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ABSTRACT

Catalytic combustion is an ultra-low emission technology for gas turbines. In parallel to
the ongoing development and commercialization of catalytic combustors fired by natural gas,
an increasing interest is aimed towards renewables, such as gasified biomass. Gasified biomass
is a low-heating value (LHV) fuel, rich in hydrogen and carbon monoxide, with a potentially
high level of ammonia. Consequently, special considerations must be taken in the development
of catalytic gas turbine combustors with gasified biomass as fuel.

The first part of the present thesis reports on fundamental phenomena related to catalytic
combustion of gasified biomass for gas turbine applications. Successful development of the
catalyst involves knowledge of both gas turbine technology and gasification of biomass.
Therefore, basic considerations applied to integration of gasification and gas turbine
technology are discussed. Moreover, formation of nitrogen oxide emissions in combustion is
discussed and a summary of the appended papers is given. Finally, recent developments in
catalytic combustion in gas turbines are reviewed in Paper I in the present thesis.

The second part of the present thesis, Papers II-VIII, concerns preparation and testing of
potential combustion catalysts. The objectives of this work have been focused on preparation
methods and development of thermally stable and active hexaaluminate-based catalysts (Papers
II, IV-VII), ignition of the LHV-gas (Papers III-VII), conversion of fuel-bound nitrogen
(Papers III, V-VI) and deactivation by thermal treatment and sulphur poisoning (Papers VI-
VII). Moreover, enhancing catalytic activity for total oxidation of methane through doping of
ceria has been studied (Paper VIII). The experimental investigation included activity testing in
bench-scale monolithic, single-channel annular and fixed bed reactors, and characterisation
such as BET, XRD, SEM, EDX, XPS and SIMS.

In conclusion, lanthanum hexaaluminate impregnated with low loading of palladium
ignites the LHV-fuel at temperatures between 200-250 °C. At even lower palladium loading
high conversion rates of carbon monoxide and hydrogen were still obtained, while methane
conversion decreased substantially. Thermal stability and sulphur resistance of the palladium
catalyst exceeds those of similar platinum and transition metal catalysts, with respect to
ignition of carbon monoxide and hydrogen. Modification of the hexaaluminate phase, i.e. by
ion-substitution with manganese or iron, increases catalytic activity and stability of the crystal
phase, although surface areas were equal to or smaller than those for unsubstituted samples.
The conversion of ammonia to nitrogen oxides or molecular nitrogen (N2) was influenced by
the inlet temperature and the catalyst composition. A high selectivity to N2 was observed in
certain temperature regimes; higher over catalysts based on manganese than on palladium.

KEYWORDS: Catalytic combustion, gasified biomass, gas turbines, low-heating value, methane
fuel-nitrogen, hexaaluminate, Pd, Pt, base metals, CeO2, deactivation, sulphur poisoning,
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1. INTRODUCTION

High-temperature catalytic combustion is a challenging and promising alternative to
ordinary flame combustion in gas turbine combustors [Zwinkels et al. (1993); Hayes &
Kolaczkowski (1997)]. The main advantages with a catalytic combustor are ultra-low
emissions of nitrogen oxides (NOX), carbon monoxide (CO) and unburned hydrocarbons
(UHC). The purpose of the catalyst is to stabilise combustion of a lean fuel-to-air mixture and
decrease the activation energy for the combustion reactions. Consequently, the peak
combustion temperatures are lowered and hence the thermal NOX produced from nitrogen and
oxygen in the combustion air is substantially reduced. This has been shown in pilot tests with
hybrid combustors fuelled by natural gas in California [Schlatter et al. (1997)] and in Japan
[Sadamori et al. (1995); Ozawa et al. (1998)]. The first commercial prototypes are expected to
be in use soon, e.g. Pratt & Whitney, Canada, has announced that catalytic combustors are
expected to be introduced in the year 2002 for natural gas fired small-scale gas turbines
[Stambler (1998)].

Two of the main obstacles in development of catalytic combustors are (1) to find high-
temperature stable catalysts and (2) to develop catalysts that ignite the fuel-air mixture at
compressor outlet temperatures. Although several very promising high-temperature stable
materials have been reported for use as combustion catalysts, e.g. hexaaluminate compounds
[Machida et al. (1987); Groppi et al. (1993); Lowe et al. (1994)], no material has shown long-
time stability at temperatures above approximately 1000 – 1100 °C. Hence the ability to
control heat evolution over tailor-made catalyst segments and maintain catalyst temperatures
below this range has been one of the main objectives for combustor development during the
last years [Garten et al. (1997)]. Maintaining catalyst stability and activity during prolonged
operation without sintering or loss of active phase by vaporisation is of paramount importance.

For ignition of methane-fuels, i.e. natural gas, palladium is generally considered to show
the highest activity among the precious metal catalysts and superior activity compared to
transition metal oxide catalysts. Several recent papers report on the ignition of methane over
palladium catalysts and the state of the active palladium species over alumina [McCarty (1995);
Quick & Kamitomai (1995); Burch (1996); Kikuchi et al. (1997); Lyubovsky (in press)] or
zirconia supports [Carstens et al. (1998); Su et al. (1998)]. It can be concluded that the high
activity of palladium is due to the formation of highly active palladium oxide species. These
species are stable up to the decomposition temperature of palladium oxide, approximately at
500 – 800 °C, depending on gas composition and pressure. The true state of the active sites of
palladium oxide is not totally clear, but it has been suggested to consist of chemisorbed oxygen
on palladium or palladium oxide present as a “skin” on palladium particles.

In parallel to the increasing interest in the field of catalytic combustion of natural gas,
there is an increasing interest in catalytic combustors fuelled by other fuels, e.g. low-heating
value (LHV) gases, such as gasified biomass. This is because catalytic combustion could be
advantageous compared to flame combustion with respect to stable combustion of LHV gases
[Tucci (1982)] and low conversions of fuel-N to fuel-NOX [Prasad et al. (1984); Sung et al.
(1984)]. The gas is produced from thermochemical conversion of biomass [Bridgwater
(1995)], i.e. renewable materials such as wood, fast-growing energy crops or agricultural
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residues, in a gasifier. In the gasifier, usually an air-blown pressurised or atmospheric fluidised
bed, biomass is partly combusted and gasified at high temperatures. After gas cleaning, the
resulting gas mixture can be used as raw material for production of chemicals or as fuel for
heat and electricity production.

1.1 Scope of the work

The objective of the present thesis is to investigate catalytic combustion of gasified
biomass for gas turbine applications (The use of catalytic combustion in this thesis will strictly
refer to the use for fuel combustion in high-temperature gas turbines, unless otherwise stated).
This thesis can be divided in to two parts. In the first part of the thesis, a background to
combustion, catalysis, gasification processes to convert solid biomass to a gaseous fuel, gas
turbine technology and emissions from combustion is covered. The first paper, Paper I, is a
review of recent developments in catalytic combustion for gas turbine applications, covering
materials development, modelling, results from pilot-scale tests and a survey of recent patents.

The second part of this thesis, Papers II-VIII, covers the experimental work that has
been focused on catalyst development. Conclusions from this work are summarised in
Section 4 in the first part of this thesis.

A synthetic gas that resembles the gas from gasification of biomass, i.e. a low-heating
value mixture of N2, CO, CO2, H2, H2O, CH4, C2H4 and NH3, has been used in this study. The
gas is mixed with air and used for testing of catalysts, mainly hexaaluminate-type washcoats
impregnated with precious metals or ion-substituted with base metals. The work has focused
on preparation methods and development of thermally stable and active hexaaluminate-based
catalysts (Papers II, IV-VII), ignition of the fuel (Papers III-VII), conversion of fuel-nitrogen
(Papers III, V-VI) and catalyst deactivation (Papers VI-VII). In addition, methane oxidation
over doped ceria has been studied (Paper VIII).

Papers III-IV are the two first papers in a series describing ignition phenomena and
conversion of fuel nitrogen. In Paper V the work described in Papers III and IV is continued.
Palladium-impregnated and manganese-substituted lanthanum hexaaluminates have been
washcoated onto monolith catalysts and tested in a bench-scale reactor. The effect of palladium
loading and the thermal stability of the catalysts are addressed in Paper VI. Since the LHV-gas
is likely to contain ppm-levels of hydrogen sulphide, poisoning by sulphur compounds has been
studied and is reported in Paper VII. Finally, the effect of introducing oxygen deficiencies in
ceria powders on methane total oxidation has been studied in Paper VIII.

Three types of reactors have been used to study the activity of the catalysts, first, a single
channel annular reactor (SCAR) reported in Papers III-IV, second, a bench-scale monolithic
reactor, Papers V – VII and third, a packed bed reactor, Paper VIII. The catalysts have been
characterized by BET, XRD, SEM, EDX, SIMS and XPS.
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2. BACKGROUND

In 1818, Sir Humphry Davy had been asked to devise a safety lamp for use in
underground coal mines where methane was present [Hayes & Kolaczkowski (1997)]. More or
less accidentally, he discovered a new and curious phenomenon. As the coal-gas and oxygen
were mixed over a hot platinum wire, the gases combined and produced enough heat to
preserve the wire ignited and keep up their own combustion. This and other observations were
later described by Berzelius as the phenomenon Catalysis in 1835-1836 [Davis (1997)]. The
growth of this science and the impact of catalysis on modern society are enormous. The value
of the heterogeneous catalyst market is estimated to grow to $6.5 billion by the year 2000
[Heinemann (1997)]. Catalysts are used to process food, medicine, fuels, fertilisers and
chemicals as well as for abatement of emissions. In fact, mankind uses products that originate
from some catalytic process on a daily basis.

Combustion has been known since ancient time. At present, about 90% of our
worldwide energy support, e.g. traffic, electrical power generation and heating, is provided by
combustion [Warnatz et al. (1996)], cf. Section 2.3. Efficient use of processes to harness
combustion started with the steam engine at the end of the 18th century. Today, a wide
selection of engines, e.g. diesel and otto engines, steam and gas turbines, can be used to
convert chemical energy in the fuel to mechanical power and electricity. Among the different
engines available today, the gas turbine is one of the most versatile, considering that it can be
used for both mobile, e.g. in aircraft and high-speed ferries, and stationary applications, e.g.
base-power load or combined cycles [Cohen et al. (1996)]. Although the efficiency of
combustion chambers in engines has been improved, the impact of emissions, such as nitrogen
oxides, carbon monoxide and hydrocarbons, is still high. Consequently, further reduction of
emission levels is one of the main objectives in the development of new engines. However, to
reach these ultra-low emission levels, post-combustion processes must at present be applied.
Examples are abatement of nitrogen oxides by selective catalytic reduction (SCR), the three-
way catalysts (TWR) or oxidation of carbon monoxide and volatile hydrocarbons to carbon
dioxide and water by catalysts. Catalytic combustion for gas turbines is a method to
substantially reduce the emissions at the source, i.e. in the combustion chamber. Hence no
down-stream treatment is necessary to reach ultra-low emissions levels.

The present thesis describes catalytic combustion of gasified biomass for gas turbine
applications. In contrast to fossil fuels, gasified biomass is a renewable fuel with a closed life-
cycle of carbon dioxide. The aim with catalytic combustion of gasified biomass in gas turbines
is to produce power, electricity and heat with no net emissions of nitrogen oxides, carbon
monoxide, unburned hydrocarbons or carbon dioxide. The impact of a break-through for such
an environmentally sound and sustainable process cannot be underestimated. However, a
successful development of this technique demands further research on both gasification of
biomass, gas turbine technology and catalysts, as well as studies on the integration of the
whole system. The work described in this thesis has mainly been on catalyst development, but a
brief background to integration of gasification and gas turbine technology is also given.
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2.1 Method of catalytic combustion in gas turbines

2.1.1 The gas turbine

It is necessary to give a short background concerning gas turbines, how they work and
where the catalytic combustor is applied. In reality, the gas turbine is a complex machine.
However, only those details of the gas turbine that are needed for understanding the feasibility
of catalytic combustion will be described. The gas turbine consists primarily of three
components, cf. Figure 1: to begin with (1) the compressor, where ambient air is compressed
to a pressure between 4 to 30 bars, depending on the design of the gas turbine. The
compression work increases the temperature of the air up to approximately 200 – 400 °C,
depending on pressure ratio and load. (2) The combustion chamber, where compressed air and
fuel are mixed and combusted to raise the temperature of the gas to 1500 - 2000 °C. Today,
turbine materials cannot withstand the high outlet temperatures of the combustion chamber.
Hence a part of the compressed air is bypassed the combustion chamber and mixed with the
hot gases to lower the temperature. Depending on the gas turbine design, the gases are cooled
down to 900 – 1300 °C before they are fed to the turbine (3), where the gas is expanded. In a
catalytic combustor, since combustion temperature is lower, the bypass is not needed. The
turbine is used to drive the compressor and to deliver the net work as power or to generate
electricity.

Figure 1. Gas turbine with catalytic combustor versus a flame combustor with
bypass cooling air. Compressor (C) and turbine (T). Adapted from Zwinkels
(1996).

2.1.2 The catalytic combustor

Catalytic combustion is one of the most promising novel designs for gas turbine
combustors. Catalytic fuel combustion for gas turbine and heating applications was originally
proposed by Pfefferle in the early seventies, [Pfefferle (1974), (1975), (1978)]. Development
during the last 25 years have been reviewed in an increasing number of publications [Prasad et
al. (1984); Kesselring (1986); Pfefferle & Pfefferle (1987); Trimm (1991); Zwinkels et al.
(1993); Kolaczkowski (1995); Eguchi & Arai (1996); Garten et al. (1997); Menon et al.
(1998); Zwinkels et al. (1998)], and also in Paper I in this thesis. Recently, basic principles as
well as advanced descriptions of specific features were published in a textbook [Hayes &
Kolaczkowski (1997)].
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The major advantage with the catalytic combustor is that the combustion processes are
supported by a heterogeneous catalyst. Therefore, peak combustion temperatures are lowered,
since a much leaner fuel-air mixture can be used than in the corresponding flame
(homogeneous) combustion. Instead of bypassing air as in the conventional combustor to cool
the combustor gases, excess air is mixed with the fuel, cf. Figure 1. Since the catalytic
combustor works at a considerably lower temperature, the formation of nitrogen oxides (NOx)
from molecular nitrogen and oxygen in air is substantially reduced. In addition, other
emissions, such as carbon monoxide (CO) and unburned hydrocarbons (UHC) are low, due to
the stabilised combustion over the catalysts. This has been shown by several independent pilot-
scale tests, which have reported single digit emissions of NOx, CO and UHC [Sadamori et al.
(1995); Schlatter et al. (1997); Ozawa et al. (1998)].

Although the temperature is reduced in catalytic combustors compared to homogeneous
flame combustors, no catalytic material has been found that can withstand the maximum
temperature for extended operation. Usually one year of uninterrupted operation is needed for
gas turbines in power plants. Therefore, several different approaches have been proposed to
limit the catalyst surface temperature. As shown in Figure 2, they can be divided into two types
of combustors, the segmented fully catalytic combustor, type Ia-b, and the hybrid combustor,

type IIa-c.

Figure 2. Five designs of the catalytic combustor. Adapted from Paper I. Some
details have been left out in the schematic figure. For example, pilot flames must be

A
F
A

Ia
Fully catalytic

Ib
Fully catalytic, recuperative
Venturi injection of liquid fuel

IIa
Hybrid, passive channels

IIb
Hybrid, secondary fuel/air

200 - 400        1000 - 1300 °C        

IIc
Secondary air
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used in all designs using natural gas, except Ib where the inlet temperature from
the recuperator can be high enough for ignition. Fuel (F), air (A).

The peak combustion temperature sets the limits for the fully catalytic combustor, cf.
Figure 1 type Ia. New highly efficient high-pressure gas turbines aim to operate at 1200 –
1300 °C. Therefore, the catalyst materials must stand temperatures up to 1400 °C. So far, no
catalyst materials have been developed that would endure this temperature. However, fully
catalytic combustion has been suggested for use in recuperative gas turbines [Dutta et al.
(1997); Gabrielsson et al. (1998)]. The recuperative gas turbine utilises the exhaust heat from
the turbine to preheat compressed air before the combustion chamber. This is advantageous for
catalytic combustion in two respects. First, the inlet temperature is raised and second, the
overall efficiency of the system is increased, which admits a lower peak combustion
temperature.

In the hybrid combustor, only part of the fuel is combusted catalytically. Three general
concepts have been proposed: (IIa) to use passive and active channels so that only part of the
fuel is combusted over the catalyst [Schlatter et al. (1997)]. (IIb) To add secondary fuel or a
mixture of secondary premixed fuel and air downstream of the catalytic bed [Ozawa et al
(1998)]. (IIc) To combust the fuel over the catalyst in an oxygen-deficient air-fuel mixture and
add secondary air downstream the catalytic bed [Brabbs & Merrit (1993)].

2.2 Commercial status of catalytic combustors

Stambler (1998) recently reported on the commercial status of high efficiency low-NOx
gas turbines in the 2 to 15 MW output range. These gas turbines are being developed as
competitive alternatives and replacements for current electric power, mechanical drive and
cogeneration models. Pratt & Whitney, Canada, plan to introduce catalytic combustion in the
3.3 MW ST30 gas turbine in 2002. With catalytic combustion, this engine will be able to
operate at NOx levels of less than 3 ppm on natural gas. Catalytica Combustion, USA, reports
on extensive testing on the 1.5 MW Kawasaki M1A-13A engine, which under a wide range of
conditions consistently has demonstrated NOx emissions of less than 3 ppm with less than
10 ppm CO and UHC levels. Allison projects introduction of catalytic combustion on their
701-K model early in the next century offering outputs in the 9 to 13 MW range. In addition,
Solar Turbines is considering use of catalytic combustion in cooperation with Catalytica
Combustion. However, catalyst durability has yet to be demonstrated in turbine operating
environment. Typically, it is assumed that catalyst materials will have a useful life of from one
to three years.

Dalla Betta (1998) reports that for applications which require emissions levels below 5
ppm, catalytic combustion should be the lowest cost and preferred technology, e.g. compared
to systems with dry low-NOx combustor and SCR technology.

2.3 Supply of energy

Fossil and biomass fuels are the primary energy carriers on the global market, as shown
in Figure 3. The situation is somewhat different in Sweden, considering that a larger amount of
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electricity is produced by hydro- and nuclear power and that the pulp and paper industry
utilises a large amount of biofuels, compared to the global market. However, both globally and
in Sweden, combustion is the primary source for utilisation of the primary energy carriers.

Figure 3. Total global and Swedish supply of energy. Global supply (black bars)
based on 105 800 TWh 1993, Swedish (white bars) supply based on 470 TWh 1995.
[NUTEK (1996)].

The demand for electric power in the Western world and expanding markets rises
steadily. For example, the energy consumption is expected to rise by 50-80 % in China and
other developing countries and by 10-30 % in the Western world over the next 15 years
[Lamarre, (1994)]. However, neither a replacement of the primary energy supplies nor a
change from combustion as the main process to convert chemical energy to heat is likely in the
near future. The use of catalytic combustion of gasified biomass in gas turbines is a potential
future candidate for electricity production, considering (1) that regulations on emissions will
become more stringent and, consequently, the market for new environmentally sound
combustion processes is expanding. (2) The use of gas turbines is expanding on new markets,
due to comparably low installation costs and flexible operation [Cohen et al. (1996)], and (3)
an increased use of non-fossil fuels is attractive.

2.4 Other applications of catalytic combustion

This thesis is focused on catalytic combustion of gasified biomass for gas turbine
applications. However, there are also other fuels and applications of catalytic combustion.

2.4.1 Other fuels

Catalytic combustion has been mainly applied to natural gas-fired turbines. This has not
always been the case. Especially during the late 1970’s and early 1980’s, several different fuels
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were studied. However, the focus was turned towards natural gas when the research on
catalytic combustion was intensified in Japan. This is no surprise, considering that natural gas
is the most common fuel for stationary gas turbines and that the peak temperature in natural
gas-fired gas turbines is high. However, also the use of other fuels is promising, such as diesel
for both stationary [Le Gal et al. (1998)] and mobile [Gabrielsson et al. (1998)] applications.
In addition, several studies have been directed towards kerosene, which is the most common
fuel in mobile gas turbines (jet engines). The potential of using low-heating value fuels, studied
in the present thesis, has also been reported previously [Tucci (1982); Zwinkels et al. (1997)].
The potential advantages of catalytic combustion of other fuels are lower emissions of thermal
NOx, carbon monoxide and unburned hydrocarbons, advantages similar to those of natural
gas-fired applications. Other advantages are low emissions of fuel-NOx and soot.

2.4.2 Applications outside the gas turbine area

There are also other, already commercialized, applications of catalytic combustion
working at lower temperature. Examples are fuel combustion at temperatures around 200 -
800 °C to produce heat, e.g. for use in industrial boilers, sintered metal reactors, domestic
heating, camp-fire cooking devices, welding torches and hair curlers. Moreover, catalytic
combustion can be used for industrial and domestic clean-up applications such as burning of
hydrocarbon and carbon monoxide emissions, e.g. abatement of odours, industrial tail gas
streams or purge streams or even wood-stove exhausts. In addition, other applications close to
this subject are the three-way catalysts (TWC) and diesel exhaust catalysts used in vehicles as
well as catalytic promoters for combustion of coke in the regenerative fluid catalytic cracking
(FCC) process.
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3. OVERVIEW OF CATALYTIC COMBUSTION OF GASIFIED BIOMASS FOR GAS

  TURBINE APPLICATIONS

The present thesis is concerned with development of combustion catalysts. The catalytic
combustor considered in this thesis is intended for a small to mid-size gas turbine of the size
between 1 to 50 MWe. The gas turbine is integrated with an air-blown fluidised bed gasifier
fed with biomass. The hot exhaust from the biomass integrated gasification gas turbine (BIG-
GT) could be utilised for co-generation, i.e. to produce electricity in a steam turbine
(integrated gasification combined cycle, IGCC) or for district heating. The cost efficiency of an
IGCC depends on the size of the total system. Although the fixed cost per installed MW
decreases in larger systems, there is a potential to develop this complex process to small-scale
one-size units that are designed and built at the manufacturer and shipped to the customer as
turnkey plants. This could reduce the cost substantially, but demands development of simple
straightforward systems. Catalytic combustion as a means for ultra-low emission combustion
and replacement of other abatement techniques is one promising alternative.

Successful development of catalytic combustors demands that strong teams be formed,
with joint action from experts on gasification units, gas turbines, catalysts and energy utilities.
A description of integrated gasification of biomass for gas turbine applications will be given
here, since knowledge of the boundary values, e.g. fuel composition, combustor design and gas
turbine requirements, is needed to define a base case.

3.1 Gas turbines integrated with biomass gasifiers

Integrated gasification combined cycle (IGCC), shown in Figure 4, is a complex process
to convert the chemical energy in solid fuels, e.g. biomass, to electricity and heat [Bridgwater
(1995)]. The objective with the combined cycle is to utilise the hot exhaust from the gas
turbine in the steam turbine, as a means to achieve a high electricity-to-heat ratio, and to do
this in the cleanest possible way [Lamarre (1994)].

Figure 4. Integrated gasification combined cycle with catalytic combustor.
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Theoretical thermal efficiency is typically above 80 % (with domestic heating) and
electrical efficiency is close to 50 %. Recently Swanekamp (1995) reported electric efficiencies
close to 60 % for new natural gas-fired IGCC-units. Since no commercial technique to
combust solid fuels, such as biomass, in gas turbines exists, the fuel must be converted to a gas
in a gasifier. The gasifier itself is a complex unit used to convert a solid or liquid raw fuel to a
gaseous fuel by thermochemical conversion. The upper limit to the size of a biomass-fuelled
power station is somewhere in the range 10-100 MWe [Bridgwater (1995)].

The technology of biomass gasifiers is sufficiently advanced to justify substantial
demonstration plants to prove the total IGCC concept and obtain reliable performance data
[Bridgwater (1995)]. At present, Sydkraft AB in Sweden runs a pilot-scale (6 MWe,
9 MWheat) IGCC-plant based on pressurised gasification in Värnamo, located in southern
Sweden. A new pilot-plant (8MWe), based on atmospheric gasification technology from TPS
Termiska Processer AB in Sweden, is being built near Leeds, UK, by the Arbre group. Both
these plants use the Typhoon gas turbine from European Gas Turbines (EGT).

3.2 The raw material: Biomass

The gasification unit can be fed with a solid or liquid raw material. In this thesis, a base
case composition from the gasifier based on biomass has been defined, further discussed in
Section 3.4. However, biomass is not a well-defined raw material. Usually, biomass can include
a wide selection of feedstock, e.g. wood, forest residues, short rotation crops, straw and
agricultural waste. In addition, other types of industrial or domestic waste can be used.
Preferably, well-defined waste should be used in the gasifier, e.g. industrial waste from plastic
plants, paperboard, used tyres or demolition wood. Biomass is an example of a renewable
feedstock, with a closed life cycle of carbon dioxide. This means that there is a strong
environmental incentive to push this technology. Examples of non-renewable feedstock that
also can be used in the gasifier are coal and heavy oil residues.

The fundamental difference between these fuels from a chemical point of view is the
carbon, hydrogen and oxygen, ash and water contents as well as levels of unwanted
contaminants, such as sulphur, nitrogen, alkali, and chlorine compounds. The composition will
influence the technical feasibility of using each fuel. However, availability, price, taxes and
politics will influence the economical feasibility of the feedstock. In a country like Sweden,
with large non-populated areas with forest and a large forest industry, but no domestic supply
of fossil fuels, the use of forest residues and wood is beneficial. In other heavily populated
countries with large supplies or use of fossil fuel for electricity generation, e.g. Germany or
The Netherlands, the use of waste could be more beneficial.

3.2.1 A global energy source

In terms of resource, there is a potential to produce at least 50 % of Europe’s total
energy requirement from purpose-grown biomass [Bridgwater (1995)]. The use of biomass is,
in a long perspective, one of the most promising global energy sources.
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A future global energy source must meet several criteria [Lindström (1997)]:
- availability in most countries
- technically and economically feasible
- not materials limited
- without the risk of war
- without complicated solid residues
- with low emissions to air and water
- no greenhouse effect
- without a potential risk for a catastrophe
- possible to implement both in small and large scale

3.3 Gasification

The present thesis is based on the use of a synthetic gas that resembles the fuel from air-
blown biomass gasification. The choice of gasification technology is determined by the size of
the unit, i.e. the fuel capacity. As can be seen in Figure 5, fluidised beds are suitable for a fuel
capacity between 1 to 100 MW. The fluidised bed unit can be either atmospheric or
pressurised. As the size of the system increases, the use of pressurised systems will be more
feasible, cf. Figure 5. Somewhere in the regime between 30 – 50 MWe pressurised units
become more practicable than atmospheric. Air is the most feasible oxidising agent, although it
could be replaced by oxygen or steam. However, the drawback with oxygen is the higher cost
and the drawback with steam is the lower reactivity compared to air. The drawback with air is
that the fuel gas will be diluted by molecular nitrogen, resulting in a low heating value of the
fuel.

Figure 5. Fuel capacity of different types of biomass gasifiers [Waldheim &
Carpentieri (1998)].

The gasification unit can be divided into three primary units, the raw fuel supply system,
the gasifier and fuel-gas clean up. To begin with, the uptake area for biomass is usually a
neighbourhood area approximately 50 to 200 km wide, depending on the size and location of
the power plant. The storage capacity of the fuel feed system must be at least three to four
days, to cover stops in fuel transports during weekends and holidays. However, with waste or
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pelletised fuels, the fuel can be transported further and the fuel storage system should be larger.
The fuel is fed either from the top or from the side into the fluidised bed after pre-treatment,
such as drying, mixing and grinding to assure a uniform feed. The feed of the biomass to the
gasifier could in fact be one of the most complicated units in the gasification unit, especially for
pressurised systems. Fine-tuning is needed to achieve a smooth feed of solid fuel to the
pressurised system.

The second part of the gasification unit is the fluidised bed, which is the heart of the
system. Here, thermochemical conversion, including vaporisation, pyrolysis, gasification and
combustion of the fuel, gives a gaseous product, a condensable product (tars) and a solid
residue (ash). The primary sequential steps in conversion of the biomass is (1) drying to
evaporate moisture, (2) pyrolysis to give gas, tars and a char residue and, (3) gasification of
the solid char [Bridgwater (1995); Liliedahl (1996)], schematically depicted in Figure 6. The
pyrolysis is much faster than the subsequent gasification. In addition, combustion and
equilibrium reactions occur in the gasifier.

Finally, fuel cleaning processes, such as cyclone and filter to remove particulate matter
and tar cracking catalyst to decompose heavy condensable hydrocarbons to light hydrocarbons,
are used to process the gas to a suitable fuel. In an atmospheric unit, the gasifier gas must be
compressed to the gas turbine pressure. Therefore cooling of the gas is needed prior to
compression. Hence the gas must be scrubbed to remove condensable tars remaining in the gas
after cracking, to prevent condensation in the compressor. This is not necessary in the
pressurised system, since the gasifier is run at a pressure slightly above the gas turbine
pressure. Consequently, the gas from a pressurised unit can, in principle, be fed directly into
the combustion chamber after removal of particulate matter.

Figure 6. Schematic view of primary steps in gasification
of biomass and approximate composition of fuel gas.
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3.4 Composition of the fuel from the gasifier

Fuel composition of the feed gas depends on the gasification technique, the gas cleaning
and the raw material. Composition of a typical gas that resembles the gas from an air-blown
fluidised bed gasifier fed by wood products is given in Table 1. The approximate variation of
the fuel composition is depicted in Figure 6. The main components of the gas are N2, H2, CO,
CO2, CH4, H2O, C2-C12-species (which includes both tars and light hydrocarbons), NH3 and
H2S. In addition, small amounts of other species, such as alkali, HCN and COS, may be
present. Since a major part of the fuel is composed of non-combustible gases, such as nitrogen,
carbon dioxide and water, the heating value of the fuel is low, approximately 5-7 MJ/Nm3. The
level of pollutants can be lowered by fine-tuning the gasification process. For example, the
level of tars can be lowered by running the gasification unit at a higher temperature, alkali can
be trapped in the filter by lowering the filter temperature, ammonia and water levels can be
lowered by scrubbing the gas, etc. The gas from an atmospheric unit is generally cleaner, since
it has been scrubbed, trapping condensable tars, water, alkali and some ammonia. However,
also the gas from the pressurised unit can be more or less clean, by adjusting temperature in
gasifier and filter. Sulphur levels in biomass are considerably lower than in fossil fuels. The
amounts of alkali and chlorine depend on the raw material, e.g. straw contains high levels of
alkali and chlorine.

Table 1. Composition of gasified biomass that resembles a fuel gas after air-blown
fluidised bed gasification of wood. Combustible gases have been diluted with N2 to
reduce the heat of combustion in the experimental rig. The feed gas has been
mixed with air, shown here for λλ = 3 (λ, λ, lambda, is actual air/theoretical air)).
Addition of hydrogen sulphide is only made in the work described in Paper VII.
Lambda value is 4 for experiments without ethene.

Gas
Component

Typical
gas

N2-diluted
Synthetic gas

Raw Raw with air
[%] [%] [%]

N2 44.3 Balance Balance
O2 0.0 0.0 9.6
H2 10.2 3.4 1.2
CO 14.7 4.5 1.6
CO2 13.8 4.1 1.4
CH4 4.6 1.4 0.5
C2H4 1.0 0.2 0.2
H2O 11.2 4.7 1.6
NH3 0.165 0.10 0.034
H2S 0.005 0.005 0.001

The level of bound nitrogen in the fuel gas, mainly in the form of ammonia and small
amounts of hydrogen cyanide, depends on the composition of the raw materials, e.g. the levels
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of bound nitrogen is higher in young wood than in an old wood, and on the gasification
conditions. Recent studies report that it may be possible to reduce the amount of ammonia by
selective oxidation to molecular nitrogen by the use of a catalytic upgrading process directly
after the gasifier. However, several important questions concerning the practical meaning of
these results are still open [Leppälahti & Koljonen (1996)]. Apart from being used as fuel,
gasified biomass can also be used as a raw material to produce chemicals [Koningen (1997)].
In this case, the cost for a more advanced cleanup is motivated.

3.5 The gas turbine

Gas turbines can be divided into stationary gas turbines for power production and mobile
gas turbines for transport. Biomass integrated gasification gas turbines as such will only be
considered for use in stationary gas turbines here, although on-board gasification of biomass
has been used to produce transport fuel for vehicles, e.g. during the Second World War. Cost
and efficiency of such systems are not competitive with liquid fuels.

As described in Section 2.1.1 and Figure 1, the three components in the gas turbine are
compressor, combustion chamber and turbine. Neither the compressor nor the turbine part of
the gas turbine will be affected by the introduction of catalytic combustors. However, since
gasified biomass is a low-heating value fuel, the fuel flow rate may constitute about one-fifth of
the total combustion mass flow. This can be compared to natural gas that only constitutes a
few percent of the total flow. The large fuel flow may lead to mismatch between the
compressor and the turbine, especially if the engine is intended for a multifuel application
[Lefebvre (1983)]. In fact, compression of the large amount of fuel is one of the main
drawbacks with gasified biomass.

In small gas turbines with low pressure ratios, i.e. from circa 50 kW to a few MW,
several gas turbine manufacturers increase the efficiency of the gas turbine by using a heat
exchanger to heat the gas from the compressor with the gas from the turbine. This method,
recuperative design, makes it possible to increase the inlet temperature to the combustion
chamber. It is only possible to achieve good efficiencies with this method for gas turbines with
low pressure ratios, i.e. as long as the compressor work and temperature increase in the
compressor are relatively low.

3.5.1 The flame combustor

Homogeneous combustion of gaseous fuels can be made in either diffusion or premixed
flames. Combustion in the diffusion flame occurs when the fuel and air enter the combustion
zone unmixed. Since mixing will take place during the combustion, a gradient fuel-to-air ratio
exists. This gives rise to regimes with hot spots, where thermal NOx can be formed, and
regimes with oxygen-deficient combustion, where prompt NOx can be formed and incomplete
combustion may occur. In the premixed flame, fuel and air are mixed before combustion.
Consequently, no gradient exists. The latest low-emission gas turbines are equipped with dry
low-NOx burners, which use premixed combustion. Premixed combustion of a liquid fuel, such
as diesel, must be preceded by vaporisation of the fuel.

The basic problem for homogeneous combustion is, and always has been, achieving easy
ignition, wide burning range, high combustion efficiency, and minimum soot formation in a



15

single, fixed combustion zone supplied by fuel from a single injection point. As some of these
requirements conflict, the result is inevitably a compromise of some kind [Lefebvre (1983)].

Homogeneous combustion is limited by the flammability limits. Hence premixed flames
cannot be diluted beyond the limits of flammability. Today turbine materials are limited to
operation at circa 1300 °C. Combustion within the flammability limits increases the
temperatures above this level. Since the lower flammability limit of methane in air is circa 5 %,
complete combustion of 5 % methane in air (λ = 1.95) gives an adiabatic flame temperature
rise of approximately 1210 °C. Hence an inlet temperature of 350 °C gives an outlet
temperature of 1560 °C, at which formation of thermal NOx is significant. However, this
temperature is too high for the turbine blades, therefore compressed air must be by-passed the
combustion zone and used to cool combustion outlet gases. This example is admittedly
simplified with respect to the equilibrium reactions at high temperatures. In addition,
homogeneous flammability limits are in reality widened at higher pressures and temperature
[Lefebvre (1983)]. However, the catalytic combustor is not limited by conventional
flammability limits. On the contrary, this is why catalytic combustion is so efficient; the catalyst
can harness the combustion.

3.5.2 Catalytic combustor for gasified biomass

For catalytic combustion of gasified biomass, some special features must be considered,
as summarised in Table 2.

Table 2. Features of gasified biomass to be considered in catalytic gas turbine
applications.

Feature Effect to consider

Rich in hydrogen and
carbon monoxide

Auto-ignition in premix section
Low catalytic light-off
High mass transfer rates (hydrogen) resulting
in high catalyst temperatures

Low heating value Low adiabatic flame temperature
Unbalanced compressor and turbine
Unstable combustion

Renewable fuel No net carbon dioxide
Available in most countries

High in fuel-bound nitrogen Fuel-NOx formation

Small amounts of sulphur Catalyst poisoning

To begin with, a uniform flow and mixing pattern of fuel-air are of paramount
importance. Deviations in fuel concentration in air over the cross section of the catalyst
influences the local adiabatic flame temperature. A change greater than approximately +/-5 %
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of the average fuel concentration is unwanted, since this would cause stresses and overheating
of the catalyst. Improved premixing usually requires a higher pressure drop over the mixing
section. However, the pressure drop over a catalytic monolith is larger than over a flame,
hence only a small increase of pressure drop is available. In addition to this problem, the fuel
gas contains a large amount of hydrogen, hence the residence time, and distance in the mixing
section must be very short due to auto-ignition of the fuel. The mixing device depicted in
Figure 7 has been developed at KTH for a 500 kWfuel pilot-scale rig [Jacoby et al. (1998 and to
be submitted)]. Cold flow measurements have shown that it is possible to mix gasified biomass
and air to a +/- 5 % uniformity within a distance of less than 0.15 m with a pressure drop of
less than 2 %. This gives a mixing time of approximately 10 ms, which probably will be short
enough to prevent auto-ignition of hydrogen at combustor inlet pressure and temperatures.
Exact data on auto-ignition are difficult to calculate for such complex gas mixtures as gasified
biomass. However, hydrogen can be assumed to be the most reactive fuel component. As
shown in Figure 7, air enters through the mixing device in axial holes (12 larger in outer ring, 8
smaller in inside ring), where fuel is introduced radially (8 holes in each axial hole). Risk for
auto-ignition is large at locally high fuel-air ratios, e.g. inside the axial holes close to the fuel
outlet, and after prolonged time in the pre-catalyst volume. Main factors that influence the
mixing are the ratio of diameter of air holes to fuel holes, the position of the holes and the
geometry of the device.

Figure 7. Mixing device for gasified biomass and air.

An advantage with the high carbon monoxide and hydrogen contents in the gas is that
catalytic ignition can take place at compressor outlet temperatures. Hence no preheating of the
air-fuel mixture by pilot burners is necessary and, consequently, the combustor design will be
simplified and the risk of formation of thermal NOx in pilot burners eliminated. Ignition of the
gas is discussed in Papers III-VII.

Since hydrogen is a molecule with a high mass diffusivity, the ratio of mass to heat
diffusivity, known as the Lewis number (Le), will be high. The Lewis number for hydrogen is
circa 4, compared to circa 1 for carbon monoxide and hydrocarbons. Consequently, there is a
risk that catalyst surface temperature will exceed the adiabatic flame temperatures. A method
to limit the catalyst surface temperature is described in Paper VI.
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In comparison to other fuels, gasified biomass is a low-heating value fuel with a
relatively low adiabatic flame temperature. The gas may contain large amounts of bound
nitrogen. Therefore, the formation of thermal NOx will be relatively low in comparison to the
formation of fuel-NOx. NOx-formation is further discussed in Section 3.6 and Papers III and
V-VI.

Although advanced methods for upgrading of the fuel are available [Koningen (1997)], it
is likely that low levels of sulphur, mainly in the form of hydrogen sulphide, will exist. The cost
for fuel upgrading must be kept as low as possible. Since sulphur is a potential catalyst poison,
especially at low temperatures, combustion catalysts must be able ignite the fuel also in the
presence of sulphur. This issue is further discussed in Paper VII.

3.6 Emissions from combustion

The main product from combustion is heat. However, combustion will always result in
formation of by-products or harmful emissions. The by-products can roughly be divided into
solid, condensable and gaseous. The primary solid by-product is ash, which will form when a
solid fuel, such as coal or biomass, or liquid heavy oil fuel is burnt. The ash will remain in the
combustion chamber or follow the exhaust gases downstream. If the ash originates from
biomass, it should be returned to the harvest area, in order to recirculate minerals. Light ash
could follow the exhaust gases downstream. Moreover, soot particles that may form in flames
follow the exhaust gases downstream. Carcinogenic polyaromatics may condense on the soot
particles. Therefore, soot and ash must be trapped and separated from the exhaust.

Gaseous exhausts are primarily molecular nitrogen (N2), molecular oxygen (O2), water
(H2O) and carbon dioxide (CO2). Nitrogen and oxygen originate from the combustion air and
they have no harmful effect, although they contribute to a large volume of the exhaust gas
flow. Hence other emissions are diluted which complicates downstream abatement. Water and
carbon dioxide are the clean by-products from combustion and have no harmful effects on
human beings (in low concentrations). However, carbon dioxide is a greenhouse gas.
Consequently, a raised carbon dioxide concentration could lead to global warming. During the
last century, both the global carbon dioxide level and the global mean temperature have risen.
There is still a debate whether this is a true correlation or a natural change in the global
climate. If the correlation is true, emissions of carbon dioxide must be dramatically reduced.
The effect of global warming is difficult to foresee, but raised ocean levels and climate changes
due to a change in seasons and currents are likely. This will lead to catastrophes around the
world.

If the combustion is incomplete, carbon monoxide (CO) and unburned hydrocarbons
(UHC) will form. Incomplete combustion will lower the total efficiency of the process and will
cause higher carbon dioxide levels to produce a given amount of heat from the process. In
addition, carbon monoxide is poisonous and unburned hydrocarbons, in fact a wide definition
of compounds, may be carcinogenic, e.g. polyaromatics, or greenhouse gases, e.g. methane.
Others may be odours, such as nitrogen or sulphur-containing hydrocarbons. Chlorinated
polyaromatics such as dioxins are extremely carcinogenic. Both carbon monoxide and
unburned hydrocarbon levels should be reduced, by either a combustion method or an
abatement technique.
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Other harmful emissions from combustion sources are heavy metals, sulphur dioxides
(SOx) and hydrogen chloride (HCl). Although these compounds may influence the combustion
process, a modification of the combustion process cannot be used to reduce these emissions.
Processing of the fuel or post-combustion abatement are the only two possibilities for reducing
emission levels of these compounds.

3.6.1 Nitrogen oxides

Nitrogen monoxide and dioxide (NO + NO2), usually classified as nitrogen oxides (NOx)
are formed by four different processes, cf. Figure 8. NO2 is formed from NO and is usually
always present in equilibrium concentrations, depending on reaction conditions. Reactions
depicted in Figure 8 are simplified in the sense that only the first reaction step to form NO is
shown. The first three mechanisms, applicable to fuels that do not contain bound nitrogen, are
the thermal or Zeldovich mechanism, the so-called "prompt" mechanism and the nitrous oxide
mechanism.

Thermal NOx, reactions (1-3), is formed by reactions between atmospheric nitrogen and
oxygen [Zeldovich (1946)]. The original mechanism, (1-2), postulated by Zeldovich is further
developed to also include the extended Zeldovich mechanism, reaction (3) [Glassman (1996)],
The formation of thermal NOx is significant at temperatures above approximately 1500 °C,
since the activation energy is large. Prompt NOx, reactions (4-5), identified by Fenimore
(1970), refers to reactions that occur between hydrocarbons in the fuel and atmospheric
nitrogen in hydrocarbon flames. The intermediate species that form by reactions (4-5) react
further, via a mechanism similar to fuel-NOx described below. Typically, formation of prompt
NOx is only significant at close to stoichiometric conditions in flame combustors.

Figure 8. Overview of thermal, prompt, nitrous oxide and fuel-nitrogen
mechanisms. Adapted from Glassman (1996). M denotes a third body in the
system. The double arrow here denotes equilibrium reactions.
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The third NOx-formation mechanism is the formation of nitrous oxide, reaction (6), as
an intermediate [Correa (1992)]. It is significant at low temperatures in lean premixed laminar
flames. The formed nitrous oxide is unstable at higher temperatures and reacts further to
molecular nitrogen or NOx, reactions (7-9).

Some fuels, such as diesel, heavier oils and low-heating value (LHV) fuels, e.g. gasified
biomass or gasified coal, contain bound nitrogen. These fuel-N species react further, through
several intermediate reactions described by, among others, Miller and Bowman  (1989) and
Glassman (1996), cf. Figure 8 reactions (10-15). Fuel-bound species form molecular nitrogen
and significant amounts of NOx. The intermediate reactions, starting from fuel-N to form NOx
or molecular nitrogen, most likely start with thermal decomposition of the bound nitrogen
species upstream of the combustion zone. Therefore, precursors to NOx formation will be N-
containing species with low molecular weight, e.g. NH3, NH2, NH, HCN, CN, etc.

In the case of LHV-fuels, bound nitrogen species in the raw fuel fed to the gasifier will
in general be decomposed to molecular nitrogen as well as significant amounts of ammonia and
hydrogen cyanide, which will be present in the gas fed to the combustor. In flame combustors,
fuel-N can be reduced by reactions with CH and NH radicals present in large concentrations,
i.e. in fuel-rich combustion. Therefore, staged combustors, with a fuel-rich zone followed by a
fuel-lean zone, can be applied to reduce NOx from combustion of N-containing fuels, cf.
Section 3.6.2.

Figure 9. Homogeneous reactions of NH3. Left branch (A) forms molecular
nitrogen, but is only possible in a small temperature window, approximately 800 to
1100 °C, depending on pressure and gas composition. Right branch (B) dominates
at lower and higher temperatures [Miller & Bowman (1989); Glassman (1996)].
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The homogeneous reaction route from ammonia to molecular nitrogen or NOx is not
fully understood, but it is clear that it involves several steps. One likely mechanism is the
formation of NOx that is consecutively reduced to molecular nitrogen by remaining fuel
components, cf. reaction (13). Although the formation of NOx from fuel-N species is
considered to be more or less temperature insensitive, the reduction of NOx by other N-
species, such as ammonia or hydrocarbons is usually very temperature-sensitive, both in
heterogeneous [Paper V] and homogeneous [Miller & Bowman (1989)] combustion, see
branch A in Figure 9. Shelef (1995) has described NOx-reduction via SCR-reactions with N-
free reductants. It was shown that reduction of NOx by compounds other than ammonia could
be accomplished. Over oxide catalysts, it is likely that NO is oxidised in the first step to NO2,
followed by reduction of NO2 by reactions with hydrocarbons [Shelef (1995)].

The strong negative impact of nitrogen oxides is threefold. They are considered to
contribute to the acidification, to photochemical smog and to affect the ozone balance in the
stratosphere. New stringent NOx emission levels for gas turbines in California call for single-
digit emission (<10 ppm).

Dinitrogen oxide (N2O) is a non-toxic greenhouse gas. As shown in Figure 8 it may be
formed by combustion processes at low temperatures. However, it is not stable at higher
combustion temperatures and reacts further via reactions (7-9) in combustion chambers with
high outlet temperatures.

3.6.2 Abatement of emissions

Most of the emissions described above, such as NOx, CO, UHC and soot, can be, and
have been, heavily reduced by modifying the combustion process. In addition, several post-
combustion techniques have been developed to reduce the harmful emissions after the gas
turbines. Thus abatement can be divided into primary and secondary techniques, depending on
whether they are applied in the combustion chamber or after.

Primary in-situ techniques are used in the combustion chamber as a means to improve
the combustion process and prevent formation of the emissions. They include water and steam
injection, rich-burn quick-quench lean-burn (RQL) technique and dry low-NOx combustion,
such as lean-premixed combustion or lean-premixed prevaporisation. A drawback with water
or steam injection is the cost for supply and purification. The staged RQL-method reduces
NOx, but it can produce high levels of carbon monoxide and unburned hydrocarbons. It is used
mainly for fuels with large amounts of fuel-NOx. Lean premixed combustion (dry low-NOx) is
a promising method for cutting NOx-levels. Dry low NOx combustors utilise a flame holder to
stabilise the flame, by introducing a recirculating zone providing a continuous source of
ignition to the incoming fresh mixture [Lefebvre (1983)]. The fresh mixture is ignited by the
hot combustion products entrained in the recirculating zone. However, dry low-NOx
combustors must operate on the limit of flammability to reach single digit emissions, which
could cause unstable flames and vibrations in the gas turbines [Swanekamp (1995)]. Catalytic
combustion is also a primary method, but it does not have to struggle with these problems.
Note that the catalyst does not work as a flame holder.

Secondary, tail-end, techniques are used downstream of the combustion chamber, usually
after the turbine to reduce emissions already formed. As such, they are less preferable than



21

primary techniques. Tail-end abatement includes selective catalytic reduction (SCR) or
selective non-catalytic reduction (SNCR), catalysts for abatement of volatile organic
compounds (VOC) and filters for soot and particulate matter.

3.6.3 Circumventing harmful emissions by catalytic combustion

To reach ultra-low emission levels, catalytic combustion is the most promising and
economically feasible process available today [Dalla Betta (1997)]. It is clear that catalytic
combustion of natural gas will reduce thermal NOx, CO and UHC substantially. It could also
be applied to combustion of kerosene to reduce formation of soot. However, with gasified
biomass as fuel, one of the most important issues is to reduce NOx formed from nitrogen
species in the fuel. Since natural gas does not contain any fuel-bound nitrogen, it is no surprise
that hardly any research on formation of fuel-NOx has been made since the emphasis on
catalytic combustion was turned towards natural gas in the mid-1980’s. However, there are
groups who studied this issue in the late 1970’s and early 1980’s [Prasad et al. (1984)].

Catalytic combustion of a synthetic low-heating value gas simulating gasified coal has
been reported [Clark et al. (1982)]. Ammonia was added to simulate fuel nitrogen. A
comparison was made between three combustion chambers, namely a catalytic, a diffusion
flame and a stirred reactor. It was found that the catalytic reactor converted 14 % of the
ammonia to NOx (86 % to N2) at a pressure of 2 to 11 atm, 553 ppm input NH3 and a space
velocity of 135 000 to 360 000 h-1. The corresponding NH3 reduction values for diffusion
flame and stirred reactor were 22-33 % and 50 % to NOx, respectively. In the catalytic
combustor, a honeycomb catalyst was segmented with decreasing channel width, washcoated
with nickel oxide supported on zirconium oxide (NiO/ZrO2). Platinum was added to the first
segment to ignite the gas. The lowest conversion of ammonia to NOx was achieved when the
combustion was staged with a fuel-rich region (90 % of the air theoretically needed), followed
by a fuel-lean region. The reduction of ammonia was achieved in the fuel-rich region.
However, 90 % air mixed with fuel may cause a too high temperature rise in the first segment,
which makes it difficult to mix the fuel-rich mixture with the remaining air without a
homogeneous ignition in the mixing chamber. If the reported results are true, the suggestion
must be to use less air in the first segment, to prevent high fuel conversions and consequent
temperature rise, or to use a hybrid design. When the combustion was solely fuel-lean, a major
part of the ammonia was converted to NOx. The same group compared the Pt-NiO/ZrO2

catalyst described above with a Pt/Al2O3 catalyst [Folsom et al. (1980)]. The former was
superior during staged fuel rich/lean combustion with a segmented catalyst.

A two-stage method for combustion of a nitrogen-containing fuel is described in an old
patent from Engelhard [Carruba et al. (1975)]. The first stage is fuel-rich with catalyst, second
stage is fuel-lean possibly with catalyst.

The group working with Ruckenstein evaluated catalytic combustion of propane doped
with 1 % ammonia in O2/Ar over Cr2O3/Co3O4 on alumina catalysts [Kennedy et al. (1981);
Prasad et al. (1981)] at 0.8<Φ<1.2 and 460°C<T<640°C. (Φ stands for the equivalence ratio,
i.e. actual fuel to air ratio to theoretical fuel to air ratio). At temperatures above 600 °C the
emissions of unwanted nitrogen species (NOx, NH3, HCN) were reduced to 5 to 20 % of the
inlet concentration of NH3. This was valid for both fuel-lean and fuel-rich combustion. In an
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extensive study [Sung et al. (1984)] by the same group the concentration of ammonia was
varied between 1, 2 and 4 %. In these experiments similar results showed that the conversion
of unwanted nitrogen species was 5 to 20 %, independent of higher NH3 concentrations.
However, the more fuel-rich the feed, the higher the inlet temperature needed to achieve low
NOx conversions.

Chu et al. (1980) suggested using two segmented catalytic combustion chambers. Their
experiments were made testing a diesel fuel doped with pyridine as a simulated fuel nitrogen
compound. With a gap between two monoliths, the catalytic reaction is considered to be frozen
and intermediate hydrocarbons are considered to react with formed NOx before the fuel is
completely burned in the last segment. The authors have not described the catalyst.
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4. CATALYST DEVELOPMENT

Paper I in the present thesis summarises recent developments in catalytic combustion for
gas turbine applications. Papers II-VIII report on development and testing of novel combustion
catalysts. This work and the major conclusions will be outlined here.

4.1 Catalytic combustion for gas turbine applications (Paper I)

Paper I gives a general background concerning materials development, modelling,
fundamental differences between different combustor designs, a case study from the recently
finished European AGATA-project, catalyst deactivation and a survey of recent patents. This
paper will be summarised here.

4.1.1 Catalytic materials

The catalyst is generally divided into three parts: (1) the substrate, which can be ceramic
or metallic, (2) the washcoat, usually a metal oxide-based material, such as modified alumina
or zirconia, and (3) the active component, which is usually based on palladium or a mixture of
precious metals. A photo of a cordierite monolith and a SEM image of washcoat and cordierite
wall is depicted in Figure 10.

Figure 10. Photo of a laboratory-size 400 cpsi cordierite monolith (left) and a SEM
image of washcoat and cordierite wall (right). An enlargement of one channel is shown
on the photo. The SEM image shows the cordierite wall on the left side and the washcoat
on the right side. Cordierite is denser with large pores compared to the washcoat. Photo
by Jonny Danielsson, SEM image by Inga Groth.

Metallic substrate materials often consist of some thermally stabilised alloy. The
FeCrAlloy, a mixture of iron, chrome and alumina with addition of yttrium, has received
interest, since α-alumina whiskers can form on the surface after heat treatment to 1000 °C
[Zwinkels (1996)]. These whiskers can act as anchors for the washcoat. Metallic monoliths can
be made with very thin cell walls, which increases the void fraction of the substrate. Metallic
foils can be washcoated on one side and thereafter be folded into a monolith. Hence, only
every second channel will be coated with catalyst. In reality, the ratio of active coated and
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uncoated passive channels can be adjusted to fine-tune overall conversion over the monolith.
The method with active/passive channels originates from Westinghouse [Young & Carl
(1989)], but has been further developed by several manufacturers, e.g. Catalytica [Dalla Betta
et al. (1993)]. Ceramic substrates, such as cordierite or mullite zirconia, have slightly thicker
walls than metal monoliths, which results in a lower void fraction and larger pressure drop.
However, they withstand higher temperatures, e.g. approximately 1450 °C for cordierite
compared to circa 1100 °C for FeCrAlloy. The passive-and-active approach could also, in
principle, be applied to ceramic substrates.

Conventional washcoat materials are usually not stable at combustion temperatures.
Therefore, addition of different compounds, such as lanthanum to alumina [Tijburg (1989);
Lowe et al. (1994)] or hafnium to zirconia [Wang (1996)] has been used to improve the
thermal stability of the washcoat. Some washcoats materials can be ion-substituted with a base
metal, such as the manganese-substituted lanthanum hexaaluminate, to invoke catalytic activity
in the washcoat itself. This is preferable at higher temperatures, to prevent solid-state reactions
and evaporation of active material [Dalla Betta (1997)]. Preparation, thermal stability and
activity of lanthanum-stabilised alumina are reported in Papers II, IV-VII.

Among the precious metals, palladium is considered the most active for methane
combustion. Several recent studies have been devoted to clarifying the true state of the active
palladium species and the hysteresis of palladium oxide decomposition to palladium at higher
temperatures. In addition to palladium, other precious metals or mixtures of metals can be
used, especially for combustion of fuels other than methane. Palladium catalysts have been
studied in Papers V-VII.

4.1.2 Combustor design

During the past five years, several successful pilot and full-scale demonstrations of
catalytic combustors for gas turbine applications have been presented. These systems can be
divided into five classes. On the one hand, the fully catalytic combustor designed for large and
small-scale gas turbines, cf. designs Ia and b in Figure 2. Fully catalytic combustors for large-
scale gas turbines with high turbine inlet temperatures have not yet been proven to withstand
thermal stresses and retain thermal stability after prolonged operation at peak temperatures.
Small-scale gas turbines, however, can utilise a recuperator to gain efficiency by recovering
exhaust heat. Hence gas turbines with lower turbine inlet temperatures can operate with high
net efficiencies. Consequently, thermal stresses on the catalysts are substantially reduced.

On the other hand, the three hybrid designs with partially inactive catalyst, with
secondary fuel and with secondary air (designs IIa, b and c) reduce the thermal stress on the
catalysts. They combine a first catalytic, lean or rich, stage followed by a second lean stage
with homogeneous combustion operating at higher temperature than the first stage. This is also
briefly described in Section 2.1. Results from recent pilot-scale tests on these five designs are
reported in more detail in Paper I.

4.1.3 Deactivation

One of the main hurdles for combustion catalysts is to maintain the catalytic activity
during prolonged operation. Typically, gas turbine manufacturers demand at least one-year-
operation, i.e. 8000 h for stationary gas turbines and approximately the same number of hours
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for mobile applications. Combustion catalysts will be exposed to severe conditions, i.e. gas
velocities around 10-25 m/s, peak temperatures between 1000 to 1400 °C depending on the
system design, transients with temperature drops of around 500 °C in fractions of a second,
and fuel mixtures that can contain known catalyst poisons. Hence, the catalysts could be
deactivated by: (1) sintering, i.e. loss of active surface area, and vaporisation of active material,
due to long-time exposure to heat and steam. (2) Thermal stresses, which could lead to
fracture of the catalyst, and (3) reversible and irreversible poisoning of active sites by
impurities in the fuel or in the air. Thermal deactivation and poisoning is studied in Papers VI
and VII, respectively, in this thesis.

4.1.4 Recent patents

The first two patents on catalytic combustion were filed by Pfefferle in 1974 and 1975
“Catalytically supported thermal combustion” [Pfefferle (1974), 1975)]. Since then, a growing
number of patents for gas turbine applications have been approved, on an average about 5 - 10
new patents every year during the last ten years, see Zwinkels (1993) for examples of patents
1986-1991 and Paper I for examples of patents 1993-1998. As shown, surprisingly many of
them seem to cover the same type of catalytic material or combustion technology. For
instance, the use of precious metal catalysts is covered in approximately 25 of 69 patents.
Moreover, the approach with passive and active channels is covered in similar patents by
several independent corporations, e.g. Westinghouse, Catalytica Inc. - Tanaka Noble Metal
Industrial Corp., ICI, Toshiba, Grace, Mitsubishi, and also by W. C. Pfefferle.
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4.2 Techniques for preparation of hexaaluminates (Paper II)

One of the most promising groups of high temperature stable combustion catalysts is
hexaaluminates [Machida et al. (1987); Groppi et al. (1993); Lowe et al. (1994); Arai &
Machida (1996)]. The hexaaluminate crystal structure consists of blocks of closely packed
aluminium oxide with spinel structure separated by large cations [Inoue et al. (1996)]. This will
suppress crystal growth along the c-axis, giving rise to thin plate like crystals. As the crystal
grows, the aspect ratio (ratio between a,b-plane and the c-axis) will increase and thereby
increase the surface energy of the crystal. The crystal will, due to the laws of thermodynamics,
try to keep its surface energy as low as possible, hence keeping the crystal growth to minimum
even at high temperatures [Inoue et al. (1996)]. This results in materials with surface areas
above 10 m2/g even after calcination at 1200 °C.

The hexaaluminate structure has the general formula ABxAl12-xO19−α, where the A ion
could be an alkali, alkaline earth-metal or rare earth-metal. Some of the aluminium ions can be
substituted by transition metal ions with similar radii and charge. It has been shown that the
choice of both A and B ions can effect the catalytic activity and the thermal stability of the
resulting substituted hexaaluminate.

The preparation method influences the thermal stability and catalytic activity of
hexaaluminates [Groppi et al. (1997)]. In Paper II, three methods for preparation of a high
surface area manganese-substituted lanthanum hexaaluminate have been studied. Studies at our
laboratory, reported in Paper IV, and results reported by Eguchi et al. (1997) have shown that
LaMnAl11O19 has both high thermal stability and catalytic activity. Therefore, this compound
was chosen as model compound for the study. The preparation methods were on the one hand
the sol-gel technique, i.e. hydrolysis of alkoxides, and on the other hand precipitation as
carbonates or hydroxides. In addition, precipitation by citrates and oxalates was studied by
modelling. These two methods were excluded, since no pH for stoichiometric precipitation of
La-, Mn- and Al-ions in aqueous solution could be found. Successful synthesis starting from
citrate or oxalate systems would require a series of preparations to determine the right starting
conditions to get a stoichiometric precipitate.

It was shown that the sol-gel technique combined with supercritical drying (aerogel
sample) gave the most promising material, although the carbonate method also showed
promising results. The major advantage of the precipitation method versus the sol-gel method
was simplicity. However, the sample prepared by hydroxide precipitation did not show a pure
hexaaluminate-phase and had lower surface area after calcination. Both the carbonate
precipitation and sol-gel methods showed pure hexaaluminate-phases after calcination at
1200 °C in dry air. The highest thermal stability, a specific surface area of 28 m2/g after
calcination to 1200 °C, was found for the aerogels. It was shown that a high initial surface area
did not correspond to a high surface area after calcination to high temperatures. To retain a
high surface area at high temperatures, an initial broad pore size distribution was needed. Pore
size distribution after calcination up to 600 °C could be controlled with the use of a modifier,
acetyl-acetone, which was added to the alkoxide solution during the sol-gel synthesis.
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4.3 Novel reactor for testing of combustion catalyst (Papers III - IV)

An annular reactor was developed during the present author’s work with Dr. Jon
McCarty at SRI International [McCarty (1995); McCarty et al. (1997)]. A reactor of this kind
was used for the activity tests described in Papers III and IV in this thesis, and has been
reported in other work from our group [Papadias et al. (1997); Menon et al. (1997)]. We
would like to name the reactor Single Channel Annular Reactor (SCAR). In principle, the
reactor consists of a ceramic thermocouple cover washcoated with the sample catalyst,
approximately 10-50 mg, inserted into a cylindrical quartz reactor, cf. Figure 11. The reaction
gas passes outside the thermocouple tube, but inside the quartz reactor.

Combustion catalysts work at higher space velocities, typically 2·105–2·106 h-1, than
conventional catalysts. The use of fixed bed reactors is limited to measuring reaction rates at
relatively low gas velocites, and hence low temperatures. The SCAR is an advantageous
microreactor, since the use of a thin uniform washcoat layer, the annular configuration, and the
high linear velocity ensure that rate measurements can be made at high temperatures with
minimal thermal and concentration gradients [McCarty (1995)]. Moreover, the
visual/microscopic examination of the washcoat for cracks and blisters after the activity test
runs and scraping off of the washcoat for physicochemical characterisation are also possible.
The isothermality of the reaction conditions can be further improved by using a thick
thermocouple and a thin mullite tube, since heat transport can be improved by the metal
thermocouple piece [Papadias et al. (1997)].

A similar reactor has recently been described and modelled by Forzatti and co-workers
[Beretta et al. (1998 and in press)]. Corroborating the results from McCarty and our group,
the analysis of CO combustion evidenced that much higher space velocities and reaction
temperatures, as well as more isothermal conditions, could be achieved by the annular reactor
in comparison with standard fixed bed reactors.

Figure 11. Schematic view from side and top of the single channel annular reactor
(SCAR). (1) Quartz reactor, (2) centred mullite thermocouple cover and (3) washcoat
positioned in the centre of the furnace. Thermocouple is inserted inside the
thermocouple cover. The eccentricity of the mullite tube may be diminished by
mounting the reactor vertically and by indents in the quartz tube to centre
thermocouple tube. Homogeneous reactions in the post-catalyst volume could be limited
by using a capillary tube or mounting an uncoated mullite tube also at the outlet, cf.
Paper III.
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4.4 Ignition of the gas (Papers III – VI)

Real gasified biomass is a dilute fuel gas mixture with low heating value. The fuel gas,
used in the present series of experiments, resembles the gas from air-blown fluidised bed
gasification of wood. A mixture of hydrogen, carbon monoxide, methane, ethene, carbon
dioxide, water and nitrogen was mixed with air at a lambda value of 3-4. One of the
advantageous features of gasified biomass is that catalytic ignition of the gas is possible at
compressor outlet temperatures. Catalytic combustion is advantageous compared to
homogeneous combustion, since it could be complicated to combust the low-heating value gas
homogeneously under lean conditions.

Papers III-VI cover a series of tests of this gas mixture over lanthanum and/or barium
hexaaluminate catalysts, impregnated with palladium or platinum, or ion-substituted with iron,
manganese or copper. In addition, transition metals supported on alumina have been tested.
Two types of reactors have been used, i.e. the SCAR reactor described in Section 4.3, and
monolithic reactors. In the first case, the powders were washcoated on mullite tubes, in the
second case the powders were washcoated on 400 cpsi cordierite monoliths. Although the
complexity of the gas mixture makes the experiments more complicated, it has been considered
important to use a gas as close as possible to the real conditions. It has been shown previously,
e.g. by van Giezen (1997), that water influences catalytic combustion of methane and should
be included in the experimental investigation. Moreover, Zwinkels (1997) showed that co-
adsorption phenomena occurred and that the presence of carbon monoxide and hydrogen
influenced methane light-off.

The temperature for 50 % conversion was generally lower for carbon monoxide and
hydrogen than for ethene. Methane was the least active. However, at high space velocities the
temperature for 95 % conversion of carbon monoxide was higher than that of methane. As to
the activity for ignition of carbon monoxide and hydrogen, palladium catalysts were generally
the most active. Catalysts with a similar mole loading of platinum were slightly less active.
Substitution of the hexaaluminate phase by copper, manganese, cobalt or nickel showed that
copper was most active for hydrogen and carbon monoxide, followed by manganese, cobalt
and nickel. Methane activity was similar for all substituents, cf. Paper IV. Since copper was
considered too volatile, further studies focused on manganese-substituted hexaaluminates. In
addition, several samples with iron were prepared, since iron-based combustion catalysts have
been considered thermally stable. This was also reported by van Giezen (1997). The transition
metal-substituted hexaaluminates were less active than the prepared precious metal catalysts.

Several recent papers report on the state of the active palladium species over alumina
[McCarty (1995); Quick & Kamitomai (1995); Burch (1996); Kikuchi et al. (1997);
Lyubovsky (in press)] or zirconia supports [Carstens et al. (1998); Su et al. (1998)] for
methane combustion. It can be concluded that the high activity of palladium is due to the
formation of highly active palladium oxide species. These species are stable up to the
decomposition temperature of palladium oxide, approximately at 500 – 800 °C, depending on
gas composition and pressure. The true state of the active sites has been suggested to consist
of chemisorbed oxygen on palladium or palladium oxide present as a “skin” on palladium
particles. However, the activity of the reduced palladium species on cool-down is usually
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higher than or equal to the oxidised palladium species on heat-up. This hysteresis of palladium
catalysts is not totally clear.

Palladium catalysts are more active than platinum catalysts up to the temperature where
palladium oxide decomposes and a plateau or decrease of the reaction rate is observed, cf.
Figure 12. At these temperatures, approximately, platinum catalysts are shown to be more
active, cf. Paper VI. Transition metal-based catalyst are generally less active, although the
activity at temperatures above 650-700 °C is equal to that of the precious metals. At these
temperatures, the onset of homogeneous reactions and mass transfer limitations are likely to
level out the differences between the catalysts at the experimental conditions in these
experiments, i.e. atmospheric pressures and relatively low gas velocities. Ethene was more
easily combusted than methane, but less so than carbon monoxide and hydrogen.

The effects of varied palladium loading, gas hourly space velocity, and fuel composition
(ethene, water and ammonia concentration) were studied by statistical evaluation of the
temperatures needed for 10, 50 and 95 % conversion, respectively. The palladium series was
compared to manganese-substituted and platinum-impregnated hexaaluminate samples. The
results showed that gas hourly space velocity and palladium loading were the two most
important factors in influencing ignition of carbon monoxide, hydrogen and methane. At very
low loading of palladium, i.e. 0.1 to 0.4 weight percent, the temperatures (T10, T50 or T95) for
ignition of methane ignition were comparable to those of the sample with no palladium.
However, the ignition of hydrogen and carbon monoxide was strongly affected by these small
additions of palladium. Only at higher palladium loading, i.e. 0.8 weight percent, was the
ignition temperature of methane significantly lowered. This is shown for a palladium loading of
0.2, 0.4 and 0.8 in Figure 12, adapted from Paper VI. Hence, by selecting an appropriate
palladium loading, it could be possible to ignite the fuel gas selectively.

Figure 12. Conversion of CO, H2 and CH4 in a synthetic gasified biomass gas mixed with
air, cf. Table 1, over Pd/LaAl11O18-washcoated cordierite monoliths. Pd-loading 0.2, 0.4
and 0.8 wt.%, gas hourly space velocity (GHSV) is 50 000 (m3 gas)·h-1·(m3 monolith)-1.

At lambda less than 1, i.e. at fuel-rich conditions, it was observed that methane oxidation
suppressed carbon monoxide and hydrogen oxidation after methane light-off, cf. Paper IV.
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This can be explained by a higher specific activity of methane at elevated temperatures than of
carbon monoxide and hydrogen or by water-gas-shift reactions. Visual examination of the
catalyst revealed that the surface had been reduced. In all tests performed in the present thesis,
it was observed that prior to methane ignition, small amounts of methane were formed,
probably by methanation reactions.

4.5 Circumventing NOx (Papers III, V, VI)

The catalytic combustor lowers the activation energy of the combustion reactions and
thus stabilises lean heterogeneous combustion of gasified biomass. Consequently, the peak
flame temperatures are lowered and the levels of thermal NOx will be substantially lowered.
However, the potentially high amount of ammonia can form large amounts of fuel-NOx.
Therefore, the formation of fuel-NOx has been studied in Papers III-VI in this thesis.
Lanthanum and/or barium hexaaluminate catalysts impregnated with palladium or platinum, or
ion-substituted with iron and manganese have been studied as washcoats on 400 cpsi cordierite
monoliths. In addition, transition metals supported on alumina have been tested in the SCAR
reactor described in Section 4.3.

The peak temperature in the experiments was 800 - 950 °C and, hence, the formation of
thermal NOx has been considered negligible. The outlet concentration of NH3 and NOx,
measured as NO and NO2 separately, was measured by FT-IR in Paper III and by NDIR and
UV-VIS in Papers V and VI. Since the experiments were made in nitrogen atmosphere to
simulate a gas as close as possible to the real gas, the formation of molecular nitrogen could
not be measured.

The NOx emission levels were primarily influenced by the temperature, the space
velocity, ammonia concentration and the catalyst composition. However, neither ageing nor
loading of palladium influenced the NOx formation.

Ignition of ammonia was observed at temperatures close to the ignition temperature of
carbon monoxide and hydrogen. The onset of formation of nitrogen oxides was usually
delayed, although high conversion rates could be measured over a fairly wide temperature
regime, cf. LaMnAl11O19 in Figure 13 and Pd/LaAl11O18 in Figure 14. The conversion to
nitrogen oxide varied as the inlet gas temperature to the reactor was increased. The formation
of nitrogen monoxide (NO) was markedly higher than that of nitrogen dioxide (NO2), although
NO2 formation reached a maximum at intermediate temperatures, i.e. 400 – 800 °C. At
temperatures above 700 - 800 °C, nitrogen oxide levels decreased markedly. Minimum
conversions of ammonia to nitrogen oxides were circa 40 – 50% over monolithic catalysts and
even down to 12 % in the SCAR-study. Shorter contact times and, hence, higher ignition
temperatures in SCAR could explain the lower levels of NOx, since a higher level of unreacted
reductants was present in the temperature regime where reduction of NOx is favourable.

Nitrous oxide (N2O) could only be analysed in the SCAR reactor with FT-IR at overall
high conversion levels, i.e. at temperatures above 800 °C. Levels of N2O were approximately
1-5 ppm. Higher levels of nitrous oxide could occur at lower temperature. However, since the
stability of nitrous oxide is low at higher temperatures, cf. Section 3.6.1, the outlet
concentration from a combustor is considered to be low.
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In Figure 13 and 14 conversion of ammonia to nitrogen oxide is compared over
palladium impregnated and manganese-substituted lanthanum hexaaluminate-washcoated
cordierite monoliths, Pd/LHA and LMHA, respectively (Paper V).

Figure 13. Conversion of NH3 to NO and NO2 over LaMnAl11O19-washcoated
cordierite monoliths (Paper V). Fuel composition as described in Table 1. GHSV is
50 000.

The LMHA-catalyst showed a higher yield of N2 from fuel-NH3 compared to Pd/LHA,
56 % N2 compared to 48 % N2, at temperatures above 800 °C. The results on fuel-NOx
formation shown here for a palladium-based catalyst are somewhat lower than could be
expected for a noble metal catalyst compared to transition metal oxide-based catalysts
[Zwinkels et al. (1993, 1997)], since noble metal-based catalysts typically have a high
formation of fuel-NOx. Still, the substituted hexaaluminates showed higher conversions of
fuel-NH3 towards molecular nitrogen, as expected.

Figure 14. Conversion of NH3 to NO and NO2 over Pd/LaAl11O19-washcoated
cordierite monoliths (Paper V). Fuel composition as described in Table 1. GHSV is
50 000.
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However, the tests described here have been made at elevated temperatures, up to
950 °C, with transformation of the active Pd-species and with a fairly complex gas mixture,
indicating that synergistic reactions at high temperatures influence the NOx-formation.

Further, an increase of the inlet ammonia concentration resulted in a slightly higher
conversion of ammonia to molecular nitrogen, although the absolute NOx outlet levels were
higher.

The observations stated above indicate that the formation of nitrogen oxides from
ammonia in the experiments described in this thesis occurs via at least two mechanisms, namely
a heterogeneously catalysed mechanism and a homogeneous mechanism. Both these
mechanisms are likely to be very temperature-sensitive, similar to the SCR and the SNCR
reactions, cf. Section 3.6.2 and 3.6.3 in this thesis. However, the level of potential reductants
in the fuel gas is considerably higher than for SCR and SNCR conditions. Although the
reduction of NOx with N-free reductants is less efficient than with ammonia, species such as
carbon monoxide and methane have been shown to reduce NOx to molecular nitrogen [Shelef
(1995)]. Further, fuel-ammonia that has not yet reacted can reduce the already formed NOx.
This can explain the low levels of NOx from the SCAR-study at low fuel-conversions, cf.
Paper III. Consequently, a method of lowering the fuel-NOx emissions could be to control fuel
conversion and the temperature evolution in the combustor to reach an intermediate
temperature regime where fuel-NOx would be reduced. Similar schemes have been proposed in
the early 1980’s, cf. Section 3.6.3. The catalytic combustor could be a versatile tool to control
the temperature profile.

Studies by colleagues in the European ULECAT-project show similar results as reported
here [Forzatti & Groppi (1998)]. The formation of nitrogen oxides and methods to circumvent
it must be verified in pilot-scale tests at real combustor temperatures and gas velocities, where
the heat to reach an intermediate temperature regime is generated by partial combustion of the
fuel and not by preheating the gas mixture.
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4.6 Deactivation of the hexaaluminate catalysts (Papers VI – VII)

4.6.1 Ageing in steam, poisoning by alkali (Paper VI)

Although several very promising high-temperature stable materials have been reported
for use as combustion catalysts no material has shown long-time stability at temperatures
above approximately 1000 – 1100 °C. Hence maintaining catalyst stability and activity during
prolonged operation without sintering or loss of active phase by vaporisation is of paramount
importance. For ignition of methane-fuels, i.e. natural gas, palladium is generally considered to
show the highest activity among the precious metal catalysts and superior activity compared to
transition metal oxide catalysts.

One of the objectives with the work reported in Paper VI was to study the effect of
ageing on powder and washcoated monoliths. Samples of palladium and platinum supported on
lanthanum hexaaluminate (Pd/LHA and Pt/LHA) and manganese-substituted lanthanum
hexaaluminate (LMHA) were prepared. To evaluate the thermal stability of the catalysts,
samples, both in powder form and washcoated on cordierite monoliths, were aged at 1000 °C
in steam up to 30 days. Samples were collected after 1, 5, 15 and 30 days and characterised by
BET and XRD and tested in a bench-scale rig. In connection with the test on thermal ageing,
the effect of adding alkali (Na+, K+) and chloride (Cl-) to the catalyst powders was also studied.

Surface area of the catalysts decreases sharply in steam environment. However, after one
day’s exposure to steam at 1000 °C, further decrease in surface area is small. The opposite
behaviour is observed for changes in the crystal phase. Only after long time exposure does the
initial relation between hexaaluminate and perovskite phase (LaAlO3) change, indicating that
this is a slow process. The formation of the perovskite phase is unwanted, since it generally has
a lower specific surface area than the hexaaluminate [Johansson et al. (submitted)]. Using
excess aluminium or ion-substitution with manganese favours stability of the hexaaluminate
phase, although this did not favour the surface area. Addition of alkali and chloride to the
catalyst powders did not influence either surface area or crystal phase. Conversion of synthetic
gasified biomass over Pd/LHA calcined at 1000 °C for 4 hours in dry air was compared to the
conversion over a similar sample aged for 15 days at 1000 °C in 12 % water in air. The light-
off temperature (T50) for carbon monoxide and hydrogen was increased by 4.5 and 6.5 %,
respectively, compared to 39.2 % for methane. The Pt/LHA sample behaved differently, since
the increase in temperature for 50% conversion was more even for all three components, i.e.
14.8 % for carbon monoxide and hydrogen and 11.9% for methane. The LMHA sample
showed a sharp temperature increase for conversion of hydrogen and carbon monoxide, i.e. a
temperature increase of 28.2 and 40.6 %, respectively. However, T50 for methane increased
only 3.8 %.

The activity for methane conversion drops severely for an aged palladium catalyst
compared to a fresh one. A similar behaviour is observed when comparing the activity of a
fresh sample with a high loading of palladium to a fresh sample with a low loading of
palladium. Fresh catalysts with a low loading of palladium still have a high activity for
conversion of carbon monoxide and hydrogen. The same phenomenon is observed for aged
catalysts with a high initial loading. Consequently, combinations of sintering, encapsulation or
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evaporation during ageing decrease the palladium activity. Evaporation is probably the most
important cause of deactivation.

4.6.2 Sulphur in the feed (Paper VII)

When considering catalytic combustion of gasified coal or biomass the sulphur content of
the fuel must be taken into account. The sulphur in the LHV-gas produced in the gasifier is
present mainly as hydrogen sulphide (H2S), but to some extent also in the form of COS and
other sulphur-containing species. The concentrations vary within a wide range depending on
the solid fuel used but typical levels for gasification of biomass are 20 to 200 ppm [Berg et al.
(1997)]. After mixing with the combustion air at a typical air to fuel ratio of 4 the sulphur
concentration passing the catalyst is down to one fifth of these levels, i.e. 4 to 40 ppm.

It is well known that even very low levels of sulphur can deactivate various catalyst
systems severely, by rearrangement of the surface structure upon adsorption of sulphur species
[Oudar (1980); Lee & Trimm (1995)]. The effect of sulphur on high temperature catalytic
combustion of methane has scarcely been reported, however it can be concluded from earlier
literature [Prasad et al. (1984); Hoyos et al. (1993); Lee & Trimm (1995)] that generally:

- Methane combustion over Pt-catalysts is not affected by hydrogen sulphide
- Methane combustion over Pd-catalysts is affected by hydrogen sulphide
- Precious metals are less sensitive to sulphur poisoning than metal oxides
- Hydrogen sulphide can adsorb and be oxidised to sulphur oxides
- Sulphur deactivation is stronger at lower temperature

In Paper VII, the influence of sulphur on the catalytic combustion of gasified biomass has
been studied over precious metals and metal oxide based catalysts, namely Pd/LaAl11O18,
Pt/LaAl11O18, Pt/La0.5Ba0.5Mn0.5Fe0.5Al11O19, La0.5Ba0.5Mn0.5Fe0.5Al11O19 and LaMnAl11O19.
The samples were washcoated on cordierite monoliths and tested in a bench-scale reactor.
Different concentrations of hydrogen sulphide as well as sulphur dioxide were added to the
synthetic low-heating value fuel gas. The results show that all samples were deactivated to
some extent by addition of sulphur, although the poisoning effect on catalytic combustion of
each fuel component varied, depending both on the active phase and on the support, and was
generally reversible. The palladium catalyst was severely deactivated for combustion of
methane, although the activity for carbon monoxide and hydrogen was more or less
maintained. Platinum catalysts were more severely poisoned for carbon monoxide and
hydrogen, but not for methane. Metal oxide catalysts were severely deactivated for all fuel
components, especially for carbon monoxide, and the La0.5Ba0.5Mn0.5Fe0.5Al11O19-sample was
irreversibly poisoned. Analysis by SEM-EDX, XPS and SIMS revealed more information
about the state of sulphur on the surface of the catalyst. Sulphur was present as sulphur
dioxide, evenly distributed over the whole surface at a higher concentration after ignition of
hydrogen and carbon monoxide than before.
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4.7 Doping of ceria catalysts (Paper VIII)

An interesting property of cerium oxide is its ability to release and adsorb oxygen during
alternating redox conditions, and hence to function as oxygen buffer. As a part of car exhaust
three-way converters, ceria widens the lambda window in which the catalyst can
simultaneously catalyse the reduction of nitrogen oxide and the oxidation of carbon monoxide
and hydrocarbons [Heck & Farrauto (1995)]. The use of metal oxide catalysts in catalytic
combustion applications is advantageous, since they generally have a lower cost, possibly
higher thermal stability and suppression of formation of nitrogen oxides from fuel-bound
nitrogen compared to precious metals. Disadvantages are lower specific activity [Zwinkels et
al. (1993)].

The objective of the work described in Paper VIII was to study the idea of oxygen
vacancy formation through doping as a means of increasing the catalytic activity for methane
oxidation over ceria. Methane was used for this study, since it is of great interest as a model
compound, one of the least reactive hydrocarbons as well as being the main component in
natural gas. The formation of a solid solution of cerium oxide with the oxides of calcium
(alkaline earth metal), manganese (transition metal) and neodymium (rare earth metal)
enhanced the catalytic activity of cerium oxide for the total oxidation of methane, whereas
solid solution of lead oxide (group IV metal) showed an opposite effect, cf. Figure 15. Doping
ceria with cations of lower valence than +IV introduces defects, oxygen vacancies in the
fluorite crystal structure as solid solutions are formed. This process generates active sites for
the reaction and may lower the energy for charge transfer from oxygen to ceria. The activity
data were fitted to an Arrhenius equation, and the apparent activation energies were found to
be between 110 and 130 kJ/mole for catalytic combustion of methane.

Figure 15. Fraction of methane converted versus the inlet gas temperature for a
pure ceria sample (Ce100), and ceria doped with 2 wt.% Mn (Mn2), 11 wt.% Nd
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(Nd11), 10 wt.% Ca (Ca10), and 11 wt.% Pb (Pb11). Space velocity 40 (dm3 gas)·h-1·(g
catalyst)-1.
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5. CONCLUSIONS

One of the very early catalytic experiments was in fact on catalytic combustion of low-
heating value fuel gases made by Sir Humphry Davy at the beginning of the 19th century.
Today, catalytic combustion is an ultra-low emission technology for gas turbines, verified by
several pilot-scale tests. Development and commercialization are directed towards the use of
natural gas. The use of non-fossil and low-heating value fuels, such as gasified biomass, can be
advantageous. The objective of the present thesis has been to describe catalytic combustion of
gasified biomass and the use of this fuel in gas turbine combustors. The special features of
gasified biomass, such as low-heating value, high levels of hydrogen and carbon monoxide,
potentially high levels of fuel-bound nitrogen and presence of sulphur have been considered.

A background to the subject is given in the first part. Successful development of the
catalyst involves knowledge of both gas turbine technology and gasification of biomass.
Therefore, basic considerations applied to integration of gasification and gas turbine
technology are described. Further, formation of emissions, especially conversion of fuel-bound
nitrogen, is reviewed. Finally, a comprehensive general review on recent developments in
catalytic combustion in gas turbines is given in Paper I in this thesis.

The second part of this thesis, Papers II-VIII, describes experimental investigations.
Potential combustion catalysts have been prepared and characterised. Activity tests with a
synthetic gas that resembles gasified biomass have been made in single channel annular and
monolithic bench-scale reactors. The objective with the work has been to develop a knowledge
of successful methods for preparing high temperature stable manganese-substituted lanthanum
hexaaluminate (Paper II), ignition of the carbon monoxide and hydrogen-rich gas (Papers III-
VI), conversion of fuel-bound nitrogen (Papers III, V, VI) and deactivation by thermal
treatment and sulphur poisoning (Paper VII). Moreover, the catalytic activity for total
oxidation of methane over doped ceria has been studied in a fixed bed reactor (Paper VIII).

Hexaaluminates (ABxAl12-xO19-α) constitute a promising high temperature material. It can
be used as washcoat support for precious metals or be ion-substituted with transition metals
such as manganese, to invoke catalytic activity of the washcoat itself. In addition, it can be
extruded to monoliths and as such be used directly for high-temperature applications. High
temperature stable manganese-substituted lanthanum hexaaluminates can be prepared by sol-
gel synthesis or carbonate precipitation (Paper II).

Preparation of several hexaaluminate compositions are reported, e.g. LaAl11O18,
LaMnAl11O19, La0.5Ba0.5Mn0.5Fe0.5Al11O19. Stability and purity of the lanthanum hexaaluminate
crystal phase are improved by ion-substitution and addition of barium, although the specific
surface area is lower than or equal to LaAl11O18. Catalysts, pre-calcined to 1200 °C, were aged
in humidified air at 1000 °C up to 30 days. After the first day, a drop in surface area was
observed. Further ageing only decreased the specific surface area by a few percent.

Ion-substituted hexaaluminates have the potential to ignite fuels rich in hydrogen and
carbon monoxide. However, it was also shown that sulphur deactivation was severe for
transition metal-based catalysts at low (ignition) temperatures. Hence the use of precious
metal-based catalysts is suggested as the first stage of several in a real catalytic combustor and
transition metal-based catalysts in later stages.
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Lanthanum hexaaluminate impregnated with a relatively low palladium loading is a
potential ignition catalyst. A decreased palladium loading hardly impacts the conversion of
carbon monoxide and hydrogen. However, the conversion of methane is substantially lowered.
The results indicate that it could be possible to control the catalyst temperature by selectively
oxidising only some of the components in the multi-component fuel obtained from biomass
gasification.

Further, thermal stability and sulphur resistance of palladium exceed those of platinum
and the transition metals, with respect to ignition of carbon monoxide and hydrogen.

The level of fuel-NOx formed from ammonia in the feed is highly temperature-sensitive;
high selectivity to molecular nitrogen was observed in certain temperature regimes around 700-
900 °C. A higher selectivity to molecular nitrogen was observed for transition metal-based
catalysts than for precious metal-based catalysts. Formation of fuel-NOx is likely both a
heterogeneous and homogeneous reaction. Circumventing fuel-NOx emissions with the present
catalysts suggests the use of catalytic combustion as a means of controlling the temperature
regimes in the combustor.

In conclusion, electricity and heat production by catalytic combustion of gasified biomass
in gas turbines is a method with the potential for ultra-low net-emissions of nitrogen oxides,
carbon monoxide, unburned hydrocarbons and carbon dioxide.

Part of the work in this thesis has been made within the framework of the European
project ULECAT – Catalytic combustor for ultra-low emission dual fuel gas turbine [Le Gal et
al. (1998)]. Further catalyst development, verification by pilot-scale test and integrated gas
turbine design are all in progress.

In Paper VIII, solid solutions of cerium oxide with the oxides of calcium (Ca),
manganese (Mn), neodymium (Nd) and lead (Pb) were prepared. Ca, Mn and Nd enhanced the
catalytic activity of cerium oxide for the total oxidation of methane, whereas solid solution of
Pb showed an opposite effect. Doping ceria with cations of lower valence than +IV introduces
defects, oxygen vacancies in the fluorite crystal structure as solid solutions are formed. This
process generates active sites for the reaction and may lower the energy for charge transfer
from oxygen to ceria. This is only one example of how the activity of oxide catalysts may be
further improved.

5.1 Future challenges for research and development

To commercialize and develop catalytic combustion in general, activities in several areas
are needed. Today, pilot burners are needed to raise the temperature of the compressed gas to
catalyst light-off temperatures. This type of pilot-scale burner produces a significant amount of
NOx and complicates the combustion chamber design. Hence the activity of ignition catalysts
should be raised. However, for such applications as are described in the present thesis, ignition
takes place at substantially lower temperatures than for natural gas.

For extended operation up to one year, thermal stability at mid and peak combustion
temperatures for the catalyst system is of paramount importance. Today, materials are limited
to use at approximately 900 – 1000 °C, due to sintering and vaporisation of the active catalyst
materials. Although hybrid combustion concepts are promising, the development of a
catalytically active material that could be used up 1300 –1400 °C would simplify the design of
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the combustor. Since the reactivity of most materials is high at these temperatures and the
overall reactivity is determined by mass and heat transfer processes, activity of materials at
these temperatures is less important than thermal stability.

A third area of interest is the development of modelling tools for, and understanding of,
heterogeneous and homogeneous reactions at temperatures above approximately 700 °C.
Interaction of heterogeneous reactions at the catalyst surface and homogeneous radical
reactions are not well understood today. More sophisticated reactors for studies of catalytic
combustion at 900 ° - 1200 °C at the laboratory-scale level need to be developed. Promising
methods for investigating these phenomena can be laser-induced fluorescence or similar
techniques. Also modelling of post-catalytic combustion and computational fluid dynamics
(CFD) of fuel-air mixing sections are a challenge for the future.

Finally, development of catalytic combustors for fuels other than natural gas, such as
diesel, ethanol or low-heating value fuels, has a great potential and will push catalyst
development further. Engineering solutions for fuel-air mixing, control of catalyst temperatures
and reduction of fuel-NOx are examples of challenges for these fuels.

Future applications of catalytic combustors could also be integration with evaporative
gas turbines, the so-called humid air turbines. Here, potentially high levels of carbon monoxide
could form by flame combustion in air with high humidity. The use of catalytic combustion
could reduce these carbon monoxide levels.
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