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Abstract

Formation of NOy is inevitable during high temperature combustion processes in air.
NOy is of increasing environmental concern due to its participation in detrimental
photochemical reactions, which lead to ozone layer depletion. NOy emissions also
cause acid rain, contributes to smog formation and induces respiratory diseases in
humans.

There is no doubt that anthropogenic effects are contributing to the global climate
change. The largest contributor to anthropogenic greenhouse gas emissions is COs.
Over the past decades, a transition from fossil fuels into more CQO5 efficient fuels have
been of great interest as a method to decrease global CO5 emissions. Some of the
fuels that have drawn particular interest over the past decade is biomass and mu-
nicipal waste. While the CO4 emissions are decreased by a transition to these fuels,
other problems are caused by it. Potassium present in many of the alternative fuels
lead to severe deactivation of the catalyst used for NO, abatement. Consequently,
NOy abatement is currently not possible when these are used exclusively. Since NOy
gasses are strong pollutants, the increased emission caused by using these alterna-
tive fuels is highly undesirable and hinders a more widespread use of alternative fuels.

The work presented here has primarily been concerned with finding an alternative
solution to NOy abatement for biomass and waste incineration. The optimal solution
to this would be a tail-end deNOy unit, which operates at low temperatures (60-140
°C).

Previous work has shown that ionic liquids (ILs) are promising absorbers and can
selectively absorb flue gas constituents such as CQOz, SO; and NO. Utilisation of
ILs is severely limited by high viscosities, which hinders mass transfer across phase
boundary layers. Dispersion of the IL onto a porous support has been suggested as
a possible solution to this problem.

In the present work, a vast variety of supported ionic liquid phase (SILP) materials
have been tested in NO breakthrough experiments. Based on the obtained results,
an attempt was made to understand the chemical and physical properties governing
the SILP performance. Based on these investigations, characteristics of the optimal
support were suggested.

It was found that hollow-sphere silica (HS) had properties close to what was consid-
ered optimal, therefore it was decided to investigate this support material further.
Synthesis of the support material and subsequently SILP formulations utilising the
HS-support material were carried out in collaboration with Prof. Dai at Oak Ridge



National Laboratory. The resulting HS-SILP performed significantly better than any
other SILP formulation tested in NO breakthrough experiments. Based on this per-
formance, it was suggested that the HS-support could be ideal for selective absorption
of other gasses using SILP absorbers.

Some SILP formulations were found to have significant oxidative capabilities, will-
ingly oxidising NO to higher NOy species. It was found that the observed effect was
due to alcohol residuals in the SILP material from the impregnation process, despite
careful evaporation and drying.

In order to investigate this effect further, the effect of several alcohols were screened
and showed promising results. Therefore, an experimental setup was built to investi-
gate if the oxidation would occur under continuous flow conditions, and to determine
the steady state oxidation rates. Significant steady state conversions were found un-
der continuous flow conditions, with a high turn over number for methanol. The
reaction proceeded over all porous surfaces, but the use of a SILP material seemed
to increase the rate of oxidation significantly.



Resumeé

Dannelse af NOy gasser i forbindelse med forbraendingsprocesser ved hgj temperatur,
i luft, er stort set uundgaeligt. Udledning af NOy er et stort miljgproblem da disse
kan indga i skadelige fotokemiske reaktioner i troposfaeren og stratosfeeren, og derved
medvirke til nedbrydelse af ozonlaget. Ydermere kan udledning af NOy gasser fgre
til syreregn og smogdannelse, samt foranledige celleforandringer og luftvejssygdomme
hos mennesker.

Der er ingen tvivl om, at menneskeskabt udledning af drivhusgasser bidrager til kli-
maforandringerne der opleves over hele verden. Udregnet i CO4 &ekvivalenter, overgar
bidraget fra menneskabt udledning af CO4 det samlede bidrag fra alle andre drivhus-
gasser.

Over de seneste artier har man forsggt at imgdekomme denne udvikling ved i stgrre
grad at overga fra fossile braendsler til mere COq-effektive alternativer, sasom bio-
masse og braendbart affald. Dette seenker CO45 udledningen markant, men medfgrer
desveerre andre problemer. Iseer er deaktivering af den katalysator, der benyttes til at
fjerne NO, et stort problem. Deaktiveringen skyldes primaert tilstedevaerelsen af store
meengder alkalimetaller i nogle af de alternative braendsler, som bliver til gdelaeggen-
de aerosoler under forbraendingsprocessen. Derfor er det ikke, i gjeblikket, muligt at
fjerne NOy nar disse braendsler benyttes alene. Dette begraenser kraftigt muligheden
for en fuldsteending omstilling af energiproduktionen til disse alternative braendsler.

Dette projekt har primaert omhandlet udvikling af en alternativ lgsning til NOy
fjernelse i biomasse og affaldsforbraendingsprocesser. Malet har veeret, at gore dette
ved at udvikle en proces der muligggr en flytning af deNOy enheden, sa denne er
den sidste rgggassen passerer, en sakaldt "tail-end"lgsning. Nar rgggasen kommer til
"tail-end"positionen har den passeret en vadscrubber som udover at fjerne SO5 ogsa
fjerner stgrstedelen af de elementer der kan skade katalysatoren. Den stgrste udfor-
dringer for at fa processen til at virke, er at luftfugtigheden er hgj (ofte over 10%) og
temperaturen lav (mellem 60 og 140°C).

Tidligere studier har vist, at ioniske veesker (ILs) selektivt kan fjerne skadelige rog-
gaskomponenter som COsz, SO, og NO. Den praktiske anvendelse af ioniske vaesker
hindres dog markant af en hgj viskositet der vanskeliggor masseoverforslen i gas/vaske
greenselaget. Det er tidligere blevet pavist, at man ved at suspendere den ioniske vae-
ske pa et porgst baeremateriale kan lette masseoverfgrslen og dermed lgse problemet,
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dette kaldes ogsa "supported ionic liquid phase", eller SILP.

Formalet med dette projekt har iszer veeret at udvikle og afprgve forskellige SILP
materialer, for at bestemme hvor leenge de kan fjerne alt NO fra en simuleret rgggas,
sakaldte "breakthrough"eksperimenter. Grundet en stor forskel i praestation for el-
lers sammenlignelige baerematerialer, blev det forsggt at opna en dybere forstaelse af
baerematerialets fysiske og kemiske egenskaber, og deres indvirkning pa reaktionen.
Pa baggrund af disse studier, var det muligt at foresla en formulering af det mest
optimale baremateriale.

Det optimale baeremateriale var en form for hule silica kugler i nano-stgrrelse (hollow-
sphere silica, HS), som blev syntetiseret i samarbejde med Prof. Sheng Dai og hans
gruppe ved Oak Ridge National Laboratory under udvekslingsdelen af projektet. HS-
beaerematerialet blev brugt til at formulere et SILP materiale, som blev sammenlignet
med de SILP materialer der tidligere var blevet studeret. Sammenligning mellem
SILP materialerne viste, at HS-SILP materialet var flere gange bedre end de hidtil
bedste SILP materialer. Derudover, blev det foreslaet at HS-baerematerialet kan vaere
med til at forbedre effektiviteten af andre SILP materialer der pt. er under udvikling
til selektiv absorption af andre skadelige rgggaskomponenter.

Under udviklingen af SILP materialerne viste det sig at flere af materialerne kunne
oxidere NO til hgjere NO, specier. Det viste sig dog, at den oxidative effekt skyldtes
alkoholrester fra impraegneringen, dette til trods for at SILP materialerne blev tgrret
grundigt under vakuum, inden brug.

For at undersgge dette naermere blev effekten af en lang rackke alkoholer analyseret
ved at dryppe dem ned pa SILP reaktoren og dernwst lede en gas med NO, ilt og
vand hen over reaktoren. Resultaterne fra disse forelgbige forsgg var sa lovende at der
blev bygget en forsggsopstilling for at undersgge om oxidationen ogsa kunne opnas
under kontinueert flow.

Det var muligt at replikere den hgje omdannelse der tidligere var blevet vist. Deru-
dover viste det sig at oxidationen forlgber over alle porgse materialer, men at tilste-
devaerelsen af en ionisk veeske gger reaktionshastigheden.
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CHAPTER 1

Introduction

The harmful effects of NOy gasses are well documented and include, but are not
limited to: Induction of respiratory diseases in humans, ozone layer depletion, town
smog formation and acid rain.

Several excellent methods for removing NO, from flue gasses have been developed
over the years, the most important of these is selective catalytic reduction (SCR),
which is used for NOy abatement in most stationary installations today.

The anthropogenic contributions to the emission of greenhouse gasses (GHG) cause
significant climate change. CO3 is by far the most emitted GHG. In fact, CO2 emis-
sions constitute around 65% of the annual, global GHG emissions calculated in CO2
equivalents. An increased use of biomass, municipal waste, and other CO5 efficient
fuels in energy production has been proposed as a possible way to mitigate global
CO2 emissions. However, a high alkaline content in some of the alternative fuels
causes irreversible poisoning of the currently used SCR catalyst, which in turn makes
NO, abatement unviable when these fuels are used.

Finding a viable deNO, method for alternative fuels is paramount for further use
of these in energy production. In the literature, the two most discussed solutions
are: Development of a catalyst that is not deactivated when exposed to the alkaline
aerosols, or development of a deNO, catalyst which is placed as the last step in emis-
sion control, a so called tail-end deNOy unit.

The work presented here seeks to further advance the work on finding a suitable
method for tail-end NOy abatement. Under tail-end conditions, the most challenging
factors are low temperatures and high water content. Potential catalyst poisons are
expected to be insignificant at this point in the emission control process, because the
gas has been passed through a wet scrubber.

Furthermore, development of a tail-end deNOy solution will allow for retro-fitting in
existing power plants where space limitations do not allow for installation of the more
commonly used high-dust deNOy unit. Expanding the deNOy portfolio to include a
tail-end solution should lead to NOy abatement becoming a more readily available
process, which in turn is expected to greatly increase the global amount of installa-
tions.



2 Introduction

In this work, two different solutions are explored; one is the complete removal of
NO through absorption and oxidation in ionic liquids (ILs) and the other is a novel,
complimentary method for low temperature oxidation of NO in the presence of wa-
ter. Oxidation of NO facilitates NOy abatement under "fast-SCR" conditions, which
significantly increases the activity and selectivity, especially at lower temperatures.

In Chapter [2] the motivation for NOx abatement is presented, along with a review of
the existing methods used for NOy abatement. This is done to give a better under-
standing of the advantages and disadvantages of current in-use methods. A thorough
understanding of current methods is paramount in knowing which limitations are
important to overcome, when attempting to expand the deNO, portfolio.

Chapter [3] presents the concept of ILs and reviews state-of-the-art literature on gas
absorption in ILs. Difficulties in application of ILs in wet scrubbers are also discussed.
In Chapter 3] preliminary findings on absorption and oxidation of NO in ionic liquids
is presented, along with a comprehensive in-situ study on the reaction mechanism
and reaction kinetics of the reaction.

In Chapter (4] applying the IL to a porous support, forming a supported ionic liquid
phase (SILP) material, is discussed as a possible method for overcoming the mass
transfer limitations of ionic liquids. Current state-of-the-art literature on both tech-
nical applications of SILP and gas absorption using SILP materials are reviewed.
Results from experimental work in utilising the SILP concept to improve the reac-
tion dynamics in NO absorption and oxidation is also presented in Chapter [l along
with general considerations on the role of the support material and possible support
material formulations that could help increase the absorption capacity, as well as the
rate of the reaction.

Chapter [5] presents the results obtained from synthesis and subsequent application
of an optimised support material. Synthesis of the support material was carried out
during the external research stay, in collaboration with Prof. Sheng Dai and his group
at Oak Ridge National Laboratory.

In Chapter [6] a novel method for promoted low-temperature oxidation of NO is
presented. In order to assess the importance of the findings, the state-of-the-art
literature on NO oxidation is also reviewed in this chapter.



CHAPTER 2

Project Background

In 2014, the Intergovernmental Panel on Climate Change (IPCC) concluded that an-
thropogenic effects are clearly affecting the climate, and that recently, emissions of
greenhouse gasses are the highest it has ever been. The report concludes that it is
virtually certain these effects have led to a global increase in temperature in the tro-
posphere and lower stratosphere. Furthermore, it was concluded that CO5 and N,O
levels in the atmosphere have reached the highest concentration in 800,000 years [1].
The findings in the latest IPCC report primarily consider the consequences of emis-
sions on a global scale. And whereas COy emissions are only detrimental on a global
scale, several flue gas constituents are also of concern locally.

Two of the most prominent local pollutants are SOy and NOy gasses. Both of these
contribute to acid rain and smog formation while also having severe detrimental
effects on human health [255]. Furthermore, NOy gasses partake in detrimental pho-
tochemical reactions in both the troposphere and the stratosphere [6}/7], and is the
primary reason for ozone layer depletion [§].

The severe health effects and visible structural and plant deterioration caused by acid
precipitation is well exemplified by the great smog of London in 1952. The detrimen-
tal effects observed here, quickly led to stricter regulation on sulfur content in fuels,
especially in denser populated areas. In Los Angeles around the same time, visible
yellow smog was observed daily due to NOy emissions from the rapidly expanding
need for personal transportation and the accompanying increase in NOy emissions.
While SOy constituents of a flue gas exclusively originate from sulfur in the fuel, this
is not the case for NOy gasses. NOy gasses may also originate from the fuel, but fuel
NOy rarely constitutes the majority of NOy in the flue gas from fossil fuel combus-
tion. Here, flue gas NOy primarily originates from oxidation of nitrogen from the
air caused by the high temperatures exhibited during the combustion process [9,/10],
NO, formed in this process is often denoted as thermal NOy. Since the formation of
NOy gasses in combustion processes is inevitable, finding efficient methods for NOy
abatement is of the utmost importance.

This chapter reviews some of the known methods used for NOy abatement today and
the challenges that are faced when transitioning towards more CQO, efficient fuels.



4 Project Background

The main focus of this work has been on NO, removal from alternative combus-
tion sources such as biomass and waste incineration. Through the project period,
input from various collaborators, especially DONG Energy A/S and LAB A/S has
been used in an attempt to best accommodate the current needs of the industry, as
well as the expected future challenges that needs to be overcome in order for CO4
alternatives to become viable on a larger scale.

2.1 Emission Control in Power Plants

In modern coal fired power plants, it is common practice to remove dust and other
particulate matter as well as SOy and NOy gasses. Appendix [B] shows a schematic
overview of the three most common emission control units in stationary plants de-
nominated with respect to the selective catalytic reduction (SCR) unit positioning;:
High-dust, Low-dust and Tail-end.

In principle, the best practice is to remove dust from the flue gas prior to the cat-
alyst being exposed to it, to reduce abrasion and clogging of catalyst pores. At the
temperatures found in a power plant, there are no suitable dust filters to allow for
placing the SCR unit at the low-dust position. Consequently, an abrasion resistant
catalyst is normally used, and placed in the high-dust position [11].

In all of the schematics presented, a wet flue gas desulphurisation (FGD) unit is used.
Here, the flue gas is scrubbed with an aqueous limestone slurry to remove SO- and
SO3. Wet limestone scrubbing is discussed in greater detail in Section [3.1.1] The
temperature of the gas when exiting the FGD unit is to be expected around 60-80
°C. The gas is reheated to 120-150 °C prior to release to stack, in order to prevent
condensation of residual SOy as sulfuric acid in the chimney.

2.2 Current Methods in NO, Abatement

In Section the governing thermodynamic equilibria of flue gas NO, constituents
is discussed. It is shown that at high combustion temperatures, nitric oxide (NO) is
the predominant NOy species, meaning only NO is formed in thermal NO, formation.
Oxidation of the kinetically hindered NO molecule is slow and thus, flue gas NOy
abatement must be targeted at NO in order to be effective.

Some of the earliest accounts of selective NO reduction by ammonia were published in
the early 1950’s [12}/13]. These studies were fundamental and mechanistic studies on
ammonia oxidation with NO at high temperatures, at the time NO, abatement was
not considered as a use. In the early 1980’s, when the necessity for NOy reduction in
flue gas arose, direct injection of ammonia at high temperatures was suggested [14].
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This gave rise to the process of selective non-catalytic reduction of NO (SNCR).
There are several disadvantages to SNCR, apart from requiring high temperatures
to proceed. Temperature control is paramount in SNCR, both for controlling the
selectivity, and maintaining reasonable reaction rates; at temperatures below 600 °C,
the reaction is much too slow to obtain satisfying NO, abatement, while at tempera-
tures above ca. 750 °C, the selectivity of the reaction quickly moves towards partial
reduction of NO and excess oxidation of ammonia. Thus, at temperatures exceeding
ca. 750 °C the end products are NoO, a potent GHG, and excess NO.

The disadvantages of SNCR strongly limit the potential applications and further im-
provement of the process was necessary for wide spread use, especially in power plants.

2.2.1 Selective Catalytic Reduction

Due to the strong limitations in SNCR, it was quickly identified that use of a suitable
catalyst would greatly increase the applicability of the process. Some of the earliest
accounts of selective catalytic reduction (SCR) used vast excess of ammonia as well as
high concentrations of oxygen to obtain satisfactory NO reduction [15]. Despite the
disadvantageous early reaction conditions (ammonia is also a strong pollutant), the
SCR process was quickly identified as the most promising method for NOy abatement
in power plants and V505 was identified as one of the possible catalyst formulations
[16]. The SCR reaction proceeds according to Reaction below.

4NO+4NH3+02—)4N2+6H20 (21)

Numerous different catalyst formulations were tested in the early stages of develop-
ment, including several noble metal catalysts. In all cases the reaction proceeded
according to Reaction Janssen and Bosch et al. carried out several important
preliminary studies of the reaction [17H20]. For instance they found that anatase, as
the only investigated support, had a promotional effect on the reaction rate, com-
pared to the pure V,05. Later, in a series of publications, Topsge et al. [21-24]
investigated the reaction mechanism over the V505 catalyst supported on anatase.
The proposed reaction mechanism included a redox cycle and an acid/base cycle,
which were combined. The proposed catalytic cycle is shown in Figure 2.1} From
Figure[2.7]it is observed, that in the proposed reaction pathway, ammonia is adsorbed
on a vanadium hydroxyl group. Upon bridging with a vanadyl (V®*=0) from a sec-
ond vanadium, the ammonia is activated and can react with a NO molecule. Thus
forming an N-N bond directly, in an Eley-Rideal type reaction mechanism. Oxygen
plays a vital role in regenerating the active vanadyl species, as can be seen from the
redox part of the reaction cycle. Under oxygen-starved conditions, the reaction still
occurs but at much lower rates.

Under flue gas conditions oxygen is in vast excess and reoxidation occurs rapidly
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Figure 2.1: Proposed catalytic cycle by Topsge |24].

enough for this not to be rate-determining. The N-N=O reaction intermediate de-
noted as 4 was not observed experimentally, suggesting that desorption of the prod-
ucts occurs rapidly. Thus, the rate determining step is expected to be found in
reactions 1 through 3.

The rate of the reaction can be expressed using the equation presented in Equa-
tion [2.2] [25].

dNO
—— =k [NO] (2:2)

From Equation it can be seen that the only reactant which is rate determining
under flue gas conditions is NO. This, coupled with the expected fast adsorption of
NH; on Brgnsted acidic sites, suggests that the associative adsorption of NO is rate
limiting.

Today, the most widely used catalyst for industrial SCR, applications, is a V50s5
catalyst supported on anatase and promoted by addition of tungsta (WOs3). This
catalysts operates optimally at temperatures between 300-375 °C [26].

During the emergence of the SCR. process, several zeolites, especially metal-exchanged
zeolites were discussed as potential catalysts in the reaction [27H29]. However, due
to low stability at higher temperatures with water present in the gas, as well as low
availability and relatively high production costs, they were not introduced at first.
Recently, SCR catalysts based on primarily Fe and Cu-exchanged zeolites have be-
come commercially available, and are especially used for NOy abatement in diesel
exhaust systems. The emergence of metal-exchanged zeolites is primarily due to their
significantly better performance under the changing conditions observed in diesel ex-
haust gasses.

Very recently Janssens et al. [30] proposed a consistent mechanism for the SCR reac-
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tion over Cu-exchanged chabazite. In this case, formation of a nitrate intermediate
through adsorption of NO and O is proposed to be rate limiting. With a feed gas
containing equimolar amounts of NO and NO,, this rate-determining step is avoided.
Avoiding the rate-determining step significantly increases the reaction rate, and thus
gives a satisfactory explanation to the higher rates observed under these conditions,
which are commonly referred to as "fast-SCR" conditions.

Under fast-SCR conditions the reaction proceeds according to Reaction 2.3}

2NO +2NOs +4NH3 — 4N5 + 6 H>,O (23)

The fast-SCR reaction occurs readily over all known SCR catalyst formulations [30-
32|. While oxidation of NO to NOs is important for this reaction to occur, it is
equally important that the molar ratio of NO2:NO does not exceed 1, as this leads
to excess NOy being reduced via Reaction [2.4] below:

8NHj + 6 NOy — 7N, + 12H,0 (2.4)

Reaction is significantly slower than the regular SCR reaction. Furthermore, this
reaction has been proposed to significantly decrease the Ny selectivity, thus leading
to formation of the potent greenhouse gas NoO [33].

2.2.2 Low Temperature Selective Catalytic Reduction

Over the past 15-20 years, significant work has gone into developing a low-temperature
SCR catalyst [34H36]. Decreasing the temperature of the SCR reaction has several
advantages, chief among which is the possibility of transitioning to a tail-end appli-
cation. This is especially important for retrofitting of a deNOy unit in older plants
with limited space available, and for waste and biomass incineration, where the flue
gas contains aerosols with a strong deactivating effect on the SCR catalyst. SCR
catalyst deactivation is discussed in greater detail in Section [2.3.1]

The low-temperature SCR activity of a vast variety of catalyst formulations has been
investigated in the literature. These include chromium, copper, iron, and manganese
oxides supported on titania, carbon, ceria, alumina, and various zeolites [36-39]. In
order to achieve sufficient activities at low temperature, the metal loading is often
very high (10-20%). The most widely studied and most efficient catalyst formulations
use MnOy, as the active phase, often as a mixed oxide with iron [40]. Recently, several
authors have reported a promotional effect of doping with smaller amounts of other
transition metals such as chromium or nickel [41-43].

Several of these new low-temperature SCR catalysts operate at significantly lower
temperatures, often reaching satisfactory activity around 200-250 °C, which is 100
°C lower than the commonly used catalyst formulation. There are several obstacles in
using these catalysts that have yet to be fully addressed, including very low sulphur
tolerance. The most important of these, however, is the low Ny selectivity.
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Very recently, Yang and et al. [44] reported a high-selectivity manganese catalyst
supported on Fe-Ti spinel. Despite it being a "high selectivity" catalyst, the Nj
selectivity is still only around 95% at 225 °C. The selectivity appeared to increase
in the presence of water and SO5. Both constituents were present in concentrations
that are relevant to tail-end NOy abatement (8% and 60 ppm respectively). How-
ever, the presence of water and SO; seemed to decrease the activity of the catalyst
considerably.

In order for these catalyst to become truly viable, the selectivity must be increased,
to avoid increased emissions of NoO. One possible way to increase the selectivity is
by using the catalysts for fast SCR. However, in order to do this, a low-temperature
method for oxidation of NO to NOs is required. Current methods for NO oxidation
is discussed in greater detail in Chapter [6}

2.3 Use of Alternative Fuels in Combustion Processes

As mentioned previously, anthropogenic emissions of CO4 are of increasing concern.
The total anthropogenic emissions of GHGs is steadily increasing, and COs consti-
tutes an increasing portion of the total anthropogenic GHG emissions. Calculated in
terms of COy equivalents, 65% of anthropogenic GHG emissions in 2010 were from
COg, with industrial emissions contributing with the largest portion of this [1]. These
numbers do not include the negative effect of deforesting and agriculture, which add
another 11 perventage points.

Biomass and other alternative fuels are attractive because they are in essence COq
neutral. While waste incineration is not COs neutral, modern waste incineration
constitutes a significantly higher degree of global energy efficiency than previously.
Previously, waste was either incinerated without utilising the excess energy, or it was
buried in land fills causing considerable GHG emissions and ground pollution.

In order for the introduction of alternative fuel sources to be successful, it is paramount
that it does not lead to an increase in emissions of other pollutants.

Alternative fuels have a significantly different composition than fossil fuels. Fossil
fuels primarily consist of carbon, hydrogen and to some extent sulphur. Alterna-
tive fuels vary significantly in composition, but generally have a considerably higher
amount of alkaline metals and chloride, while the sulphur content is often lower, es-
pecially compared to bituminous coal and lignite. Table [2.I] summarises some of the
literature composition values for different types of biomass and municipal solid waste
(MSW), compared to coals. As can be seen from Table the fuel compositions
vary significantly between the different types of fuel. As mentioned, coals generally
have higher sulphur contents and significantly lower alkali metal content, but it is im-
portant to note that these vary significantly depending on the origin of the fuel [46].
It is not possible to describe the general fuel composition of 