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Executive Summary
Co‐firing of biomass with coal to take advantage of Renewable Obligation credits has become
widespread, and levels of coal replacement by biomass have increased. The alkali‐rich residue of
biomass combustion can modify the deposition behaviour of aluminosilicate coal ash, giving rise to
potentially serious boiler slagging. Coals with ultra‐low sulphur contents are being chosen to meet
SOx emission limits for utilities wishing to ‘opt in’ to the LCPD without installing FGD; these coals
tend to have very low ash contents and atypical ash chemistries. Little is known about the
interaction between the ashes from these coals and typical coals, or about the deposition potential
of the resulting ash. To meet future NOx emission limits, UK power stations may need to stage
combustion more deeply through the use of over‐fire air – possibly modifying ash transformation
and deposition. It is likely that these short‐term developments in fuel choice and power station
operation will interact, with consequences for boiler deposition.
The aim of this project was to increase the understanding of ash deposition from coal‐biomass
blends, including the effects of deeply‐staged combustion conditions, and to draw conclusions about
the impact of using low ash coals or over‐fire air on ash deposition during coal‐biomass co‐firing.
Early in the project it became apparent that UK utilities showed no significant move towards deeply‐
staged combustion, but were increasingly using compliance coals (low ash, low S). The scope of
activities was modified to include three‐way mixtures of coal, low‐ash coal and biomass under
normal combustion conditions, and limited three‐way mixtures under deeply‐staged combustion
conditions, emphasising low‐ash coals in place of biomass and deeply‐staged combustion conditions.
A literature survey found only three publications concerning the ash deposition behaviour of
Indonesian low‐ash coals, and no publications concerning the ash deposition behaviour of coal
blends that include Indonesian low‐ash coals or about coal‐biomass blends during deeply‐staged
combustion.
Ash deposition from three‐way mixtures of coal, low‐ash coal and biomass has been investigated at
laboratory scale through entrained flow reactor (EFR) combustion trials and through ash sintering
experiments, as well as through ash viscosity calculations. Proximate analyses of the four fuels used
are listed in Table 1, and the fuel ash chemistries are listed in Table 2. Fuel mixtures were combusted
on the EFR and deposits were collected on mullite tubes. Ash retention indices were calculated,
deposit cross‐sections were prepared and microstructures analysed by scanning electron microscopy
and X‐ray diffraction. Pellets were prepared from mixtures of high‐temperature ash (HTA) and heat‐
treated under air and reducing conditions. The pellet microstructures were also analysed by
scanning electron microscopy and X‐ray diffraction. Ash viscosity calculations for a wide range of
three‐way fuel mixtures were also carried out, to explore the relationship between the relative
proportions of the three fuels and ash sintering behaviour of the mixture. The results from these
three different approaches have been compared.
The high iron and calcium oxide concentrations in the ash of low‐ash coals suggest a possible
increase in slagging propensity. Higher proportions of Indonesian low‐ash coal in a fuel mixture did
not increase the proportion of ash that deposited in the EFR, but did slightly increase the degree of
sintering in both EFR deposits and sintered pellets. Olive residue was much more effective than low‐
ash coal at increasing the level of ash sintering. Addition of low‐ash coal produced very small
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changes in the proportions of the crystalline phases present in the sintered ash pellets, whilst
biomass additions – especially olive – significantly changed both the nature and proportions of the
crystalline phases present. As expected, the thickness of the EFR deposits decreased rapidly as the
proportion of low‐ash coal in the fuel mixture increased. No ‘step changes’ in ash deposition
behaviour were observed with increasing addition of low‐ash coal. Experimental activities revealed
the practical difficulties of investigating ash behaviour for fuel mixtures in which some fuels had very
low ash contents.
Calculations showed that the ash content of three‐way fuel mixtures varied linearly with the
proportion (wt%) of the individual components, as expected. However, the chemical composition of
fuel ash did not vary linearly with the proportion of the individual components. The ash chemical
composition was biased towards the higher‐ash component in the fuel mixture, resulting in a
relatively small change in ash composition when the fuel mixture was rich in the power station coal.
The calculated fuel ash viscosity also varied relatively slowly with composition for fuel mixtures in
which typical UK power station coal was the main component. In addition, the calculated ash
viscosity showed a smaller rate of decrease when typical power station coal was replaced by low‐ash
coal than when it was replaced by biomass.
No significant differences in ash behaviour under simulated deeply‐staged combustion conditions,
compared to conventional combustion conditions, were found for three‐way fuel mixtures of
relevance to power stations.
The main conclusions of this project are:
•

Despite the high iron and calcium oxide concentrations in the ash of low‐ash coals, their
addition to typical feed coal for UK power stations does not increase the proportion of ash
that deposits but may slightly increase the degree of sintering in the resulting deposit. No
‘step changes’ in ash deposition behaviour were observed.

•

Additions of low‐ash coal will probably have less impact on ash behaviour than similar levels
(wt% fuel) of biomass addition. In fact, given the low ash contents of both low‐ash coals and
biomasses, low levels of addition of both of these components may produce changes in fuel
ash content and chemistry that are no larger than day‐to‐day variation in feed coal
properties. As a broad guideline, low‐ash coal addition levels (wt%) twice those of biomass
appear to produce fuel mixtures with comparable ash sintering behaviour – although this is
clearly fuel and boiler dependent.

•

Ash behaviour for mixtures of low‐ash coal and biomass with typical power station feed coal
appears not to differ significantly between deeply‐staged combustion and conventional
combustion conditions.

•

In three‐way mixtures of coal, low‐ash coal and biomass, the low‐ash coal should be
modelled as a separate component. Ash viscosity calculations for three‐way fuel mixtures
correlate well with the degree of sintering of EFR deposits and ash pellets.

The results from this project indicate an approach that utilities can use to estimate the maximum
level of low‐ash coal co‐firing based on ash deposition constraints. As a broad guideline, low‐ash coal
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addition levels (wt%) twice those of biomass appear to produce fuel mixtures with comparable ash
sintering behaviour – although this is clearly fuel and boiler dependent. If more detail is required
than a scheme for calculating ash viscosity for three‐way fuel mixtures has been developed, allowing
power station operators to predict the impact of low‐ash coal and biomass co‐combustion on the
rate of ash deposit sintering. A spreadsheet to explore the impact of fuel ash contents, chemistries
and relative proportions on the ash behaviour of the fuel mixture, based on base/acid ratio rather
than ash viscosity, has been created and is available from the author.
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1 Introduction
The alkali‐rich residue of biomass combustion can modify the deposition behaviour of
aluminosilicate coal ash, giving rise to potentially serious boiler slagging. Co‐firing of biomass with
coal to take advantage of Renewable Obligation credits has become widespread, and levels of coal
replacement by biomass have increased.
Coals with ultra‐low sulphur contents are being chosen to meet SOx emission limits for utilities
wishing to ‘opt in’ to the LCPD without installing FGD; these coals tend to have very low ash contents
and atypical ash chemistries. Little is known about the interaction between the ashes from these
coals and typical coals, or about the deposition potential of the resulting ash.
To meet future NOx emission limits, UK power stations may need to stage combustion more deeply
through the use of over‐fire air. Some combustion trials have indicated that co‐firing biomass with
coal can affect the sensitivity of ash deposition to changes in flame stoichiometry, with significant
increases in deposit sintering and fluidity.
It is likely that these short‐term developments in fuel choice and power station operation will
interact, with consequences for boiler deposition. The aim of this project was to increase the
understanding of ash deposition from coal‐biomass blends, including the effects of deeply‐staged
combustion conditions, and to draw conclusions about the impact of using low ash coals or over‐fire
air on ash deposition during coal‐biomass co‐firing.
There was a slight change of emphasis at an early stage in the project. The original scope of activities
involved mixtures of coal and biomass under deeply‐staged combustion conditions, and mixtures of
coal and low‐ash coal under normal combustion conditions. However, UK utilities showed no
significant move towards deeply staged combustion, but were increasingly using compliance coals
(low ash, low S). In addition, the explanation of observations on the RWE CTF did not suggest
widespread applicability to power station operation. The scope of activities was modified to include
three‐way mixtures of coal, low‐ash coal and biomass under normal combustion conditions, and
limited three‐way mixtures of coal, low‐ash coal and biomass under deeply‐staged combustion
conditions.
Previous work on the impact of coal‐biomass blends on ash behaviour has shown that addition of
biomass increased the ash retention index and the degree of sintering of coal ash deposits, and
these effects increased with the level of biomass addition. Biomasses produced increasing ash
retention in the order: processing by‐products < grasses < cereals < woods, and deposit sintering
decreased in the same order. The deposition effects were smaller than calculated, probably because
the vaporised alkalis from the biomass ash had only partially condensed on the deposits. These
studies were all conducted under ‘conventional’ combustion conditions. Based on previous
observations, olive residue and sawdust (from Canadian forest residue, shipped as pellets) were
chosen as fuels to indicate the extremes of biomass behaviour.
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2 Experimental procedures
2.1 Mixing and viscosity calculations
Using a spreadsheet, the ash contents of mixtures of Russian coal, low‐ash coal C and biomass
(either olive or wood) were calculated for 221 three‐way mixtures covering the composition range
between the pure fuels at 5wt% intervals, based on the high‐temperature ash contents in Table 1.
The concentrations of each major oxide in the ash were also calculated for all 221 three‐way
mixtures, based on the high‐temperature ash analyses in Table 2. A melt viscosity was calculated at a
reference temperature of 1250°C, using the method of Kalmanovitch and Frank (1990). For oxidising
conditions, all iron oxide was assumed to be Fe2O3, and for reducing conditions all iron oxide was
assumed to be FeO. All results were displayed graphically.
A general‐purpose spreadsheet was also created to calculate the ash content and chemistry of a
three‐fuel mixture. The ash contents, ash chemistries and relative proportions of the three fuels in
the mixture can be varied. Since sub‐routines to calculate ash viscosity are not generally available,
the spreadsheet calculates base/acid ratio as an indication of ash sintering propensity (Raask, 1985).
This spreadsheet is available from the author.

2.2 Entrained flow reactor (EFR) trials
Olive and wood were shredded to smaller than 1mm and blended, at 25 wt% of the fuel, with
mixtures of Russian and low‐ash coal. Fuel mixtures were dried at 110°C in nitrogen before feeding.
The fuel blends were combusted on the EFR and deposits were collected on mullite tubes. The target
run duration for EFR trials was 30 minutes, with the aim of keeping constant the time available for
deposit sintering.
Ash retention indices were calculated, and deposits photographed. Deposit cross‐sections were
prepared and microstructures analysed. Chemical compositions were measured by SEM analysis of
EFR probe deposit cross‐sections.

2.3 Pellet sintering
High‐temperature ash (HTA) was prepared (815°C for 24hrs) from Russian coal, low‐ash coal C, olive
and wood. The BS/ISO standard high‐temperature ashing procedure (BS 1016‐104.4, 1998) specifies
1hr for 1g fuel, but both mass and time were increased to provide a procedure suitable for biomass
and low‐ash coal.
An initial set of pellets were prepared from the four pure fuel HTAs. These four pellets were sintered
under the proposed conditions, to establish that some changes in microstructure did occur.
Mixtures were prepared from Russian and low‐ash C coal HTA (0, 25, 50, 75 & 100wt%). Pellets
(8mm diameter and 2‐3mm thick) were prepared from these pure coal HTA mixtures, and also from
these coal HTA mixtures with 25wt% olive HTA and 25wt% wood HTA. The proportions of these HTA
mixtures were exactly the same as the proportions of the EFR fuel blends, but these were mixtures
of ash as opposed to fuel.
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Pellets were sintered for 24hrs at 950°C, in air and in nitrogen. A polished cross‐section was made
from part of each pellet; the rest was ground for XRD analysis.
Pellets and analytical results from sintering experiments involving ‘low‐ash’ coal B were discarded.

2.4 Xray diffraction
Scrapings from the deposits were ground, and the crystalline phases present were identified by X‐ray
diffraction (XRD). X‐ray spectra were acquired over the range 5‐65°2θ using CuKα radiation. Peaks in
the spectra were identified automatically, and phase identification was carried out with computer
assistance.

2.5 Microscopy
Optical microscopy was used to study polished cross‐sections through all the sintered ash pellets.
However, the resulting images were not useful and the technique was not pursued.
Deposits from EFR were coated in epoxy resin and cut to reveal a cross‐section. Two cross‐sections
from each deposit were mounted in resin and polished for analysis in the scanning electron
microscope (SEM). On thicker EFR deposits, digital back‐scattered electron micrographs were
acquired and used to estimate the degree of deposit sintering, and the average deposit chemical
composition was determined by small area energy‐dispersive X‐ray analysis. No representative
images or chemical analysis could be acquired for thinner EFR deposits.

3 Results and Discussion
Proximate analyses of the four fuels used in the EFR trials and the ash sintering experiments are
listed in Table 1, and the fuel ash chemistries are listed in Table 2.

3.1 Ash in Indonesian lowash coals
The ash contents and chemistries of some Indonesian coals are listed in Table 3, with ash content
increasing to right. These coals are not named because the information comes from confidential
reports.
The graph of major oxide concentration in the ash against ash content for these Indonesian coals
(Figure 1) indicates that SiO2 decreases, and both Fe2O3 and CaO increase, as the coal ash content
decreases. The high iron and calcium oxide concentrations of the lower‐ash Indonesian coals
indicate high deposition propensity.
X‐ray diffraction (XRD) spectra identified quartz, kaolinite and illitic clay in low‐ash coal C (Figure 2).
These were the same minerals as were identified in the Russian coal, but at much lower
concentrations. The two XRD spectra in Figure 2 have low signal‐to‐noise ratios because crystalline
mineral matter makes up a small proportion of the total coal sample, especially for the low‐ash coal
C.

3.2 Literature survey
Three publications (Gibb, 1999; Vuthaluru and French, 2008A, 2008B) have been found that describe
the deposition behaviour of Indonesian low‐ash coals, two published very recently. These
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publications indicate that Indonesian low‐ash coals have a high deposition propensity, and may need
mineral additions to control slagging problems.
No publications have been found concerning the ash deposition behaviour of coal blends that
include Indonesian low‐ash coals, or of coal‐biomass blends during deeply‐staged combustion.

3.3 Mixing and viscosity calculations
Calculations showed that the ash content of three‐way fuel mixtures varied linearly with the
proportion (wt%) of the individual components, as expected (Figure 3). However, the chemical
composition of fuel ash did not vary linearly with the proportion of the individual components, as
shown by the calculated silica concentration in the ash in Figure 4. The ash chemical composition
was biased towards the higher‐ash component in the fuel mixture. This resulted in a relatively small
change in ash composition when the fuel mixture was rich in the power station (Russian) coal.
The variation in concentration in the ash of iron oxide (Fe2O3), an important factor in determining
deposition propensity, is shown in Figure 5. There is a flattish region in Figure 5, close to pure
Russian coal, in the range of mixtures likely for power station use. Using similar calculations for all
the chemical components in ash, the variation in bulk ash viscosity at a specified temperature
(1250°C) can be calculated. The calculated fuel ash viscosity (Figure 6) also varies relatively slowly
with composition for fuel mixtures in which typical UK power station coal is the main component. In
addition, the calculated ash viscosity shows a smaller rate of decrease when Russian coal is replaced
by low‐ash coal C than when Russian coal is replaced by olive. In coal‐biomass mixtures, olive residue
produces one of the greatest increases in ash sintering. This suggests that additions of low‐ash coal
may have a smaller effect on ash deposition behaviour than equivalent (wt% fuel) additions of
biomass. Quantification of this relationship using the ash viscosity calculations suggests that biomass
addition has roughly twice the impact of low‐ash coal C additions on ash viscosity; the maximum
level of low‐ash coal addition (wt% fuel) would be about twice that of biomass addition for
comparable ash sintering behaviour. This guideline is clearly dependent on boiler performance and
on the ash properties of the various fuels, the impact of which can be explored in more detail using
the spreadsheet described previously.
This approach makes a number of assumptions – in particular, that the mixed fuel ash is
homogeneous, fully liquid at the calculation temperature, and contains sufficient silica and alumina
for the Kalmanovitch and Frank (1990) model to apply. Whilst these assumptions restrict the
prediction of behaviour for individual deposits, this approach can be useful as ranking predictor for
deposit sintering tendency for fuel mixtures in which typical UK power station coal is the main
component.
The ash viscosity in Figure 6 has been calculated under ‘oxidising’ conditions, with all iron as Fe2O3.
In Figure 7, the ash viscosity is calculated under ‘reducing’ conditions, with all iron as FeO instead of
Fe2O3. There is a slightly bigger reduction in calculated viscosity of the pure low‐ash coal than there
is for the pure Russian coal, and there is no significant change for the olive because it has low iron
oxide content. The overall shape of the calculated viscosities does not change under reducing
conditions. Low levels of addition of low‐ash coal and biomass do not appear to increase the
deposition propensity of coal ash during deeply‐staged combustion.
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3.4 EFR trials
The EFR deposits from mixtures of Russian coal and low‐ash coal B generally became more fused at
higher proportions of low‐ash coal B (Figure 8). Bulk chemical compositions of the deposits from the
pure Russian coal and from the pure low‐ash coal B (Figure 9) were similar to those of the ash in the
parent coals (Table 2). The bulk chemical compositions of deposits from intermediate coal mixtures
showed approximately linear variation (Figure 9). However, the expected variation in bulk chemical
composition is heavily dominated by the Russian coal ash composition (Figure 10). The observed
linear trend indicates that low‐ash coal B had similar ash content to Russian coal.
High‐temperature ashing confirmed that the sample of Indonesian ‘low‐ash’ coal B had an ash
content of 11wt%, rather than the expected 1‐2wt%. The experimental samples and results obtained
from mixtures involving ‘low‐ash’ coal B cannot contribute towards the objectives of this project.
The abstract on Ash deposition from co‐firing biomass with low‐sulphur coals was withdrawn from
ICCST 2007. Experimental work and sample characterisation halted until a new sample of Indonesian
low‐ash coal (C) was acquired. The ash content of low‐ash coal C was confirmed by high‐temperature
ashing before experimental work resumed.
Fuel mixtures involving wood were found to be difficult to feed, as on the CTF and at power stations,
resulting in longer run durations (Table 4). As the proportion of low‐ash coal C increased, the EFR
deposits became much thinner but there was no significant increase in the degree of deposit
sintering (Figure 11). The same variation was observed for fuel mixtures with 25wt% olive (Figure 12)
and 25wt% wood (Figure 13). The deposits from fuel mixtures with 25wt% olive, whose photographs
showed reflected light from the camera flash (Figure 12), were consistently more fused than
equivalent deposits from mixtures with 25wt% wood or without biomass. As the proportion of low‐
ash coal C increased in mixtures with 25wt% olive, the degree of deposit sintering and fusion
diminished because less aluminosilicate coal ash was available for the high alkali content of the olive
ash to modify the behaviour of.
For all three sets of deposits, the thickness of the deposit decreased rapidly as the proportion of low‐
ash coal C increased. Initial examination revealed that there was insufficient ash material in most
deposit cross‐sections for useful images or chemical analyses to be collected, and this analytical
technique was not pursued for these EFR deposits.
Calculated ash retention indices are listed in Table 5 and plotted in Figure 14. Several of the deposits
showed adhering lumps of ash material, which had probably fallen from higher in the EFR; ash
retention indices for these deposits are shown in italics in Table 5 and are not plotted in Figure 14.
Without any biomass, and with 25% wood, ash retention does not increase significantly as the
proportion of low‐ash coal C increases. With 25% olive, ash retention increases slightly as the
proportion of low‐ash coal increases. Although Russian coal typically shows a wide variability in ash
retention index, Figure 14 appears to support the finding that a 25wt% addition of low‐ash coal has
less impact on ash behaviour than similar (wt% fuel) additions of biomass.

3.5 Pellet sintering
XRD spectra of the four high temperature ashes from which all the pellets were made (Figure 15)
indicate that both coal HTAs contain the same crystalline phases – quartz, mullite (Al6Si2O13),
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magnetite (Fe3O4) and anhydrite (CaSO4) – in similar proportions. Both of the biomass HTAs
contained periclase (MgO), but it was not possible to be certain about the other phases present.
Back‐scattered electron images (BEIs) of cross‐sections through the all the sintered pellets showed
that they consisted of lightly‐sintered ash particles (e.g. Figure 16). Pellets from different fuel
mixtures showed variation in particle composition and degree of sintering. At low magnification, the
cross‐section through the pure low‐ash coal C pellet (Figure 17) can be seen to contain more, larger
iron‐rich ash particles than the pure Russian coal (Figure 16). The intensity of a BEI increases with
average atomic number of the material, so iron‐rich particles are significantly brighter than the
typical aluminosilicate particles.
At higher magnification, a continuous light‐grey phase in the cross‐section indicates the presence of
a glass resulting from liquid formation. The differing degree of pellet sintering was indicated by the
strength of heat‐treated pellets and by estimating of proportion of liquid in pellet cross‐sections.
There is little evidence for liquid formation in the pellet from pure Russian coal (Figure 18). The
pellets from 25% wood (Figure 19) and from pure low‐ash coal (Figure 20) indicate formation of a
little liquid, and slightly more liquid was formed with 25% olive. The subjective ranking of these
pellets based on the difficulty of cutting them in half during sample preparation agreed these results.
Complete replacement of Russian coal by low‐ash coal C appears to have had a comparable effect on
deposit sintering to 25% replacement of Russian coal by either biomass. The evidence of extensive
liquid formation in Figure 21 shows clearly that mixtures of low‐ash coal and olive, without any
Russian coal, would be potentially disastrous in terms of deposit sintering.
XRD spectra for the four sintered pellets that represent the probable range of power station feed
(pure Russian coal, and Russian coal with 25wt% of low‐ash coal, olive or wood) are shown in Figure
22. The phases identified include quartz, mullite (Al6Si2O13) and magnetite (Fe3O4), all typical of coal
fly ash. The quartz is untransformed coal mineral matter, while mullite typically crystallises from
fused coal ash. Anhydrite (CaSO4), present in the HTA from the Russian and low‐ash C coals, was not
observed in any of the XRD spectra from sintered ash pellets.
Replacement of part of the Russian coal by low‐ash coal or by wood did not changed the crystalline
phases present in the sintered ash pellets, although the relative proportions of the crystalline phases
present did change slightly. However, replacement of part of the Russian coal by olive has
introduced an additional phase, or possibly two. It has not been possible to identify the extra
crystalline phase(s) in all the pellets containing 25wt% olive.
The similarity between the crystalline phases present in all the mixtures of Russian coal with low‐ash
coal C is emphasised by Figure 23, which shows that there is a small, approximately linear change in
proportion of the phases present across the entire range of mixtures. Exactly the same variation is
observed for the pellets containing mixtures of the two coal HTAs with 25wt% wood ash (Figure 24)
and with 25wt% olive ash. The additional biomass component has changed the crystalline phases
present in the sintered pellets slightly, but the complete replacement of Russian coal by low‐ash coal
C has not made a significant difference to these crystalline phases. The impact of the low‐ash coal on
the crystalline phases in the sintered pellets has been significantly smaller than the impact of the
biomass addition. No significant difference has been observed between pellets heat‐treated in air
and in nitrogen.
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3.6 Achievements
As stated previously, the scope of activities of this project was modified to include three‐way
mixtures of coal, low‐ash coal and biomass under normal combustion conditions, and limited three‐
way mixtures of coal, low‐ash coal and biomass under deeply‐staged combustion conditions, in
response to changing trends in electricity generation before the project started.
Ash deposition from three‐way mixtures of coal, low‐ash coal and biomass has been investigated at
laboratory scale through EFR combustion trials and ash sintering experiments, as well as by
calculation. Changes in deposition under deeply‐staged combustion have been explored through ash
sintering experiments and by calculation, and no significant differences have been found for three‐
way mixtures of relevance to power stations. The relative impacts of low‐ash coal and biomasses on
ash behaviour during co‐combustion have been estimated from both EFR combustion trials and ash
sintering experiments. As a broad guideline, low‐ash coal addition levels (wt%) twice those of
biomass appear to produce fuel mixtures with comparable ash sintering behaviour – although this is
clearly fuel and boiler dependent. A scheme for calculating ash viscosity for three‐way fuel mixtures
has been developed, allowing power station operators to predict the impact of low‐ash coal and
biomass co‐combustion on the rate of ash deposit sintering. A spreadsheet to explore the impact of
fuel ash contents, chemistries and relative proportions on the ash behaviour of the fuel mixture,
based on base/acid ratio rather than ash viscosity, has been created and is available from the
author.
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
No publications have been found concerning the ash deposition behaviour of coal blends that
include Indonesian low‐ash coals, or of coal‐biomass blends during deeply‐staged combustion.
The high iron and calcium oxide concentrations in the ash of low‐ash coals suggest a possible
increase in slagging propensity. However, experimental and theoretical work indicates that the
addition of Indonesian low‐ash coal to typical feed coal for UK power stations does not increase the
proportion of ash that deposits, but may slightly increase the degree of sintering in the resulting
deposit.
No ‘step changes’ in ash deposition behaviour were observed as typical feed coal for UK power
stations was replaced by low‐ash coal.
Additions of low‐ash coal will probably have less impact on ash behaviour than similar levels (wt%
fuel) of biomass addition. In fact, given the low ash contents of both low‐ash coals and biomasses,
low levels of addition of both of these components may produce changes in fuel ash content and
chemistry that are no larger than day‐to‐day variation in feed coal properties. As a broad guideline,
low‐ash coal addition levels (wt%) twice those of biomass appear to produce fuel mixtures with
comparable ash sintering behaviour – although this is clearly fuel and boiler dependent.
In three‐way mixtures of coal, low‐ash coal and biomass, the low‐ash coal should be modelled as a
separate component – with lower ash content than the main coal, and different ash chemistry from
the biomass.
A scheme for calculating the viscosity of ash resulting from three‐way mixtures of coal, low‐ash coal
and biomass has been developed. These viscosity calculations correlate well with the degrees of
deposit sintering of ash deposits from entrained flow reactor trials. A spreadsheet to explore the
impact of fuel ash contents, chemistries and relative proportions on the ash behaviour of the fuel
mixture, based on base/acid ratio rather than ash viscosity, has been created and is available from
the author.
Experimental work on the sintering of HTA pellets and viscosity calculations both suggest that
moving from oxidising to reducing conditions in the later stages of combustion would probably not
significantly affect ash behaviour for mixtures of low‐ash coal and biomass with typical power
station feed coal.
The higher iron oxide concentrations in the ashes of low‐ash coals suggest a possible impact on ash
behaviour during deeply‐staged combustion, but this would probably be minimised by their low ash
contents and by co‐firing with biomass.
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5 Further work
Two possible topics for further investigation have arisen during this project:
•

Repeat the pellet sintering studies using fly ash from fuel mixtures, or mixtures of fly ash
from individual fuels, rather than mixtures of high temperature ash. These pellets would
more closely simulate ash behaviour during combustion, but would require the combustion
of large quantities of low‐ash biomasses or coals on the EFR.

•

Investigate modifications to established techniques where the quality of the results is
significantly reduced by the very low ash content of biomasses or low‐ash coals, e.g. high
temperature ashing, X‐ray diffraction and the characterisation of ash deposit cross‐sections.

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

Deposition and corrosion from coal‐biomass co‐combustion, by Wigley F. Invited
presentation at the Bioenergy Research Forum meeting on ‘Agricultural wastes, co‐products
and residues as fuel for combustion’, Birmingham, UK, 25 January 2007.

•

Deposition from coal‐biomass combustion, by Wigley F. Invited seminar in the Department of
Chemical Engineering, Imperial College London, 27 February 2007.

•

The impact of biomass co‐firing on coal ash deposition in utility boilers, by Wigley F,
Williamson J, Malmgren A and Riley GS. Oral presentation at the 2007 International
Conference on Coal Science and Technology, Nottingham, UK, 28‐30 August 2007.

•

Coal‐biomass ash deposition during deeply‐staged combustion, by Wigley F. Oral
presentation at the BCURA/CRF seminar on the BCURA/DTI coal research programme,
London, UK, 4 June 2008.

•

Deposition from coal‐biomass combustion, by Wigley F. Invited presentation at the IEA Clean
Coal Centre workshop on ‘Perspectives on Co‐combustion’, Cardiff, UK, 2 September 2008

•

Impact of low‐ash coal on ash deposition from coal‐biomass mixtures, by Wigley F and Riley
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9 Tables
Table 1: Proximate analyses of the fuels used at Imperial (air‐dried basis).

Moisture (wt%)
Volatile matter (wt%)
Ash (wt%)
GCV (MJ/kg)

Russian coal Low‐ash coal C Olive Wood
6.0
16.9
4.9
6.6
29.2
37.6 66.7
73.1
12.6
3.3
5.7
2.5
26.5
23.4 18.6
18.7

Table 2: Ash chemistries (wt%) of the fuels used at Imperial (S‐free basis, normalised to 100%).

SiO2
Al2O3
Fe2O3
CaO
MgO
K2O
Na2O
TiO2
MnO
P2O5

Russian coal Low‐ash coal C Olive Wood
60.1
48.7 32.1
40.7
24.0
24.7
6.6
8.1
6.0
13.8
4.9
3.8
4.1
4.6 12.4
28.6
1.1
3.6 12.2
4.1
3.0
2.1 18.9
6.8
0.4
0.6
0.4
1.1
1.2
1.0
0.2
1.1
0.1
0.0
0.0
3.6
0.0
0.7 12.2
2.1

Table 3: Ash contents and chemistries (wt%) of five Indonesian low‐ash coals.

Coal
Ash
SiO2
Al2O3
Fe2O3
CaO
MgO
K2O
Na2O
TiO2
BaO
MnO
P2O5

L
1.9
38.6
18.5
21.1
14.9
3.8
1.0
0.3
1.1
0.3
0.3
0.1

M
3.0
42.5
19.2
19.1
12.3
3.0
1.2
0.8
1.2
0.2
0.2
0.2

N
3.2
42.9
18.8
17.2
13.4
3.2
1.5
1.2
1.1
0.2
0.2
0.3

O
3.3
48.7
24.7
13.8
4.6
3.6
2.1
0.6
1.0
0.1
0.0
0.7

P
4.4
53.6
13.2
15.5
8.8
4.9
1.3
1.9
0.6
0.2
0.0
0.0

50
22
28
50

75
31
30
47

100
28
27
43

Table 4: Run lengths (minutes) of EFR trials

Biomass added
None
25% Olive
25% Wood

Proportion of coal that is low‐ash (wt%)
0
25
39
27
27
27
41
48
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Table 5: Ash retention indices for EFR trials

Biomass added
None
25% Olive
25% Wood

Proportion of coal that is low‐ash (wt%)
0
25
8.4
18.0
5.5
4.6
29.3
3.3
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50
4.6
5.0
4.2

75
18.9
5.7
2.8

100
4.2
7.1
4.5

10 Figures
60

SiO2

Oxide concentration (wt% of ash)

50

Al2O3
Fe2O3

40

CaO
30

20

10

0
0

1

2

3

5

4

Ash content (wt% dry)

Figure 1: Ash compositions for Indonesian low‐ash coals.
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Figure 2: XRD spectra of Russian and low‐ash coals
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Figure 3: Calculated ash content for mixtures (wt%) of Russian coal, low‐ash coal C and olive.
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Figure 4: Calculated silica concentration in the ash of mixtures (wt%) of Russian coal, low‐ash coal C and olive.
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Figure 5: Calculated iron oxide concentration in the ash of mixtures (wt%) of Russian coal, low‐ash coal C and olive.
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Figure 6: Calculated ash viscosity under ‘oxidising’ conditions for mixtures (wt%) of Russian coal, low‐ash coal C and
olive.
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Figure 7: Calculated ash viscosity under ‘reducing’ conditions for mixtures (wt%) of Russian coal, low‐ash coal C and
olive.
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Figure 8: Photographs and cross‐sections through EFR deposits Russian – low‐ash B coal blends.
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Figure 9: Measured chemical compositions of probe deposits Russian – low‐ash B coal blends.
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Figure 10: Calculated chemical compositions of probe deposits Russian – low‐ash B coal blends.
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Figure 11: Photographs of EFR deposits Russian – low‐ash C coal blends.
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Figure 12: Photographs of EFR deposits Russian – low‐ash C coal blends with 25wt% Olive.
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Figure 13: Photographs of EFR deposits Russian – low‐ash C coal blends with 25wt% Wood.
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Figure 14: Retention of fuel ash by probe deposit Russian – low‐ash C coal blends, with biomass
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Figure 15: XRD spectra of high temperature ashes from four pure fuels.
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Figure 16: Back‐scattered electron image of a cross‐section through sintered HTA pellet from Russian coal (low
magnification).

Figure 17: Back‐scattered electron image of a cross‐section through sintered HTA pellet from pure low‐ash coal C (low
magnification).
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Figure 18: Back‐scattered electron image of a cross‐section through sintered HTA pellet from pure Russian coal (higher
magnification).

Figure 19: Back‐scattered electron image of a cross‐section through sintered HTA pellet from Russian coal with 25wt%
wood (higher magnification).
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Figure 20: Back‐scattered electron image of a cross‐section through sintered HTA pellet from pure low‐ash coal C (higher
magnification).

Figure 21: Back‐scattered electron image of a cross‐section through sintered HTA pellet from low‐ash coal C with 25%
Olive (middle magnification).
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Figure 22: XRD spectra of sintered HTA pellets from pure Russian coal and Russian coal with 25% low‐ash coal C, olive
and wood.
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Figure 23: XRD spectra of sintered HTA pellets from mixtures of Russian coal with low‐ash coal C.
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Figure 24: XRD spectra of sintered HTA pellets from mixtures of Russian coal with low‐ash coal C, all containing 25wt
wood HTA.
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