feed. Total flow rate: 60 cm®/min (Source: [44]).

Impact of steam and current density on steam reforming of methane on a
Ni-Y SZ anode

Impedance response at open circuit in order to detect carbon deposition from a
methane fueled Ni-Y'.SZ anode is taken to compare the impact of current density and
the presence of steam at 750 °C by Koh et al. [63]. Dry and humidified methane in ni-
trogen is tested at open and closed circuit conditions. From equilibrium calculations a
current density of 200 mA/cm? is determined to avoid carbon deposition thermodynam-
ically. Looking at the impedance spectra over time for humidified methane/nitrogen
operation shows a steady increase of the anode reaction resistance (see Figure 3.6). "It
seems to take about an hour to saturate the catalytic sites for carbon deposition in our
test cell, as the size of arc is almost unchanged after 60 min" [63]. Running the cell
alternately at 200/0/200 mA/cm? shows the reversibility of the carbon deposition. The
polarisation resistance after 90 min, at open circuit, is significantly higher compared to
the initial spectra at 200 mA/cm2. Operating the cell further at 200 mA/cm? for 100 min
results in a similar polarisation resistance as at the beginning of the experiment, indi-
cating carbon removal. Apart from the impedance spectra the V-i curves are recorded
after each modification of the load (200/0/200 mA/cm?). However, in this case the in-
terpretation of the measured V-i curves do not allow any assumption about carbon
deposition since the characteristics of all three curves are almost identical. Another
experiment shows irreversible carbon deposition for dry methane operation. Based on
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these results Koh et al. postulate that "It is likely that the reversible carbon deposition
occurs at or near three-phase boundaries while the irreversible carbon deposition occurs
mostly on Ni surface and/or in case excess methane exists".
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Figure 3.6: Change of impedance spectra with methane as fuel at open circuit condi-
tion (Source: [63]).

3.4 Reforming of tar

This section will examine whether the characteristics of methane reforming can be
applied to tar as well. The same result as described in Section 3.2 for tar reforming
can be expected for nickel anodes even though the catalyst material from heterogeneous
catalysis experiments has more favorable properties compared to an SOFC anode in
terms of heterogeneous surface reactions.

Steam reforming of methane, naphthalene, phenol and toluene on a Ni-Y SZ
anode

The results by Frank [38] provide a good comparability showing experiments with
methane, naphthalene, phenol and toluene over a Ni-GDC anode between 650 and
850°C. The conversion rate is illustrated by measuring the open circuit voltage for
separate hydrocarbons and mixtures of them. Combinations of naphthalene, toluene
and methane in a biogenous gas mixture resulted in an inhibited conversion of methane
and toluene in the presence of naphthalene.
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Steam reforming of benzene on a Ni-Y SZ and a Ni-CGO anode

The effect of steam on the reforming of benzene is illustrated for a Ni-Y'SZ and a
Ni-CGO anode in a study by Mermelstein et al. [70]. A gas composition of 15&/Nm3
benzene in a 15% Hy /N2 atmosphere is used at an operating temperature of 765 °C.
The steam-to-carbon ratio is varied between 1 and 3 and accounts for 2.5, 5 and 7.5 %
of the anode gas. The negative impact to anode kinetics as described by Mermelstein
and treated in Section 3.1 is still visible for the Ni-Y .SZ anode at low current densities
indicating carbon formation even at S/C=3. However, this negative effect seems to
be reduced at higher S/C-ratios. Similar tests with a Ni-CGO anode provide an
enhanced performance. The V-i curves, after 30 min of operation, are located even
slightly above the initial V-i curve. Since the V-i curves after 30 min of operation are
taken immediately after benzene is removed from the gas stream, slow desorption of
benzene through a reaction with water onto the surface of the nickel until all carbon
atoms are converted to CO or COsy is considered. ..., unconverted tar may still have
been absorbed on the surface of the anode. The continued reforming of the condensed
tar to CO, providing an increase in local fuel concentration, may offer an explanation
for the increase in performance” [70]. This effect is further explained by the OCV
when switching back and forth from the tar free to the tar loaded gas composition.
An increase of the OC'V is clearly detectable when adding benzene, suggesting that the
quantities of benzene used in this study act as a fuel to the fuel cell. After removing
the benzene from the gas stream the OCV returns back to its initial condition. In
another study by Mermelstein et al. [69] toluene and a mixture of benzene/toluene,
naphthalene, phenol and pyrene are tested as well as benzene only in dry conditions.
The OCV increased from 1.15 to 1.25V with the addition of each model tar. Several
mechanisms leading to the increase of the OCV are given. One of them is the internal
catalytic decomposition of the tar into carbon and hydrogen where the increase of
partial pressure of hydrogen would cause improved cell potential. Another one in
the case of benzene is the direct electrochemical oxidation at the anode which would
explain the instantaneous increase of the OC'V when tar is introduced. As opposed to
the results with benzene described in [70] it is observed "...that after tar flow had been
removed from the system, the OCV still remained above the OCV prior to tar loading".
In this case the increase of the OC'V is attributed to the possibility of electrochemical
oxidation of deposited carbon.

Mermelstein et al. [69] postulate weak adsorption of methane and benzene on the
surface of the catalyst. Thus no strong competition between these two hydrocarbons,
concerning the catalytic conversion, takes place. On the other hand, strongly bound
naphthalene condensed on the catalyst reduced the conversion of other tar components
eventually leading to a decrease in carbon deposition. Hence, benzene alone is expected
to show faster kinetics for carbon deposition compared to a tar mixture that contains
naphthalene.
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Steam reforming of naphthalene, toluene, phenanthrene and pyrene on a
Ni-CGO anode

Ouweltjes [75] tested different tar species such as naphthalene, toluene, phenanthrene
and pyrene in synthesis gas at 850°C over a Ni-GC'O anode. The results show that
toluene contributes to the cell potential and thus can be steam reformed. Other species
such as naphthalene, pyrene and phenanthrene lower the cell potential and even inhibit
the methane conversion. However, this effect is shown to be reversible as soon as the
tar addition stops.

Most of the afore mentioned investigations are either heterogeneous catalysis exper-
iments or tests on SOFC anodes at open circuit voltage. In operation, oxygen ions
migrate from the cathode to the anode side and interact with the adsorbed fuel com-
ponents such as Hs and C'O on the catalyst surface [88]. The intention of research so
far was to focus on the impact of the current density and the oxygen ion flow, respec-
tively, on carbon deposition. The effect of the drawn current on reforming reactions
has not been intensively investigated yet. Since the reforming mechanism occurs on
the catalyst surface according to Xu et al. [92] the question whether or not oxygen
ions can react with adsorbed hydrocarbons in case of slow reaction kinetic, as it is
assumed in the case of naphthalene, needs to be researched further.

3.5 Reforming of higher hydrocarbons

Higher hydrocarbons that are not usually considered as tar are looked at in this section.
Nevertheless, some of them have an aromatic structure and thus may have a similar
conversion behaviour as typical gasifier tar species.

Catalytic reforming of n-tetradecane, 1-methylnaphthalene and decalin on a
Pt/~-Alumina catalyst

Three approaches - SR, CPOX and OSR - to catalytic reforming of n-tetradecane
(paraffin), 1-methylnaphthalene (aromatic) and decalin are reported by Shekhawat
et al. [86]. A fixed bed continuous-flow reactor using a Pt/~-Alumina catalyst is
used in this study. Ome of the aims is to compare the conversion behaviour of the
hydrocarbons as well as the product yield, such as Hy, CO and COs for individual
hydrocarbons and mixtures. Results from OSR, under identical reforming conditions,
show that all three hydrocarbons have higher yields of Hy and C'O the higher the
temperature and the lower the space velocity is (see Figure 3.7). C'O2 production, on
the other hand, is lower for higher temperatures due to the characteristic of the water
gas shift reaction. The tested temperature range is located between 750 and 900 °C.
"The Hs production rates at the same conditions decrease in the order: paraffins >
naphthenes > aromatics. " The products in the gas stream additionally included C1-Cg
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Figure 3.7: Yield of Hs from oxidative steam reforming of n-tetradecane (left), 1-
methylnaphthalene (middle) and decalin (right) (Source: [86]).

n-paraffins, ethylene, propylene, isobutane, n-butane and benzene. Methane, one of
the major byproducts is not assumed to be built from the methanation reaction since
it is not thermodynamically favorable. Rather a-scission of the hydrocarbons on the
metal catalysts is suggested.

Aromatics are said to strongly adsorb to the metal sites. This fact must not necessar-
ily lead to deactivation by carbon deposition but can kinetically inhibit the reforming
reactions of other compounds such as paraffins. Experiments with binary and tertiary
mixtures underline this theory. The Hs yield of a mixture of tetradecane and methyl-
naphthalene during OSR first increases with temperature until reaching a maxima
from where the yield rate even decreases with temperature [86]. Interestingly, CPOX
is more highly affected by the difference in the reactivity of the fuel components than
SR. This is attributed to the abundance of steam for SR. The main statement postu-
lated by Shekhawat et al. [86] is that "...overall yields from the reforming of a fuel
mixture are not additive of yields from individual fuel components, rather the more
reactive component is consumed first."

Catalytic reforming of n-dodecane and tetralin on a Ni/Ceg 757192502 catalyst

Similar behaviour is found for n-dodecane and tetralin by Gould et al. [45]. The sub-
stances were tested individually and in a 50/50% mixture in a quartz tube reactor over
a Ni/Ceyr7521r02502 catalyst. The feed stream consists of air, nitrogen, water and
the tested hydrocarbon. Autothermal reforming is achieved by varying the oxygen-
to-carbon ratio (O/C) between 0.6 and 1.2. The reaction temperature is a result of
the feed temperature, which is 550 °C and the exothermic reactions taking place on
the catalyst. Depending on the fuel and the O/C ratio the reaction temperature in-
creases to 650 - 950 °C. The conversion rate to CHy and CO,, over the O/C ratio for
dodecane, tetralin and a 50/50 % mixture shows large differences between the tested
components (see Figure 3.8). However, viewing the downstream temperatures give
reason to attribute the different conversion rates not only to the molecular structure
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of the hydrocarbon but rather to the temperature dependent kinetics. A higher con-
version for tetralin together with a higher reaction temperature compared to dodecane
is observed for the whole O/C range. On the contrary, fairly similar conversion rates
around 90 % can be identified when comparing the values for tetralin at a O/C ra-
tio of 0.8 and 1.0 and for dodecane at a O/C ratio of 1.2. In this case the reaction
temperature for both species is around 950 °C. The same result is observed for the
comparison of tetralin at O/C=0.6 and dodecane at O/C=0.8 leading to a conversion
rate of approximately 60 % at 830°C.

Another finding is that the conversion rate of the 50/50 % mixture is not a linear
combination of those of the pure substances but rather close to the behaviour as
received from pure tetralin.

A look at the C'Hy yield indicates a very low CHy production in all three cases.
CHy for tetralin is below the accurate detection threshold of the instrument. This
result appears consistent since tetralin has a high degree of unsaturation compared to
dodecane. Samples of liquid condensate from autothermal reforming of tetralin contain
mainly tetralin, along with small quantities of naphthalene, indene, 2-methylindene
and 1,2-dihydro-naphthalene. The majority in the liquid samples, after autothermal
reforming of dodecane, is unconverted dodecane. Futhermore, 4-dodecene, 1-undecene
and oxygenated compounds like tetrahydro-2-isopentyl-5-propyl furan are present.
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Figure 3.8: Dodecane, tetralin and 50/50 % mixture conversion (left) and downstream
temperature (right): feed temperature = 550°C, H,O/C = 2.0, O/C =
0.6-1.2, GHSV= 225000 1/n £10 % (Source: [45]).

Operation of tubular SOFC with dry trimethylpentane, methanol, ethanol, formic
acid and octanol

A study by Saunders et al. [82] focusing on carbon deposition reports about the
operation of a micro tubular SOFC with blended dry fuel containing trimethylpentane,
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ethanol and octanol at 0.5V and 1023 K. Using ethanol and octanol individually causes
deactivation of the cell within 60 minutes while the mixture of both shows a fairly
stable current signal. Further individual tests with a variety of hydrocarbons indicate
fast cell degradation except for methanol and formic acid. The outlet concentrations
show yields of Ho, CO and COs. C'Hy is only produced at low temperature ranges.
For example the use of methanol leads to a significant portion of CHy between 300
and 700 °C.

3.6 Summary

With respect to the wet gas composition of synthesis gas from biomass gasification
(=~ 10-50 vol.%) steam reforming of hydrocarbons on a Ni containing anode seems to
be suitable. The afore mentioned results from literature show that the conversion of
hydrocarbons by steam reforming on N7 containing anodes is generally possible. If the
hydrocarbons are converted they will contribute to the electrochemical cell potential
due to an increase of the partial pressure of hydrogen and carbon monoxide which
influences the Nernst voltage. No results have been reported yet about the exact
extend of the contribution to the cell potential caused by hydrocarbons. However,
obviously there must be a correlation between the contribution to the cell potential
and the hydrocarbon concentration.

Wood gas contains a variety of other hydrocarbons besides methane. In this context
it has been explained that the total conversion rate of multiple hydrocarbons may not
correspond to the individual conversion rate. Therefore a significant task will be to
investigate whether this competing conversion behaviour can be observed by the cell
potential as well.

Furthermore, it will be investigated whether the current density during operation has
an influence on steam reforming of tar species.

Considering these points it is decided to use a commercial Ni-GDC' anode for the
experimental investigation shown in Chapter 6.
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Chapter 4
Theoretical fundamentals

The theoretical fundamentals are explained in the following sections. Figure 4.1 indi-
cates the topics along the reaction pathway of the synthetic synthesis gas at the SOFC
anode. An outline of what the typical tar formation in wood gas looks like and how
representative tar species are added to the synthetic synthesis gas (Section 4.1 and
4.2) is first looked at. The next step implies the equilibrium gas composition at the
anode surface (Section 4.3) which is the basis for the calculation of the Nernst volt-
age (Section 4.4). Since equilibrium may not be achieved especially for the operation
with tar an investigation of the kinetic inhibition of the catalytic surface reactions is
illustrated in Section 4.5.

4.1 Nature and formation of hydrocarbons from biomass
gasification

This work focuses on higher hydrocarbons which emerge during the gasification of
biomass. These higher hydrocarbons develop in the pyrolysis step of the gasification
process and are commonly called "tar". Pyrolysis is the heating-up of biomass without
oxidants and happens prior to the gasification step. Therefore, depending on the
pyrolysis temperature (240-600 °C) low- and high-molecular hydrocarbons are formed
by the depolymerisation of the biomass lignin structure. At high temperatures (=~
600°C) the volatile hydrocarbons may polymerise to high molecular hydrocarbons.
Based on the stage of the pyrolysis process Milne and Evans [71] distinguish the
formation between primary, secondary and tertiary tar. The molecular structure of
these hydrocarbons can be aliphatic or aromatic. Some hydrocarbons such as phenol
are classified into primary and secondary tar. A comprehensive description about the
formation and conversion of biomass gasifier tar can be found in [71]. Table 4.1 lists
exemplarily up various tar species.

Looking at Table 4.1 the variety of hydrocarbons in wood gas becomes apparent.
Consequently, these hydrocarbons come along with different physical (melting and
boiling point) and chemical properties (binding energy) due to their diverse molecular
structure. This is a very important fact considering the application of wood gas in
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Figure 4.1: Chapter overview about the theory.

downstream processes. For instance, the dew point of high molecular hydrocarbons
may lead to condensation and blocking of pipes if a certain process temperature is
undershot. Regarding this work the chemical behaviour during the heterogeneous
catalysis process on the SOFC anode is important to understand. Especially the
complex steam reforming mechanism may differ significantly for each hydrocarbon.

Another important parameter, the concentration of each hydrocarbon species, depends
on the gasification technology which can be roughly divided into four groups: fixed
bed gasifiers, fluidised bed gasifiers, entrained flow gasifier and multi-zone gasifier
[83]. Fixed bed gasifiers are further divided in updraft- and downdraft gasifiers. Fur-
thermore, the fluidised bed gasifiers may have either a bubbling or circulating bed.
Comprehensive descriptions of these technologies can be found in [56]. A detailed
description of these technologies is not intended in this work as only the concentration
of the hydrocarbons in the respective wood gas is a significant boundary condition
for the development of the measuring principle. A comparison of the total tar con-
centration of the most common gasifier technologies is shown in Table 4.2 based on a
summarising overview of Milne and Evans [71].

Table 4.2 elucidates a significant difference in the total amount of tar which may
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Table 4.1: Examples of tar species present in wood gas (molecular structures are found
in the appendix)

Pyrolysis stage Hydrocarbon Structure Formula
Primary pyridine heterocyclic, 1-ring CsHsN
furan heterocyclic, 1-ring CsH4O
indene aromatic, 2-ring CyHyg
thiophene heterocyclic, 1-ring C4H4S
phenol aromatic, 1-ring CsHsO
Secondary benzene aromatic, 1-ring CsHg
phenol aromatic, 1-ring CeHsO
toluene aromatic, 1-ring C7Hg
cresol aromatic, 1-ring C7HgO
styrene aromatic, 1-ring CsHsg
xylene aromatic, 1-ring CsHyo
Tertiary naphtalene aromatic, 2-ring CsHio
phenanthrene aromatic, 3-ring Ci1aHyo
anthracene aromatic, 3-ring Ci1aH1o
pyrene aromatic, 4-ring Ci6H1o

Table 4.2: Tar emission of several types of gasifiers (Source: [83], primary citation [71])

Gasifier type Tar load [g/Nm3]
Min Max Mean
Down-draft 0.04 6 0.1-1.2
Up-draft 1 150 20-100
Fluidised bed, bubbling <0.1 23 1-15
Fluidised bed, circulating <1 30 1-15

be present in wood gas depending on the gasifier technology. Here, the measur-
ing principle is considered to be used for wood gas of an allothermal steam gasi-
fier with a bubbling fluidised bed. For this type of gasifier Kienberger [58] measures
mainly phenol, naphthalene and derivatives of naphthalene (1-methylnaphthalene, 2-
methylnaphthalene) as well as cresols. Aromates including three and more rings such
as fluorene, acenaphthene and acenaphthylene are only found in small amounts. Table
4.3 shows the result of an SPA-sample for a typical operating point.

Due to the large variety of tar species it is not possible to test more species within
a reasonable time in the experiments explained in Chapter 6. Testing a mixture
of all tar species is not useful since the observed results can neither be attributed
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Table 4.3: Tar species and tar load of wood gas from a bubbling allothermal steam
fluidised bed gasifier (compare [58])

Tar species Tar load Tar load Category
[me/Nm?]  [ppm]
phenol 1466 349 prim. /sec.
naphthalene 831 145 tertiary
m-cresol 495 103 secondary
p-cresol 395 82 secondary
2-methylnaphthalene 356 56 secondary
o-cresol 266 55 secondary
3 xylenes 266 56 secondary
indene 204 39 secondary
1-methylnaphthalene 188 30 secondary
acenaphthene 107 16 tertiary
acenaphthylene 91 13 tertiary
biphenyl 60 9 secondary
fluorene 24 3 tertiary
¥ unknown 1269 364" -
Total SPA-tar 6018 1725" -

"Volumetric concentration is given in benzene equivalent

specifically to the total concentration of the tested species nor to the presence of a
specific single species. For the experiments in Chapter 6 naphthalene (tertiary tar),
toluene and xylene (both secondary tar) are used to represent typical tar species
from different pyrolysis stages of wood gas. Table 4.3 shows the tar composition
of a bubbling allothermal steam fluidised bed gasifier. The main components are
phenol and naphthalene. Phenol is not used in the experiments because it is toxic.
Instead of phenol, toluene and xylene are picked since it is expected that they have a
similar conversion behaviour to phenol regarding the steam reforming reaction. Steam
reforming results of Frank [38] at a SOFC anode show generally a similar conversion
behaviour. For example, phenol and toluene are already converted completely above
750 K. Moreover, phenol as well as toluene and xylene has a single aromatic ring.
Toluene and xylene contain one and two methyl-groups respectively which is the main
difference to phenol that only contains one hydroxy-group. The value of the binding
energy of an aromatic C-bond is between those of a single C-bond (C-C) and double C-
bond (C=C). Therefore, the binding energy of the aromatic ring is higher than for the
hydroxy group (C-O) or the methyl-group (C-C) bindings (see Table 4.4). Therefore
the fragmentation of the aromatic ring rather than the hydroxy or methyl group is
assumed to be the rate limiting parameter.

The heat-of-adsorption is assumed to be another rate limiting property for heteroge-
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Table 4.4: Mean binding energy for polyatomic molecules in gaseous phase (compare

[72])
Tar species Binding energy
[3/mot]
C-C 347
C=C 619
C-O0 335
C-H 414

neous reactions. The heat-of-adsorption depends on the carbon number as described
in Figure 4.9. Therefore phenol (Cg), toluene (C7) and xylene (Cg) may have a similar
conversion behaviour when competing against naphthalene (C1g). However, this issue
is explained in more detail in Section 4.5.

4.2 Gas phase hydrocarbon saturation

In order to test naphthalene, toluene and xylene transported in the synthetic synthesis
gas a temperature controlled bubbler is used as shown in Figure 5.1. Nitrogen bubbles
through the liquid tar species which eventually evaporates to reach the saturation
vapor pressure. The equilibrium between the liquid and gaseous phase of tar above
the fluid level inside the bubbler can be described through several equations such as
Clausius-Clapeyron, Antoine, Harlacher or Wagner [52]. The desired concentration
of tar in the final synthetic synthesis gas determines the required saturation vapor
pressure. The saturation vapor pressure is related to a certain temperature which
needs to be controlled within the bubbler. To calculate the temperature within the
bubbler the following Antoine equation is used,

B
c+T

ln(psat) =A- (41)

where pgq: is the saturation vapor pressure and 1" the related temperature. A, B and
C' are substance-specific parameters which are usually valid for a certain temperature
range. The unit of pressure and temperature determine the magnitude of the parame-
ters A, B and C. In this work the pressure is in bar and the temperature in K. These
parameters can be found in [73]. Table 4.5 summarises these parameters for typical
tar species.
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Table 4.5: Antoine parameters for the calculation of the vapor pressure of several hy-
drocarbons and water obtained from [73]

C.H, A B C Temp. Melting Boiling
range point point
Qo 1] rcl Q. [q
naphthalene 4.00000 1832.0000 -61.3290 80 to 179 80.26 218
toluene 4.23680 1426.4480 -45.9570 0 to 24 -95 111
m-xylene 5.09199 1996.5450 -14.7720 0 to 60 -48 to 13.3 138 to 144
phenol 4.24688  1510.0000 -98.9490 107 to 182 41 182
phenantrene 4.51920 2428.4480 -70.9600 100 to 150 98.5 332
pyrene 2.68710 1086.8240 -262.8490 200 to 395 156 394
benzene 4.60362 1701.0000 20.8060 149 to 282 5.5 80.1
water 5.07680 1659.7930 -45.8540 61 to 90 0 100

4.3 Equilibrium gas composition

The calculation of the Nernst voltage of a fuel cell requires the knowledge of the gas
concentration above the anode surface. This concentration may differ significantly
from the feed gas composition which usually does not correspond to the equilibrium
concentration. Hspecially in the case of the SOFC the high temperature and the
catalytic surface shift the gas composition towards the equilibrium. The equilibrium
concentration is obtained by minimising the Gibbs enthalpy G of the gas composition
[12].

G=H-T-8 (4.2)

where H and S are the enthalpy and entropy of the gas composition and 71" the tem-
perature at which the equilibrium is considered.

This can be explained in an exemplary way by a single equilibrium reaction such as
H2+%02 = H,0. First the Gibbs enthalpy of the reactants is determined. Then
the Gibbs enthalpy of the products is calculated along the extend of reaction (. The
reaction is said to be in equilibrium where the Gibbs enthalpy becomes a minimum.
At this point the reaction Gibbs enthalpy ArG is introduced:

dG

ARG = () = VH0 * HH,O + VHy " [lHy + VO, * O, (4.3)
dC p, T
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where v; is the stoichiometric coefficient of the reactants and products (vg,=-1, vo,=-
%, vi,0=1) and p the chemical potential. In this case ArG is the derivative of G
with respect to (. Furthermore, it can be interpreted as the difference between the
chemical potentials p of the free molar enthalpies between reactants and products of
the respective reaction mixture. ArG equals 0 in the point where G becomes a min-
imum. This point is called the thermodynamic equilibrium. Using the concentration
term p; = f,—é to describe the activity a;, AgpG () can be formulated in the following
way:

ArG(rp) = VHo0 (Mo,Hgo +R-T- lnm;zo> + vy, <HO,H2 +R-T- lnp;?)
+tro, (M0,02 +R-T- lnppOZ> (4.4)
0
= ARG+ R-T-In [(W>”H2O , (PH2>”H2 , (pog>”02} (45)
Po Po Po
= ApG'+R-T-In(Q) (46)

Only in the case of equilibrium the reaction quotient () is called equilibrium constant
K. As mentioned above, ArG(r, = 0 in equilibrium. Then, together with the
equilibrium constant K it can be written:

0=ArG°+R-T-InK (4.7)
where,
K= (PHzO)”HQO . (PHz>”H2 _ (POQ)”OQ (4.8)
DPo Po Po

K=T]]a (4.9)

In the case of a multi component mixture such as wood gas, the equilibrium has to
be found considering more than one possible reaction. This makes the calculation
very comprehensive since the values for enthalpy H(r,) and entropy S(r,) have to
be known for each component. In this work the software package FactSage is used
to calculate the equilibrium concentration. Extensive literature to this topic can be
found in numerous textbooks such as [12, 80].

An example demonstrates how the equilibrium concentration diverges from the feed
concentration. Typical wood gas compositions and their equilibrium concentrations
are listed in Table 4.6. Furthermore, the temperature dependency of the equilibrium
in the operation range of an SOFC is illustrated in Figure 4.2. Additionally, it can be
predicted when carbon deposition is thermodynamically favorable.

49



CHAPTER 4 THEORETICAL FUNDAMENTALS

Table 4.6: Examples for wood gas compositions and their equilibrium concentrations
(values are in vol.%) at 900 °C and 0.99 bar (rest is Na)

Feed gas composition Equilibrium concentration
Hy, CO COy CHy H0O O Hy, CO COy CHy HO O

20.3 13.0 13.0 6.2 28.8 00— 329 188 99 2.06x107%  21.8 2.262
254 7.1 142 3.7 329  0.0— 309 13.1 102 0.86x10™% 30.2  4.932
109 7.6 7.6 3.9 45.8 00— 248 87 97 0.20x107%  34.8 1.212
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Figure 4.2: Equilibrium concentration depending on temperature for a feed gas com-
position of 20 % Hs, 13% CO, 13% COs, 6% CHy, 10 % H>0 at 0.98 bar.

4.4 SOFC Fundamentals

The solid oxide fuel cell is a specific type within the family of fuel cells. There are
various parameters, such as operating temperature, membrane assembly, ion conduc-
tivity, possible fuel components and cell shape that allow a clear distinction of fuel
cell technologies. Table 4.7 shows a comparison of prevailing fuel cell types.

Considering the task to convert higher hydrocarbons in a synthesis gas atmosphere
the SOFC remains the only applicable fuel cell type. Most fuel cell types run on
pure hydrogen. At low temperatures for example carbon monoxide deactivates the
Pt-catalyst used in PEMFC anodes. This is one reason for a new trend towards
temperatures of about 200°C for PEMFC. At this temperature the catalyst is less
affected by CO.
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Table 4.7: Types of fuel cells (compare [33])

Name Operating  Ton (fO].ﬂ_ Reactant Electrolyte Cell
temp. ductivity shape
PEMFC 40-80°C HT Hy PSA, PSEPVE [15]  planar
HT-PEMFC  160-200°C HT Ho PSA, PSEPVE [15] planar
AFC 65-220°C' OH™ Hs> Potassium hydroxide planar
PAFC 205°C HTf H> Phosphoric acid planar
MCFC 650°C CO3 H>, CO2 Li2CO3/K>COs3, planar
SOFC 600-1000°C 0*~ H,, CO YSZ planar
tubular

Table 4.8: Properties of an SOFC

Anode Nickel + yttria stabilised zirconia (Ni-Y SZ), nickel + gadolinium doped
ceria (Ni-GDC)
Electrolyte Yttria stabilised zirconia (Y .SZ)

Cathode Lanthan strontium manganate (LSM), lanthanum strontium cobalt ferrite
(LSCF)

Interconnects ~ Chromium ferritic stainless steel

Fuel Hydrogen, carbon monoxide, synthesis gas, reformates of: natural gas, diesel,
kerosene, methanol

Another reason for choosing an SOFC is the wide range of operating temperature up
to 1000°C in combination with Ni-anodes. This fact makes it a suitable candidate for
direct internal steam reforming of hydrocarbons. In this environment the hydrocarbons
may be partly or completely converted to Hy and CO by a subsequent steam reforming
and shift reaction. Both molecules can be seen as fuel for the SOFC and therefore
will be electrochemically oxidised. The reactions will be explained in more detail in
Section 4.5.3. In Table 4.8 some properties of an SOFC are summarised.

4.4.1 Functionality of an SOFC

The operating concept of an SOFC is shown in Figure 4.3. The fuel gas containing
Hy and CO enters the anode chamber. The cathode side is supplied with air or
oxygen. As stated in Table 4.8 the anode/electrolyte/cathode assembly consists of
various components supporting different tasks. The porous anode is a mixture of N3
and GDC or YSZ. The anode structure must contain enough N¢ in order to be
sufficiently conductive for electrons. The ratio of Ni to GDC or Y SZ where the
anode is electrically conductive is determined by the percolation limit. A typical
volume ratio of Ni/Y SZ is 20-25%. If the portion of Ni falls below a certain value
the electrical conductivity of the anode drops dramatically. N+¢ is used as a catalyst
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for the electrochemical half reaction as shown in Equation 4.11 and 4.12. In this step
the electron is released from the fuel component. The released electrons travel via
the N7 grains through the anode to the external load and eventually to the cathode.
Within the cathode the electrons travel via the LSM or LSCF grains. LSM or LSCF
is taken on the cathode side to enable the electrochemical reduction of oxygen (see
Equation 4.10). The porous LSM or LSCF structure is conductive for electrons as
well as for oxygen ions. Y SZ is a gas tight but oxygen ion-conductive material and
enables the migration from the cathode side to the anode side by vacancy diffusion. At
this point the "triple phase boundary" (TPB) is introduced. The TPB of the porous
anode is the line where the fuel gas contacts Ni and Y SZ material simultaneously.
Theoretically this is the only place where the electrochemical reaction may occur since
three requirements have to be fulfilled - the diffusion of the gaseous fuel component that
needs to be electrochemically oxidised, the electrical conduction of electrons released
by the fuel molecule and eventually the supply of oxygen ions from the cathode. At
the TPB the oxygen ion reacts then with the H™ or CO™ ion. The products HyO
and CO, diffuse back from the anode TPB to the main fuel flow. The respective
electrochemical reactions are given below. Similarly a TPB can be introduced at the
cathode side where the oxygen reduction takes place.

Cathode:

1

502 +2¢7 — 0% (4.10)
Anode:

Hy —2H™T + 2~ (4.11)
CO — CO*" +2¢~ (4.12)
2H' + 0*> — Hy0 (4.13)
CO** + 0% = CO, (4.14)

Theoretically the direct oxidation of methane would be possible. However, it is not
yet clear whether this reaction occurs in reality on a Ni-Y'SZ anode when steam is
present.

For open circuit conditions where no current is drawn there is neither a conduction
of oxygen ions nor of electrons. This means that no electrochemical oxidation of fuel
components takes place at the anode side.

Most likely the composition is not in equilibrium when it enters the anode chamber
which means that before or parallel to the electrochemical reaction, side reactions such
as shift reaction, reforming or carbon deposition may occur. These heterogeneous
reactions are not limited to the TPB since they neither require the supply of oxygen
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ions nor the possibility to release electrons. These reactions are described in Section
4.5.3.

fuel gas — - . TPB
\ .

electrolyte YSZ

LSM or LSCF

cathode

oxygen
ion

Figure 4.3: Triple phase boundary.

4.4.2 Nernst voltage

The Nernst voltage can be found by using the irreversible work of a fuel cell. The
work is achieved due to the electrochemical oxidation reactions of fuel reactants with
oxygen ions migrating from the cathode. As mentioned SOFCs can directly process
hydrogen and carbon monoxide as shown in Equation 4.11 and 4.12.

The products that emerge on the anode surface dilute the fuel gas mixture. Unavoid-
able mixing effects of the products along the anode are the reason why a reversible
operation of a fuel cell is technically not possible. Therefore the irreversible work W,
depends on the partial pressures of the reactants and products.

Wipr = ARG(T,p) = ARH(T,p) -T- ARS(T,p) (4.15)

For ideal gas, the following formulae are used:

ArHryp) = ArH(r) (4.16)
ARS(ry) = ArS(r) — R-In(Q) (4.17)
ArG(r,) = ArG(r) — R+ In(Q) (4.18)
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The pressure dependency of the enthalpy can be neglected. The reaction quotient @) as
introduced in Section 4.3 considers the partial pressures of the reactants and products.

With the general equation of the electrical power P of a fuel cell a link between the
voltage V" and the reaction Gibbs enthalpy ArG(r,) can be found.

P=V-I=me W =mnuer - ARG(1p) (4.19)
_Npue ArGry)  Mgue - ArG(ry)  ARG(1p) (4.20)
i frog - F nel - F ‘

The product of the molar flow of electrons 7,; and the Faraday constant F' builds the
electric current I. The molar flow of the fuel i, includes the gas components that
take part in the oxidation reaction and thus differs from the fuel inlet flow. For the
reaction of Hy or C'O the ratio,

_ 11 (4.21)

can be derived from Equation 4.11 and 4.12.

Eventually the Nernst voltage Vi for an irreversible fuel cell can be formulated by
combining Equation 4.18 and 4.20.

_ARG(T) _ R-T' ln(Q)
net . F nel - F

Vy = (4.22)

This equation as it is found in many textbooks [88] may not be satisfying when it
comes to the calculation of the Nernst voltage of a gas mixture that contains not only
Hs but also CO and C'Hy. Often the question arises which oxidation reaction has to
be taken in order to use the correct ArG(r) due to the fact that the partial pressures
used in the reaction quotient () are based on the oxidation reaction. In fact, for a gas
mixture that is in equilibrium it is regardless whether Hy, C'O or even C'Hy is looked
at. McIntosh and Gorte [67] and Frank [38] descriptively deduce that eventually the
Nernst voltage is driven from the difference of the oxygen partial pressures between
cathode and anode, regardless of the oxidation reaction (see Equation 4.26). This
seems to be obvious since the driving force for the oxygen ions, to migrate from the
cathode to the anode, must be the gradient of the oxygen partial pressure. As shown
later, the following equations provide the same Nernst voltage for a gas mixture in
equilibrium.
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Table 4.9: Parameters for the calculation of the Nernst voltage

el _
nCH4 -

el __
TLH2 =

n%lo =
ng, =
R =
T =
F =
Po =
TOoy, =

POs,air =

ARG (9000 C,0.99bar), Hz +0.502— HyO =
ARG (900°C,0.99bar),CO+0.505—COs =

ARG (900°C,0.99bar),C Hy+202—2H20+CO5 =

8

2

2

4

8.314 /mol.k
1173.15 K
96485 C/mol
0.99 bar

21 vol.%
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2
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2
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1
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cO
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O POs,anode

95

)

1
2
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(4.23)

(4.24)

(4.25)

(4.26)

The equations are illustrated by following calculations. For the calculation the first
equilibrium gas mixture of Table 4.6 at 900 °C and 0.99 bar is taken. The rest of the
parameters are given in Table 4.9.

Using the parameters of Table 4.6 and 4.9 shows that the Nernst voltage is the same
regardless of the oxidation reaction taken into account (see Equation 4.27-4.30).
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(—800640)  8.314-1173.15 0.098 - 0.2162
Vi = — - : = 0.920V  (4.27
N = T8 96485 896485 '\ 2.04 x 105 - 0.2082 (4:27)
1
~182899)  8.314-1173.15 0.216 - 0.99%
Vy = ) _ In - —0.920V  (4.28)
296485 296485 0.326 - 0.20832
1
—180680)  8.314-1173.15 0.098 - 0.99%
Vy = ) _ In - = 0.920V  (4.29)
2- 96485 296485 0.186 - 0.2082
8.314 - 1173.15 0.208
_ . —0.920V (4.
N 496485 " (2.24 X 10—17) 0929V (4.30)

With Equation 4.26 a very simple formula is introduced where the oxygen partial
pressure is the only unknown. Hence, it is shown that the equilibrium gas concentration
at the anode has to be determined first in order to find the Nernst voltage.

Hydrocarbons such as naphthalene shift the equilibrium concentration of the synthesis
gas and thus change the Nernst voltage. Due to the high temperature and the cat-
alytic anode surface it is likely that equilibrium is partly reached or almost completely.
Figure 4.4 demonstrates the correlation between the oxygen partial pressure and the
Nernst voltage in dependence of the naphthalene concentration. The same feed gas
mixture as listed in Table 4.6 is used. The additional naphthalene load is balanced
with Na. According to Equation 4.26 a lower po, anode causes a higher Nernst voltage.
Moreover, the equilibrium and therefore po, anode changes significantly with increas-
ing naphthalene concentration. An explicit voltage increase is observed. This clear
correlation between naphthalene concentration and voltage increase is the foundation
of the measurement principle developed in this work.

However, these considerations are a theoretical approach. In reality the higher hydro-
carbons may not reach equilibrium. Part of it may pass the anode without reaction
and stay inert, similar to No. The behaviour of the hydrocarbons is diverse due to
complex reaction mechanisms. A major part of this work deals with the conversion
behaviour of various hydrocarbons such as naphthalene, toluene and xylene. The aim
is to investigate a correlation of this behaviour and express it by simple equilibrium
considerations.
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Figure 4.4: Equilibrium oxygen concentration and Nernst voltage depending on naph-
thalene concentration for a feed gas composition of 20.3 % Hs, 13.0% CO,
13.0% COs, 6.2% CHy, 28.8% H>0 and 0-1000 ppm C19Hg at 900°C and
0.98 bar.

4.4.3 Nernst voltage in operation

Under electrical load oxygen ions migrate from the cathode to the anode. Therefore,
POs,anode iNCreases with the increase of current that is drawn. According to Equation
4.26 this directly affects the Nernst voltage. One can see that the Nernst voltage
becomes 0 when po, anode = POy cathode- The amount of oxygen ions migrating from
the cathode to the anode is directly proportional to the electrical current.

. 1

The oxygen coming from the cathode can be seen as an additional gas component that
is given to the anode gas concentration. This way the new equilibrium concentration
under electrical load can be calculated. Figure 4.5 demonstrates how the Nernst
voltage decreases with increasing current density. Moreover, it can be seen that with
the addition of naphthalene it comes to a higher current density before the Nernst
voltage drops to 0. This effect is discussed in more detail by Hauth et al. in [48].

It must be emphasised that the Nernst voltage under electrical load is not the cell
voltage as it appears in a real fuel cell. Rather it can be seen as the maximum Nernst
potential from the thermodynamic point of view. However, during the operation of a
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Figure 4.5: Nernst voltage under electrical load for a feed gas composition of 20.3 %
Hy, 13.0% CO, 13.0% CO2, 6.2% CHy, 28.8% H20 and 0/500/1000 ppm
ChoHs at 900°C, 0.98 bar and a feed flow of 1000 Nml/min.

fuel cell three polarisation effects occur, which diminish the Nernst voltage. A classical
V-i curve as can be found in many textbooks is shown in Figure 4.6.

Activation polarisation: The activation polarisation emerges due to the kinetics of
the electrochemical reaction at the electrode. The electron transfer from the molecule
to the solid electrode represents a barrier that depends on the activation energy. How-
ever, at SOFC operating temperatures (800-900 °C) this effect can be neglected. For
this reason the V-i curve of an SOFC does not follow the classical V-i curve at low
current densities as illustrated in Figure 4.6 or as obtained from PEM fuel cells.

Ohmic polarisation: Resistance of the oxygen ion conduction in the electrolyte
accounts in a large part to the ohmic polarisation. The structure of the ceramic
electrolyte material is strongly temperature dependent and is cubic above 2377°C
for ZrOy. Below this temperature the structure is tetragonal and cubic [84]. A
cubic structure is necessary for ion conduction [85]. Mixing 8 mol.% Y203 to Y SZ
enables a cubic crystal structure of ZrOs and thus ion conductivity down to 700 °C.
The ionic resistance is therefore reverse to the electrical resistance, which increases
with increasing temperature. Additionally, the electrical resistances in the anode and
cathode material, the interconnectors and whatever conductor is used in the system
have to be considered. However, in single cell tests the voltage measurement is carried
out directly at the anode and cathode respectively. Therefore, mainly ionic resistance
accounts to the ohmic polarisation that is observed from a V-i curve.

Concentration polarisation: At very high current densities the diffusion of the
reactants from the core flow to the triple phase boundary at the electrode surface
is too slow. In the same way more products emerge and need to be transported
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Figure 4.6: Typical V-i curve (Source: [15]).

back to the core flow. If the supply of fuel components such as hydrogen or carbon
monoxide stagnates, the oxygen partial pressure increases since no reactant is available.
According to equation 4.26 this inevitably causes the Nernst voltage to decrease.

These polarisation effects can be taken to explain degradation effects which are the rea-
son for the cell voltage to decrease over time. Carbon deposition, for example, blocks
the porous structure and deteriorates the diffusion of the gas molecules. Additionally,
solid carbon covers the anode surface and becomes dissolved in nickel particles. First
this minimises the active sites on the nickel catalyst surface. As time progresses, dis-
solved carbon can burst the anode structure. The electrical connection between the
nickel particles in the anode structure becomes worse and results in an increase of the
ohmic resistance. However, degradation is not focused at in this work.

4.5 Catalytic reactions

Langmuir proved that heterogeneous catalysed gas/solid phase reactions take place
on the catalyst surface. By enabling reaction pathways with lower activation energies
the catalyst increases the reaction rate. Another property of a catalyst is that the
active sites where the reaction occurs turn back to their original state after each
reaction cycle. The equilibrium based on thermodynamics is not influenced by a
catalyst whereas the reaction kinetics are significantly dependent on the catalytic
properties. A catalytic reaction consists of several steps. One of these steps is the
adsorption and desorption of reactants and products.
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4.5.1 Competing adsorption of hydrocarbons on catalytic surfaces

Adsorption and desorption are two of the main steps besides gas diffusion and chem-
ical reaction that determine the reaction rate in heterogeneous catalysis. Two types
of adsorption have to be distinguished in heterogeneous catalysis - physisorption and
chemisorption. Physisorption is caused by van der Waals forces and are not based on
electron transfer. The physisorption can take place on all solids even at low temper-
atures. The reaction rate is usually fast and goes along with low activation energy
and a low heat-of-adsorption. Chemisorption is more important for heterogeneous
catalysis reactions. In this case chemical bonding between the catalyst material and
the reagent is the essential phenomenon. These surface bonds are significantly more
reactive compared to free adsorbed molecules from physisorption. Chemisorption has
a higher activation energy as well as higher heat-of-adsorption [47]. "The activation
energy represents the barrier that a system must pass on its way from the reactant
to the product state" [27]. A strong temperature dependency of chemisorption is the
reason for faster reaction rates at high temperatures. Another crucial characteristic
is that chemisorption builds mono layers. Obviously the catalyst has to be in direct
contact with the reagent in order to promote the reaction. This is how the impact of
the surface can be explained. Whereas for physisorption the magnitude of the surface
area is important chemisorption is highly selective with regard to the material and
structure. Active sites presumably caused through free atomicities or electron defects
due to structural defects (e.g. an edge atom) support the dissociation of the chemical
bonds to enable consecutive reactions [47]. This theory is controversially treated in
[27] and is based on studies that show that: '...the regular structural elements of a
surface typically account for most of the catalytic activity and that surface defects play
a role only under specific conditions.”

Adsorption isotherms help to understand the behaviour of gas molecules when they
impinge upon the surface of a catalyst. They are used to illustrate the amount of gas
that is adsorbed on a surface when it is in equilibrium depending on the pressure and
considering constant temperature. The adsorption isotherms are based on following
assumptions: the adsorbed molecules build a localised mono layer; there are no in-
teractions between adsorbed molecules; the solid surface is energetically homogeneous
and the heat-of-adsorption does not depend on the surface coverage. Figure 4.7 shows
different adsorption isotherms classified by Brunauer. Experiments demonstrate an
increasing amount of adsorbed gas molecules on a solid surface with an increase in
total pressure. Type I of Figure 4.7 is the classical Langmuir-isotherm according to
the empiric equation 4.32:

b
ca= (a PA (4.32)

1+0b-pa)

where ¢4 is the concentration of the adsorbed gas and p4 is the total pressure (a and
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b are empirical constants). For a simple reaction A+ F = AF where the molecule A
adsorbs on a free surface spot F' Langmuir introduced the surface coverage:

Ky -pa

Oy = A PA
4 14+ K4 -pa

(4.33)

where K4 is the equilibrium constant for the surface reaction. Langmuir assumes an
energetically homogeneous surface and consequently a heat-of-adsorption that does not
depend on the surface coverage. However, in reality the heat-of-adsorption depends,
among others, on the surface coverage, surface structure and interactions between
adsorbed molecules.

MOlabs MOlabs MOlabs
_/'}I Typ IIT
Ay 4 Typ IT

Pressure Pressure Pressure
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|
Typ IV J Typ V
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Figure 4.7: Adsorption isotherms (Source: [57]).

Thm et al. [53] and Gottfried et al. [43] for instance determined the heat-of-adsorption
depending on the surface coverage on a single Pt(111) crystal using single crystal
adsorption calorimetry.

A molecular beam generates a pulsed flux of benzene that amounts to 7% of a fully cov-
ered mono layer of the crystal. The sticking probability is measured with a quadrupole
mass spectrometer in order to determine how much of the beam contributes to the
heat-of-adsorption. The sticking probability is close to 1 and starts to fall at 90 % of
the amount of the mono layer down to 0 at 100 %. Figure 4.8 compares the measured
heat-of-adsorption for benzene (left) and naphthalene (right) at 300 K. Each point is
the result of a single gas pulse. The heat-of-adsorption is calculated by dividing the
measured calorimetric heat by the number of moles that stick on the surface. This
number of moles is equal to the flux of the gas pulse times pulse duration times sticking
probability. Then the term %RT2 is added to obtain the heat-of-adsorption [53].
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Figure 4.8: Measured differential heat-of-adsorption of benzene (left, Source: [53]) and
naphthalene (right, Source: [43]) as a function of coverage on Pt(111) at
300 K. The integral heat-of-adsorption computed using the polynomial of
the differential curve (solid line) is shown as the dashed curve.

The results presented in Figure 4.8 reveal a higher heat-of-adsorption of naphthalene
compared to benzene at a specific coverage. Gottfried et al. [43] finds a linear corre-
lation when drawing the experimentally gained heat-of-adsorption over the number of
C-atoms per molecule for benzene, naphthalene and anthracene (see Figure 4.9 left).

A similar trend is reported from Corma and Ortega [26] for cracking of l-octene,
decalin, tetralin and n-hexadecane at 673 and 773 K on a zeolitic catalyst (see Figure
4.9, right). They tried to derive a correlation for the conversion rate and the catalyst
decay based on adsorption effects. Therefore the theoretical conversion model based
on Langmuir-Hinshelwood adsorption is used to show adsorption effects of reactants
and products. Table 4.10 lists the experimentally gained kinetic parameters for the
reaction model.

K,, Ka, Kp,n;, and K, are the constants for the reaction rate, reactant adsorption,
product adsorption and catalyst decay rate. Furthermore, the heat-of-adsorption is
derived from the calculated reactant adsorption constant. The apparent activation en-
ergy is obtained by subtracting the heat-of-adsorption from the true activation energy
[27]. Eventually the conversion rate for the four substances is given. Based on the
conversion rate a reactivity ranking, in the following order, can be observed: 1-octene
> decalin > tetralin which corresponds to the true activation energy [26].

When comparing the heats-of-adsorption of these hydrocarbons with those from n-
paraffins (see Figure 4.9, right) with the same number of carbon atoms one can see
that the heat-of-adsorption is significantly higher for molecules that have double bonds.
The heat-of-adsorption depends on the number of carbon atoms as well as on the
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Figure 4.9: heat-of-adsorption of hydrocarbons depending on the number of carbon
atoms. Left: Comparison of the experimental integral heats-of-adsorption
of benzene and naphthalene on Pt(111) (squares) and the computational
results (circles) at the same coverages (Source: [43]). Right: Heats-
of-adsorption derived from a kinetic model fed with experimental data
(Source: [26]).

number of carbon bonds. For instance the heat-of-adsorption of decalin (CioHig —
11 aromatic C-C bonds) is rather close to the one of n-dodecane (Cij2Ho — 11 C-C
bonds) than the one of n-decane (C1gHis — 9 C-C bonds). 1-octene (CgHig — 6 C-C
bonds, 1 C=C bond) has a clearly higher heat-of-adsorption than n-octane (CsHig —
7 C-C bonds). Tetralin (Cy9Hj2, aromatic with conjugated C=C bonds), for example,
has an even slightly higher heat-of-adsorption than n-hexadecane (C1gHsy — 15 C-C
bonds).

In Table 4.10 a higher heat-of-adsorption of the products due to their aromatic rings
are taken to explain a higher catalyst decay caused by the strong competition for
adsorption which results in a reduction of the active sites [26]. This way catalyst
deactivation is not only explained by coke deposition and pore plugging but is also
attributed to the adsorbed products. For example the conversion drop observed for
1-octene is low even though high yields of coke are obtained whereas tetralin leads
to high catalyst decay and low coke yields. This effect is attributed to the reaction
products of tetralin such as di-aromatic naphthalene, methyl naphthalene and heavier
aromatics which strongly compete for adsorption and thus reduce the active sites on
the catalyst.

The experiments with a fresh catalyst, a coked and afterwards stripped catalyst and a
coked unstripped catalyst demonstrate that the activity of the unstripped catalyst is
only about 18.4 % compared to 91.4 % of the fresh and 85.6 % of the stripped catalyst
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Table 4.10: Kinetic parameters according to the Langmuir-Hinshelwood model (com-

pare [26])
YK, Ky YKpn, Kg Ads. App. True Conv.
[Y/s] [Vmol] [Vmol] [1/s] heat activ. activ. rate3
[kJ/mol] energy energy [wt.%]
[kJ/mol] [kJ/mol]

Temp. 673K
n-Hexad. 8.6 2.31 51 2.200 -137.6 211.7 349.3 -
Decalin 3.69 1.48 13.6 0.081 -112.9 206.0 318.9 19
Tetralin 0.577 7.15 40 1.610 -153.1 204.3 357.4 1
1-Octene 117.3 0.36 12.93 0.010 -115.0 141.9 256.9 92
Temp. 773K
n-Hexad. 1147 0.096 16 2.100 -137.6 211.7 349.3 -
Decalin 431 0.109 190 0.144 -112.9 206.0 318.9 42
Tetralin 64.84 0.208 170 0.690 -153.1 204.3 357.4 9
1-Octene 3118 0.025 0.928 0.005 -115.0 141.9 256.9 100

3 Conversion rate based on TON=12sec and a conversion feed flow of 3 &/min

respectively [26]. The stripping step is performed with pure Ny in order to desorb
the adsorbed products after the reaction step. In this way it is demonstrated that
the adsorbed hydrocarbons at the coked unstripped catalyst obviously deactivate the
catalyst significantly.

Furthermore, the temperature dependency of the adsorption can be seen in Table 4.10.
The conversion rate increases with temperature and the adsorption constants for the
reactant and products decrease. Therefore the catalyst decay decreases as well with
increasing temperature. Furthermore the coke yield decreases significantly for all four
tested hydrocarbons.

4.5.2 Characteristics of reaction mechanisms on catalytic surfaces

The reaction mechanism of heterogeneous catalytic gas reaction can be very complex
and takes place in many steps. After the molecule adsorbs on the catalytic surface it
can react with adjacent adsorbed molecules. The adsorbed molecule either dissociates
first or reacts in its entirety with other reactants. To gain a basic perception of the
reaction sequence two mechanisms have been developed, the Langmuir-Hinshelwood
and the Eley-Rideal mechanism. Both mechanisms have great relevance in many
industrial processes.
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Langmuir-Hinshelwood mechanism

This mechanism is based on the assumption that both reactants are adsorbed on free
spots on the catalyst surface without being dissociated. Then the actual surface reac-
tion between the chemisorbed reactants takes place. The adsorbed product eventually
desorbs in the final step of the mechanism.

Ay = A" and By = B*
A*+ B*=C*
Cr=Cy

Based on the relations of mixed adsorption following equation for the reaction rate
can be postualted:

_dpc_k 0. On— k-Ka-pa-Kp-pp
Teff =~ — N PAEB= 2
t (1+Ka-pa+ Kp-pp)

(4.34)

The trend of the reaction rate is explained by varying the partial pressure p4 while
keeping pp constant. For a very low pa the reaction rate is proportional to pa:
Teff = k- pa (see Figure 4.10, left). The reaction rate comes to a maximum when the
coverage © 4 = Op or in other words when the products K4 - pa = Kp - pp. If pa is

further increased the reaction rate becomes r.zr ~ i.

Totr A Topr 4

Ky pa=Kg'pg //"__
Vant

Tor~ 1/pa ro~ Ky pa/ (14K, py)
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Langmuir-Hinshelwood Eley-Rideal
ba Pa

Figure 4.10: Reaction rate of Langmuir-Hinshelwood (left) and Eley-Rideal (right)
mechanism (Source: [47]).
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Eley-Rideal mechanism

In this model only reactant A is assumed to be chemisorbed on the catalyst surface.
Reactant B then directly reacts with the activated reactant A without adsorbing to
build the product C. The product is still adsorbed after the reaction step before it
desorbs. The mechanism is described below:

Ay = A”
A*+ By = C*
Cr=0y

In this case only the coverage of A is important. Derived from the Langmuir-isotherm
following rate expression can be found:

K-
reff:k-@A-pB:k:-( A DA PB (4.35)

1+ Ka-pa)

Again steadily increasing the partial pressure p4 while keeping pp constant leads to
the curve shown in Figure 4.10 (right). The curve follows the Langmuir-isotherm and
nearly becomes constant for a high partial pressure p4.

These two mechanisms, the Langmuir-Hinshelwood and the Eley-Rideal mechanism,
are fairly straightforward. In fact numerous other mechanisms exist which are de-
scribed in literature. The knowledge of the exact mechanism is the major requirement
to find an accurate correlation between the reaction rate and its influencing parameters
[47]. Finding out the mechanism is usually a very difficult task due to the complex
measurement techniques necessary. However, these aspects should help to understand
the conversion behaviour of the hydrocarbons on an SOFC anode.

4.5.3 Catalytic conversion of hydrocarbons and its impact on the Nernst
voltage

As mentioned shortly in Section 4.4.1 reactions such as reforming, shift reaction or
carbon deposition may occur in parallel or subsequently to the electrochemical reac-
tions when wood gas is used as fuel. This is enabled by the Ni catalyst in the anode
structure. Ni is a common and good catalyst material especially for steam reforming
and shift reaction [81]. However, the Ni grains in the anode as well as the geometry
of the anode itself are not manufactured to promote heterogeneous catalytic reactions
in the first place. This property can rather be seen as a positive side effect in terms
of converting fuels with hydrocarbons fuels. Therefore the active Ni surface may be
very small compared to special reforming-catalyst pellets. Moreover, the residence
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time of the gas components may differ significantly to what is usually achieved in real
catalysts. The global reactions of the two main heterogeneous reactions on an SOFC
anode are

steam reforming of hydrocarbons:

CmHy +x HO — 2 CO + (ac + 22/) H, ARHO>0 kJ/mol (4.36)
and water gas shift reaction:
CO + HyO — COy + Hy ArH=—41.2K/mol (4.37)

The reaction mechanism for hydrocarbons is usually very complex and is explained by
Xu and Froment [92] for steam reforming of methane and the water gas shift reaction.
They postulate a heterogeneous catalysis model for methane steam reforming that
suggests the adsorption of methane on the N+i surface, decomposition, surface reaction
and desorption of the products from the N+¢ surface.

Products are Hs and CO which then may be converted electrochemically or react
according to the water gas shift reaction. Kinetic inhibition due to the many steps
of the reforming reaction can lead to a decreasing reactive surface caused by the
adsorption on the Ni particle as described in Section 4.5.2. The kinetic inhibition
may be even worse for aromatic hydrocarbons. Establishing a heterogeneous catalysis
model to calculate the exact amounts of reformed hydrocarbons is difficult, especially
for the situation where more than one hydrocarbon is present at the anode. In this
work equilibrium considerations are used to estimate the gas composition based on
the conversion rate of the hydrocarbons.

For high H2O contents (as in the experiments described here) where carbon deposition
is thermodynamically not predicted a sequence of the reforming reaction followed by
the shift reaction is assumed. In order to define the reforming rate one would have
to look at the conversion of the hydrocarbon to Hy and C'O only. The following shift
reaction does not allow an isolated observation of the reforming rate using Ho and
CO gas analysis at the anode outlet. The appearance of COy at the anode outlet
for example suggests further conversion of C'O using HoO after the reforming step.
Therefore, the concentration of the hydrocarbon at the anode outlet is measured by the
means of an FID and compared with the anode inlet. Assuming carbon deposition does
not occur, the consumption of the hydrocarbon should correlate to the amount that is
being reformed. Because of the change of Hs and H2O along the reaction affecting the
FID signal due to cross-sensitivity effects (see Section 5.3.2), the outlet concentration of
H>0 would have to be known in order to calculate the real hydrocarbon load. However,
the failure is minor and thus H2O measurements at the outlet are not carried out. For
this purpose the conversion rate C'R of hydrocarbons is introduced:
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CR — LCyHyinlet — TCy Hy,outlet (438)

szHy,inlet

where zc, g and Tco,H, ..., ar€¢ the concentrations of the hydrocarbon at the
in- and outlet of the anode chamber. CR is estimated and the feed composition
of the equilibrium calculation is adapted accordingly. For example, assuming a CR
of 90 % for an inlet gas composition containing 1000 ppm C,H, leads to a feed gas
composition for the equilibrium calculation of 900 ppm. In order to leave the rest of
the composition unchanged the missing 100 ppm are balanced with N,. This way it
is possible to estimate the influence of the kinetic inhibition of the reforming reaction
on the Nernst voltage. A further explanation can be found in Section 6.1. Figure 4.11

shows the calculated Nernst voltage based on measured conversion rates by Frank [38].
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Figure 4.11: Theoretical Nernst voltage for 13% CO, 13% CO4, 21 % Hs, 40 % H>0O
with additions of either 3% methane (top left), 4000 ppm toluene (top
right), 2500 ppm phenol (bottom right) or 1500 ppm naphthalene (bottom
left), rest No. Upper dashed curve = equilibrium of hydrocarbons at all
temperatures; Lower dashed curve = no reforming of hydrocarbons; black
curve = temperature dependent reforming (Source: [38]).

CR is strongly temperature dependent and may be between 0 and 100 % in a certain
temperature range. Frank clearly shows this effect by measuring the Nernst voltage
between 650 and 850 °C for operation with synthesis gas containing either toluene or
naphthalene. In both cases the Nernst voltage and the conversion rate respectively
follow the theoretical trend shown in Figure 4.11. This conversion rate is further
supported by gas analysis.
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Test Set-up

5.1 SOFC test rig

The dry synthesis gas consisting of Ha, CO, CHy, CO5 and N3 is mixed using five mass
flow controllers to simulate wood gas from biomass gasification. The scheme of the test
rig is shown in Figure 5.1. The gas mixture then becomes humidified by means of a
water bubbler which is temperature controlled and monitored by a humidity sensor at
the outlet of the humidifier. The whole tubing is trace heated to avoid condensation of
steam or any tar species and is kept at 150 °C. Due to the capability of COy absorption
in water, C'Os is bypassed at the humidifier.

For the operation with tar an additional No stream flows through temperature con-
trolled tar bubblers. Up to three tar bubblers can be used which allows the addition of
three different tar species simultaneously. Vo is supposed to be saturated according to
the vapor pressure of the respective tar (see Section 4.2). The concentration of tar is
varied individually by either changing the No flow through the respective tar bubbler
using a mass flow controller or adapting the temperature of the tar bubbler. Ny for the
tar bubblers is branched after the mass flow controller of the main N9 inlet in order
to achieve constant No concentrations in the final gas mixture while varying the No
flow through the tar bubblers. The saturated No/XC,H, mixture is then conflated
with the humidified synthesis gas. To enable a constant humidifier temperature and
thus a better comparability the Ny flows through the tar bubblers are bypassed during
tests without tar. With this concept the main synthesis gas flow through the water
humidifier is similar for operation with and without tar.

The tar loaded synthesis gas is then directed through stainless steel pipes at 150 °C to
an oven containing the ceramic cell housing (see Figure 5.2). Before the gas enters the
anode chamber it is heated up in a ceramic tube and reaches operation temperature.
For the cathode supply dry synthetic air (20 vol.%03/80 vol.%N2) is provided.

The concentration of the permanent gases before and after the cell are measured with a
gas analyser (GA). For determining the hydrocarbon concentration it can be switched
to a flame ionisation detector (FID). The 3-way valve in Figure 5.1 enables to switch
the measuring point of the gas analysis between cell in- and outlet. For standby
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operation a failsafe forming gas (FG, 5vol.% Ha/95 vol.% N2) line is installed. In case
of a malfunction of the SOFC test rig the FG will be turned on automatically. The
set-up of the test rig is described in more detail in [66, 91].

M_%Gtandby & emergency operation only)
o, Bypass HO FID/GA
2
CcO |MFC 3-way
By- }X % valve
H, MFC pass
3
— ST [5]]7
3 E
N, [mFC E 2
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—+—— to C,Hg bubbler
Air  |MFC \——— to CyH,,bubbler El;’z];i;st

Figure 5.1: Scheme of the SOFC test rig.

5.1.1 Ceramic cell housing for planar cell

The single cell housing in Figure 5.2 consists of AlsO3 and carries a commercial planar
10x10cm? Ni-GDC/Y SZ/LSM electrolyte supported cell. The porous NiO/GDC
anode layer is 30 - 50 pm thick. The electrolyte layer consists of 8 mol% Y203 doped
Zr(Oy and has a thickness of 80 - 110 pm. On the cathode side two porous layers
are used. The layer touching the electrolyte consists of 8 mol% doped ZrO,; mixed
with LSM followed by a pure LSM layer. Gas sealing is achieved using planar sur-
faces between the electrolyte and the ceramic frames of the housing. A weight of
approximately 15kg is applied on top of the ceramic housing.

Current collection is attained by positioning the coarse nickel mesh, the fine nickel
mesh, the nickel foam and the anode side of the cell on top of each other. In the
same way the coarse platinum mesh, the fine platinum mesh, the cathode paste and
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Figure 5.2: Scheme of ceramic cell housing (Source: [51]).

the cathode side of the cell are positioned. The nickel mesh on the anode side as well
as the platinum mesh on the cathode side are connected via platinum wires to the
electronic load. Two further platinum wires are used for voltage measurements. At
the anode side the feed-through of the platinum wires through the ceramic housing is
closed with ceramic paste to ensure gas tightness.

5.1.2 Prototype sensor test rig

The prototype sensor uses an electrolyte supported button cell (Ni-GDC/Ni-Y SZ
anode, zirconia-based electrolyte, LSM /LSM-GDC' cathode) which is implemented
in a stainless steel housing (see Figure 5.4). The disc size of the electrolyte is 32 mm
while anode and cathode are 12mm in diameter. The current collection is similar to
the cell assembly shown in Figure 5.2.

The scheme of the test rig is shown in Figure 5.3. The anode gas for the cell comes
from the gas mixing unit shown in Figure 5.1. The gas passes the reformer before it
enters the cell. The 3-way valve allows to bypass the reformer. The anode off gas is
sucked to the GA for gas analysis. Both, the reformer and the cell are mounted in an
electric oven.

Since the button cell requires a much lower volume flow a mixing concept which allows
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to control the volume flow through the button cell is established. The gas mixing unit
does not allow the mixing of very low volume flows. A stable volume flow V4 which
is lower than the anode gas flow Vfuel coming from the gas mixing unit is adjusted
by using the pump of the GA. The excess anode gas is bypassed by the cell directly
to the exhaust hood. Since the pump of the GA is limited down to low volume flows
an additional mixing air flow is applied. This mixing air Vs dilutes the volume flow
Vaa through the GA and reduces the volume flow Veell through the cell.

Exhaust
hood

| Oven (900°C) i :
| . :
Ly |
! . e i
Anode gas : V{ue] i Veen I
i " e [
| . :
3-way i . !
valve i Reformer SOFC ~_ || !
i gl ¢ :! !
Cathode air N2 I Veath i ! !
C > 5! !
N D S S S | |
r ) .
Mixing air | V]LIA :
| v :
| aA Ve |
} I
! |
| ESUTITIIN IO .
i Exhaust !
| Ambient (~20°C) hood !

Figure 5.3: Scheme of prototype sensor test rig.

5.1.3 Control technology

A "Power Panel 400" from Bernecker & Rainer is used as control technology system. It
enables the whole control task of the experiments including trace heating temperatures,
humidifier and bubbler temperatures, volume flows, valve positions, the electronic
load, the alarm management and data recording. Furthermore the control engineering
implements the monitoring of the gas measurement and visualises the experiment on
a touchscreen at the test rig.
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Figure 5.4: Scheme of the prototype sensor housing (Source: [51]).

5.2 Development of representitive synthetic tar mix

In Figure 5.1 the gas mixing unit is shown including the tar bubblers for the addition
of a certain tar load. Exemplarily it is shown how the volume flows, the humidifier
temperature and the tar bubbler temperatures are determined. Assuming the final
gas composition shown in Table 5.1 that has to be achieved the individual volume
flows based on a total anode flow of 2400 Nml/min can be calculated. Then the nitrogen
flows through the tar bubblers have to be found in order to achieve the concentration
of toluene (500 ppm), xylene (500 ppm) and naphthalene (1000 ppm). The limiting
constraints are the tar bubbler temperature and the maximum/minimum nitrogen flow
possible through the tar bubblers. On the one hand the tar temperature must be above
room or melting temperature and below the boiling point respectively. Furthermore,
it should be within the range where the Antoine parameters from Table 4.5 are valid.
Eventually the nitrogen flow through the tar bubblers cannot be higher than the
total nitrogen flow going into the gas mixing unit. Based on the total anode volume
flow and the volumetric tar concentration the tar mass flow can be calculated. The
combination of the mass flow of the regarded hydrocarbon and the nitrogen volume flow
through the tar bubbler that eventually transports the hydrocarbon due to saturation
allows the calculation of the tar bubbler temperature using the Antoine parameters. A
higher nitrogen flow through the tar bubbler results in a lower tar bubbler temperature
for a specific concentration and vice versa. The tar bubbler temperatures are found
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Table 5.1: Example of mixing a representative synthesis gas. The total volume flow
amounts to 2400 Nml/min. The saturation temperature of the tar bubblers
are tioluene=25.5°C, tyyiene=35.5°C and t,ephthatene=84.8°C. The water
humidifier temperature is 75.6 °C

Hs (60 COy CH, No H>O
[vol. %] [vol. %] [vol. %] [vol. %] [vol. %] [vol. %]
target 25 13 13 6 13 30
[le/min] [le/min] [le/min] [le/min] [le/min] [le/min]
N2 humidifier 30
N2 totuene (Ttotuene = 500 ppm) 30
N2 zyiene (Zaylene = 500 ppm) 60
N2 naphthalene (Tnaphthalene = 1000 ppm) 192
resulting 600 312 312 144 312 720

to be tioiuene=25.5°C, tryiene=35.5°C and t,aphthatene=84.84°C. The corresponding
nitrogen flows are listed in Table 5.1. The sum of these three volume flows (N2 to1uene,
N3 zyiene and Na naphthalene) Must be less than the total nitrogen flow going into the
gas mixing unit.

In the same way the humidifier temperature depends on the volume flow going through
the water bubbler (Ha, CO, CHy and N3 pymidifier) for a specific HoO concentration.
COs is bypassed at the humidifier due to C'Oy absorption in water.

If the concentration of hydrocarbons has to be modified quickly it is more suitable
to adopt the nitrogen volume flow through the considered tar bubbler rather than
changing the tar bubbler temperature. Changing the nitrogen flow (N2 ¢z my) through
the tar bubbler leads unavoidably to a change of the nitrogen flow (N2 pumidifier)
through the humidifier (total Ny stays constant) which will require an adoption of the
humidifier temperature in order to keep the water content in the final gas composition
constant. However, a change of the tar bubbler temperature instead would also be
possible, but this would require a calibration of the temperature dependency of the
tar saturation inside the tar bubbler.

The advantage of this mixing concept is that in the case of switching from a tar loaded
to a tar free synthetic wood gas, the nitrogen flows through the tar bubblers can easily
be bypassed. Thus the volume flow through the humidifier stays constant ensuring a
constant water content as well. This is a very significant feature within this work to
achieve a high accuracy when comparing the OC'V for tar loaded and tar free synthesis
gas. It has to be guaranteed that the change of OCV between these two operating
points originates only from the addition of tar and not from inaccuracies of gas mixing.
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5.3 Measurement instrumentation

As shown in Figure 5.1 the test rig assembly allows the measurement instrumentation
to detect the gas concentration at the cell in- and outlet. Due to the high volume flows
needed for the gas analyser as well as for the flame ionisation detector (/= 800 Nml/min) it
is not possible to operate both devices at the same time. Measuring the concentration
before the cell may cause a cell failure if a higher volume flow is sucked from both
devices than is supplied from the gas mixing unit. On the other hand the volume flow
through the cell is limited and therefore cannot be increased. A significant reduction
of the volume flow through the cell has to be accepted whenever the concentration
at the cell inlet is measured either with the GA or the FID. This certainly has to be
taken into account when validating the cell voltage due to the slight change in cell
pressure.

5.3.1 Gas analyser (GA)

A gas analyser (ABB Advanced Optima 2005) is used to measure the Hy, CO, CO,
CH, and Oy concentration. The position of the GA can be seen in Figure 5.1 and
enables the detection of the gas components in the feed stream as well as in the exhaust
gas of the SOFC. The GA consists of a gas cooling unit, a gas pump and the following
three detectors:

o Thermal conductivity detector (TCD): Ha
o Non dispersive infrared detector (NDIR): CO, CO2, CHy
¢ Electrochemical cell: Oy

The gas cooling unit cools the gas at the entry down to approximately 2°C to avoid
condensation of water vapor in the downstream pipes and detectors. Thus the mea-
sured gas concentration represents the dry gas concentration. The three detectors are
put in series and allow a continuous measurement of the gas components. The gas
components are not altered by the detectors.

For the TCD the information about the concentration of the gas components, other
than Hs, is necessary to determine the Hs concentration. The values for CO, COa,,
CH, and Oy are obtained directly from the NDIR and the electrochemical cell. The
balance is assumed to be No. Therefore the existence of large amounts of other gas
components than the afore mentioned such as Co Hy or Cs Hg will lead to wrong mea-
suring results.
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Table 5.2: Response-factors of hydrocarbons for FID (Source: [87]).
Hydrocarbon Response factor

[1]
naphtalene 1.00
toluene 0.98
xylene 0.93

5.3.2 Flame lonisation Detector (FID)

A FID (Bernath & Atomic 3005) is used to measure the hydrocarbon concentration.
The position of the FID can be seen in Figure 5.1 and enables the detection of the
hydrocarbons in the feed stream as well as in the exhaust gas of the SOFC. The signal
of the FID represents the volumetric concentration of all hydrocarbons present in the
gas mixture measured in propane gas equivalence.

Measuring principle

The measuring principle of the FID is similar to the one described in section 2.2.4.

Propane gas equivalence

If other hydrocarbons than propane are used, the FID signal needs to be converted
according to the considered hydrocarbon. This is only possible if one single hydrocar-
bon is present in the gas mixture. Depending on the amount of carbon atoms and the
response factor the real concentration can be calculated with the following equation:

CPropane
CCxHy ’ fResponse

XCyH, = Tmeasured * = Tmeasured * fC:EHy (51)

where Zieasured 15 the value measured by the FID. Cpyopane and Ce, g, are the num-
ber of carbon atoms of propane and the considered hydrocarbon respectively. The
response-factor fresponse is a device related value and comes with the manufacturer.
Table 5.2 lists the response-factors used in this work. Eventually a conversion factor
fc, 1, can be introduced.

Calibration of FID

As for most detectors a zero- and endpoint calibration is necessary. The zero point
is found by feeding the FID with pure nitrogen. For the endpoint calibration a
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propane/nitrogen gas mixture with a certificated propane concentration is used. Only
the zero point is adjusted at the FID. The deviation between the measured value and
the endpoint concentration is considered by the calibration factor f.q;:

Lca,
fcal = —teal (52)

Tmeasured

where Z,eqsured 1S the concentration measured in the endpoint and x., the known
concentration of propane in the calibration gas.

Influence of hydrogen on the signal

Cross-sensitivity effects are observed when using hydrogen as part of the gas mixture.
To determine this dependency nitrogen is compared with a nitrogen/hydrogen mix-
ture both containing the same amount of one hydrocarbon species. Even though the
hydrocarbon concentration is similar different signals are obtained. This difference is
represented by the conversion factor fp,:

ng _ Lhydrogen free (53)
L hydrogen

where Zhydrogenfree and Thydrogen are the concentrations measured by the FID for the
hydrogen-free and the hydrogen-containing gas mixture respectively. The values for
this factor can be seen in Figure 5.5 (left) for a 20/80vol.% Ha/Ny mixture compared
to pure nitrogen gas. The tar concentration as well as the tar species are varied.
This shows that the influence of the hydrogen concentration is equal regardless of the
hydrocarbon concentration and species.

The dependency of the conversion factor fg, on the the hydrogen content is assumed
to be linear (see Figure 5.5, right). Obviously the factor becomes 1 for 0vol.% Has.
This dependency is expressed using the following equation:

fr, = (Cabid +1 (5.4)

where X, Y and Z are experimental parameters (see Table 5.3) and xp, is the Hs
concentration in the gas mixture in vol.%.
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Figure 5.5: Conversion factor fg, at 20vol.% hydrogen for different concentrations of
naphthalene, toluene and xylene (left). Linearity of the conversion factor
when altering the hydrogen content is assumed (right).

Table 5.3: Experimental parameters for the calculation of fg, and fm,0

HC Hydrogen fp, Water fu,0

X Y Z X Y Z Range

[ppm] [ppm] [vol.%]  [ppm] [ppm] [vol.%] [ppm]
naphthalene 3060 2460 22.75 2371 3178 22.4 0-4000
toluene 4000 3250 23.31 3250 2750 19.5 ~1000
toluene 11300 9550 23.31 9500 8100 19.5 ~3000
xylene 3650 2950 23.31 2950 2600 19.5 ~1000
xylene 10850 9000 23.31 9000 7700 19.5 ~3000

Influence of H>O-content

Similar to the influence of Hs an influence of HyO on the FID signal is observed. A gas
mixture with ~22/78 vol.% Ha/N3 and a theoretical naphthalene concentration of ap-
proximately 3200 ppm is used. The HaO-content is varied between 0/5.7/11.1/22.4 vol.%
while the naphthalene concentration is kept constant. Figure 5.6 shows the FID signal
for these four gas mixtures. The signal already considers the slight differences in the
Hy and C1gHg concentration resulting from the limited accuracy of the MFCs of the
gas mixing unit. Further the calibration factor f., is applied. Although the hydrogen
and naphthalene concentration is the same for all four tested gas mixtures a clearly
decreasing FID signal with increasing HoO-content is obtained.

To correct the measured value considering the HoO-content the conversion factor fr,o
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Figure 5.6: Influence of HoO-content on the FID-signal

is introduced:

(5 1)

fmo = 7

=<

(5.5)

where X, Y and Z are experimental parameters (see Table 5.3) and zp,0 is the HyO

concentration in the gas mixture in vol.%.

Conversion of the measured FID signal into the real tar concentration

In order to convert the measured signal gained from FID measurements, all four cali-
bration and conversion factors, respectively, need to be taken into account:

':I:C:I)Hy = Tmeasured * fcal : meHy : ng : fHQO (56)

At the cell inlet all boundary conditions for the determination of the conversion factors
are known. By contrast, a conversion of the signal at the cell outlet is difficult because
the H2O concentration and the type of hydrocarbon is not known at this sample point.
Hence, an exact determination of fc, g, and fg,o at the cell outlet is not possible.
However, the influence is very small and therefore the failure of z¢, g, at the cell outlet

is negligible.
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Figure 5.7: Electronic load (Source: [40]).

5.4 Electronic load

For the tests carried out on the SOFC test rig (discussed in Chapter 6) the electronic
load "TrueData-LOAD" (see Figure 5.7) from FuelCon is used. The electronic load
allows to set a constant current for recording V-i curves. The voltage is measured via
the two sense wires while the electronic load is conducted over the much thicker load
cables. The electronic load is connected via an RS232 interface to the "Power Panel"
(see Section 5.1.3) of the control technology.

The prototype sensor tests discussed in Chapter 7 only require a voltage measurement
which is carried out with an "Elpro" mobile data logger.
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Chapter 6
Investigation of hydrocarbon conversion

This chapter shows the systematic approach of the investigation of hydrocarbon con-
version on an SOFC anode. Section 6.1 explains the calculation model that is used to
verify the plausibility of the experimental results. The experiments can be divided in
those with diluted hydrogen (gas mixture of Hy/H20 /N2, see Section 6.3 - 6.5) and
those where representative synthetic wood gas compositions (see Section 6.6 - Section
6.7) were used. By applying diluted hydrogen the intention was to exclude possible
influences on the reforming reaction caused by gas components such as CO, COs and
specifically CHy. This way the strong focus on individual tar reforming gives a ref-
erence for the subsequent experiments with synthetic wood gas. Another substantial
point of the approach is to test the basic behaviour with the 10x10cm? planar cell
in the ceramic housing to exclude any interfering mechanisms coming from stainless-
steel housings. From the gained conversion characteristic a concept for the tar sensor
including a reformer unit is developed based on theoretic calculations. This concept
is then verified for small planar cells in the stainless steel housing of the tar sensor in
Chapter 7.

6.1 Calculation model of the equilbrium Nernst voltage

Figure 6.1 shows the different steps for the calculation of the equilibrium concentration
and the corresponding equilibrium Nernst voltage for open- and closed-circuit condi-
tions. The Excel add-in named "Chemsheet" based on a thermodynamic database
extracted from "FactSage 6.1" is used for the calculation of the equilibrium concen-
trations. The Nernst voltage is calculated in excel based on Equation 4.26. The
combination of excel and the thermodynamic database allows the calculation of the
Nernst voltage including the variation of parameters such as temperature, pressure,
inlet gas concentration, current density, fuel utilisation rate, anode flow and cathode
flow. At the entry of the anode chamber the gas composition as it comes from the
gas mixing unit (see Figure 5.1) is taken for step 1 of the calculation. The model
enables the calculation for the following gas molecules: Ho, CO, CO2, CHy4, No, H20O,
0o, CioHg, C7Hg, CsHyo, CeHgO, CsHg, C11H10, C12H10, C7Hg, CygHg, CoH1g and
Ci5H1g. Additionally solid Ni¢ can be added as well to investigate Ni-oxidation of the
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anode.

The equilibrium calculation based on the minimum Gibbs energy includes 228 possible
gaseous, liquid and solid products. Ideal gas behaviour is taken into account. Hydro-
carbons, up to Cy0H,, are chosen as possible products from the database. Inhibitions
of the equilibrium reactions due to slow kinetics cannot be considered.

In the model the resulting equilibrium concentration may only consist of: Hs, CO,
COy, CHy, N2, H2O, Oo, CigHg, C7Hg, CsHyg, CsHeO, CsHg, C11H1o, C12Ho,
CrHg, CsHg, CyH1gp and Ci5Hqs. In order to control whether carbon deposition
or nickel oxidation takes place the solid components C' and NiO are included to the
resulting composition. All other possible products usually occur in negligible amounts.
The resulting equilibrium concentration, in particular the oxygen partial pressure is
then taken to calculate the Nernst voltage at open-circuit conditions.

To obtain the Nernst voltage in operation the resulting equilibrium concentration at
open-circuit conditions is taken and augmented by the amount of oxygen migrating
from the cathode to the anode side. The oxygen migration flow is determined through
the desired current density or the fuel utilisation respectively. In both cases the stoi-
chiometric amount of oxygen necessary for the electrochemical reactions of Hy and C'O
to HoO and CO3 can be calculated (see Equation 4.10-4.14. Additionally, the model
supports the option to consider the electrochemical oxidation of C'Hy. In this case the
amount of oxygen coming from the cathode side likewise considers the stoichiomet-
ric amount for C'H, oxidation. Consequently the new equilibrium concentration for
closed-circuit conditions is calculated in a second step.

For the calculation of the Nernst voltage the air at the cathode side is used with
21mol% Oy and 79mol% Ns. For closed-circuit conditions the cathode air is reduced
by the amount of oxygen that is used for the electrochemical oxidation of Hy and CO.
However, the air composition is considered constant in order to avoid effects due to the
decrease of the oxygen partial pressure at the cathode side for high current densities.
This effect is achieved by using a very high air flow which can be adopted in the model
by choosing a very high air/fuel ratio A\. Atmospheric pressure for both anode and
cathode is used for all calculations.

The aim of the model is to enable the simulation of different conversion rates of the
hydrocarbons (definition see Equation 4.38) between 0 and 100 % as gathered later
from real measurement data. According to the equilibrium the hydrocarbons will be
reformed and shifted completely in the presence of sufficient water at temperatures
above 800°C. In reality this is not always the case due to kinetic inhibition. Since
there is no possibility to partly suppress the reforming reaction within the equilibrium
calculation, the start concentration of the considered hydrocarbon is changed accord-
ingly. For example having an individual hydrocarbon concentration of 2000 ppm and
aiming at simulating a reforming rate of 60 % leads to an individual hydrocarbon con-
centration of 1200 ppm. These 1200 ppm are taken to calculate the equilibrium while
the remaining 800 ppm are balanced by N5 to keep the concentration of the other gas
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Figure 6.1: Calculation model.

species untouched. When comparing measured values with theoretical values later the
considered conversion rate will be referred to. This is important when considering
carbon deposition for lower conversion rates. In reality a lower conversion rate sig-
nifies a certain amount of hydrocarbons that are not converted. Nevertheless, this
amount could still lead to carbon deposition whereas in this calculation this effect is
not considered due to the use of balance Ns.

6.2 Estimation of failure sources

The aim of the experiments is to measure the OCV as well as the cell voltage in
operation and verify its plausibility by the calculation of the Nernst voltage using
the cell inlet gas composition. In this work the measured OCV is compared with
the theoretical Nernst voltage. When comparing the experimental and the theoretical
value, possible failure sources have to be taken into account. In this context it can
be said that the experimental value of the voltage is closer to the real value than the
Nernst voltage, based on the fact that the voltage can be measured quite accurately
and has less failure sources. However, differences between the experimental OCV and
the theoretical Nernst voltage may evolve because the OCV and the Nernst voltage
deviate from the real value.
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1. Failure of OCV: the voltage measurement of the electronic load deviates from
the real value.

2. Failure of Nernst voltage: the assumption for the calculation of an equilibrium
gas composition at the anode may not represent the real state. For example, in
terms of reforming, kinetic inhibition is a very significant factor why the equi-
librium may not be reached. Other operating parameters such as temperature,
pressure or inlet gas composition taken for the calculation are obtained from
measurements and thus may not represent the real state. These deviations arise
simply because of systematic errors or uncertainties of the measurement equip-
ment.

Certainly these considerations are most important if one wants to verify the absolute
value of the voltage. However, the failure might be eliminated when a voltage difference
between two operating points is focused on (as for the increase of OCV described in
Figure 6.3). The failure plays a minor role and may be accepted when predicting
trends. To be able to assess the results of the experiments properly the individual
failure sources are quantified in Table 6.1. The values presented are calculated with
the simulation model shown in Section 6.1. A reference gas composition at 900 °C and
0.984 bar absolute, for which the Nernst voltage is determined, is used. At the cathode
side air with 21 vol.% Os and rest Ny is taken.

For each failure source the respective parameter is changed while the rest is kept
constant. For example if the real temperature was 910 °C instead of 900 °C as gained
from the thermocouple the Nernst voltage would be —3.5 mV lower than expected.
This is important to consider since the actual cell temperature which is significant for
the cell voltage cannot be measured in situ. The thermocouples are located inside the
oven compartment and within the cell housing beneath the anode (see Figure 5.2).
The difference according to thermocouple measurements usually amounts to ~ 20 K.
By contrast, inaccuracies of the measurement of the cell pressure appear not to play
a big role.

A failure source which is hard to estimate is the impact of the HoO-content. The
real value is difficult to measure. Gravimetric HoO measurements as done in this
work are not very precise because they represent only a mean value. However, an
offset of +2vol.% absolute, as the maximum deviation from the theoretical value is
presumed to be for the temperature range where the humidifier is used, leads to a
voltage difference of —2.7 mV.

The major failure source truly arises from the knowledge about the exact dry gas com-
position at the cell inlet. In this work two ways to determine the dry gas composition
are applied. Calculating the composition from the individual flows of the MFCs which
are calibrated with a certified volume flow meter (GIL) is one method. The second
option is to measure the dry gas composition with the gas analyser (GA). For this
work it was decided that the first method is the more accurate. Therefore the dry gas
composition used for the calculation is always based on the first method. However,
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the gas composition at the outlet shown in the results section are measured values
from the gas analyser. Table 6.1 shows a typical deviation as it occurs when either
the gas composition from method one or two is taken for the calculation of the Nernst
voltage.

Another failure source that is difficult to value is the prediction of the conversion rate
of the hydrocarbons. Whereas the real amount of converted methane can be measured
with the gas analyser it is rather difficult for mixtures of higher hydrocarbons as the
amount of each species converted cannot be detected. To follow the calculations in
the results section the estimated conversion rate will be quoted accordingly.

Poor sealing of the cell housing can have two effects: Either air enters the anode cham-
ber where the oxygen would most likely react with the hydrogen or fuel happens to
leak. The exact process is not known, however in experiments with diluted hydrogen
the gas composition is measured before and after the cell. Under open circuit condi-
tions a decrease from 29.02 down to 28.05vol.% Hs between in- and outlet of the cell
is observed. Theoretically this can be caused through dilution and oxidation of hy-
drogen if 1.43 vol.% air enters the anode chamber. In case of a fuel leakage one would
assume that the concentration of the fuel does not change since all gas components
would leak in the same proportion. However, hydrogen is a very small molecule and
therefore it is conceivable that only hydrogen streams out due to poor sealing. Then,
simply, a decreased hydrogen concentration by = 1vol.% absolute at the inlet has to
be considered. Both cases are shown in table 6.1.

Here, mostly voltage differences rather than the exact value of the absolute voltage
are of interest. Therefore the failure sources are eventually categorised whether they
impact the absolute value of the Nernst voltage (offset) only or the difference (AU)
as well.

Failure estimation of measured OCV

The absolute failure of the voltage measurement of the electronic load in the range
of 600 to 1100 mV is estimated to be +£2.3mV as no technical specification of the
measurement device is available. However, the voltage is frequently compared with a
"multimeter". The two measured values for the voltage from the electronic load and
the "multimeter" deviate from each other approximately around 1 mV.

Failure estimation of calculated Nernst voltage

The calculation of the Nernst voltage is based on measurements of the parameters
m;: temperature, pressure, inlet gas composition (zm,, Tco, ToH,, TCOys TN, and
TH,0), concentration of higher hydrocarbons (zc,p,) and the assumption that an
equilibrium gas composition is reached. The uncertainties u,, are estimated or taken
from the measurement device if given (see Table 6.2).
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Table 6.1: Failure sources and their impact on the Nernst voltage. The differences
refer to the reference Nernst voltage of 932.3 mV for an anode gas mixture
based on GIL measurements at 900°C and 0.984 bar. Air is used at the
cathode

Failure sources Absolute Difference Difference Impact
[mV ] [mV ] [%0]

Gas composition
based on GIL' (reference)  932.3 - -

based on GA” 923.9 -8.4 -0.90 offset
Conversion rate

+200 ppm abs. Ci0Hs 933.0 +0.7 +0.08 AU
+1vol.% abs. CH, 937.1 +4.8 +0.51 AU
poor sealing

+1.43 % abs. Air 930.9 -1.4 -0.15 offset
—0.97% abs. Hs 931.4 -0.9 -0.10 offset
Temperature +10K 928.8 -3.5 -0.38 offset
Pressure +20 mbar 932.8 +0.5 +0.05 offset
H>O-content +2vol.% abs.  929.6 -2.7 -0.29 offset

120.25% Hz, 12.95% CO, 12.96 % CO2, 6.17% CHa, 28.79% H>0, 2000 ppm C1oHs and bal. N>
219.32% Hz, 13.04% CO, 16.24% COs, 5.58 % CHa, 28.79% H>0, 2000 ppm C10Hs and bal. N

Then the absolute uncertainty of the Nernst voltage in mV is calculated with the
following equation according to the Gaussian error propagation:

AV, 2
uVNernst - Z ( AxN * ’U/:EZ> (6.1)

T

The Nernst voltage is exemplarily calculated for a gas mixture of 22.5% Hs, 16.0%
CO, 16.5% CO4, 6.9% CHy, 19.5% H>0, 2000 ppm C7Hg and balance Ny at 0.99 bar
and 900 °C. Considering Equation 6.1 the resulting Nernst voltage accounts to 950.3+
1.8 mV. It can be stated that the value of the uncertainty wy,, . ., will be approxi-
mately the same for all other gas compositions used in this work. In the case of diluted
hydrogen uy,,,, ., will be lower as less gas components have to be mixed.

In Figure 6.2 the dependency of uy,,,, ., on the parameters ¢, g, TH,, TH,0, t and
po are shown. For the calculation of these curves the gas mixture from Table 6.2 is
taken. Fach diagram shows the alteration of the Nernst voltage and the uncertainty
UVnorne I ONe parameter is varied. Generally it can be seen that there is not a big
variation of uy,,,, ., in the range where those parameters are used.

Eventually the absolute value of the Nernst voltage accounting to 950.1 mV must be
corrected according to the offset resulting from poor sealing and the real equilibrium
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Table 6.2: Parameters for the calculation of the uncertainty uy,., .. The Nernst

voltage accounts to 950.3 mV

m; Value AAZJX U;

t 900°C 0.35mV/ec +2.9 mV

p 990mbar  0.03mV/mbar  £2.9 mV
TH, 22.5vol.% 0.54mV/vor%  £2.4 mV
Tco 16.0vol.% 0.42mV/vor%  +2.6 mV
zcH, 6.9vol%  0.20mV/vol% £2.9 mV
TCO, 16.5vol.%  0.43mV/voL%  +2.6 mV
TNy 18.6vol.%  0.47mV/vor%  +£2.6 mV
THy0 19.5vol.% 0.28mV/voL%  +1.4 mV
zc,Hy 0.2vol%  0.02mV/ver%  £0.001 mV
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Figure 6.2: Nernst voltage including the uncertainty uy,., ., for the operation with
synthesis gas (22.5 % Has, 16.0% CO, 6.9 % CHy, 16.5% CO2, 19.5% H»0,
balance Ny and 2000 ppm C7 Hg) at 900 °C and 990 mbar. For each diagram
the parameter on the x-axis is varied while the other stay constant (except

balance Na).
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gas concentration which necessitates the conversion rate of the hydrocarbons. This
offset will be mentioned specifically for the following tests.

6.3 lIdeal operation temperature of the measurement cell

The first step is to find the ideal operation temperature at which all hydrocarbons
become steam reformed. Another aim is to avoid carbon deposition which requires
high temperatures. With a view to the stainless-steel sensor housing that is eventu-
ally supposed to be used, temperatures above 900°C are not favorable due to the
material properties. The tests described in this section are carried out with the
10x10 cm? planar cell mounted in the ceramic housing (see Figure 5.2). Diluted hy-
drogen (H2/H20/N3) with additions of either naphthalene, xylene or toluene is tested
at 800 and 900 °C to find out the lowest temperature necessary to reform the hydro-
carbons.

Testing procedure

In the beginning of the test a tar free gas mixture is applied until a constant voltage
signal is obtained and a longterm drift can be excluded. At stable operating conditions
the OC'V usually varies by 2-3 mV (see Figure 6.3) which is likely to be related to the
slightly intermittent humidification of the gas stream. This means that the humidity
itself is slightly fluctuating in reality. At dry gas conditions the OC'V varies only by
1 mV.

After attaining a stable voltage signal one tar species is added by closing the bypass of
the respective tar humidifier (see Figure 5.1). As can be seen exemplarily from Figure
6.3 a voltage increase of AOCV= 4 mV is observed immediately after starting with
the addition of naphthalene. For the determination of the voltage increase an average
value of the slightly fluctuating voltage signal is taken.

Assessment of failure sources

As the gas flow through the water humidifier as well as the humidifier temperature is
retained it can be guaranteed that the following voltage increase can be ascribed to tar
conversion rather than to an unintended change in humidification. Moreover, the dry
gas composition at the cell inlet monitored by the GA is similar for the operation with
and without tar load. A voltage increase due to a decreasing temperature based on
the cooling effect of the endothermic reforming reaction at the anode can be excluded
because no such indication was observed from the thermocouples. The tested tar
concentrations are listed in Table 6.3. The tar concentration is measured with the
FID at the cell inlet. Since only one tar species at a time is used the FID signal
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Figure 6.3: OCV for the operation with diluted hydrogen (23.3% Hs, 19.5% H-O,
balance N3) and 1113 ppm C19Hg at 800 °C.

Table 6.3: Tar concentrations at the cell in- and outlet of the experiments shown in
Figure 6.4 at 900°C. The outlet concentrations are given in propane gas

equivalence.
Tar 500 1000 2000 3000
inlet outlet inlet outlet inlet outlet inlet outlet
[ppm]|  [ppm] [ppm]  [ppm] [ppm]  [ppm] [ppm|  [ppm]
naphthalene 483 0 1113 3 2118 27 3606 99
xylene - - 1034 2 2215 2 3377 2
toluene - - 1306 1 2632 1 3949 2

at the inlet can clearly be converted to the actual concentration. At the outlet it is
not known which kind of hydrocarbon is present since it would be possible that the
signal is produced by cracking products and not by the inlet hydrocarbons. For this

reason, it is not possible to convert the listed outlet signal into a specific hydrocarbon
concentration.

Temperature dependent conversion of hydrocarbons

Figure 6.4 shows the increase of the open circuit voltage AOCV between operation
with tar free gas and tar loaded gas. As can be seen AOC'V is higher, the higher the
inlet tar concentration is (solid curve). The linearity of the increase corresponds to
the predicted voltage increase based on equilibrium calculations (dashed curve). The
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Figure 6.4: Increase of OCV due to the conversion of naphthalene, toluene or xylene
for the operation with diluted hydrogen (23.3% Ha, 19.5% H20, balance
N3 and a varying C,H,, concentration) at 800/900 °C and 0.99 bar.

calculation of the Nernst voltage is based on complete conversion of the hydrocarbons.
Furthermore, a clear temperature dependency can be attributed to all three tested
tar species resulting in a larger voltage increase at 900 °C compared to 800 °C. How-
ever, for naphthalene only 75 % of the theoretical voltage increase of 25 mV at 900°C
and 3606 ppm is reached. Looking at the naphthalene outlet concentration, which is
99 ppm, one would assume that the real voltage increase must be closer to equilibrium.
The conversion rate at 900 °C apparently decreases with increasing naphthalene con-
centration. Hence one could expect that the OC'V increases other than linearly for
naphthalene concentrations above 3606 ppm.

While FID analysis only provides information about the amount of tar converted to
non-hydrocarbon products more information is gained by looking at the amounts of Ho,
CO and COs at the cell outlet. Assuming that reforming and shift reaction dominate
the conversion of tar the GA analysis enables an estimation about the limiting reaction.
In Figure 6.5 the Hy, CO and C'O5 outlet concentrations at 800 and 900 °C are given for
the tested naphthalene loads and compared to equilibrium calculations. The measured
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value of Hy is corrected to account for ~ 1% absolute Hy leakage. The comparison
corresponds to the assumption of a temperature dependent conversion rate. Ho and
COs, being below equilibrium concentration, differ more the higher the naphthalene
concentration is and show a similar non-linear characteristic as seen from the FID
signal. The gaps between the measured values and equilibrium are smaller at 900 °C
than at 800°C. CO nearly matches equilibrium concentration which may occur due
to a limited reforming reaction combined with a limited shift reaction. In this case
less CO is produced by reforming followed by a lower consumption due to the shift
reaction. A limited shift reaction could be one explanation why the voltage increase
does not correspond to equilibrium even though FID analysis shows almost complete
conversion of naphthalene (see Table 6.3). To confirm this scenario a more precise
detection regarding the type of hydrocarbons at the outlet would be necessary to verify
whether cracking products of naphthalene are present. FID measurements listed in
Table 6.3 suggest almost complete conversion of naphthalene at 900 °C considering
that the signal correlates to the naphthalene content. If other hydrocarbons were
present the signal would have to be interpreted differently.

Comparing the results of the three tar species (see Figure 6.4) one can see that equi-
librium voltage increase is reached for xylene and toluene at 900°C. This is further
confirmed by FID analysis of the outlet concentration (see Table 6.3). The outlet
concentration varies between 1 and 2 ppm showing complete conversion.

Correlation between voltage increase and tar concentration

Figure 6.4 shows that the absolute value of the voltage increase for a specific tar
concentration depends on the tar species. For instance 1000 ppm naphthalene create
a higher voltage increase compared to 1000 ppm toluene or xylene. However, if the
theoretical voltage increase is drawn over the tar concentration in 8/Nm? on a wet basis
as illustrated in Figure 6.6 it becomes obvious that a linear correlation exists. In
this figure each point represents 3000 ppm of the respective tar species which results
in a certain concentration in 8/Nm® on a wet basis. A scale (see additional x-axes
in Figure 6.6) for the conversion from g/Nm3 in ppm is given for a better illustration
in the case of naphthalene and toluene. Because of the distinct molecular weights
of the tar species the concentration in g/Nm3 on a wet basis is different although the
volumetric concentration in ppm is the same. Interestingly, all points for the non-
alcoholic hydrocarbons (no OH group) are located on one straight line. This shows
that the voltage increase can be brought in direct relation to the total tar concentration
in 8/Nm?3 on a wet basis according to following equation,

wo, i, = keym, - AV = 0.802 - AVy (6.2)

where wc, p, is the total tar load in &/Nm? and AV is the Nernst voltage increase in
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Figure 6.5: Hy, CO and CO3 anode outlet concentration (dotted: equilibrium, points:
measured) for the operation with diluted hydrogen (23.3% Hs, 19.5%
H50, balance Ns) and a varying C19Hg concentration (0, 483, 1113, 2118
and 3606 ppm) at 800 and 900 °C.

mV. The slope k¢, n, is given in 8/(Nm?mV). In the same way the following equation
can be found for alcoholic hydrocarbons (such as phenol).

we, H,0, = kC’zHyOz -AVy =1.028 - AVn (6.3)

Alcoholic hydrocarbons generate a lower voltage increase due to their hydroxyl group.
The hydroxyl group eventually increases the oxygen partial pressure in equilibrium
which directly affects the Nernst voltage according to Equation 4.26. It is important
to note that Equation 6.2 and 6.3 are only valid for the gas mixture as used in Figure
6.6. Other gas mixtures, for example synthesis gas, may lead to different slopes k¢, g,
and kCz H,0

2

To determine an equivalent concentration following conversion can be used for example
for naphthalene or toluene,
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3000

EC’lng,equivalent = ﬁ *WC,Hy =174.7 - WC,Hy (64)
3000
EC?Hg,equivalent = T34 *WCLHy =243.1- wce,Hy (65)

where E; cquivalent is in ppm and we, g, in &/Nm? on a wet basis.

Additionally the voltage increase of a real tar mix based on the concentration shown in
Table 4.3 is calculated and indicated in Figure 6.6 (blank triangle). The concentration
of the tar species is measured by means of SPA. It is based on a dry synthesis gas
composition (consisting of Hy, CO, CO2, CH4 and N3). However, the same tar
concentration that is based on a dry basis is taken and converted to a wet basis
using 19.5% H0O as used in Figure 6.6 (23.3% Hs, 19.5% H20, balance Ns) in
order to compare the tar mix with the individual tar species. Therefore, the tar load
of 6018 mg/Nm?® (based on dry synthesis gas, see Figure 4.3) changes to 4854 mg/Nm?
(based on 19.5% H20 as used in Figure 6.6). This results in a theoretical voltage
increase of 5.7 mV. It is shown that the tar mix is between the straight line for non-
alcoholic and alcoholic hydrocarbons. This seems to be conceivable considering that
the ratio between the concentration of non-alcoholic and alcoholic hydrocarbons for
the known tar species amounts to 0.8. This means that the amount of non-alcoholic
(2127 mg/Nm?3) tar species is almost as much as those of the alcoholic (2622 mg/Nm?) tar
species.

The ratio between non-alcoholic and alcoholic tar species depends on the gasification
technology and gasification parameters. Usually, the tar composition is roughly known
for a specific gasification technology and thus the ratio can be estimated. In particular,
for a bubbling allothermal steam fluidised bed gasifier, the phenolic tar components
depend on the gasification temperature and the steam value [58].

If the voltage increase can be measured for synthesis gas in the same way as it is
shown in Figure 6.6 then it is possible - considering the estimated ratio between non-
alcoholic and alcoholic tar species - to determine the total tar concentration in 8/Nm3.
This method will be investigated in more detail in Chapter 7.

To further verify this theory the measured voltage increases of Figure 6.4 are shown
over the concentration in g/Nm3 on a wet basis in Figure 6.7. For 900 °C xylene and
toluene are located very close to each other supporting the theoretical values of Figure
6.6. The values for naphthalene are below the expected common line for non-alcoholic
hydrocarbons for reasons explained above in Figure 6.4.
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Figure 6.6: Increase of Nernst voltage due to the conversion of tar for the operation
with diluted hydrogen (23.3% Ha, 19.5 % H20O, balance N5) and 3000 ppm
of CyHy or C,HyO, at 900°C and 0.99 bar. The blank triangle indicates
a representative tar mix of 4854 mg/Nm3.
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Shift reaction

The investigation of an inhibited shift reaction may be the reason why the voltage
increase does not reach equilibrium for the operation with naphthalene is shown in
Figure 6.8. The aim of this experiment is to demonstrate whether or not the shift
reaction is in equilibrium in order to proof that reforming of naphthalene itself is the
limited reaction. Therefore the intention is to separate the reforming step from the shift
step. For this reason an inlet gas composition is calculated based on the assumption
of complete reforming but no shift reaction of a gas mixture containing 23.3% Ho,
19.5% H,0, 3606 ppm C19Hg and balance Ny (as used in the prior experiment).

The new obtained gas mixture consists of 27.0% Hs, 15.1% H50, 3.4% CO and bal-
ance No. The comparison between the measured and the thermodynamically predicted
values for CO and C'O3 based on the dry gas composition shows good conformity. Fur-
thermore the measured value for Hy (=31.5%) is very close to the theoretical value
(=31.3%). The calculation considers an Hy leakage of 1.2 % absolute to account for
poor sealing. The voltage signal is shown to confirm stable operating conditions. "In-
let" and "outlet" indicate whether the gas composition is measured before or after the
cell. At ~10:42 the experiment is finished and it is switched to an Hs/H20/N; gas
mixture.

Due to these results it can be expected that the shift reaction itself is not the limiting
step. However, in this case no reforming step and therefore no possible adsorption
effects of naphthalene interfered with the shift reaction. Competing adsorption or
reaction respectively between naphthalene and carbon monoxide may still occur. Fur-
thermore in reality the shift reaction takes place after the reforming step, leaving less
time for the shift reaction to achieve completion. In order to investigate whether an
increased residence time would close the gap between the measured and the theoretical
voltage increase in Figure 6.4 for naphthalene the volume flow needs to be reduced.
However, limitations of the gas mixing unit do not allow such experiments.

As a result of the first set of experiments the ideal operating temperature is found to
be 900 °C. Although a higher temperature than 900 °C may have advantages regarding
naphthalene conversion kinetics, limitations of the potential sensor material (stainless
steel) do not suggest further experiments at higher temperatures.
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Figure 6.8: Hy, CO and COy anode outlet concentration (dashed: equilibrium, solid:
measured) for a wet gas mixture (27.0% Ho, 15.1% H20, 3.4% CO and
balance N2) at 900 °C and open circuit (note that the values in the diagram
are based on a dry gas composition).

6.4 Influence of current collector on hydrocarbon conversion

The anode layer is contacted with a N7 foam and two N7 grids for current collection
as can be seen in Figure 5.2. As Ni is catalytically active it is investigated to which
extend the anode layer and the N4 current collection respectively supports the conver-
sion of hydrocarbons. Therefore, three different test series are performed with diluted
hydrogen at 900°C. For the first test the electrolyte material without anode layer is
used in order to verify whether the Ni current collector is capable to convert hydro-
carbons. In the second test the SOFC (with anode layer) is used but without current
collector to prove that the anode layer supports the conversion of hydrocarbons. Dur-
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Table 6.4: Conversion of tar for three different cell assembly set-ups for diluted hydro-
gen (= 22vol.% Ha, 22vol.% H>0, balance Ny and ~ 3200 ppm CigHg) at

900°C
Test C19Hg conc. C19Hg conc. Conversion
before anode after anode rate
[Ppm] [Ppm] [7%]
No anode/with 3240 68 97.9
current collector
With anode/no 3130 47 98.5
current collector
No anode/no 3180 2410 24.2

current collector

ing the last test only the electrolyte material without anode layer and without current
collector is used. This way it can be verified whether a conversion due to thermal
cracking or decomposition takes place. The hydrogen content varies between the three
tests from 21.6 to 23.7% while the water content is kept between 21.8 and 22.4 %.
The tests are described in more detail in [62]. Table 6.4 shows the conversion rates for
an inlet concentration of naphthalene of ~ 3200 ppm. In this table it is assumed that
the hydrocarbon present after the anode is still naphthalene. Therefore, the outlet
concentration represents the naphthalene equivalent.

From the results it can be deducted that the anode layer itself supports the conver-
sion. This is an important information for a potential sensor design where the current
collection may be accomplished differently in a way that less or no N4 material is used
for current collection.

6.5 Operation under electrical load

This section is supposed to work out whether the electric current under load conditions
has any influence on the occurring reactions such as reforming or shift. Normally the
oxygen migrating from the cathode to the anode reacts with the Hy or C'O at the triple
phase boundary (TPB, see Section 4.4.1). It is not entirely clear yet whether a di-
rect electrochemical oxidation of methane or even higher hydrocarbons are practically
possible on N¢ anodes. Theoretically, the oxygen ion may react with the adsorbed hy-
drocarbon as well. However, as reported in Chapter 3 the material used for the anode
configuration is of major importance for electrochemical oxidation of hydrocarbons.
The anode material used in this work (Ni-GDC') is rather expected to either support
steam reforming or carbon deposition depending on the amount of water used. This
is most likely due to the reason of Ni being a good catalyst for these reactions. As
the reforming reaction is expected to take place on the Ni-surface (see Section 4.5.3)
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and not at the TPB a reaction between oxygen and adsorped hydrocarbon molecules
seems further unlikely. On the other hand the produced water at the TPB from the
electrochemical reaction may influence the steam reforming reaction positively.

However, for the overall concept the opportunity of operating the tar sensor under
electrical load may offer a wider spectrum of modes of operation. For instance the
positive effect regarding the avoidance of carbon deposition may be a desirable feature
for the measurement of synthesis gas with low levels of water.

Voltage increase at elevated current densities

Figure 6.9 shows V-i curves at 800 and 900°C for a gas mixture of 23.3vol.% Ho,
19.5vol.% H50O and balance Ny for 0, 483 and 3606 ppm Ci9Hg. The current density
is increased approximately every 10min in steps of 40 mA/cm2. Due to the technical
limitation of the electronic load no current densities higher than 190 mA/em? can be
applied. After reaching 190 mA/ecm? the voltage is kept for 10 min and then decreased
in the same way down to 0mA/em2. The solid line represents the V-i curves for increas-
ing current densities ("up") whereas the dashed curve represents decreasing ("down")
current densities. To avoid effects resulting from transient operation the V-i curves
are measured once a stable outlet concentration of naphthalene is detected with the
FID. Initially it takes up to an hour upon switching to naphthalene addition until a
steady state is reached (see Section 6.7).

At 900 °C the V-i curves are flatter and start at a lower open circuit voltage compared
to 800 °C as expected from the theory. Furthermore, the curves are linear suggesting
ohmic losses only in the tested current density range. The cell voltage is generally
higher when the cell is operated with naphthalene. This indicates that the conversion
of naphthalene is not affected by the current density. For example the voltage increase
at 800°C and 150 mA/cm? for 3606 ppm naphthalene amounts to 15 mV which is ap-
proximately the same compared to 17 mV at open circuit conditions (compare with
Figure 6.4).

The clear temperature dependency of the conversion step is still obvious under electri-
cal load. Therefore these results suggest that the conversion is not influenced by the
electrical current through electrochemical oxidation of Hy and CO.

An interesting abnormality occurs at 800 °C and 3606 ppm naphthalene. For this case
a clear difference between the values of the "up" and "down" curves is observed. This
must be an effect that occurs at the beginning when the V-i curve is recorded and
which disappears after a certain amount of time. Recording more V-i curves in a row
shows no more changes compared to the "down" curve of Figure 6.9. A temperature
effect arising from the heat of the electrochemical reaction of Hy and C'O is excepted
because this would require the observation of the same effect during operation at
900 °C or at lower naphthalene concentrations respectively.
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Biber [21] refers in her investigation to the positive effects of carbon deposition ob-
served by several researchers. Isolated nickel particles may be connected by carbon
depositions and thus improve the electrical conductivity. However, these enhancements
are followed by drastic degradation of the cell voltage enabling the positive effects only
for a short time. Since carbon deposition is more favorable at lower temperatures this
could be an explanation why this effect is not seen at 900 °C.

Comparison with syngas operation

Similar tests are performed with synthetic wood gas mixtures as illustrated in Figure
6.10. The same behaviour concerning the gap between the curves for increasing and
decreasing current densities occurs. However, in this case the gap at 800 °C exists for
operation with and without naphthalene indicating that this effect is not restricted to
the operation with naphthalene but could be caused by any other carbon containing
molecules such as methane.

More importantly, it is recognised that the voltage increase induced by naphthalene
which is again under electrical load as high as for open circuit conditions.

Outlet gas analysis

No changes of the reforming activity under electrical load is further supported by FID
analysis. The outlet concentration of naphthalene for the test shown in Figure 6.9 are
fairly constant while altering the current density. Observations of slight changes of the
FID signal are attributed to the changing amount of Hy and H>O which both cause
cross-sensitivity effects (see Section 5.3.2).

The outlet concentration of Ho, C'O and C'Os is drawn over the current density in
Figure 6.11 for a gas mixture of 23.3% Hs, 19.5% H>0, 483/3606 ppm Ci9Hg and
balance Ny at 900 °C. The measured Hs concentration is corrected to take into account
a leakage of about 1% absolute. The values for open circuit conditions at 0mA/cm?
are the same as in Figure 6.5. For the predicted equilibrium concentration not only
the inlet gas concentration has to be known precisely but also the value of the total
anode flow is important otherwise a wrong ratio between the amount of the anode
gas components and the oxygen coming from the cathode is used for the calculation.
Based on the trend of the Ho concentration the calculated and measured curves match
properly. CO on the other hand seems not to be consumed at high current densities
whereas a slight increase of C'Oy can be observed. However, the theoretical amounts
of C'O consumption are low and within the detection limit of the GA. For 3606 ppm
CpHsg it can be seen that equilibrium does not seem to be reached neither for open
circuit nor under electrical load whereas for 483 ppm C19Hg the concentration is close
to thermodynamics. No specific behaviour can be found from the operation under
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Figure 6.9: V-i curve for the operation with diluted hydrogen (23.3 % Hs, 19.5 % H>O,
balance N3) and a varying C19Hg concentration (0, 483 and 3606 ppm) at
800 (left) and 900°C (right).
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Figure 6.10: V-i curve for the operation with "synGas" (20.8 % H,, 13.3% CO, 13.3%
COq, 6.3% CHy, 26.8% H20, balance N2) and a C19Hg concentration of
0 and 2032 ppm at 800 (left) and 900°C (right).

electrical load which is seen as further evidence that the conversion is not influenced
during the electrical operation of the cell.

Reforming activity of methane:

To verify whether the reforming activity of methane on a Ni-GDC anode under synthe-
sis gas conditions is influenced under electrical load, the outlet concentration belonging
to the V-i curve shown in Figure 6.10 at 900 °C is displayed in Figure 6.12. The solid
lines represent the permanent gas components and the dashed lines show the value
of the current density. Whereas in the prior described experiment the consumption
of C'O is hardly visible here a clear decrease of CO with increasing current density
can be detected. C'H4 which is hardly converted due to the presence of C1gHg (more
about this phenomenon in Section 6.6) does not show any changes due to the increase
of the current density suggesting neither any interference with the conversion reaction
nor with the electrochemical oxidation.

Figure 6.13 shows the interval between 17:15 and 17:49 of Figure 6.12. The addition
of naphthalene is stopped around 17:20 (I) while the rest is kept constant. A slowly
decreasing amount of methane indicates an increasing conversion rate of methane due
to the absence of naphthalene. At 17:31 the current density is again switched from 0 to
180 mA/em?. Electrochemical oxidation of Hy and CO is clearly visible while no effect
on methane occurs. This further suggests that the electrical current or the oxygen
ion flow coming from the cathode respectively does not interfere with the competing
reforming reaction of the hydrocarbons on the Ni-surface.
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Figure 6.11: Hy, CO and C'O anode outlet concentration (dotted: equilibrium, points:
measured) for the operation with diluted hydrogen (23.3% Hs, 19.5%
H>0, balance Ny) and a varying C19Hg concentration (top: 483, bottom:
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Figure 6.13: CH4 outlet concentration and OCV for the operation with "synGas"
(20.8% Ha, 13.3% CO, 13.3% CO3, 6.3% CHy, 26.8% H>0, balance
Ny) and 2032 ppm Cj9Hs at 900 °C.
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6.6 Measuring a mixture of multiple hydrocarbon components

This chapter investigates the voltage increase of the OCV for simultaneous use of
several hydrocarbons. In fact first diluted hydrogen is tested with naphthalene, toluene
and xylene. Then synthetic wood gas containing CHy is tested as well with these
three tar species. In particular it is focused on the mutual impact of the simultaneous
conversion of the hydrocarbons present at the anode.

6.6.1 Diluted hydrogen with naphthalene, toluene and xylene

The results of Figure 6.4 are taken and extended with results from experiments where
naphthalene, toluene and xylene is mixed in various combinations. Diluted hydrogen
(23.3% Hs, 19.5% H>0 and balance Na) is tested at 800 and 900 °C. Table 6.5 shows
the test matrix in order to illustrate which tar concentrations are combined. The table
also shows the results of the real measured voltage increase (AOCV') and what can
be expected from equilibrium considerations (AVy). As before it can be seen that the
voltage increase is much lower for 800 °C.

The main point of this test is to verify whether the resulting voltage increase for a
combination of tar corresponds to the sum of the individual voltage increases of the tar
species as achieved in Figure 6.4. The sum is reached where AOC'V is close to AVy.
In this case both tar species are completely converted as for the combination of toluene
and xylene (AOCV=12.3 mV close to AVy=13.1 mV). The situation is a bit different
when naphthalene is additionally present in the gas mixture. While naphthalene alone
is converted almost completely (AOCV=7.3 mV close to AVy=8.2 mV) a combina-
tion of naphthalene, toluene and xylene does not reach equilibrium (AOCV=17.7 mV
lower than AVy=20.8 mV).

Another illustration is given in Figure 6.14. There, the real (solid) and the theoretical
(dotted) voltage increase is represented by the diameter of the spheres. The three-
dimensional diagram is used to show the combinations of these three tar species. Each

Table 6.5: Test matrix for the simultaneous use of naphthalene, toluene and xylene at
900 °C for diluted hydrogen (23.3% Ha, 19.5% H>O, balance Na)
CiyoHs C7Hg CsHyy Vocvy AOCV AVy Ytar
[ppm] [ppm] [ppm] [mV] [mV] [mV] [g/Nm]

0 0 0 910.7 0 0 0

0 0 1034 917.0 6.3 6.5 4.27
1117 0 0 918.0 7.0 8.0 5.57
1117 1274 0 923.0 12.3 14.8 10.13
0 1274 1034 923.0 12.3 13.1 8.83
1117 1274 1034 928.3 17.6 20.8 14.40
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Figure 6.14: Comparison of the increase of the OCV (solid spheres) and the Nernst
voltage (dotted spheres) in mV due to the conversion of tar for the oper-
ation with diluted hydrogen (23.3% Ha, 19.5% H>O, balance N») and a
varying concentration of CygHg, CsH1g and C7 Hg at 800 (left) and 900 °C
(right).

axis represents the concentration of one specific tar. The numbers attached to the
spheres show that either AOCV (for solid spheres) or AVy (for dotted spheres) are
similar to what is shown in Table 6.5.

Apparently, the conversion of some or all tar species becomes incomplete the more
species that are mixed. Figure 6.21 shows the FID outlet concentration for a stepwise
combination of the three tar species (the explanation of the testing procedure is found
in the respective text in Section 6.7.1). While a combination of toluene and xylene
still leads to high conversion rates the addition of naphthalene seems to slowly inhibit
the conversion step. Therefore an increasing FID signal is gained. Nevertheless the
OCV increases due to the additional naphthalene.

For this reason the voltage increase is not automatically the sum of the individual
voltage increases coming from the tar species. These results show that the determi-
nation of the individual concentration of the tar species is in this case not possible
because there is no information about how much each tar species contributes to the to-
tal voltage increase. However, according to Figure 6.6 the voltage increase can clearly
be related to the total concentration in 8/Nms3.

Figure 6.6 shows that a voltage increase of AOCV=17.7 mV, as achieved for the
combination of naphthalene, toluene and xylene (see Table 6.5), theoretically results in
concentration of ~ 14.28/Nm?® on a wet basis. This is close to the applied concentration
of 14.408/Nm3 (see Table 6.5).
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Table 6.6: Tested gas mixtures in Figure 6.15 for the impact of naphthalene on
methane conversion (balance is N2)
Gas mixture Hy cO COy CH, HyO C(CsHy9 C7Hg ChoHg
o] (%] [%] [%] [%] [ppm] [ppm] [ppm]

"synGas" 20.3 13.0 13.0 6.2 28.8 0/606 0/721 0-2874
"smart synGas'" 254 7.1 14.2 3.7 32.9 0/576 0/681 0-2349
"LowFuel" 109 7.6 7.6 3.9 45.8 0/547 0/794 0-2249

6.6.2 Synthetic wood gas with naphthalene, toluene and xylene

As explained in the section before the combination of hydrocarbons may lead to inhibi-
tions concerning the hydrocarbon conversion step which directly influences the OCV'.
As the measuring principle is intended to be used for synthetic wood gas it has to be
tested whether the conversion of methane is influenced as well by other hydrocarbons.
Therefore three different synthetic wood gas compositions (see Table 6.6) are investi-
gated in a similar test matrix as used in Table 6.5. As the prior results show that a
temperature of 900 °C is favorable to reach equilibrium no experiments at 800°C are
carried out.

" "

The three gas compositions ("synGas", "smart synGas" and "LowFuel") are tested once
with naphthalene only and once simultaneously with naphthalene, toluene and xylene.
The concentrations can be seen in Table 6.6. First the cell outlet gas composition
is measured with the GA in order to monitor the methane outlet concentration. By
comparing it with the inlet concentration the conversion rate CRcp, is found. A clear
dependency of C'R¢cpy, from the naphthalene concentration is shown in Figure 6.15. As
long as there is no naphthalene present C Ry, is almost 100 %. Toluene and xylene do
not seem to impact the methane conversion. However, additions of small amounts of
naphthalene already significantly lower the conversion rate of methane. By comparing
the data from tests with (filled points) and without (blank points) toluene/xylene
reveal that these two hydrocarbons do not significantly influence the C'Rcp,-curve.
Interestingly, the results are very similar for all three gas compositions, although major
differences in the amount of the permanent gas components exist. For example the
water content differs substantially (from 28.8 to 45.8% H30). Another significant
observation is that the methane inlet concentration does not have an influence on the
conversion rate of methane in the investigated range (from 3.9 to 6.2% CH,). These
methane inlet concentrations are approximately the range that represents allothermal
steam gasification. Following empiric equation describes the conversion of methane at

the SOFC anode at 900 °C.

CRcp, =a- e UTCioHs | . g~ dTCiHg (6.6)
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Figure 6.15: Conversion of methane in the presence of naphthalene for three differ-
ent gas mixtures (see Table 6.6) with (filled points) and without (blank
points) toluene/xylene (fit curve parameters: a = 45.1686, b = 0.0026,
¢ =52.5143, d = 0.0002).

The parameters of the fit curve are: a=45.1686, b=0.0026, c=52.5143, d=0.0002.

Furthermore, it would be interesting to know by how much the conversion of toluene
and xylene is inhibited by naphthalene. An exact determination, as achieved for
methane, is not possible since there is no possibility to measure the individual hydro-
carbon outlet concentration continuously.

Another important issue is the residence time. Here, the volume flow is 2413 Nml/min
which is obviously low enough to reach CRcp, =~ 100 % for operation without naph-
thalene. However, increasing the volume flow up to 4800 Nml/min clearly shifts the
whole CRcp,-curve downwards. For operation without naphthalene but toluene and
xylene a CRcp, of about 91.9 % is achieved. The impact of the volume flow will be
discussed in more detail in Section 7.1.2.

The reduced methane conversion must have an effect on the OCV as well since the
equilibrium concentration is obviously not reached. To estimate this effect the Nernst
voltage of "synGas" depending on the methane and naphthalene concentration is cal-
culated. The inhibited methane conversion according to Equation 6.6 is considered.
Then AV (see Figure 6.16) is built by subtracting the Nernst voltage at a certain
naphthalene concentration from the Nernst voltage at 0 ppm naphthalene.

AVN = VN71'010H8 >0ppm — VN7xC10H8:0 ppm (6'7)
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Figure 6.16: Change of Nernst voltage AVy depending on the naphthalene concen-
tration for the operation with "synGas" (20.3% Has, 13.0% CO, 13.0%
COq, 28.8% Hy0, balance N3) at 900 °C. The methane content is varied
between 0 and 6 % and balanced with Ns.

AV consists basically of two parts. On the one hand, there is the positive contribution
from naphthalene due to its heating value. On the other hand, there is the negative
contribution due to the inhibited methane conversion cause by naphthalene.

Figure 6.16 shows that the more methane is in the inlet gas mixture the more AVy
is influenced negatively. This is because the absolute percentage of methane which
cannot be converted due to naphthalene, increases the higher the methane inlet con-
centration is.

The same behaviour for the OCV depending on the naphthalene concentration is
shown in Figure 6.17. The measured data (solid, filled points) is compared to what is
expected from equilibrium (dashed, blank points). For the equilibrium calculation an
inhibited methane conversion is considered by using the fit curve shown in Equation
6.6. The reduced amount of methane at higher naphthalene concentrations is balanced
with No. This way the amount of methane which is unconverted is considered to be
inert and does not contribute to the Nernst voltage. Naphthalene on the other hand
is considered to be converted completely for the calculation.

It can be seen that for all three gas compositions the OCV curve follows the equilibrium
trend. However, an offset is observed leaving the equilibrium curve 5 to 10 mV above.
This may originate from inaccuracies of the gas measurement or the water content on
which the equilibrium calculation is based on.
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Figure 6.17: Measured (solid) and equilibrium (dashed) OCV of synthetic wood gas
with naphthalene at 900 °C.

Figure 6.18 compares OC'V measurements for synthetic wood gas compositions. The
upper curves (blank points) are the results for synthetic wood gas containing toluene
and xylene (besides naphthalene). The bottom curves are without toluene and xylene
(filled points) and are therefore similar to those in Figure 6.17. The trend between
the two respective curves is similar. As assumed from the C Rcp, curve in Figure 6.15
toluene and xylene do not have any impact on the methane conversion. The curves
with toluene and xylene are located at slightly higher OCV's as can be expected.
Obviously the conversion of toluene and xylene is hardly affected by naphthalene
because the voltage increase between the two curves stays fairly constant even for
higher naphthalene concentrations. If the conversion of toluene and xylene would be
affected in the same way as methane this voltage increase would have to diminish.
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Figure 6.18: OC'V of synthetic wood gas containing naphthalene with (blank points)
and without (filled points) toluene/xylene at 900 °C.

6.7 Transient operation mode

The results discussed in Sections 6.3 - 6.6 are based on stable operating conditions.
However, as for many heterogeneous catalytic processes the conversion of reactants
shows a transient behaviour during start-up. In the beginning the fresh catalyst surface
is free of any adsorbed reactants, intermediates or products. The longer the catalyst
is in operation the more surface will be covered if there is a rate limiting step. On
the other hand the amount of desorbed products will increase the higher the surface
coverage is. Depending on the rate limiting steps the surface may be blocked due to
the strong adsorption of either the reactant, intermediate or product. Therefore the
transient behaviour lasts until an equilibrium flow between the adsorbing reactants
on the surface and the desorbing products from the surface is reached. The following
results in Section 6.7.1 and Section 6.7.2 are part of a paper from Hauth et al. [49].

111



CHAPTER 6 INVESTIGATION OF HYDROCARBON CONVERSION

350
' > Naphthal °
7;’; 300 - Ttransient |17/3606 ap thalene 900°C
% g 250 -
~& 200 1
<
g 9 .
E'D g 150 T transient |26/2118
25 100 A |
et
E \Q/' 50 7 T transient |30/1113\ f———
0 [ f —> min/ppm
0 7 14 21 28 36 43 50 57
Time / min
2.500
_ P I8/360€ Naphthalene | 800°C
o transient
75 2.000 ~ ]
28
22 1.500
— o0
< Tiransi 18/2118
o o)) transient | >
g 1.000 |
%‘3 5
a 8 500 - Ttransient |28/1].13
S 7 | —
0 min/ppm
0 7 14 21 28 36 43 50 57
Time / min

Figure 6.19: FID signal for the operation with diluted hydrogen (23.3% Ha, 19.5%
H50O, balance N») and a varying C9Hg concentration (1113, 2118 and
3606 ppm) at 800 (bottom) and 900 °C (top).

6.7.1 Transient response of the conversion rate of naphthalene, toluene
and xylene

The first set of experiments comprises the transient response of the conversion rate of
ChoHg, C7Hg and CgH1g. Therefore the in- and outlet concentration is measured with
the FID in order to determine the conversion rate of hydrocarbons that are converted
in the anode chamber as defined in Equation 4.38. The hydrocarbons are mainly
converted due to steam reforming and the following shift reaction step.

Figure 6.19 shows the results for diluted hydrogen with either 1113, 2118 and 3606 ppm
CioHg at 800 and 900°C. The addition of CoHg begins at Omin. The numbers be-
low the arrows in the graphs indicate the approximate time until steady conversion
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Figure 6.20: FID signal for the operation with diluted hydrogen (23.3% Hs, 19.5%
H>0O, balance Nj) with either 2219 ppm CgHig or 2591 ppm C7Hg at
900°C.

is achieved and the inlet concentration of naphthalene in ppm. The outlet concentra-
tion given in propane gas equivalence must not be compared quantitatively with the
indicated inlet concentration. To obtain the real C;H, concentration the FID signal
must be divided approximately by 3 (exact conversion see Section 5.3.2). However,
the intention of the graphs is to allow a qualitative analysis of the conversion rate.
Relatively little C'jg Hg is converted the higher the inlet concentration is. Nevertheless,
the cell is capable to utilise amounts of naphthalene that are typical for fluidised bed
steam gasification (< 500 ppm C19Hsg [58]). Moreover, it can be seen that the transient
response time T'RT until steady conversion is reached is higher at low concentrations.
The same experiment at 800 °C shows much lower conversion rates and slightly lower
TRTs. It can be excluded that the T'RT arises from a delay of the gas stream because
measurements at the cell inlet show an immediate increase upon Ci9Hg addition.

Tests with Cy Hg and CgH1g show a similar conversion behaviour as C1gHg regarding
the dependency on the temperature and inlet concentration. However, the conversion
rate for C7Hg and CgHig is much higher and can be assumed almost 100 % for the
inlet concentration as shown in Figure 6.20. Analysing the TRT suggests that steady
conversion is achieved immediately after the addition of toluene or xylene.

In order to check whether the individual conversion rates can be achieved as well for
the simultaneous use of C7Hg, CsH1g and C19Hg a test is shown in Figure 6.21 where
these hydrocarbons are added consecutively. Certain points are indicated with roman
numerals and signify following procedure:

I: start addition of 1274 ppm C7Hg (toluene)
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IT: start addition of 1085 ppm CsHig (xylene)
III: start addition of 1117 ppm Ci9Hg (naphthalene)
IV: stop addition CgHjg (xylene)
V: stop addition of C7Hg (toluene)
VI: start addition of 1274 ppm C7Hg (toluene) and 1085 ppm CsHig (xylene)
VII: stop addition Cj9Hg (naphthalene)

Between I and II the conversion rate for C7Hg is similar to the one as obtained from
tests before (compare with Figure 6.20). After starting the addition of CsHio (II)
the outlet concentration increases. The total conversion rate of C7Hg and CgsHyg is
approximately the sum of the two individual conversion rates. As soon as CigHg is
added (III) a significant increase of the outlet concentration is observed. Comparing
the FID signal (~ 144 ppm) with the sum of the individual signals (C7Hgs: =~ 2 ppm,
CsHyp: ~ 4ppm, C1oHs: ~ 12ppm) as obtained from the single tar experiments with
similar inlet concentration leads to a lower total conversion rate for the hydrocarbon
mix as can be expected from single tar tests. A similar transient response of the
outlet concentration is achieved as in the tests described in Figure 6.19. This suggests
that Ci9Hg inhibits part of the conversion of C7Hg and CgHyy. The T RT for a test
with 1113 ppm CgHg takes around 30 min. Figure 6.21 shows that the T'RT for the
hydrocarbon mix including 1117 ppm CigHg is approximately 60 min. However, it
is difficult to determine exactly when the conversion rate is stabilised. During the
period where the FID signal stays constant at 100 ppm the FID is temporarily out of
measurement range. In point IV the addition of CsH1g is stopped resulting in an outlet
concentration of about 53 ppm still above the sum of the individual concentrations.
After stopping the addition of C7Hg (V) the FID signal drops down to 9 ppm which is
approximately the same as obtained from the single C19Hg tests shown in Figure 6.19.
Between VI and VII CyHg and CgHig is added simultaneously to verify whether the
result is reproducible. The outlet concentration settles at around 150 ppm which is
close to what is achieved between III and IV. At VII the addition of C'yoHg is stopped.
The FID signal drops very slowly, different to what is observed after stopping the
supply of CyHg or CgH1g. The behaviour is rather similar to the effect obtained when
(19 Hg addition is started. Therefore slow desorption of C'1gHg is assumed which causes
the conversion of C7Hg or CgHqg to increase at the same pace. Maximum conversion
of these two hydrocarbons is achieved after 90 min suggesting a slower desorption
compared to the adsorption characteristic at these operating conditions.

Likewise the OCV can be analysed. Steam reforming of hydrocarbons and the follow-
ing shift reaction increase the Hy and C'O content which eventually leads to an increase
of the theoretical Nernst voltage or in this case of the OCV. This phenomenon is de-
scribed for C'igHg in Section 6.3. The voltage increase is clearly visible after each
additional hydrocarbon that is added and occurs immediately after the addition, even
for the case of CigHg. Onme could assume that the characteristic of the voltage in-
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Figure 6.21: OCV and FID signal for the operation with diluted hydrogen (23.3%
Hy, 19.5% H»0O, balance N3), 1117 ppm Cy9Hs, 1085 ppm CgHig and
1274 ppm C7Hg at 900 °C.

crease is coupled to the transient response of the conversion rate. However, a constant
voltage signal is obtained during the period where the outlet concentration increases.
According to this, the voltage signal is supposed to drop and stay constant in the
same way when C19Hg addition is stopped (see Figure 6.21, VII). But as it can be
seen the voltage first drops significantly followed by a slow increase until the voltage
becomes constant. The time until a constant voltage signal is achieved approximately
lasts as long as the T RT of the FID signal. This effect can be seen even better with
CH,/Ci0Hg mixtures as shown in Figure 6.22.

6.7.2 Transient response of the OCV for synthetic wood gas upon tar
addition

Figure 6.22 shows the results for the OCV and the C'H4 outlet concentration from a
test with "synGas" (see Table 6.6). The synthetic wood gas contains 606 ppm CgH1
and 721 ppm C7Hg from the beginning while the C19Hg content is increased stepwise
from 0 up to 1483 ppm. The parts highlighted with "inlet" and "no GA" indicate the
period where either the inlet concentration is measured or no C'Hy measurement is
carried out. During these periods the voltage signal is not suitable for comparison
because the volume flow through the anode chamber may be different.

Before the addition of 547 ppm Ch9Hs (I) the C'Hy outlet concentration is approx-
imately 0%. The same way as the FID signal increases upon Ci9Hg addition, as
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Figure 6.22: OCV and CHy outlet concentration for the operation with "synGas"
(20.8% Has, 13.3% CO, 13.3% CO2, 6.3% CHy, 26.8% H,0, balance
N3), 606 ppm CgHyg, 721 ppm C7Hg and a varying Cy9Hg concentration
(0, 547, 974 and 1483 ppm) at 900 °C.

shown after point III in Figure 6.21, the C'Hy outlet concentration increases as soon
as CigHg is added. The T'RT is close to that observed in tests before. In this case
the voltage drops slowly in the same way as the C'Hy signal increases. One reason
for the different behaviour as seen before with the C7Hg/CsH19/C19Hs mix, where
the voltage increases immediately after C'yoHg addition, may be that the inhibition
of the C'H4 conversion and the following reduced production of Hy and C'O influence
the OCV more significantly. The reduction of the OC'V, due to the inhibition of the
CHy conversion, is higher as the increase caused by C1gHg conversion. This seems to
be obvious as in this test the methane concentration is significantly higher compared
to C7Hg and CgHyg in Figure 6.21. The C19Hg concentration is further increased up
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to 974 (II) and 1483 ppm (III) respectively. The OCV decreases each time, however,
the drop is minor compared to the situation after C19Hg is added the first time (I).
At least for II the T RT is still visible.

The desorption effect observed in Figure 6.21 (VII) is supported by the curve shown
in Figure 6.13. Synthetic wood gas is tested with 2032 ppm CioHg. At point I the
C1oHg addition is stopped leading to a sudden voltage drop. The anode surface is
still assumed to be adsorbed with C19Hg which slowly desorbs from the active sites
and enables a higher C Hy conversion rate. Looking at the C'H4 outlet concentration
supports this assumption. The curve shows another drop of the voltage where the
current density is increased temporarily from 0 to 180 mA/cm?2. Interestingly this does
not affect the methane outlet concentration. Apparently the desorption of C'ioHg as
well as the conversion of C'Hy is not influenced by the elevated current density.
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Chapter 7

Development of tar measuring principle

7.1 Development of 2-cell-reformer concept

Based on the prior results the concept of a 2-cell-reformer tar sensor is developed and
presented in this chapter. The scheme of the concept is shown in Figure 7.1. The
idea is to direct the wood gas into the first measuring cell (cell:1). The cells require
a gas cleaning of the wood gas prior entry. In cell:1 the hydrocarbons are converted
as described in Chapter 6. Any present naphthalene will inhibit the conversion of
methane and therefore the OC'V will differ from what is thermodynamically expected.
A conversion rate CRcp, similar to Equation 6.6 will be achieved. Hence, the anode
off gas from cell:1 still contains methane and other hydrocarbons. This gas composition
is still different from the equilibrium concentration. In the next step this anode off
gas enters a reforming reactor filled with a Rh-catalyst that is designed for steam
reforming of hydrocarbons. When the gas leaves the reforming reactor it is assumed
to be in equilibrium. Consequently the OCV in cell:2 should match the theoretical
Nernst voltage.

Both cells will be operated at open circuit conditions. An operation under electrical
load may not be advantageous due to degradation effects. The operating temperature
is set to 900°C. As a constraint for this concept the theoretical OCV (=Nernst
voltage) based on gas analysis of the inlet gas composition including the HoO content
is said to be known. This is the OCV which would theoretically be achieved from the
wood gas without any hydrocarbon species except methane - in other words a clean
wood gas where the tar species are removed.

7.1.1 Reformer test

The reformer shown in Figure 7.1 enables complete conversion of hydrocarbons within
the wood gas by steam reforming. A Rh-catalyst with good reforming properties is
used at 900 °C to convert not only methane but also naphthalene, toluene and xylene
into Hy and CO. Substantial reforming tests with this catalyst material are carried out
in [74]. In order to verify whether the reformer can manage the hydrocarbon load dur-
ing operation the "synGas" mixture shown in Table 6.6 is tested in the reformer. The
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Figure 7.1: 2-cell-reformer concept of tar sensor.

individual tar concentration of naphthalene, toluene and xylene is &~ 1000 ppm. The
reformer outlet concentration is monitored with the FID. The volume flow through the
reformer is &~ 240 Nml/min. The FID measures nearly no hydrocarbons (~ 10 ppm) at
the reformer outlet suggesting complete reforming.During the one-day test no degrada-
tion of the catalyst material is observed. Since the volume flow through the reformer
will be significantly lower (= %0> this short-term test is sufficient to ensure stable
conversion during the following sensor prototype tests.

7.1.2 Single sensor tests

First, the new design of the measuring cell as described in Section 5.1.2 is proven.
Therefore the intention is to carry out a two-step test procedure (see test-setups in
Figure 7.1). At the beginning only cell:1 without using the reformer and without
cell:2 is simulated. This corresponds to position 1 ("reformer bypass mode") according
to Figure 7.2. This step allows the determination of the conversion rate of methane
depending on the volume flow. The volume flow is altered between = 20 - 200 Nml/min.
The three synthetic gas compositions from Table 6.6 without naphthalene, xylene and
toluene are supplied to cell:1 at 900°C. As in the tests with the 10x10cm? planar
cell the outlet concentration after cell:1 will be monitored by the GA. Afterwards the
reformer/cell:2 arrangement (corresponds to position 2 in Figure 7.2) without cell:1 is
used to examine whether the conversion of methane at the cell:2 outlet is complete.
Then these two tests are compared regarding the OCV'. Since the gas composition in
cell:2 is close to equilibrium, unlike in cell:1, the OCV is expected to be significantly
higher.

Figure 7.3 shows the result of the conversion rate CRcp, depending on the volume
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Figure 7.2: Scheme of prototype sensor test rig for the simulation of cell:1 (left) or
cell:2 (right).

flow ratio ry,. The volume flow ratio is defined as,

ry = (7.1)
Vaa

where V,.;; and Viy are the volume flows through the cell and to the GA respectively
(see Figure 5.3). Viga is ~ 200 m/min. The methane conversion significantly depends
on the volume flow and reaches complete conversion only at a very low ry,. This
is a very important parameter in order to compare the results with those from the
planar 10x10 cm? cell. For the planar 10x10cm? cell it can be seen from Figure 6.15
that CRcp, is close to 100 % for operation without naphthalene. To achieve a similar
conversion behaviour regarding the competing catalytic reactions between naphthalene
and other hydrocarbons a volume flow is looked for where C' R g, for operation without
naphthalene is close to 100 % as well. If this is achieved it is supposed that a similar
dependency of C Rcp, as for the tests for the planar 10x10 cm? cell can be anticipated.

The fit curve in Figure 7.3 demonstrates the volume flow dependency of CRcp, and
includes all data points in the diagram except the two outliers from the tests with
"smartsynGas'.
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Figure 7.3: Methane conversion rate of cell:1 depending on the anode flow for three
different synthetic wood gas compositions at 900°C without additional
hydrocarbons (fit curve parameters: a = 0.8383, b = 4.9853, ¢ = 0.1669,
d = 0.6308).

CRcp, =a-e " 4¢c.e” v (7.2)

The parameters of the fit curve are: a=0.8383, b=4.9853, ¢=0.1669, d=0.6308.

The volume flow directly influences the open circuit voltage V.1 of cell:1. The lower
the volume flow, the more methane is converted and the higher is V_.¢y.1. By contrast,
cell:2 does not show any volume flow dependency. V..o of cell:2 stays constant in the
measured volume flow range.

In Figure 7.4 the voltage difference V.12 between cell:1 and cell:2 is drawn over
CRcp, of cell:1 and further compared with the equilibrium. For the equilibrium
calculation the partly incomplete methane conversion on cell:1 is taken into account.
The voltage difference V.10 decreases with increasing conversion rate of methane
in cell:1. While the V.0 stays between 920 and 922 mV for the whole volume flow
range, V..1 increases from 893 up to 905 mV with decreasing volume flow in the case
of "synGas". For "LowFuel" V.0 even stays constant at 874 mV while V.1 changes
between 841 and 866 mV. The equilibrium curve of the voltage difference exhibits the
same trend as the measured curve for both "synGas" and "LowFuel'. The theoretical
voltage difference is =~ 4 mV lower as the measured difference. However, it has to
be said that the measurement of the Vg1 and V.0 takes place on two different
days with two different test set-up arrangements. This means that also the cell itself
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Figure 7.4: Voltage difference AV, .12 between cell:1 and cell:2 depending on the
methane conversion rate at 900°C for synthetic wood gas without addi-
tional hydrocarbons (dashed: equilibrium, solid: measured).

changes between the tests. Therefore, it is conceivable that the measured difference
includes a certain offset due to different testing conditions between the two tests which
inevitably occur.

7.2 Tar measuring principle

For the following tests the test set-up as described in Figure 7.2 is used. As opposed to
the tests explained in Section 7.1.2 it is possible to record the OCV for cell:1 (Vie.1)
and cell:2 (V¢y.2) including the reformer consecutively within the same measurement
campaign without modifying the test set-up and changing the cell by using the 3-way-
valve.

7.2.1 Measuring total tar load

In this section it is shown how the total tar load can be measured using only the re-
former/cell:2 arrangement (according to measurements in position 2, see Figure 7.2).
In this arrangement all hydrocarbons are converted in the reformer. Due to the re-
former there is no transient behaviour as described in Section 6.7.2. Since an equi-
librium gas composition is assumed, the open circuit voltage V.0 can be compared
with the Nernst voltage Vequ,c, m,.,0, Which is based on gas analysis (see upper graphs
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in Figure 7.5). The left graph shows the measured values for the operation with tar
and their fit curves whereas the right graph compares these fit curves (solid) with
the theoretical equilibrium curves (dashed). Similar to Figure 6.4 the increase of the
voltage due to the tar concentration is indicated in the bottom graphs of Figure 7.5.
As can be seen an offset AV rser = 2.2 mV between the theoretical and the measured
value exists.

A‘/Offsef = ‘/equ,O - VBase (73)

This offset can be considered by calibration of the sensor.

The base voltage Vpgse is the voltage which would be achieved without any tar species.
This voltage can not directly be measured by the sensor for a tar loaded sample
gas because it is difficult to remove the tar species without changing the rest of the
gas composition. For example, condensation of tar causes condensation of water as
well. Therefore, it has to be calculated indirectly based on the gas inlet composition,
temperature, pressure and voltage offset.

VBase = f (XH,, O, TCOys TCHs» TNo» TH205 T Dy AVO [ fset) (7.4)

Then the difference AV,,, between the actual measured voltage V..o and the base
voltage Vpgse can be calculated.

A‘/tar = Veell:2 — VBase (75)
= Veell:2 — (Vequ,O - AVOffset)

The theoretical voltage difference AV,4, caused by the tar concentration can be cal-
culated based on equilibrium considerations (see Figure 7.5, bottom left graph).

A‘/equ = ‘/equ,CzHy,O - ‘/equ,O (77)

It can be seen that the measured AV, deviates slightly from the the theoretical
AVeqy. This deviation is attributed to inaccuracies of the measurement. However, the
trend of the curves proves that the correlation between the voltage increase and the
tar concentration is feasible.

AVigr and AVeg, can be drawn over the tar load in g/Nm? on a wet basis as can be
seen in Figure 7.6. In this figure the offset for the equilibrium curve is already con-
sidered. The volumetric concentration of the tar combinations (naphthalene, naph-
thalene/toluene/xylene) in ppm from Figure 7.5 are converted to 8/Nm? on a wet basis
(see Table 7.1).
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Table 7.1:

= with toluene/xylene ———  measured (fit curve)
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Upper graphs: Open circuit voltage (solid curves) and Nernst voltage
(dashed curves) for the operation with "synGas" (compare with Table
6.6) and a varying tar concentration (naphthalene: 0/464/998/1509 ppm,
toluene: 0/654 ppm, xylene: 0/523 ppm) at 900 °C. Bottom graphs: Com-
parison of AV}, and AV,y, as an indication for the total tar concentration.

Conversion of volumetric concentration in ppm to tar load in 8/Nm3 on a

wet basis

Tar species z; WeL H,
[pom] g/

naphthalene 464 2.66
998 5.71
1509 8.63

toluene 654 2.69

xylene 523 2.48
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Figure 7.6: Voltage difference in mV due to the tar load in g/Nm3 on a wet basis.
Left graph: Comparison of measured V.2 and calculated Veguc,m,-
Right graph: calculated Nernst voltages Vegu,c, 1, (offset of 2.8 mV is
considered).

As Figure 7.6 (right) shows, a linear correlation between V4, c, i, and the tar load
can be found.

Vvequ,CzHy = k;tar *WC,Hy + VBase (78)

The tar load wc, g, is in 8/Nm?® on a wet basis, Vequ,c, i, and Vpgse in mV. The slope
kiar is given in (Nm3'mV)/g. By transformation an equation for wc, g, depending on
AVequ,c, 1, is found.

‘/equ,Cz Hy, — VBase
ktar

WC, Hy = (7.9)
A equ
_ AV (7.10)
ktar

As can be seen in the left graph of Figure 7.6 the measured values for V..o are located
along the theoretical curve for Vegy ¢, m,- The numbers next to the measured values
of V.o indicate if more than one measured value exists for this point. The main
challenge during the tests is to maintain a constant gas composition. A gas composition
which is in reality different compared to what is assumed from gas analysis influences
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Vequ,C H, significantly. Furthermore, it has to be mentioned that some of the measured
values are measured on different days. In such a case it is difficult to ensure similar
testing conditions for all measured values in terms of gas and tar composition and
volume flow.

It can be noticed that the measured values for the operation with naphthalene, toluene
and xylene deviate more from the equilibrium curve than the values for the operation
with naphthalene only. This might be an indication that maintaining a constant tar
mix with three tar species is more difficult and sometimes might not have been achieved
during the tests. In this case the real tar load would have been different to what is
expected.

By contrast, it is not assumed that a kinetic inhibition of the conversion of tar may
be the reason for the difference since the reformer is installed before cell:2.

Due to this measurement result it is feasible to obtain the tar load by using AV, for
the linear correlation shown in Equation 7.9.

‘/cell:2 - VBase
ktar

A ar
_ &k (7.12)
ktar

WC, Hy = (7.11)

The slope ki, can be determined by equilibrium calculations based on actual gas
analysis.

V. Az
kmr _ equ,C’mjé,OH equ,0 (713)
zlly

The slope k¢, depends not only on the gas composition but also on the tar species.
The dependency on the tar species has already been shown in Figure 6.6. In order to
illustrate these dependencies ki, is calculated and shown in Table 7.2 for several gas
compositions and tar species. The slope ki, is similar for all listed tar species except
phenol. This is because phenol is the only hydrocarbon containing an OH molecule.
The additional oxygen generally reduces the Nernst voltage. Therefore a rough estima-
tion of the ratio between non-alcoholic and alcoholic tar species beforehand is helpful
to determine ki, exactly. Less problematic is the dependency on the permanent gas
composition since it is said to be known by gas analysis.

7.2.2 Distinguishing between certain tar species
In order to enable the sensor to distinguish between certain tar species the test-setup

as described in Figure 7.1 including both cells (cell:1 and cell:2) and the reformer is
used.
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Table 7.2: Determination of k., for each tar species for the operation with "synGas",
"smart synGas" and "LowFuel' (compare with Table 6.6) at 900°C and
0.98 bar. The "Range" column indicates for which tar load range the values
for kiqr are valid

Tar species Range "synGas" "smart synGas" "LowFuel"
/Nm3

naphthalene 0.0-17.2 0.595 0.617 0.734

xylene 0.0-16.6 0.607 0.633 0.759

toluene 0.0-16.5 0.604 0.630 0.755

phenol 0.0-16.8 0.445 0.469 0.570

benzene 0.0-17.4 0.600 0.624 0.744

Volume flow dependency of conversion rate

Figure 7.7 shows once more the volume flow dependency of the methane conversion rate
and further of the open circuit voltage V,.j.1. In this case three different volume flows
for "synGas" (compare with Table 6.6) without tar are tested while the 3-way-valve is
turned into the reformer bypass mode (position 1, see Figure 7.2). From this data it is
not clearly visible whether the dependency is linear or exponential. Difficulties arise
when properly maintaining a constant low volume flow. Furthermore, inaccuracies
emerge at low volume flows since Ve and CRcp, are based on gas analysis where
the diluted mixing air VA (see Figure 7.2) needs to be subtracted out. At a low Vce”
a high Vis4 is used which leads to a low methane concentration measured by the GA.
Therefore, the determination of the original methane concentration at the anode outlet
is automatically more inaccurate at a low Vcell.

However, the intention is to find a low volume flow where the conversion rate is close to
100 %. Eventually a volume flow V¢~ 40 m!/min is chosen for further tests. Therefore,
a CRcp, above 90 % without tar can be expected.

Dependency of conversion rate on tar concentration

In order to obtain the tar-dependent conversion rate CRcpq, for cell:1, the "synGas"
is tested first with additions of naphthalene (0, 464, 998, 1509 ppm). In a second run
a constant load of toluene (654 ppm) and xylene (523 ppm) are additionally added.
In Figure 7.8 (left) the measured data is shown and a fit curve is calculated. The
triangles represent tests with toluene/xylene while the dashes stand for tests without
toluene/xylene. The fit curve comprises both tests. The characteristic of the curve
is similar to what is shown in Figure 6.15. It can be seen that CRcpg, for 0ppm
naphthalene /toluene/xylene is in the same range as shown in Figure 7.7 at 40 ml/min.
However, the measured values vary slightly which may partly be attributed to the
fluctuating volume flow through the cell.
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Figure 7.8: Left: Conversion rate of methane of cell:1 depending on naphthalene con-

centration for "synGas" (20.3% Ha, 13.0% CO, 13.0% COq, 6.2% CHy,
28.8% H50, balance Ns) and a varying concentration of C1oHg (0, 464,
998, 1509 ppm) at 900 °C and a volume flow Vce” of ~ 40ml/min. Trian-
gles: 654 ppm toluene, 523 ppm xylene; dashes: no toluene/xylene. Right:
Comparison of fit curve of measured data and calculated data.
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Voltage difference between cell:1 and cell:2

Next, tests are performed where the 3-way-valve is switched back and forth from
position 1 to position 2 (compare with Figure 7.2). Again, the "synGas" mixture is used
while the naphthalene concentration is increased. Two sets of tests - with and without
constant load of toluene/xylene - are carried out. The intention is to monitor the OC'V
of cell:1 (V1) and cell:2 (Viey.2) consecutively for the same gas composition. This
way the voltage difference AV,¢;.152 between cell:1 and cell:2 caused by the conversion
of tar and the inhibition of methane conversion as described in Section 7.1 is measured.

Achell:lr—>2,naph = chell:Z,naph - ‘/cellzl,naph (714)

Achell:1n—>2,naph-i—tol—&-:tyl = chell:Q,naph—&-tol—}-xyl - chell:l,naph—}-tol—i—xyl 715)

Figure 7.9 demonstrates the results of the two test series for cell:1 and cell:2. Both
curves of Ve for the operation with (Veeir:1 naph-tol+ayi) and without toluene/xylene
(Veett:1,naph) show a similar trend. As expected V.1 falls more the more naphthalene
is added due to the inhibition of the methane conversion. Furthermore, the operation
curve Veei:1 naph+tol+zyl With toluene/xylene is located 4-6 mV above Vieii:1 napn- This
offset can clearly be attributed to toluene/xylene and is very similar to the voltage
increase shown in Figure 6.4.

The hydrocarbons which still leave cell:1 will be converted completely in the reformer.
Therefore, the equilibrium concentration is obtained in cell:2. The fit curves of the
Vel confirm a linear increase with increasing naphthalene concentration. The same
curves are described in more detail in Section 7.2.1 for the determination of the total
tar load. For the case that toluene and xylene are added Viey:2 naph+toi+ayl 15 again
located 4-6 mV above Viey.2 napn as for cell:1. This suggests that toluene and xylene
are already completely converted in cell:1. Otherwise the difference AVeey.1 to14ayl
would be expected to be higher than AVie.2 toi4zyi-

A‘/cell:l,tolJrgr:yl ~ Achell:Q,toH»acyl (716)

In order to verify whether the assumptions made before to explain the trend of the
measured curves are correct, a simulation of the Nernst voltage is carried out and
compared with the fit curves for the measured values (see Figure 7.10). The calculation
is based on the "synGas" composition. For the calculation of the two curves of cell:2
equilibrium is assumed which means that all hydrocarbons will be converted. The
calculation of the two curves of cell:1 takes into account the conversion rate CRcp, .
Naphthalene, toluene and xylene are assumed to be converted completely in cell:1.

In Figure 7.10 the fit curves of the measured values (solid curves) from Figure 7.9 and
the calculated values (crosses, dashed curve) are put on top of each other. An offset
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Figure 7.9: Measured V.1 and V.o including fit curves of measuring principle for
"synGas" at 900 °C. Squares: operation with 0/464/998/1509 ppm naph-
thalene, 654 ppm toluene and 523 ppm xylene. Diamonds: operation with
0/464/998/1509 ppm naphthalene.
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Figure 7.10: Comparison of Nernst voltage and fit curves for V,¢;.q1 and V.0 of mea-
suring principle for "synGas" at 900 °C.
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of the calculated curves is compensated by subtracting =~ 3 mV from the calculated
Nernst voltages in order to eliminate the inaccuracy that occurs between the measured
OCYV and the Nernst voltage (compare with offset described in Section 7.2.1). In the
calculation the methane conversion rate for cell:1 is adopted in order to match the
measured values. This way it is verified whether the measured conversion rate is
feasible. The adopted C Rcp, is shown in Figure 7.8 (right, "calculated data"). It can
be seen that the calculated and the measured C Rcp, differ. The calculated CRcp, is
~ 10 % points lower. One reason for this may be the inaccurate determination of the
methane concentration at the anode outlet. If the methane concentration was higher
in reality then the conversion rate would be lower and thus closer to the calculated
points.

Figure 7.11 shows the voltage difference AV,¢jj:1-2 napn between cell:1 and cell:2 as ob-
tained in Figure 7.9. The blank diamonds represent the fit curve for the operation with-
out toluene/xylene while the filled squares stand for operation with toluene/xylene.
AVeeli: 152 naph is almost the same for both curves.

A%ell:l»—ﬂ,naph ~ A%ell:l»—ﬂ,naph—&—tol—&-a:yl (7 17)

The voltage difference between cell:1 and cell:2 correlates to the naphthalene concen-
tration. Toluene and xylene do not seem to have a significant influence. The arrow
indicates the concentration range of naphthalene where the measuring principle creates
a voltage difference AV,¢yj:1-2 napn that increases significantly with increasing naph-
thalene concentration. This covers the concentration range of an allothermal steam
gasifier as shown in Table 4.3.

Procedure to distinguish between certain tar species

In the end the sensor will provide two OCV's; one for cell:1 (Vgey.1) and one for
cell:2 (Viey.2). The following procedure explains how it can be distinguished between
naphthalene and toluene/xylene.

Step 1: For this measuring principle the inlet composition of the permanent gases
has to be known which means that a simultaneous gas analysis of these com-
ponents is required (compare with Equation 7.4). From the permanent gas
composition the theoretical curve of the voltage difference AV¢ej.12 ¢qu based
on the methane conversion rate CRcp, can be calculated (see Figure 7.12).
This requires a precise calibration of the sensor beforehand to obtain CRcp,.

Step 2: The measured voltage difference AVicj.12 napn between cell:1 and cell:2 can
be taken and compared with the curve calculated in step 1. As a result the
naphthalene concentration is obtained (compare with Figure 7.12).
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Step 3: From the permanent gas composition and the naphthalene concentration the
Nernst voltage can be calculated for cell:1 and cell:2 and compared with the
measured Vg1 and Vg2 (see Figure 7.13). The crosses exemplarily indicate
possible measured values (upper cross = cell:2, bottom cross = cell:1). The
distance between these two measured values corresponds to AVeei:152 naph as
obtained in step 2 and can be attributed to naphthalene. The dashed curves
are calculated and based on gas analysis (upper curve = cell:2, bottom curve
= cell:1).

In the case that toluene, xylene and naphthalene is present (Step 3a) the volt-
age difference AVeey:2 10142y between the Nernst voltage of cell:2 and the mea-
sured voltage Vg2 can be attributed to the sum of the toluene/xylene load.
In the same way this voltage difference is observed between the Nernst voltage
of cell:1 and the measured voltage V;.1. The voltage difference AVeei:2 naph
is the difference between the Nernst voltage of cell:2 without tar (complete
methane conversion) and V.0 with naphthalene. Therefore, this voltage dif-
ference can additionally be taken to determine the naphthalene concentration.
The sum of AViei1:2 to1+zyr and AVieeyio napn equal to AVy,, as introduced in
Equation 7.5.

If only naphthalene is present (Step 3b) the Nernst voltage for cell:1/cell:2
and the measured values for Viey.1/Veen:o match. AVee:o tol42y is then zero.

In the case that only toluene and xylene are present (Step 3c) the voltage differ-
ence AViei:152,naph is lowest according to Figure 7.11. However, a difference
between the Nernst voltage of cell:1/cell:2 and Viejp.1/Veen:2 respectively will
be observed which indicates the sum of the toluene and xylene concentration

(A‘/cell:Z,tolJr:):yl = A%ell:l,tol«#myl) .

Results of measurement campaign

In Table 7.3 the mean values of the measurement campaign shown in Figure 7.9 are
summarised.

It is possible to distinguish between naphthalene and toluene/xylene. A further dis-
tinction between toluene and xylene is not possible. According to Figure 7.12 following
equation for the determination of AV,e.1,52,¢qu can be found.

A‘/cell:b—>2,equ = Veell:2,equ — Vcell:1,equ (718)

Veeli:1,equ and Veei:2,¢qu can be calculated based on gas analysis and on the conversion
rate CRcp, of cell:1 respectively.
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Figure 7.11: Voltage difference AVieji:152 napn depending on naphthalene concentra-
tion at 900°C. The points are based on fit curves from the measured
values for Vi ¢.1 and Vigeo.

Table 7.3: Results of tar detection. AV, = AVie.12naph, AVe = AVeaii1 tolayl =
A‘/Ycell:Q,tol—i—:vyla Ach = A‘/cell:Q,mzph

[ppm]  [5/n] [ppm]  [/n]
C,Hg 0 0.0 C,Hg 654 2.7
CsHig 0 0.0 CsHig 523 2.5
CioHs AV, AV, AV, AV, AV, AV,
ppm] [fxe] [mV] [mV] [mV] [mV] [mV] [mV]
0 0.0 3.2 0.0 0.0 3.3 2.8 0.0
464 2.7 15.0 0.0 1.7 14.3 4.4 2.8
998 5.7 19.0 0.0 4.2 18.3 4.4 5.3
1509 8.6 18.5 0.0 4.2 19.3 4.6 6.3
chell:l,equ = f (I’i, LC19Hg s T7 b, AVvOffseta CRCH4) (719)
chell:Q,equ =f (xi7 TCyoHsy L5 Py A‘/Offset) (720)

If AViei:152,6qu Over the naphthalene concentration is calculated by means of equilib-
rium calculations (as in Figure 7.12), an exponential fit curve can be generated.

A‘/;:ellzb—ﬂ,equ =V0,[ppm] + Qlppm] * [1 — e(fb[PPMJ'meHs)}

+ Clppm] * [1 — e(id[ZDPm]'wClOHs)} (7.21)
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Figure 7.12: Step 1 and 2: Determination of naphthalene concentration (calculated
equilibrium curve can be fitted according Equation 7.21).

The parameters vy (ppm], @ppm]> Olppm]s Clppm] and dj,,m,) strongly depend on the con-
version rate CRcp, as well as on the permanent gas composition. If AVie.19 equ 18
drawn over the naphthalene load in 8/Nm3 on a wet basis then Equation 7.21 can be
written as follows.

“blg/Nm3 'wcmHs)
A‘/cell:1>—>2,equ =V, [/Nm3] + Alg/xm3] [1 — 6( [&/Nm?]

+ Cle/xm?] * ll — e(d[g/NmS]-wC10H8>‘| (7‘22)

Then the fit curve parameters change to U07[g/Nm3], a[g/Nms}, b[g/Nmﬂ’ C[S/Nmﬂ and d[g/Nm:ﬂ‘
For a specific measured AVee:152 napn it can be said that,
Achell:ll—>2,naph - A%ell:ll—ﬁ,equ (723)

This way the naphthalene load in g/Nm3 on a wet basis can be calculated by trans-
forming Equation 7.22.

wclng = wg + Ay ebw'AVcell:IHQ,naph _|_ Cw 6d1u'AVcell:1r—>2,naph (724)

It is important to note that the fit curve parameters (wg, @y, by, ¢ and dy,) are
specific for a certain gas composition and are based on the methane conversion rate
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Figure 7.13: Step 3: Distinction of tar species.

CRc g, which itself depends on the naphthalene concentration and on the volume flow
through the cell. Therefore, it is important to keep the volume flow constant in order
to eliminate one dependency of the fit curve. However, for a changing permanent gas
composition the fit curve parameters wg and a,-d,, have to be determined continually
based on online gas analysis.

Since the total tar load we, g, can be determined according Equation 7.10 it is possible
to find the rest of the tar load by subtraction.

Wrest = WC,H, — WC;Hs (725)

7.3 Further steps for real wood gas applications

Calibration

In order to allow a comparison of the absolute value of the Nernst voltage and the
OCYV a calibration of the sensor will be necessary in order to compensate the offset
AVoftset (see Figure 7.5). This offset origins mainly from leakages of the measuring
cell and the inaccuracy of the gas analysis. Leakages change the gas composition at
the anode, in particular the oxygen partial pressure and therefore influence the OCV'.
Inaccuracies of the gas analysis lead to a wrong input data for the calculation of the
Nernst voltage.
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Another problem is the fluctuating gas composition coming from a biomass gasifier.
These fluctuations complicate an exact determination of the gas composition at the
sensor inlet since the corresponding voltage measurement of the sensor occurs time-
displaced. Therefore it is difficult to address the correct Nernst voltage to the measured
ocCYV.

Measuring other tar species besides naphthalene, toluene and xylene

The experimental development of the measuring principle in this work is based on tests
of naphthalene, toluene and xylene. However, the real wood gas will contain various
other tar species as shown in Table 4.3. It can be assumed that not all of them are as
critical as naphthalene. Frank [38] for example shows that the conversion of phenol
is already complete at 650 °C. Therefore, complete conversion without inhibiting the
conversion of other hydrocarbons can be expected at 900 °C. Nevertheless, tar species
with multiple aromatic rings may exhibit a similar conversion behaviour as naphtha-
lene. If this is the case it needs to be investigated to which extend the conversion
of methane and other tar species will be inhibited. Most important is to examine if
other tar species influence the methane conversion rate as well in order to determine
the correct correlation for CRcop,.

Transient response of tar conversion

As described in Section 6.7 the voltage signal of cell:1 does not immediately appear
upon tar addition in the case of naphthalene. This has to be considered for the fluc-
tuating real wood gas composition. If the fluctuation of tar species behaving like
naphthalene is low, the transient response may be acceptable. Further tests are neces-
sary to investigate whether using a mean value over a certain time interval is acceptable
in order to consider the transient response.

Amplify measuring signal

Eventually the voltage difference AVicij:152 napn between cell:1 and cell:2 is one main
measuring signal to detect part of the tar load. To achieve a better measurabil-
ity a higher range of the measuring signal may be favorable. The voltage difference
AVieii:1-2,naph can be increased by increasing the volume flow Vien. This generally
lowers the methane conversion rate as can be seen in Figure 7.7 and decreases V_¢j.1.
As long as the reformer is capable to convert all hydrocarbons the V.0 stays con-
stant. However, the volume flow must not be too high because the conversion of other
tar species such as toluene/xylene on cell:1 may be reduced as well. This would cause
a lower voltage difference AV,ei1:1 to14+2y1 between Vig.1 and the corresponding Nernst
voltage (compare with step 3a or 3b of Figure 7.13).
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Chapter 8

Summary and outlook

This work investigates the development of a measuring principle for the detection
of tar in wood gas from biomass gasification based on a Ni-GDC/Y SZ/LSM solid
oxide fuel cell. Wood gas is simulated with bottled gas and additions of naphthalene,
toluene and xylene in order to achieve a clean synthesis gas composition without the
usual contaminants such as particle, alkali metals, chlorine or sulphur compounds.
The conversion of hydrocarbons on the SOFC anode based on steam reforming and
shift reaction leads to an increased cell potential. The increase of the cell potential
is determined by comparing the open circuit voltage of tar loaded synthesis gas with
that of tar free synthesis gas. A linear correlation between the tar concentration and
the increase of the OCV in diluted hydrogen as a first result is demonstrated by
experiments.

This correlation is something more complex in the case of synthesis gas with consider-
able amounts of methane and in the presence of other hydrocarbons respectively. Due
to the different reactivities of the hydrocarbons a competing situation concerning the
conversion exists. In particular naphthalene inhibits complete conversion of methane
and other tar species such as toluene and xylene. Furthermore, the OCV is directly in-
fluenced by the conversion rate of each hydrocarbon. Due to the inhibition the OCV
may decrease upon addition of naphthalene unlike in the case of diluted hydrogen.
In fact the change of OCV caused by tar species is based on two main contributing
parts. On the one hand, more reactive hydrocarbons are converted to a high degree
and thus increase the OCV. On the other hand, the less reactive hydrocarbons such
as methane are not converted as much when compared to the tar free gas composition
which results in a decrease of the OCV. These two contributions can be added up
and attributed to the total tar concentration.

In this work the measuring principle is tested with naphthalene, toluene and xylene.
Eventually, the total concentration of tar as well as a differentiation between naph-
thalene and toluene/xylene can be obtained. Nevertheless, typical wood gas contains
a large variety of tar species which would require an extensive testing procedure in
order to determine their reactivities and their contributions to the change of OCV
respectively. This is a reason why the measurement of the total concentration rather
than the individual concentration of each tar species is possible. On the contrary the
aim is to enable only a differentiation between tertiary tar such as naphthalene and
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secondary such as toluene/xylene because of their specific problems in downstream
processes (e.g. condensation of high molecular tar). Therefore, further tests with
critical tar species depending on their occurrence are necessary. However, as shown
in this work for an allothermal steam gasifier with a bubbling fluidised bed three tar
species (phenol, naphthalene and cresols) account for more than % of the total tar
species. The rest of the tar species emerges in low concentrations and may not con-
tribute severely to the change of OCV. Therefore the measuring principle could be

specifically adapted to a certain gasifier type.

Apart from more intensive testing of tar, longterm testing will be necessary as well to
identify potential degradation. Degradation may not be a problem as long as only a
drop of the OCYV is observed. If the conversion of hydrocarbons still follows the same
behaviour as at the beginning the sensor could be calibrated every so often by adding
an offset value to balance the drop of OCV.

This measuring principle offers an interesting opportunity to measure tar in wood gas
from biomass gasification continuously and gives information about the total tar con-
centration as well as on the rough tar composition. The main advantage compared to
state-of-the-art measuring principles is the ability of fast and continuous tar measure-
ment. Furthermore, the incomplex sensor does not require specifically trained staff.
Therefore, further research still continuing so as to pack this measuring principle into
a suitable sensor design which enables tests on a real gasifier.
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Molecule structures of hydrocarbons
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