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Executive Summary
Oxy-fuel combustion, where pulverised coal is burnt in a mixture of oxygen and recycled flue gas, is
widely recognised as one of the generic process routes for capturing CO2 from fossil fuel combustion
plant, in order to address the contribution of electricity generation to global warming. Although the
possible impact of the CO2-rich combustion atmosphere on the transformations of coal mineral
matter has been recognised as a potential problem, there have been few studies in this area.
Possible impacts could include ash deposition within the boiler and the suitability of fly ash for use
as a cement additive.
The impact of oxy-firing on mineral matter transformations has been investigated primarily by the
characterisation of ash deposit samples collected from the combustion test facility (CTF) at E.ON UK.
Although these samples were generated by E.ON, the funding of this project has allowed the
samples to be characterised in much more detail than would otherwise have happened and the
results related to other studies. The CTF test matrix and suite of deposit samples was considerably
larger than envisaged when the project was proposed, covering not only the difference between airfiring and oxy-firing, but also two coals, three different flue gas recycle ratios during oxy-firing, two
levels of excess oxygen and two levels of over-fire air.
On the other hand, one of the early conclusions from the characterisation of the CTF deposits was
that mineral matter transformations during oxy-firing are not significantly different from those
during air-firing – a conclusion that is supported by recent publications. This meant that the
proposed thermal analysis and fusion behaviour studies would make no useful contribution to the
project, so effort was re-directed to characterising the CTF deposits. A literature survey was carried
out, and the impact of high partial pressures of CO2 on the decomposition of carbonate minerals was
investigated.
Only a few recent publications have discussed mineral matter transformation and ash deposition
during oxy-firing. Their general conclusions were that mineral matter transformations did not alter
during oxy-firing, but that the oxy-firing combustion environment caused the extent of mineral
matter transformations to vary. They also generally concluded that ash deposition during oxy-firing
has not been significantly worse than during air-firing. None of the oxy-firing trials discussed in the
literature involved the large and comprehensive test matrix and suite of samples available for this
project.
High partial pressures of CO2 increase the decomposition temperatures of calcite and other
carbonates. The available information for calcite, which is better than for other carbonate minerals,
indicates that the decomposition temperature might rise from about 550°C towards 900°C in a CO2rich oxy-firing gas. Equilibrium considerations indicate that carbonates should decompose in oxyfired pulverised coal combustors. There is insufficient information in the literature to predict the
rate of calcite decomposition, even if the local CO2 partial pressure is known.
Ash deposit samples from the combustion of two coals on the E.ON CTF under air-firing and oxyfiring conditions have been characterised. Consistent microstructural differences have been
observed between the CTF deposits. Compared to air-fired deposits, the oxy-fired deposits:


Are smaller and have a different shape
2
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Are more densely packed
Have similar particle size
Are less well sintered and more friable
Contain particles that are less rounded
Are richer in clay-derived particles that have not fully fused
Have less abundant mullite and glass, compared to quartz
May contain a carbonate that has persisted through the flame

As the recycle ratio decreased and the O2 concentration increased, oxy-fired deposits became larger
but showed no significant change in microstructure. Deposit macrostructure and microstructure
were not significantly affected by the level of excess oxygen or the proportion of over-fire air during
CTF trials.
Coal minerals have undergone the same transformations during oxy-firing as observed during airfiring, but to a lesser extent. The lower levels of coal mineral transformation and ash particle
sintering in the oxy-fired deposits are consequences of the lower CTF temperatures during these
oxy-firing trials, and are probably not representative of oxy-firing in general. The different shape of
the oxy-fired deposits may be caused by the different aerodynamics of the CO2-rich flue gas; the
denser packing in the oxy-fired deposits is probably caused by the greater density of CO2-rich flue
gas. Either of these features could be general features of oxy-firing.
The minor differences between the deposits from the two coals studied can be explained by the
higher ash content and ash iron oxide concentration of the Thoresby coal. Apart from these two
differences, the changes in deposit shape, microstructure and phases present with the different
combustion parameters appeared to be the same for both coals.
Current uncertainty about ash behaviour during oxy-coal combustion arises mainly from the
unknown combustion conditions. Once the combustion conditions (and therefore time-temperature
history) for oxy-firing are specified, ash behaviour in the radiative section of the boiler should be
largely predictable from current knowledge.
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1 Introduction
Oxy-fuel combustion, where pulverised coal is burnt in a mixture of oxygen and recycled flue gas, is
recognised in the DTI strategy for developing carbon abatement technologies and in other
international reports as one of the generic process routes for capturing CO2 from fossil fuel
combustion plant.
Although there has been some research into the combustion of coal under oxy-fuel combustion
conditions, literature surveys have failed to find any published information on the impact of high CO2
partial pressures on coal or biomass mineral transformations. A review of research on oxy-fuel
combustion by Prof. Terry Wall and colleagues (Buhre et al, 2005) concluded that ‘no studies have
been found that assess its possible impact on deposit formation and structure’ and identified ‘ash
related issues’ as requiring further attention. A more recent presentation on the current state of
oxy-fuel knowledge by the IEA Greenhouse Gas R&D Programme stated that ‘issues regarding
slagging and fouling should be elucidated’ and further information is ‘still necessary regarding the
composition of ash, size distribution, ash morphology, slagging and fouling propensity etc’.
Carbonate minerals are the main source of calcium and magnesium, and iron in Southern
Hemisphere coals. These elements have significant roles in ash deposition and agglomeration.
Decomposing carbonate minerals also make a small contribution to the CO2 generated during
combustion. The decomposition temperatures of carbonate minerals are 100-200°C higher in pure
CO2 than in air, although the kinetics of calcite decomposition are poorly understood. Although this
increase in decomposition temperature is probably too small to prevent calcite decomposing at
flame temperatures, slower reaction kinetics may limit the amount of calcite that decomposes.
Retention of calcium as calcite could impact on coal ash deposition, possibly altering the ratio of fly
ash to bottom ash and possibly also changing the properties and usability of the fly ash.
The aim of this project was to explore the impact of oxy-fuel combustion conditions on the
transformations of coal minerals.
The objectives of this project were to:


investigate the changes in mineral transformations and interactions under oxy-fuel gas
conditions through laboratory experiments and the characterisation of combustor deposit
samples



explore the origin for these changes through thermodynamic calculations



predict the impact of oxy-fuel combustion on ash properties and deposition behaviour.

2 Experimental procedures
2.1 CTF trials
Ash deposits were collected by E.ON UK during oxy-fuel combustion trials of two coals on their
1 MWth CTF (Figure 1). The CTF is equipped with a single low-NOx pulverised fuel burner, and is time
and temperature scaled to a commercial (500 MWe) boiler. The radiative and convective heat
transfer sections are refractory lined and water cooled, and have access ports to allow for extractive
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gas and solids sampling and measurements such as temperature, heat transfer, ash deposition rates
and hot gas path corrosion. For oxy-fuel combustion, the facility had two flue gas recycle streams –
primary recycle without oxygen addition for conveying fuel to the burner, and secondary recycle that
had oxygen added up to a maximum concentration of 26% v/v, dry basis. Oxygen was not added to
the primary recycle stream in order to minimise the risk of coal ignition in the conveying line.
Deposit samples were acquired during the CTF combustion of El Cerrejon and Thoresby coals under
the following conditions:






Two firing modes (air-firing & oxy-firing)
Three levels of O2 in the secondary flue gas recycle (21, 24 & 26%) for the oxy-fired samples
Two levels of excess O2 (2 & 4%)
Two levels of air staging (0% & 15% OFA)
Two deposit locations (722 & 724)

The three levels of oxygen in the secondary gas corresponded to recycle ratios (RR) in the range
from 78% (21% secondary O2) to 84% (26% secondary O2), with a typical variation in RR of about 3%
for a single condition.
Deposits were collected on mullite coupons using E.ON’s standard procedure (Goh, 2008). Guidance
was provided to staff at E.ON UK on how best to encapsulate the potentially fragile deposits in epoxy
resin, to minimise damage during transit.

2.2 X-ray diffraction
Scrapings from the deposits were ground, and the crystalline phases present were identified by X-ray
diffraction (XRD). Peaks in the spectra were identified automatically, and phase identification was
carried out with computer assistance. Individual peaks in the spectra were chosen for each
crystalline phase identified and peak heights were calculated to estimate relative phase abundance.

2.3 Microscopy
CTF deposits were photographed on arrival, and then cut to reveal cross-sections. Two crosssections from each deposit were mounted in resin and polished for analysis in the scanning electron
microscope (SEM). Digital back-scattered electron micrographs were acquired and used to estimate
the degree of deposit sintering and the nature of the particles involved. Chemical compositions were
determined by small area energy-dispersive X-ray (EDX) analysis.

3 Results and Discussion
3.1 Literature survey
Investigation of the behaviour of mineral matter during oxy-coal combustion trials appears to
commence in 1987, with a report describing research at the Argonne National Laboratory, US (Abele
et el, 1987). Black Thunder and Utah coals were burnt in a modified pilot-scale combustor at
(CO2+H2O)/O2 molar ratios between 1.5 and 3.2, and deposits were collected and evaluated. The
report notes that the trials showed “no tendency towards increased slagging or fouling for the full
range of recycle ratios, even at very high flame temperatures”. The two coals used are described as
non-slagging under air-firing conditions, and they appear to have retained this behaviour under oxy6
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firing conditions. Unfortunately the report contains no detailed descriptions of the ash or deposit
samples collected.
The final report of JOULE II Project JOU2-CT92-0062 (1995), which conducted combustion trials on
the 160 kW NOX Reduction Test Facility (NRTF) at Doosan Babcock, describes slagging as being worse
under oxy-firing conditions than under air-firing for a UK coal, but not for a European coal. This
conclusion was regarded as “not unexpected”, since the UK coal was known to have a higher
slagging propensity. Ash deposits were collected on air-cooled metal tubes, and the thermal
resistance of the deposit was measured, but no deposit samples appear to have been collected or
characterised.
Equilibrium calculations by Zheng and Furimsky (2003) did not suggest that the high CO2
concentration in the oxy-fired combustion gas would significantly delay the dissociation of carbonate
minerals. They also suggested that sulphation, rather than carbonation, would be the preferred
reaction of alkalis in the cooling flue gas. Zheng and Furinsky concluded that combustion in O2 + CO2
would have little effect on the chemical phases present in the ash, although they also noted that this
conclusion was derived from theoretical calculations and should not be generalised.
Liu et al (2005) describe oxy-firing trials on the 20kW down-fired combustor at the University of
Leeds. Although samples of fly ash and bottom ash can be collected from this combustor, there is no
report of any ash sample collection or characterisation. Similarly, extensive oxy-coal trials with a
range of coals on a 0.3 MWth vertical combustor at CANMET are described by Tan et al (2006).
Although ash deposits were collected they are only reported as being analysed for sulphur; no
indication of ash or deposit properties is given.
Drop-tube combustion of Chinese coals under oxy-firing conditions is reported by Sheng and Li
(2008), who characterised the fly ashes by X-ray diffraction and Mossbauer spectroscopy (for the
iron-bearing minerals) but not – apparently – by microscopy. They concluded that the same mineral
transformations had occurred under both air-firing and oxy-firing, but that the impact of the
combustion gas on the char combustion temperature had influenced the ash formation behaviour of
included minerals. Another study in this laboratory also concluded that oxy-firing did not affect the
species of mineral phase formed in the ash, but did affect coal particle combustion temperatures
and consequently the ash mineral composition. (Sheng et al, 2007).
Wall et al (2006, 2009) summarised oxy-coal trials on 350kW and 1.2MW combustors at IHI, Japan
and reported that changing from air-firing to oxy-firing did not significantly affect the ash chemistry
or particle size distribution. Slight changes in slagging and fouling propensity and in deposition rates
were observed. They did suggest that changes in flame temperature might alter the character of
particles that affect ash deposition.
Both Wall et al (2009) and Smart et al (2010), whilst reporting oxy-coal combustion trials, have
commented that differences in the thermal, physical and radiative properties of the combustion gas
are critical to fully understanding and predicting the details of oxy-coal combustion.
Ash deposition studies of a Russian and a South African coal blended with shea meal in a drop tube
furnace observed that deposition propensity was higher under oxy-firing conditions, but ash
chemistry was not affected and all ashes collected were loose and powdery (Fryda et al, 2010). Shea
7
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meal is the residue from the nut of the shea tree (Vitellaria paradoxa), after the removal of fatty
‘butter’. The conclusion reached was that the gas flow field and the physical properties of the flue
gas had caused the increased ash deposition under oxy-firing conditions.
Investigations of oxy-coal combustion at pilot and laboratory scale have been thoroughly reviewed
by Buhre et al (2005) and the supporting characterisation and calculations reviewed by Toftegaard et
al (2010), amongst others. The earlier of these reviews found no laboratory or pilot-scale studies
that had assessed the possible impact of the oxy-firing gas composition on deposit formation and
structure (Buhre et al, 2005). Toftegaard et al (2010) concluded that the relatively few investigations
that had been reported by 2010 indicated that “the changes in deposition in an oxy-fuel plant
compared to an air-fired plant will not be of essential significance to the plant operation.”
No studies of the aerodynamics of CO2-rich flue gases were found in the literature.
Another, completely separate topic has been explored by literature survey – that of the potential
impact of oxy-coal combustion on the properties of pulverised coal fly ash (PFA) as a cement
additive. Absorption of CO2 onto Portland cement accelerates setting, whilst further carbonation
increases the setting time. The mechanism is probably that a thin film of calcium carbonate starts
covering the surface of the most active cement particles, reducing the rate of reaction (Hewlett,
2004). PFA has a smaller pozzolanic activity than Portland cement but surface carbonation, if it
occurs, might also be expected to increase setting time slightly.
The possible persistence of calcite in PFA, due to higher gaseous CO2 concentrations reducing the
driving force for decarbonation during combustion, could also affect the pozzolanic activity of PFA.
Calcium carbonate, as ground limestone, is commonly added to Portland cement. Although the
chemical reactions of the calcite compete with the cement-forming reactions, the fine particle size of
the limestone actually accelerates the initial setting of the cement (Taylor, 1997). Since the
proportion of calcite in coal mineral matter is typically below about 5 wt%, and the proportion of
calcite in PFA is likely to be much lower because most of the coal calcite will decarbonate, the impact
of persistent calcite in the PFA on pozzolanic activity is likely to be negligible compared to the effect
of other widely-used cement additives.
The two conclusions above are supported by JOULE II Project JOU2-CT92-0062 (1995), which
conducted combustion trials on the 160 kW NOX Reduction Test Facility (NRTF) at Doosan Babcock
and concluded that “the pozzolanic activity of the fly ash was not unduly affected by the O2-recycle
flue gas combustion system. The fly ashes arising from the process are as acceptable for cement
manufacture as those arising from conventional air firing.” However, Toftegaard et al (2010)
regarded the question of ash quality as a potential risk for the introduction of oxy-coal combustion.

3.2 Deposit characterisation
The proximate analyses of the two power station coals used in the CTF trials are listed in Table 1.
Table 2 compares their ash chemistries, and shows that the Thoresby coal ash has a higher iron
oxide concentration and a higher Al2O3/SiO2 ratio than the El Cerrejon coal.
Photographs of El Cerrejon and Thoresby coal CTF deposits collected at position 722 under differing
combustion conditions are shown in Figures 2 to 5. Although some deposit samples from position
724 were also characterised, the information they provided did not add to that provided by the
8
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position 722 deposits; characterisation of position 724 deposits was discontinued and their results
are not included in this report. The air-fired deposits are all relatively broad, with a depression along
the central ridge. In contrast, the oxy-fired deposits all differ in that they are smaller and have a
pronounced wedge shape. Oxy-fired deposits at higher levels of secondary oxygen are larger. All
these differences are consistent for the deposits from both coals.
The Thoresby CTF deposits are larger and darker than the El Cerrejon deposits, because the Thoresby
coal has higher ash content and the Thoresby coal ash has higher iron oxide concentration
(Raclavska et al, 2009). Scraping the deposit for an XRD sample indicated that the Thoresby deposits
were slightly harder than the El Cerrejon deposits, probably also because the higher iron oxide
concentration in the Thoresby ash had allowed a slightly greater extent of sintering.
Selections of typical CTF deposit cross-sections are shown in Figures 6 and 7, corresponding to the
photographs in Figures 2 and 3 respectively. In these back-scattered electron images the light grey
curved portion at the bottom of the image is the ceramic tube, the mid-grey is ash particles within
the deposit, and the dark grey is porosity filled with epoxy resin (the mounting medium). All the
deposits consist of very lightly sintered ash particles. These cross-sections clearly illustrate the
difference between the M-shaped air-fired deposits and the wedge-shaped oxy-fired deposits. The
greater size of the oxy-fired deposits with higher levels of secondary oxygen is also clearly visible.
The increase in flue gas recycle oxygen concentration results from a lower recycle ratio, which
causes reduced gas velocities and increased gas temperatures; it is not clear which of these effects
has caused the observed increase in oxy-fired deposit size. One further difference can be seen in
cross-section – the greater density of ash particles in the oxy-fired deposits than in the air-fired
deposits. There is no indication in the cross-sections that this greater particle density in the oxy-fired
deposits is caused by a higher extent of sintering. The Thoresby deposits show a slightly greater
degree of sintering than the El Cerrejon deposits.
It is probable that the denser packing in the oxy-fired deposits has been caused by the different
aerodynamics of the CO2-rich flue gas, because carbon dioxide has a greater density than nitrogen.
No studies of the aerodynamics of CO2-rich flue gases were found in the literature. The wedge shape
of the oxy-fired deposits may also have been caused by the different aerodynamics of the CO2-rich
flue gas. Either of these features could be general features of oxy-firing, although this hypothesis
would need confirming elsewhere.
The Jones Index describes the extent of sintering of a deposit on a scale from 1 (loose powder) to 10
(glassy solid). The Jones Index for each Thoresby deposit was estimated at E.ON before
encapsulation in epoxy resin. In Figure 8 the Jones Index is plotted against the gas temperature that
was measured at the deposition point during the CTF trials. There is a broad trend of increasing
Jones Index with increasing temperature, as expected. This trend applies to air-fired and oxy-fired
deposits together, indicating that combustion temperature has had a greater influence on deposit
properties than gas composition. The air-fired deposits have amongst the greatest degrees of
sintering, because they formed at the highest temperatures. This supports the argument above that
the higher particle density in the oxy-fired deposits has not been caused by sintering.
The effect of excess O2 and amount of over-fire air on deposit cross-sections are illustrated in Figures
9 & 10, at low and higher magnification respectively. Deposits formed at 4% excess O 2 are slightly
smaller than those at 2% excess O2, and deposit structure does not change with the amount of over9
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fire air. Deposit microstructure shows no significant variation with amount of excess O2 or over-fire
air; this behaviour is similar to that observed in the past in air-fired CTF deposits.
Deposit cross-sections taken at high magnification illustrate the properties of the individual ash
particles in the deposits from air-firing (Figure 11) and oxy-firing (Figure 12). The particles in the airfired deposits are absolutely typical of those from conventional pulverised coal combustion in terms
of shape and chemical composition. Compared to particles in air-fired deposits, particles in the oxyfired deposits are similar in size, but they are much less well rounded. The more angular shape of the
oxy-fired ash particles indicates that they have not experienced temperatures as high as those
experienced by the air-fired particles. Ash particles with a porous linear morphology appear in the
oxy-fired deposits but not in the air-fired deposits. These particles are derived from mixed claymaceral pulverised coal particles (Figure 13) that have not experienced sufficiently high
temperatures to soften the aluminosilicate product of clay decomposition, retaining the
characteristic morphology. This type of particle is typically found during incomplete combustion; on
further heating they collapse to form slightly porous spherical particles, as observed in Figure 11.
Both these indicators of lower combustion temperatures for the oxy-fired trials correlate well with
the CTF temperature data shown in Figure 8.
A set of four typical XRD spectra are shown in Figure 14; the variations in these spectra were
repeated in all the XRD spectra acquired and analysed. There is very little difference between the
XRD spectrum from the air-fired deposit and the three spectra from oxy-fired deposits at different
oxygen concentrations. The phases identified in the oxy-fired deposits are generally the same as
those found in the air-fired deposits: quartz (SiO2), mullite (Al6Si2O13), hematite (Fe2O3) and glass.
This clearly indicates that the nature of the transformations undergone by coal minerals during oxyfiring has been the same as those during air-firing, an observation supported by the similarities
between the ash particles in the deposit cross-sections. The proportion of hematite was greater in
the Thoresby deposits than in the El Cerrejon deposits, because of the higher iron oxide
concentration in the Thoresby ash.
There are two differences between the XRD spectra of the oxy-fired deposits and that of the air-fired
deposit in Figure 14. The spectra from the oxy-fired deposits contain the suggestion of a peak at an
angle of about 28°. This may indicate the presence of a carbonate mineral in the oxy-fired deposits,
possibly by persistence through the flame. The height and consistent presence of this peak are not
sufficient to definitely conclude that an additional phase is present in the oxy-fired deposits, nor
does the location of the peak provide a definite identification of the crystalline phase involved.
In addition, mullite and glass are less abundant, compared to quartz, in the oxy-fired deposits than in
the air-fired deposits. Since quartz persists from the coal mineralogy, and both mullite and glass are
products of mineral transformation, this observation is explained by the lower flame temperatures
of the oxy-fired trials producing a lower level of mineral transformation – as with the particle
morphology. The heights of two peaks, representative of mullite and quartz, have been measured in
the spectra of all the CTF deposits characterised by XRD. The ratio of the two peak heights has been
used as an indicator of the mullite/quartz ratio in the deposit, and has been plotted in Figures 15 and
16 against the gas temperature recorded at the deposition point during the CTF trial. The
mullite/quartz ratio is a measure of the extent of mineral transformation, since quartz is an input
and mullite an output of transformation. The variation in gas temperature at the deposition point
10
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provides an indication of the variation in flame temperature during the CTF trials. Figure 15 shows
that there is a broad trend of increasing extent of mineral transformation with increasing
temperature, irrespective of the coal used. This correlation is entirely to be expected. When the oxyfired trials are compared with the air-fired trials (Figure 16) then it is clear that the lower level of
mineral transformation observed in the oxy-fired trials can be explained by the known lower flame
temperature – there is no indication that the different chemical nature of the combustion gas has
had any direct effect on the extent of mineral transformation.
To summarise, consistent microstructural differences have been observed between CTF deposits
from oxy-firing and deposits from air-firing. Compared to air-fired deposits, the oxy-fired deposits:









Are smaller and have a different (wedge) shape
Are more densely packed
Have similar particle size
Are less well sintered and more friable
Contain particles that were less rounded
Are richer in clay-derived particles that have not fully fused
Have less abundant mullite and glass, compared to quartz
May contain a carbonate that has persisted through the flame

As the flue gas recycle O2 concentration increased, oxy-fired deposits became larger but showed no
significant change in microstructure. Deposit macrostructure and microstructure were not
significantly affected by the level of excess oxygen or the proportion of over-fire air.
Coal minerals have undergone the same transformations during oxy-firing as observed during airfiring, but to a lesser extent. The lower levels of coal mineral transformation and ash particle
sintering in the oxy-fired deposits are consequences of the lower CTF temperatures during these
oxy-firing trials, and are probably not representative of oxy-firing in general. The different shape and
denser packing in the oxy-fired deposits are probably caused by the greater density of CO2-rich flue
gas, and may be general features of oxy-firing.
The minor differences between the deposits from the two coals studied can be explained by the
higher ash content and ash iron oxide concentration of the Thoresby coal. Apart from these two
differences, the changes in deposit shape, microstructure and phases present with the different
combustion parameters appeared to be the same for both coals.

3.3 Thermodynamic calculations
L’vov et al (2002) describe the decomposition mechanism of calcite, and other carbonates, as
congruent decomposition of CaCO3 into gaseous species CO2 and CaO with the simultaneous
condensation of low-volatility CaO molecules. Calcite exists in equilibrium with a low partial pressure
of CO2 at room temperature, and this equilibrium partial pressure increases with temperature. The
decomposition temperature of calcite is generally taken as about 550°C, which is the temperature at
which the partial pressure of CO2 in equilibrium with calcite becomes greater than about 0.035 kPa –
the partial pressure of CO2 in air (Table 3). In practice, calcite will decompose at temperatures as low
as about 400°C in a vacuum (West, 1994). The decomposition of calcite is of great practical
importance in the formation of quicklime, where temperatures above 800°C are required for the
equilibrium CO2 partial pressure to exceed the partial pressure of CO2 in air in which all the O2 has
11
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been converted to CO2. In fact, temperatures above 900°C are required for the equilibrium CO2
partial pressure to exceed atmospheric pressure (101kPa) and for rapid calcite decomposition to
occur. West (1994) reports that calcite decomposes at about 900°C in a pure CO2 atmosphere.
Although this is an increase of about 350°C (less for other carbonates), the decomposition
temperature in pure CO2 is still significantly less than the peak temperature experienced by particles
in pulverised coal flames (Raask, 1985). Even with the lower flame temperatures of low-NOx
burners, equilibrium considerations indicate that carbonates should decompose in oxy-fired
pulverised coal combustors. However, this would not necessarily be true at the lower temperatures
of oxy-fired fluidised bed combustors.
During oxy-firing the partial pressure of CO2 in the combustion gas is likely to be greater than 70kPa
but less than 101kPa, although it is very difficult to estimate the gas composition around an
individual mineral particle in the presence of other char particles that are burning and producing
CO2. The assumption that the combustion gas is pure CO2 overestimates the increase in
decomposition temperature, but still indicates that carbonates will decompose in an oxy-fired flame.
In practice, reported calcite decomposition temperatures and kinetic parameters vary widely and are
strongly influenced by the morphology and chemical purity of the calcite (L’vov et al, 2002), as well
as by the heating rate and the rate of removal of CO2 (West, 1994). In addition, the decomposition of
even the small quantities of calcite used in thermogravimetric analysis (about 10mg) typically takes
place over a temperature range of about 100°C when heating at a rate of 10°C/min. Calcite
decomposition rates cannot be calculated reliably, and even less data is available for other
carbonate minerals.
Cohn (2006) heated 20mg samples of siderite (FeCO3) or ankerite (Ca(Fe, Mg)(CO3)2) in pure CO2. The
siderite decomposed in 2.5 hours at 500°C, reducing to 30 seconds at 700°C. Ankerite started
decomposing at 650°C, but did not completely decompose until 40 minutes at 700°C and about 1
minute at 800°C. Hurst et al (1993) reported that the decomposition temperature of both synthetic
and natural siderite increased from about 500°C to about 600°C as the CO2 partial pressure in the
surrounding gas changed from air to pure CO2. A range of about 170°C in decomposition
temperatures of natural siderites with different degrees of Mg and Mn substitution was also
reported by Hurst et al (1993).
The behaviour of quartz in pulverised coal flames provides a similar example of non-equilibrium
transformations. On heating, quartz should undergo polymorphic transformation to tridymite at
867°C and to cristobalite at 1470°C. In fact these polymorphic transformations do not occur. Quartz
particles may transform either by surface melting (at 1723°C) or by dissolving in aluminosilicate melt,
but they usually pass through the flame and remain as quartz whilst they cool. There is insufficient
chemical kinetic data to predict this behaviour, even though it occurs in all pulverised coal
combustors. In fact, quartz behaviour during pulverised coal combustion is routinely predicted
incorrectly in chemical equilibrium calculations.

3.4 Thermal analysis and fusion behaviour
The project proposal included activities to investigate the effect of high CO2 partial pressures on the
thermal decomposition and fusion behaviour of carbonate and other minerals. Proposed techniques
were differential thermo-gravimetric analysis, high-temperature X-ray diffraction, hot stage
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microscopy and a controlled atmosphere furnace. The expectation – shared by other international
research proposals at the same time – was that mineral transformations under oxy-firing conditions
would be different from those during air-firing, and further investigation would be required to
understand these differences and their impact on ash properties and behaviour.
Mineral samples were assembled, the hot stage microscope was made ready, and initial training was
undertaken in two new techniques (hot stage microscopy and high-temperature X-ray diffraction).
Results from thermal analysis and high-temperature X-ray diffraction of carbonate minerals were
identified in the literature (e.g. West, 1984). However, a major conclusion from this project is that no
significant differences in mineral transformation between air-firing and oxy-firing were observed in
the CTF samples. Once it became apparent that these proposed techniques would make no useful
contribution to the project it was agreed with the project supervisor that effort would be re-directed
to characterising the CTF deposits, which were more numerous and complex than originally
envisaged.

3.5 Assessment of impact
The conclusions drawn from this project, principally from the characterisation and analysis of the
CTF deposits, allow a provisional assessment of the impact of oxy-fuel combustion conditions on the
transformations of coal minerals to be made. Coal minerals have undergone the same
transformations during oxy-firing as observed during air-firing. Although this is not unexpected for
the clay minerals, pyrite and quartz, it also appears to be true for the carbonate minerals. Small
increases in carbonate dissociation temperatures due to the higher CO2 concentration in the
combustion gas are insignificant compared to the peak flame temperature in a pulverised coal
boiler, and mineral behaviour is dominated by kinetics instead of equilibrium. However, mineral
transformations have proceeded to a lesser extent in these oxy-firing trials because of the lower CTF
temperatures. These lower flame temperatures are not an inherent property of oxy-firing; they
originated from the way in which oxy-firing was implemented on the E.ON CTF, and have since been
corrected. Most of the observed differences in mineral transformation and deposition can be
explained by the combustion temperature – and therefore result from physical, rather than
chemical, differences between the two modes of combustion in these trials. Although it is tempting
to regard the possible persistence of a carbonate phase through the flame as being caused by the
higher CO2 concentration in the combustion gas, it is probable that this, like the incomplete fusion of
the aluminosilicate ash particles, is also a reflection of the lower combustion temperatures.
The best guidance to manufacturers, purchasers or operators of oxy-fuel combustion plant would be
that current uncertainty about ash behaviour during oxy-coal combustion arises mainly from the
unknown combustion conditions. Oxy-firing contains an inherent variability – in the flue gas recycle
ratio – that is not available in air-firing. In addition, redesigning a combustor for a new process
theoretically allows parameters like heat release rate and furnace volume to be varied outside the
range typical of current utility boilers. The physical and thermal properties of the combustion gas are
also significantly different from those in air-firing. Once the combustion conditions (and therefore
time-temperature history) are specified, ash behaviour in the radiative section of the boiler should
be largely predictable from current knowledge and experience derived from air-firing. The behaviour
of minor and trace constituents of the mineral matter may need further investigation, but the
transformation and deposition behaviour of the major components should be accessible to current
methods of enquiry and prediction.
13
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The results of this project probably do not have the potential for commercial exploitation through
patent application by BCURA.
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4 Conclusions
Only a few recent publications have discussed mineral matter transformation and ash deposition
during oxy-firing. Their general conclusions were that mineral matter transformations did not alter
during oxy-firing, but that the oxy-firing combustion environment caused the extent of mineral
matter transformations to vary. They also generally concluded that ash deposition during oxy-firing
has not been significantly worse than during air-firing. None of the oxy-firing trials discussed in the
literature involved the large and comprehensive test matrix and suite of samples available for this
project.
High partial pressures of CO2 increase the decomposition temperatures of calcite and other
carbonates. The available information for calcite, which is better than for other carbonate minerals,
indicates that the decomposition temperature might rise towards 900°C in a CO2-rich oxy-firing gas.
Equilibrium considerations indicate that carbonates should decompose in oxy-fired pulverised coal
combustors. There is insufficient information to predict the rate of calcite decomposition, even if the
local CO2 partial pressure is known.
Ash deposit samples from the combustion of two coals on the E.ON CTF under air-firing and oxyfiring conditions have been characterised. Consistent microstructural differences have been
observed between the CTF deposits. Compared to air-fired deposits, the oxy-fired deposits:









Are smaller and have a different shape
Are more densely packed
Have similar particle size
Are less well sintered and more friable
Contain particles that were less rounded
Are richer in clay-derived particles that have not fully fused
Have less abundant mullite and glass, compared to quartz
May contain a carbonate that has persisted through the flame

As the flue gas recycle ratio decreased and the O2 concentration increased, oxy-fired deposits
became larger but showed no significant change in microstructure. Deposit macrostructure and
microstructure were not significantly affected by the level of excess oxygen or the proportion of
over-fire air during CTF trials.
Coal minerals have undergone the same transformations during oxy-firing as observed during airfiring, but to a lesser extent. The lower levels of coal mineral transformation and ash particle
sintering in the oxy-fired deposits are consequences of the lower CTF temperatures during these
oxy-firing trials, and are probably not representative of oxy-firing in general. The different shape of
the oxy-fired deposits may be caused by the different aerodynamics of the CO2-rich flue gas; the
denser packing in the oxy-fired deposits is probably caused by the greater density of CO2-rich flue
gas. Either of these features could be general features of oxy-firing.
The minor differences between the deposits from the two coals studied can be explained by the
higher ash content and ash iron oxide concentration of the Thoresby coal. Apart from these two
differences, the changes in deposit shape, microstructure and phases present with the different
combustion parameters appeared to be the same for both coals.
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Current uncertainty about ash behaviour during oxy-coal combustion arises mainly from the
unknown combustion conditions. Once the combustion conditions (and therefore time-temperature
history) for oxy-firing are specified, ash behaviour in the radiative section of the boiler should be
largely predictable from current knowledge.

5 Further work
Three topics for further investigation have arisen during this project:


Repeat the characterisation and analysis procedure on CTF deposits that have been
collected at flame temperatures that are more realistic for large-scale oxy-fired utility
boilers. The necessary modification to the CTF – oxygen addition to the primary air stream –
was made too late for samples to be available during this project. However, this activity was
included in a proposal that has been funded by the EPSRC as part of the OxyCAP project. If
this activity is successful then it will provide further dissemination of the results from the
current project.



Compare deposit samples from the CTF with equivalent deposits from another combustor,
to separate combustor-specific features from those that are truly generic to oxy-firing. Even
within the UK, oxy-firing has been implemented in combustion teat facilities with three
different sizes and slightly different technical approaches. Unfortunately, a comparable set
of ash deposit samples does not seem to be available at the moment.



Quantify the impact of the different physical properties of CO2-rich gas (especially density
and viscosity) on the interaction of particle-laden gas with boiler tubes and walls. This study
has suggested that the wedge shape and higher density of the oxy-fired CTF deposits is
caused by the different aerodynamic behaviour of CO2-rich flue gas, but a detailed
evaluation is required.

6 Dissemination
Results from this project, and approaches developed during this project, have been included in the
following presentations:


Ash deposition in oxy-fuel combustion, by F Wigley. Invited presentation to a meeting of the
Combustion Group of the Institute of Physics (Leeds, 7 May 2008).



Coal mineral transformations under oxy-fuel combustion conditions, by F Wigley. Oral
presentation at the BCURA/CRF seminar on Projects funded through the BCURA/DTI coal
research programme (Imperial College London, 4 June 2008).



Characterisation of rig deposits from oxy-fuel combustion, by F Wigley and B Goh. Oral
presentation at the 7th European Conference on Coal Research and its Applications (Cardiff,
3-5 September 2008).
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Ash deposition under oxy-coal firing conditions, by F Wigley and B Goh. Oral presentation at
the conference on the Impacts of Fuel Quality on Power Production and the Environment
(Banff, Canada, 29 September – 3 October 2008).



Characterisation of rig deposits from oxy-coal combustion, by F Wigley and B Goh. Invited
presentation to the 1st IEA GHG International Oxyfuel Combustion Conference (Cottbus,
Germany, 8-11 September 2009).
www.co2captureandstorage.info/docs/oxyfuel/OCC1/Session%201_C/1_Overheads%20for%
20IEA%20GHG%202009%20Wigley_SEC.pdf. Fraser also joined the panel of experts who
reviewed the abstracts for this conference.

In addition, results from this project have been constantly shared with OxyCoal-UK Phase 1, a
parallel project funded by the TSB, EPSRC and industry. Academic and industrial partners in OxyCoalUK Phase 1 were:













Air Products plc
BP Alternative Energy International Limited
DONG Energy Generation A/S
Doosan Babcock
Drax Power Limited
EDF Energy plc
E.ON UK plc
Imperial College London
RWE npower plc
Scottish and Southern Energy plc
ScottishPower Energy Wholesale
University of Nottingham

Participation in OxyCoal-UK Phase 1 meetings – both progress and data evaluation – was a major
activity of this project that resulted in wider dissemination of BCURA-funded research.
Further dissemination of results from this project was provided by Professor Jörg Maier (Institute of
Combustion and Power Plant Technology, University of Stuttgart), who took the presentation from
the Cottbus conference with him on a trade mission to China in late 2009. Results from this project
on ash slagging during oxy-coal combustion, combined with work on fouling by his group, were
presented as world-leading technology-related research from Europe.
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9 Tables
Table 1: Proximate analyses of the two coals used in the CTF trials.

Moisture (wt% AR)
Volatile matter (wt% AR)
Ash (wt% dry)
Net CV (kJ/kg)

El Cerrejon Thoresby
5.8
4.8
34.8
32.3
8.6
11.8
27,122
27,393

Table 2: Ash chemistries (wt%) of the two coals used in the CTF trials.

CaO
Na2O
SO3
TiO2
Al2O3
MgO
SiO2
BaO
Fe2O3
P2O5
K2O
Mn3O4

El Cerrejon Thoresby
2.31
2.36
0.85
1.88
3.46
3.65
0.85
1.07
20.60
24.50
2.47
1.62
58.90
54.40
0.10
0.11
7.19
10.70
0.18
0.15
2.06
3.13
0.07
0.05

Table 3: Equilibrium pressure (P) of CO2 over CaCO3 vs temperature (T), from CRC handbook.

P (kPa)
0.055
0.13
0.31
1.8
5.9
9.3
14
24
34
51
72
80
91
101
179
901
3961

T (°C)
550
587
605
680
727
748
777
800
830
852
871
881
891
898
937
1082
1241
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10 Figures

Figure 1: Combustion Test Facility at E.ON UK.
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Figure 2: Photographs of El Cerrejon CTF deposits collected at position 722, from combustion with 15% over-fire air. The
ceramic tube substrate is ~4cm wide.

22

BCURA B81 Final Report
Firing

Air

Secondary Excess O2 (vol% dry)
oxygen
2
N/A

Oxy

21%

Oxy

24%

Oxy

26%

4

Figure 3: Photographs of El Cerrejon CTF deposits collected at position 722, from combustion with 0% over-fire air. The
ceramic tube substrate is ~4cm wide.
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Figure 4: Photographs of Thoresby CTF deposits collected at position 722, from combustion with 15% over-fire air. The
ceramic tube substrate is ~4cm wide.
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Figure 5: Photographs of Thoresby CTF deposits collected at position 722, from combustion with 0% over-fire air. The
ceramic tube substrate is ~4cm wide.
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Figure 6: Back-scattered electron images of cross-sections through typical El Cerrejon deposits 15% over-fire air and 2%
excess oxygen. Image height is about 8mm at low mangification and about 800μm at higher magnification. In these
images the light grey curved portion at the bottom of the image is the ceramic tube, the mid-grey is ash particles within
the deposit, and the dark grey is porosity filled with epoxy resin (the mounting medium).
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Figure 7: Back-scattered electron images of cross-sections through typical El Cerrejon deposits 15% over-fire air and 4%
excess oxygen. Image height is about 8mm at low mangification and about 800μm at higher magnification. In these
images the light grey curved portion at the bottom of the image is the ceramic tube, the mid-grey is ash particles within
the deposit, and the dark grey is porosity filled with epoxy resin (the mounting medium).
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Figure 8: Extent of sintering for Thoresby deposits.
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Figure 9: Back-scattered electron images of cross-sections at low magnification of El Cerrejon CTF deposits collected at
26% secondary oxygen oxy-fired conditions. Image side length is about 8mm. In these images the light grey curved
portion at the bottom of the image is the ceramic tube, the mid-grey is ash particles within the deposit, and the dark
grey is porosity filled with epoxy resin (the mounting medium).
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Figure 10: Back-scattered electron images of cross-sections at higher magnification of El Cerrejon CTF deposits collected
at 26% secondary oxygen oxy-fired conditions. Image side length is about 800μm. In these images the mid-grey is ash
particles within the deposit, and the dark grey is porosity filled with epoxy resin (the mounting medium).
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Figure 11: Typical high magnification back-scattered electron images of cross-sections through El Cerrejon air-fired
deposits. Image side length is about 160μm. In these images the mid-grey is ash particles within the deposit, and the
dark grey is porosity filled with epoxy resin (the mounting medium).
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Figure 12: Typical high magnification back-scattered electron images of cross-sections through El Cerrejon oxy-fired
deposits, all collected at 15% over-fire air. Image side length is about 160μm. In these images the mid-grey is ash
particles within the deposit, and the dark grey is porosity filled with epoxy resin (the mounting medium).
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Figure 13: Back-scattered electron image of a larger particle of daw Mill coalcontaining organic macerals (darker)
interlayered with clay and quartz (white) in a resin matrix (lighter). Image side length is about 100 µm. In these images
minerals are white, macerals are dark grey and the epoxy resin (mounting medium) is mid-grey.
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Figure 14: X-ray diffraction spectra from four El-Cerrejon CTF deposits collected under air-firing and under oxy-firing at
three levels of secondary oxygen. Main quartz peak is the same height in all spectra. The horizontal line shows the
extent of the broad peak indicating the presence of glass.
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Figure 15: Variation of mullite/quartz ratio (determined by XRD) in CTF deposits with gas temperature (°C) at the
deposition point, for both El Cerrejon and Thoresby coals. Deposits from both air-firing and oxy-firing are included. The
mullite/quartz ratio indicates the extent of coal mineral transformation, and the gas temperature at the deposition
point (Port 722) reflects the flame temperature.
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Figure 16: Variation of mullite/quartz ratio (determined by XRD) in CTF deposits with gas temperature (°C) at the
deposition point, for both air-firing and oxy-firing. Deposits from both El Cerrejon and Thoresby coals are included.

32

