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Combustion in an O2/CO2 mixture (oxyfuel) has been recognized as a promising technology for CO2 cap
ture as it produces a high CO2 concentration flue gas. Furthermore, biofuels in general contribute to CO2

reduction in comparison with fossil fuels as they are considered CO2 neutral. Ash formation and deposi
tion (surface fouling) behavior of coal/biomass blends under O2/CO2 combustion conditions is still not
extensively studied. Aim of this work is the comparative study of ash formation and deposition of
selected coal/biomass blends under oxyfuel and air conditions in a lab scale pulverized coal combustor
(drop tube). The fuels used were Russian and South African coals and their blends with Shea meal (cocoa).
1. Introduction and scope of work

Combustion in O2/CO2 mixture (oxyfuel)
a promising technology for CO2 capture as
concentration flue gas [1 7]. This technolo
ing the fuel in a mixture of oxygen, produc
Unit, and recirculated flue gas. Oxy fuel co
A horizontal deposition probe, equipped with thermocouples and heat transfer sensors for on line data
acquisition, was placed at a fixed distance from the burner in order to simulate the ash deposition on heat
transfer surfaces (e.g. water or steam tubes). Furthermore, a cascade impactor (staged filter) was used to
obtain size distributed ash samples including the submicron range at the reactor exit. The deposition
ratio and propensity measured for the various experimental conditions were higher in all oxyfuel cases.
The SEM/EDS and ICP analyses of the deposit and cascade impactor ash samples indicate K interactions
with the alumina silicates and to a smaller extend with Cl, which was all released in the gas phase, in both
the oxyfuel and air combustion samples. Sulfur was depleted in both the air or oxyfuel ash deposits. S and
K enrichment was detected in the fine ash stages, slightly increased under air combustion conditions.
Chemical equilibrium calculations were carried out to facilitate the interpretation of the measured data;
the results indicate that temperature dependence and fuels/blends ash composition are the major factors
affecting gaseous compounds and ash composition rather than the combustion environment, which
seems to affect the fine ash (submicron) ash composition, and the ash deposition mechanisms.

has been recognized as
it produces a high CO2

gy consists of combust
ed in an Air Separation

ceeding with commercializing the technology. One of these tech
nology blocks that need validation and further Research and
Development is the oxyfuel combustion process itself, including
fuel preparation and including biomass cofiring. At the same level
lies the fuel recycling issue, including the level of gas cleaning nec
essary to allow for problem free boiler operation. The overall pro
mbustion and flue gas cess integration, e.g. heat stream matching as well as advanced

scrubbing (to separate the CO2 from the combustion products boiler materials for USC operation are also still subject to research

using amines) are technologies that can be retrofitted to existing
units. Including biomass co firing in the oxyfuel concept, helps
achieving even negative net emissions, which will increase further
the political and public support for CCS. Biomass co firing can ad
dress the technical CCS challenges with different percentages of
biomass co fired, according to the Zero Emission Platform reports
on the current status of the oxyfuel technology [8], however some
technological blocks still need to be fully validated prior to pro
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and development, in order to validate the concept. In this frame,
targeted lab scale tests are an easy and fast way to gather informa
tion and hints on how to proceed in the pilot scale. More experi
mental results in different lab scale installations are necessary to
identify problems, if existing, and propose counteractions, and also
try a wide variety of fuels and combustion conditions, parameters
that are impossible to alter easily in the pilot and large scale.

An overview on research activities and technology develop
ments on oxyfuel combustion including char combustion temper
atures, fuel burnout, gas composition, heat transfer, coal
reactivity and flame ignition has been recently published by Wall
et al. [9]. The characteristics of combustion under O2/CO2 differ
from air combustion in several aspects, e.g. gas composition, gas
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Nomenclature

DP deposition propensity (%)
DR deposition ratio ( )
DTF drop tube furnace
EF enrichment factor
FACTSage� facility for analysis of chemical thermodynamics
ICP inductively coupled plasma
LCS lab scale combustor simulator
LHV fuel low heating value (MJ kg 1 for solids/MJ m�1

n for
gases)

mdep ash mass deposited (gr)
mash ash mass fed through the fuel (gr)
mfuel mass of fuel fed (gr)

SEM/EDS scanning electron microscope/energy dispersive spec
troscopy

Xdep,i mass fraction of the element i (expressed as oxide)
Xash,i mass fraction of the element i
R

f
fouling factor (K m2/W)

Subscripts
fa fly ash
g gas phase
s solid phase
slag slag phase
density, flow field. This different gas environment experienced by
fuel particles might have an impact on the combustion processes
including ignition, combustion characteristics, char reaction, and
subsequently, ash and pollutants formation [10]. The consequence
of this becomes important when the pulverized fuel boilers are
planned to be retrofitted to oxyfuel. The effect of oxyfuel combus
tion on trace elements emissions and fly ash size distribution is
uncertain, but it is expected that the behavior of minerals will be
affected by the change in environment. For example, the high car
bon dioxide partial pressures under oxyfuel will increase the
decomposition temperature of carbonates [4]. Therefore in this
introductory section an effort is made to gather the relevant liter
ature on the parameters that are expected to affect the inorganic
elements vaporization and ash deposition behavior in the
combustor.

Ash particle formation under oxyfuel combustion has been ad
dressed by Sheng et al. [10 12]. Specifically in [10], coal ash parti
cles were collected at the bottom of a drop tube combustor using a
low pressure impactor. It was found that O2/CO2 combustion de
creased the size of the submicron mode center as well as the yield
of the submicron particles compared to air combustion for the
same oxygen concentrations. Increasing the oxygen concentration
decreased the observed difference between the two combustion
atmospheres. In [12], pulverized coals were fired in O2/CO2 and
O2/N2 mixtures in a drop tube furnace. Qualitative XRD analysis
showed that, in comparison to O2/N2 combustion, O2/CO2 combus
tion did not significantly change the main crystalline phases
formed in residue ashes, implying no significant impacts on ash
formation behaviors of the main coal minerals. Mössbauer spectro
scopic analysis indicated that the variation between O2/CO2 and
O2/N2 combustion did not affect the ash formation mechanisms
of iron bearing minerals, but affected the relative percentages of
iron species formed in the ashes. O2/CO2 combustion resulted in
more iron melting into glass silicates in the ash. The differences ob
served in the ash formed under the two atmospheres were attrib
uted to the impact of combustion gas atmosphere on coal char
combustion temperatures, which influenced the ash formation
behaviors of included minerals.

The experimental work of Suriyawong et al. [13] focused on ash
formation under O2/CO2 combustion of a subbituminous coal in a
drop tube furnace; it was observed that the mean size of submi
cron ash particles formed in O2/CO2 combustion was smaller than
that formed in conventional air combustion. In [9] on the contrary,
the size distribution and chemical composition of bulk fly ash did
not differ significantly when produced in oxyfuel combustion and
air combustion. The work described in [11], burning a high alumi
num coal in a drop tube furnace to compare the ash formation in
O2/CO2 combustion and air combustion, shows that O2/CO2 com
bustion did not significantly affect the transformations of main
minerals, but did affect the fine ash formation, consistent with
the observations of Suriyawong et al. [13].

A significant proportion of the submicron ash generated during
coal combustion is believed to be the result of mechanisms includ
ing the vaporization and homogeneous condensation processes of
refractory oxides such as SiO2, CaO, MgO and Fe2O3 [12,14,15]. A
number of studies focus on solid fuel/char burnout in O2/CO2 envi
ronments. Bejarano and Levendis [16] conducted a fundamental
investigation on the combustion of single particles of coal in O2/
N2 and O2/CO2 environments. They observed increasing particle
temperatures and decreasing burnout times for increasing oxygen
fractions, being the particle temperature higher and the burnout
time lower for the O2/N2 environment at the same oxygen molar
fraction. They reported equivalent bituminous coal volatile and
char temperatures to those measured in air when the oxygen con
tent in the O2/CO2 mixture was �30%, whereas this concentration
had to be 30 35% to attain similar burnout times. In [17] the com
bustion rates of two pulverized coal chars were measured in both
conventional and oxygen enriched atmospheres. Predicted char
particle temperatures tended to be low for combustion in oxy
gen depleted environments. In [11] the impact on mineral trans
formation and fine ash formation of O2/CO2 combustion of a
high aluminum ash coal was studied. The main conclusion here
as well was that O2/CO2 combustion had an impact on the local
char particle combustion temperature and consequently on the
ash vaporization and the ash mineral composition. The varying
bulk gas composition (e.g., CO2 concentration) changed the CO/
CO2 ratio within the burning char particle affecting the vaporiza
tion of refractory oxides, as observed by Krishnamoorthy and Ver
anth [18], who modeled the combustion of a single char particle. As
a consequence, this affects accordingly the chemical composition
of fine ash particles. The varying char combustion temperatures
and locally reducing conditions might reduce minerals to more
volatile forms. Char temperature fluctuations between air and oxy
fuel combustion, affect therefore the degree of release of the in
cluded minerals and alter their extent of vaporization. Reducing
conditions may also have a notable impact on excluded minerals,
particularly iron based minerals [19].

Zheng and Furimsky [20] carried out chemical equilibrium cal
culations using the software FACTSage� to study the effect of CO2

on the emissions and the ash composition under coal combustion.
They concluded that the combustion medium had little effect on
the ash chemical composition, but they did not exclude the effect
of the carbonation and/or sulfation reactions of basic components
on ash composition for the coals containing a high alkaline mineral
matter. However it was not stated if molten ash phases are in
cluded as possible products in the calculations. Zhao et al. [21] ap
plied the same approach to study the evaporation of mineral
elements in O2/CO2 combustion. For temperatures lower than
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2000 K they did not find differences between the combustion in air
and O2/CO2.

Although significant work exists studying the interactions of S/
K/Cl and their significance in fine ash and aerosol formation,
explaining in detail the possible mechanisms that lead to the main
ash elemental composition of fine ash and aerosols, e.g. [22,23], so
far little work is reported on the possible effect of oxyfuel combus
tion conditions on the elemental composition as well as the fine
ash yield in comparison to conventional air firing.

Considering biomass cofired with coal under oxyfuel conditions,
there is only one published work to our knowledge. Tests in an en
trained flow reactor to study the ignition and burnout of coals and
blends with biomass under oxyfuel and air (reference) conditions
by Arias et al. [24], showed worsening of the ignition temperature
in CO2/O2 mixtures when the oxygen concentration was the same
as that of the air; however at oxygen concentrations of 30% or
higher, an improvement in ignition was observed. The results of
this work indicate that coal burnout can be improved by blending
biomass in CO2/O2 mixtures.

The integration of biomass in the oxyfuel co firing blend has not
yet been studied extensively and there are open questions prior to
utilising biomass under oxyfuel conditions, as for example, the
ignition of blends under oxyfuel conditions, proper temperature
conditions, the degree of flue gas cleaning prior to recirculation,
the effect of biomass ash components under CO2 and increased
O2 conditions or the behavior of ash deposition under varying gas
eous environment. The flue gas enrichment in S and Cl due to the
necessary recirculation can affect the ash formation and deposi
tion, inducing further ash melting and enhancing the fine ash par
ticle formation [23].

The aim of this work is the comparative study of ash formation
and deposition of selected coal/biomass blends under oxyfuel and
air conditions in a lab scale pulverized coal combustor. The fuels
used were Russian and South African coals and their 20% w/w
blends with Shea meal (cocoa). Ash samples were subjected to
SEM/EDS and ICP analyses and chemical equilibrium calculations
using FACTSage� were carried out to facilitate the interpretation
of the measured data.
Fig. 1. Schematic of the ECN Lab-sca
2. Description of experimental facility and test procedure

The most prominent example of a lab scale installation for dy
namic fuel characterisation is a so called drop tube furnace. In its
basic form, the installation constitutes of a vertical reactor, which
is externally heated, mostly by an electric furnace. Installations of
such general layout, have been utilised by many EU research
institutes. A few, to name EMC/Casella/RWE N Power (UK), INCAR
(SP) or CERCHAR (F) and ECN (NL) attempted even a harmonisa
tion of the research techniques utilising the DTF in the frame of
the EU Research Fund for Coal and Steel project ECSC 7220 PR
106. The main advantage of the lab scale DTF is its simplicity
and flexibility in creating virtually any combustion environment
and studying dynamically fuel conversion and ash formation. A
classical DTF however, knows also certain limitations. For exam
ple, the heating rates of a fuel particle falling freely in a heated
tube are still at least one order of magnitude slower than in a real
combustion system, where fuel particles are instantaneously sub
jected upon injection to the scourging heat of the pulverized fuel
flame. Many of the said limitations can be over come with spe
cific design features. A good example of such advanced DTF is
Lab scale Combustion Simulator, developed and optimised in
the past decade by ECN. The ECN lab scale combustion simulator
(LCS) shown in Fig. 1, consists of an extensively modified drop
tube furnace, equipped with a flat flame, multi stage, premixed
gas burner, into which the investigated solid pulverized fuel is in
jected. This provides adequate heating rates (105 K/s), well in
range with full scale PF boilers. The reactor is equipped with a
conical inlet, which causes the flue gas and char/ash particles to
decelerate, enabling for long residence times in spite of a relative
short length. The char particles are then lead into an electrically
heated reactor tube, where they are further combusted. The
staged gas burner accommodates high initial heating rates and
temperatures and provides the possibility to simulate air staging
as in low NOx burners and also the presence of specific combus
tion products such as, e.g., SO2. The furnace has �1 m length. The
burner consists of two concentric sub burners viz. a primary, in
ner burner (10.9 mm ID) and a secondary, outer burner (60.7 mm
le Combustion Simulator (LCS).
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ID). The inner burner is supplied with a mixture of O2, CH4, and
CO2 or N2 with an oxygen lean rate. In the outer burner the gas
eous mixture of O2, CH4, and CO2 or N2 provides the necessary
oxygen in order to complete the combustion. Fuel particles are
fed through the inner burner and are rapidly heated (>105 �C/s)
to the high temperature level of, e.g., a coal flame (1400
1600 �C). Typically, low particle feed rates of 1 5 g/h are used
in order to control the gaseous environment of each particle by
means of the imposed gas burner conditions. This implies that
heating and devolatilisation of the fuel particles takes place in
an oxygen deficient zone (indicated as I in Fig. 1) provided by
the primary, inner burner, whereas subsequent char combustion
takes place in a zone with excess oxygen (indicated as II in
Fig. 1). The transition from oxygen lean to oxygen rich takes
place and is completed in zone I by diffusion. The resulting gas/
particle flow is then drawn into a 76 mm ID alumina reactor tube
for complete oxidation of the fuel. From a distance of �130 mm
from the burner the tube is surrounded by two 3.4 kW furnace
sections equipped with Kanthal Super 1800 elements with a max
imum element temperature of 1700 �C. The temperature of each
zone is independently controlled by a Eurotherm controller and
two S type thermocouples, at 1450 �C. The furnace temperature
profile (Fig. 2a) was measured in the absence of the particles,
using S type thermocouples. The flue gas composition is continu
ously monitored using a UV analyzer for NO and NO2, a NDIR for
CO and CO2 and a magneto mechanical analyzer for O2.

The residence times are also shown in Fig. 2b, both in the flame
area close to the burner plate as well as along the reactor. Resi
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Fig. 2. (a) LCS temperature profiles under air and oxyfuel condition
dence time calculations are based on the volume flows, the gas
velocity, assuming laminar flow and taking into account the reac
tor geometry, axial gas temperature profile and the particle termi
nal velocity. We matched the volume flow rates in all cases, in both
the inner and the outer burner, in order to have the same or very
close volume flows. The selection of flows was such as to allow
for the same residence times in all experiments for the given tem
perature profiles. A suction pump that operates at a constant vol
ume flow rate also assures for homogeneous velocities and
therefore isokinetic conditions in the reactor. The small difference
in residence times in the burner area is due to the fact that flows
were slightly adjusted in order to match the temperature profiles
between air and oxyfuel combustion. Boiler tube fouling studies
can be carried out using a horizontal probe placed at �850 mm
from the burner. This probe simulates the gas/particles flow
around a single boiler tube in the convective section of a boiler.
It is provided with a ring shaped heat flux sensor installed on
the horizontal tube as well as with a detachable tubular deposition
substrate. The surface temperature of the probe is controlled by the
air cooling system and maintained at 660 �C. It is supported that
boiler retrofit to oxyfuel operation should be applied to modern
and high efficient power plants, rather than to older and less effi
cient power plant units, in order to better amortize the large effi
ciency penalty after applying CCS measures. In that case the
steam conditions are expected to be higher than in the older power
stations. The surface temperature of the probe was chosen in order
to include supercritical steam conditions, which is an option for
oxyfuel applications. The effect of the surface temperature of the
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probe was not further studied in this paper and should be taken
into consideration in future works.

Deposition samples can be collected in either the sensor area
(sample No. 1) or the detachable probe surface (sample No. 2).
When the sensor is used, on line data on the influence of the de
posit on the effective heat flux trough the tube wall are collected
allowing calculating the fouling factor, which is defined as the in
verse of the overall heat transfer coefficient. The ash collected on
the sensor was subjected to ICP/AES analysis. It is also possible to
collect ash on a detachable substrate and then fix the sample with
epoxy for further SEM/EDS analysis. The remaining particles not
deposited on the horizontal probe are collected by a vertically
adjustable cooled probe at the end of the drop tube reactor on a
porous filter (sample No. 3), which is further submitted to ICP anal
ysis, together with sample No. 1 from the horizontal ash deposition
probe. The carbon in ash was also determined for all ash samples.
The particle size distribution and the density of the ash samples
collected in the horizontal probe and the filter were also deter
mined. As it is a dilute system in terms of solids/gas ratio, com
pared with an autothermal full scale PF furnace, the large
volume of the surrounding flue gas kept at a constant temperature
helps to maintain a relevant temperature on the surface of the
char/ash particles, until the moment these reach a cooled surface
of the deposition probe, avoiding inhomogeneous or too high peak
temperatures in the char particles.

Deposition tests were carried out with two coals (Russian and
South African) and their blends with Shea meal (cocoa residues)
at 20 wt.% combusted in O2/CO2, with a 30 vol.% of oxygen in order
to achieve the same adiabatic flame temperature and similar heat
transfer characteristics than in air combustion. Proximate (ash, VM
and moisture % (w/w) oven/gravimetry) and ultimate analyses (C,
H, N, O, S Carlo Erba analyzer), as well as inorganic elemental
Table 1
Chemical analysis of the used fuels.

Fuel Russian
coal

Shea meal South
African

Moisture/Std Dev 3.4/0.5 11.1/1.4 3.9/0.3

Proximate analysis (% mass, dry fuel basis)
Ash @ 815 �C/Std Dev (of sample) 14.9/0.5 5.4/0.2 12.8/0.2
Volatile matter/Std Dev 29.0/1.1 61.9/1.3 25.3/0.3
HHV (kJ/kg)/Std Dev 27800 / 200 19410/80 28225/60
Initial deformation (�C) 1250 1140 1350
Hemisphere temperature (�C) 1360 1310 1375
Flow temperature (�C) 1410 1330 1400

Ultimate analysis (% mass, dry fuel basis)
C/Std Dev 68/2 49.4/0.8 70/3
H/Std Dev 4.0/0.3 5.35/0.05 3.8/0.3
N/Std Dev 0.87/0.12 2.61/0.04 1.34/0.07
S/Std Dev 0.35/0.02 0.27/0.01 0.53/0.02
O by diff. 11.6 40.1 9.2

Ash composition (mg/kg fuel, dry basis)
Na (±7)a 405 179 269
Mg (±1) 1277 1937 1665
Al (±4) 16583 772 19794
Si (±90) 34841 1861 21931
P (±15) 386 1684 750
K (±20) 2390 20790 790
Ca (±20) 2750 2140 7500
Ti (±8) 622 47 843
Mn (±6) 89 24 52
Fe (±4) 6077 1095 2907
Zn (±1) 21 4 10
Pb (±20) 10 0 0
Sr (±5) 183 18 454
Ba (±5) 260 22 349
B (±1) 43 19 41
Cl (±20) 100 800 50

a Equipment error.
composition using ICP/AES (29 elements in total) were performed
on the fuels, the results shown in Table 1. The fuels were all ground
to less than 500 lm: 250 lm < dp < 500 lm in order to be fed in the
brush feeder. A series of combustion tests with Russian and South
African coals and blends in air (79 vol.% N2 and 21 vol.% O2) were
carried out as reference as well. In all oxyfuel condition test runs,
in order to simulate flue gas recycling that will possibly contain,
at least in traces, sulfur in the form of SOx, a small volume flow
of H2S was added together with the fuel, which is oxidised imme
diately to SO2/SO3. It is still argued on the level of gas cleaning that
has to be applied in the oxyfuel combustion; therefore defining the
effect of a sulfur surplus on the deposition behavior was consid
ered important at this stage. Water vapor was not included in
our tests, as part of the simulated recycled gas input, simulating
dry recycling. Moisture in the recycled flue gas would increase
the heat transfer coefficient of the flue gases even further, and this
would possibly lead to a slightly lower recycling ratio in compari
son with a dry recycling system, and a lower CO2 concentration on
the recycled flue gas. In the other referenced works there was no
indication that steam vapor was added to the O2 & CO2 stream
either. In any case, gas cleaning prior to recycling implies that
the gas is cooled down considerably in order to pass through the
various gas cleaning devices. Finally, two tests (Russian coal in
O2/N2 and in O2/CO2) were run using a cascade impactor (Pilat
Mark) in order to obtain size distributed ash samples and obtain
insight into fine ash formation and composition under varying
combustion environments (air and oxyfuel). Seven fractions in
the size range >50 lm down to �0.3 lm were obtained. Nucleo
pore polycarbonate filters were placed in the stage plates to allow
subsequent microscopic analysis.
3. Results and discussion

3.1. Visual inspection data

In general, the ash deposited on the sensor and on the deposit
substrate was loose and powdery and with the slightest move
ment the ash sample would fall off or diffuse in the air. In terms
of color and appearance the deposits did not vary between oxyfu
el and air combustion. The deposit thickness difference however
was notable amongst air and oxyfuel trials, the oxyfuel deposits
being thicker. A thin white layer could be seen on the sides and
bottom of some of the probes, possibly alkali chloride salts con
densed onto the cool probe surface during the initial stages of de
posit formation.
3.2. Ash deposition rates and deposition propensity

All ash samples collected in the horizontal probe during the
deposition experiments as well as the filter ash samples were
weighed. Several parameters have been introduced in order to as
sess the deposition tendency. First, the ash deposition ratio DR is
calculated, which is defined as the ratio of the ash collected on
the probe, mdep, to the fuel fed, mfuel, both quantities measured
directly

DR
mdep

mfuel
ð1Þ

Second, in order to normalize the ash deposition in relation with the
fuel ash content, the deposition propensity DP is introduced, de
fined as the percentage of the ash collected on the deposit probe
mdep to the ash content in the fuel fed, mash. This ash content in
the fuel is given by the proximate analysis of the fuel. The deposi
tion propensity, here expressed in %, provides more insight into
5



Table 2
Carbon in ash and flue gas composition for the test cases.

Fuel blend C in ash
(w/w %, dry)

Flue gas at the exit
(CO2 %, O2 %, CO
ppm)

Russian coal (air) 1.75 10%/3.0%/14 ppm
Russian coal (oxyfuel) 2.57 87%/2.5%/22 ppm
Russian coal/cocoa (air) 7.6 9.5%/2.5%/16 ppm
Russian coal/cocoa (oxyfuel) 2.17 86%/3.0%/25 ppm
South African coal (air) 6.7 9.5%/2.8%/20 ppm
South African coal (oxyfuel) 10.1 83%/2.8%/30 ppm
South African coal /cocoa (air) 6.8 9.5%/3.0%/15 ppm
South African coal/cocoa (oxyfuel) 2.73 85%/2.8%/21 ppm
Russian Coal (air) Cascade Impactor Not

detected
10%/3.3%/4 ppm

Russian Coal (oxyfuel) Cascade
Impactor

Not
detected

83%/3.6%/0 ppm
the inherent deposition characteristics of the different fuels, as it ac
counts for variations in fuel ash content

DP
mdep

mash
ð%Þ ð2Þ

Fig. 3 shows the deposition ratio and the deposition propensity as
defined for the various test runs.

As mentioned, the system is dilute in terms of solids/gas ratio.
The flame temperature is controlled by the flat flame gas burner,
and the temperature profile in the reactor is controlled by external
heaters. The main flue gas flow and composition are formed and
controlled by the methane and oxidant streams introduced by
the staged burner. The low particle feed rates are used in order
to control the gaseous environment of each particle by means of
the imposed gas burner conditions. Therefore the influence of a
20% replacement of the solid fuel (coal) by biomass, on the total
heat release and oxygen demand is insignificant.

The ash content of the fuels and blends, included in the results
evaluation and presentation, is shown in Table 1, applying the
standard ash characterisation methods. It can be seen that the
deposition ratio (Fig. 3) is, as expected, increasing with the ash
content of the fuels, and it can be observed that the deposition
ratios are lower under air combustion. The two coals studied
present in general lower deposition propensities when they are
blended with cocoa, probably due to ash elements interactions,
e.g. Cl present in the biomass forming compounds that enter
the gas phase.

A large number of further oxyfuel vs. air tests were conducted
recently in our facility, using different fuels blends than the pre
sented in this work, showing the same tendency. The ash collected
in the deposition probes for the different experiments were always
easy to detach from the probe being a loose powder. The carbon in
ash in the samples was measured, confirming that the higher depo
sition of the oxyfuel samples was not due to unburnt fuel particles
that might be present in the deposits. Carbon in ash values are
shown in Table 2, where it can be seen that there is on average a
somewhat higher carbon percentage in the air case ash, but despite
that, neither the measured ash deposited not the fouling factors
were increased in the air case compared to the oxyfuel case. Fur
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Fig. 3. Deposition ratio and deposition propensity for t
thermore, during the tests we also monitored the CO2 and O2 levels
in the reactor exit together with the flue gas composition. The CO
levels were always low, slightly higher than the levels of CO emis
sions when the reactor operated on the methane (pilot) flame
without fuel, indicating satisfactory combustion, not loading the
deposited ash with high loads of carbon particles.

A final issue possibly affecting ash deposition behavior is the
flame temperature profiles in the two combustion conditions; it
can be observed that although the tip flame temperature is approx
imately the same under oxyfuel and air conditions, the flame
length is somewhat larger in the oxyfuel case, as implied by the
higher temperatures, and therefore the particles are exposed to
higher temperatures during a longer time. Variations in exposition
times or peak flame temperatures might indeed lead to variations
in ‘sticky’ mineral matter amounts which are likely to agglomerate,
producing ash particles that are coarser and more prone to deposi
tion. In our tests indeed, some of the particles’ rounded shape ob
served in the microscope for both the oxyfuel and air samples,
indicates that the ash was exposed to temperatures reaching the
theoretical melting temperature of some of the ash compounds.
However we did not observe slag in the sensor and deposit samples
l  (
air

)

n C
oa

l (
ox

yf
uel)

Sou
th

 A
fri

ca
n C

oa
l /C

oc
oa

 (a
ir)

Sou
th

 A
fri

ca
l C

oa
l /

 C
oc

oa
 (o

xy
fu

el)

0

5

10

15

20

25

30

35

40

D
ep

os
it

io
n 

P
ro

pe
ns

it
y 

%
 (

D
P

)DP

he fuels and blends combusted in air and O2/CO2.

6



0

0.02

0.04

0.06

0.08

0.1

F
ilt

er
 a

sh
 d

ep
os

it
io

n 
ra

ti
o

air oxyfuel

0

20

40

60

80

100

Russian Coal Russian Coal /
Cocoa 

South African
Coal  

South African
Coal /Cocoa

Russian Coal Russian Coal /
Cocoa 

South African
Coal  

South African
Coal /Cocoa

 A
sh

 d
is

tr
ib

ut
io

n 
be

tw
ee

n 
de

po
si

t a
nd

 fi
lt

er
 

(%
 w

/w
 o

f t
ot

al
 a

sh
 fe

d)

filter ash deposit

A
IR

O
X

Y
F

U
E

L

O
X

Y
F

U
E

L

O
X

Y
F

U
E

L

A
IR A

IR A
IR

O
X

Y
F

U
E

L

a

b

Fig. 4. (a) Filter ash deposition ratio and (b) ash distribution between deposit and
filter ash for the fuels and blends combusted in air and O2/CO2.
when extracting the probe from the reactor, which would imply
fluxing ash melt, as the material was powdery and easy to blow off.

An explanation of the observed differences in the ash deposition
propensities is attempted considering the deposition mechanisms:
inertial impaction including impaction and sticking, thermophore
sis, condensation and chemical reaction [25]. Inertial impaction is
prevailing in reactors as the present one, dependent on the varia
tions in the physical gas properties, as e.g. the gas density of
CO2/O2 mixture, which is higher than under N2/O2 conditions. This
may explain the higher deposition ratios under oxyfuel firing. An
other remark concerning inertial impaction in our reactor is that
the deposits were found predominantly on the front side of the
tube, as the deposition probe is placed in cross flow, promoting
the collision of the particles in the front area. In addition, there
was no deposition built up on the sides of the probe or even less
on the down stream side of the probe, except of a thin layer of fine
ash at the sides. This verifies the absence of ash slag and the pres
ence of possibly other ash deposition mechanisms on our sampling
rig, less dominant than inertial impaction, e.g. thermophoresis. A
thin film formed by the alkalis condensing on the surface might
have aided the formation of a first ash particle layer upon which
the deposit started growing due to inertial impaction.

At this point though it must be mentioned that the effect of in
creased CO2 partial pressure on carbonates formation (CaCO3,
FeCO3), which might give a hint on the deposition behavior ob
served was not studied. This issue will be taken into account in
the following research activities.

Therefore, we conclude that the systematic differences in the
deposition behavior of the same blends under the two combustion
conditions is due to the differences in the flow fields and in the
physical properties (density, viscosity) of the gaseous mixtures.

The filter (fly) ash, collected at the reactor exit, preventing the
analytical instruments, is the residual ash not captured in the
deposition probe surface. Based on the ash mass balance, Fig. 4a
shows the deposition ratio of the filter ash, using the same defini
tion as for the deposit ash sample:

DRfilter ash
mfilter

mfuel
ð3Þ

which is the ratio of the ash collected in the filter mfilter, to the fuel
fed mfuel. In order to directly compare the distribution between the
deposited ash and the ash collected in the filter for the two combus
tion environments, these two quantities are expressed as percent
ages of the total ash fed, shown in Fig. 4b which shows the ash
distribution percentages under air and oxyfuel conditions, between
the deposited and filter ash in relation to the total fuel ash. The ash
balance did not add up to 100%, but it was in all cases somewhat
lower, around 90%.

Given the fact that the fuel mass flow rate, the quantities fed
and the fuel particle size distribution are the same under air and
oxyfuel conditions, together with the information on deposition ra
tio and propensity shown in Fig. 3, we can conclude that the ash
deposition behaves differently between air and oxyfuel combus
tion. Less amount of ash deposited for the air case is observed to
gether with a higher amount of fly ash found back in the filter, in
comparison with the oxyfuel conditions.

Transferring the deposition behavior observations into the
full scale is not straightforward, however. The LCS is a down fired
entrained flow drop tube like test rig, in which all the particles,
independent of the size and composition will end up at the bottom,
where the sampling train is located, and in the filter ash. In a
full scale power plant, opposed , tangentially or down fired, the
prevailing deposition mechanisms are more complicated, affecting
the ash distribution. However, the conclusion that under oxyfuel
conditions systematically less fine ash was found back in the filter
(fly ash) and more coarse ash was deposited, as opposed to the air
case, can prove useful in the design of the heat exchanger tubes
and surfaces generally, preventing excessive fouling in points that
were not considered under conventional air operation.

3.3. Fouling factor calculation

Based on the heat flux data measured on line by the sensor
probes the fouling factor Rf of the obtained deposits can be esti
mated, which corresponds to the ash deposits heat transfer
resistance:

Rf
1

U1

1
U0

� �
Tg T1

c

HF1

Tg T0
c

HF0
ð4Þ

where Rf fouling factor, (K m2)/W (heat transfer resistance); U1

ash deposits heat transfer coefficient after time t = t1, W/(K m2); U0

initial heat transfer coefficient after t = t0 = 0, W/(K m2); Tg flue
gas temperature, K; Tc coolant medium temperature inside the
deposition probe, K; HF1 heat flux to the sensor after time t = t1,
W/m2; HF0 initial heat flux to the sensor t = t0 = 0, W/m2.

The fouling factors are depicted in Fig. 5 as an almost linear
function of the cumulative ash feed rate. The slopes of the curves
plotted become independent of the fuels’ various ash contents.
The point at which fuel feeding started was taken as the beginning
of the heat flux measurement. In all cases the heat flux, surface
temperatures, cooling air flow rate and furnace temperatures
reached steady state by the start of the deposition measurement.
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The coal/cocoa blends show lower fouling factors than the coals,
in accordance with the deposition propensity results. However, it
has to be noted that generally a higher deposition propensity does
not always imply that the fuel has a higher fouling propensity;
other factors like the thermal conductivity of the deposition layer
or the scattering of the deposit on the probe or the deposit density,
might also play a role in the heat transfer properties of the deposi
tion layer, affecting therefore the fouling factor value. The density
of the deposit of filter ash samples was not measured in this testing
series.

3.4. Chemical composition analysis: element enrichment ICP
analyses of deposited and fly ash

The elemental enrichment was defined and quantified by per
forming a mass balance including the weights and inorganic com
positions of the fuels and ash samples obtained from (1) the
deposited ash, which resembles the bulk ash and (2) the fly ash,
obtained from the filter, which contains the ash that was not
deposited on the probe.

The results of the elemental composition of the deposited and
filter ash are presented using the enrichment factor EF which de
scribes the relative enrichment of an element in the sampled ash
relative to its concentration in the fuel ash. The enrichment factor
EF is defined for either the deposited ash or the filter ash as

EFi
Xdep;i

Xash;i
ð5Þ

where Xdep,i is the mass fraction of the element i (expressed as
oxide) in either the deposit or the filter ash and Xash,i is the mass
fraction of the element i (expressed as oxide) in the initial ash of
the fuel prior to combustion. The results are given in Fig. 6a and b.

It can be observed that for the coal/cocoa blends the ash col
lected from the deposit probe is slightly depleted in potassium,
as observed by other investigators [26]. This indicates that potas
sium enters the gas phase either due to Cl presence which is in
creased in the case of the Cl rich cocoa blends, facilitating the
volatilization of elements that would otherwise deposit [27] or
simply due to the fact that K in the biomass ash is more reactive,
and therefore mobile, compared to coal ash K. In that case the
slight decrease in EF is just due to the biomass addition, not
implying biomass coal ash interactions. This could in any case
explain the relatively lower deposition propensity of the coal/co
coa blends. However, the filter ash does not seem in all cases de
pleted in K, as observed for the Russian coal/cocoa blends, which
is in agreement with other published works, e.g. [28], where the
increased Cl input is observed to lead to an increased K concen
tration in the fly ash, as it mobilizes the K, forming KCl which
ends up either in the fly ash or on the cold surfaces. The released
KCl can also condense on cold surfaces after the filter, as for
example in our facility, on the glass capillary part of the mem
brane pump used for the gas sample into the gas analysis device,
where a white film was observed after the blends experiments.
Due to the very small sodium concentration in the fuel ash it is
not safe to draw conclusions on its behavior.

All the deposit samples show almost complete chlorine deple
tion, as also reported in other works [29]. This indicates that Cl is
released in the gas phase probably as HCl (and to a smaller degree
as KCl) which might be found back in the fine ash (filter ash sam
ple) or just pass through the filter without condensing. An excep
tion is observed though in the fly ash samples of the Russian coal
but in general Cl was detected in very low concentrations implying
its volatilization. Another published work [22] also reported that
NaCl and KCl become unstable and are not found in deposits at
temperatures higher than 650 �C.

Also S is depleted in both the deposit as well as the filter ash, as
it is suggested to react with alkalis and therefore enters the gas
phase [19]. Under high temperatures and oxidising conditions,
essentially all of the sulfur containing inorganic species in coal
(primarily sulfates and pyrites) decompose to form SO2 therefore
none of the fuel sulfur passes unreacted through the combustor
[27]. At the deposition probe temperature at 660 �C, some of the
gaseous SO2 reacts with alkaline earth and, to a lesser extent, alkali
oxides and salts to form sulfates. Cocoa introduces some amount of
Ca which could react with S into CaSO4, which is a solid phase and
also prone to deposit. This might explain the slightly higher S
enrichment of the deposited ash of the coal/cocoa blends, but this
is not observed for the filter ash of the Russian coal/cocoa blend.
However, the relatively small sulfur concentration and the high
Si/Al content of the fuels ash leads to the conclusion that, most
of the potassium and sodium in the deposit is expected to form al
kali aluminum silicates rather than bind with S. Alkalis also enter
the gas phase due to the highly mobile Cl presence. The increase
of enrichment of S and at some points of Cl in the fly ash, in com
parison with the deposited ash, can be explained by considering
condensation of gaseous phase elements on the finer fly ash which
is caught by the filter. Such a conclusion however cannot be ex
tracted for the alkalis, which show a relatively constant EF between
deposited and filter (finer) ash.

Phosphorus EF values are similar for the various fuels’ and
blends’ ashes and combustion conditions, with values slightly low
er than 1. The other elements (Si, Al, Fe, Ca, Mg) show an EF �1.

A major conclusion here is that a clear effect of the combustion
environment, air vs. oxyfuel, on the EF results is not observed for
the Russian coal and its blend. For the South African coal and its
blend the EF of K is slightly higher for the air case, but since this
is not the case for the whole range of the Russian coal tests, further
work is needed in order to draw final conclusions.

As for the other elements (Si, Al, Fe, Ca, Mg), the EF is constant in
all cases; therefore neither the combustion conditions nor the
blends seem to affect the deposited or the filter ash enrichment.

3.5. Chemical composition analysis: element enrichment ICP
analyses of sized distributed ash samples

Size distributed ash samples using a cascade impactor (staged
filter) were collected during the combustion of Russian coal in air
and O2/CO2. The ash samples collected in the different stages of
the impactor were weighed, subjected to ash composition analysis
and observed with scanning electron microscopy (SEM/EDS). An ef
fort is made in this section to obtain further insight into the effect
of the combustion conditions, air and oxyfuel, on the release of ele
8
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Fig. 6. (a) Element enrichment in the sensor (deposit) and filter ash for the Russian coal blends in air and oxyfuel and (b) Element enrichment in the sensor (deposit) and filter
ash for the South African coal blends in air and oxyfuel.
ments in the fine ash and a comparison and evaluation of the ob
served results with results reported in the literature is attempted.

The enrichment factors EF of the main volatile elements in each
stage, expressed as oxides, is shown in Fig. 7a and b. The advantage
of the ICP ash analysis is the chlorine and carbon in ash detection,
which is not possible to be detected in the SEM/EDS, however for
very small quantities of ash, as in the fine ash stages (bottom stage)
the SEM/EDS is more accurate. Therefore the results have been
evaluated carefully taking into account all analyses.

It is observed that the concentration of the volatile elements in
the finer ash stages is increased in relation to their percentage in
the larger particle size area, in both air and oxyfuel conditions. This
could be explained assuming vaporization and subsequent conden
sation of volatile elements (Na, K, S, Cl) on the fine ash particles, as
also observed and reported in other publications [23,19]. In [30] it
is stated that the size dependent chemical composition of the sub
micron ash indicates that the condensation of evaporated species
was responsible for the formation of ash particles smaller than
0.3 mm. The lower concentrations in refractory oxides are due to
a limited vaporization rate of these elements (including SiO2,
Fe2O3, CaO).

Even if only a small fraction of alkalis, Cl and S of the initial fuel
ash is found in the gaseous phase, it is sufficient to produce a cer
tain amount of submicron particles of which the inorganic (ele
mental) composition is quite different from the bulk fuel ash
composition. This is due to the different ash formation mecha
nisms that determine the submicron ash formation, which is
mainly condensation and nucleation of volatilized ash elements,
9
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Fig. 7. (a) Element enrichment in the fine ash under oxyfuel conditions and (b)
element enrichment in the fine ash under air conditions. Fuel: Russian coal.
as opposed to fragmentation of original mineral inclusions that de
fine the formation of larger ash particles. Therefore the enrichment
in S and K in the submicron ash does not seem in accordance with
the tendency shown in Fig. 6, that shows EF values around 1 or less
(depletion), however the submicron ash particles constitute a
small fraction of the total ash produced and therefore do not
change considerably the bulk ash composition.

Observing Fig. 7, the EF values for the coarse particles converge
to the values shown in Fig. 6a and b. The differences in the EF val
ues are diminished above a certain particle size for both combus
tion conditions, as the mechanism of ash formation for larger ash
particles is not due to nucleation and condensation anymore, but
as mentioned before, mainly to fragmentation. A change in the fine
ash chemical composition between air and oxyfuel combustion can
be observed, despite the fact that the bulk ash compositions do not
show significant differences in the two cases.

In detail, observing the EF values, we can see that the oxyfuel
ashes are more enriched in refractory elements (Ca, Si, Fe, Al, Mg,
P) than the fine ash in the air case, which in turn is comparatively
enriched in the more volatile elements like K, Na, S and even Cl.
Therefore it could be concluded that the variation in the combus
tion conditions affect the release and initial vaporization of vola
tiles and refractory species in the initial stages of combustion,
maybe due to the changing ratios of O2, CO2 and CO within the
burning char particles. This is supported in the literature review
[11,16,18] presented in the introductory part, where it is con
cluded that the gas environment, namely the relative O2/CO2 ratio
in the oxidant mixture or the CO/CO2 ratio in the char, affects the
local char combustion temperature, the local heat transfer condi
tions and therefore the vaporization of elements, volatile or refrac
tory. As indicated in [18], the increasing CO2 in the bulk gas
changes the CO/CO2 ratio in the char particle, which could affect
the vaporization of refractory oxides from the fuel char, and conse
quently impacts the formation of fine ash particles. This may ex
plain the higher concentration of SiO2 or Al2O3 in the finer
oxyfuel ash.

From our experiments we conclude that oxyfuel combustion, as
compared to air combustion, does not seem to affect the ash chem
istry or the general mechanisms of ash formation, as for example,
the degree of condensation or fragmentation. However, local tem
perature variations or the relative local CO/CO2/O2 ratios can affect
the release of inorganic volatile or refractory elements, and affect
therefore the composition of the fine ash material. The overall
deposition behavior is not affected by this different elements re
lease between air and oxyfuel conditions, but basically just by
the different flow fields and flue gas composition in the furnace be
tween air and oxyfuel. More focused work is required on the initial
elements release under various combustion environments, as well
as on their fate during the combustion process in order to get a
clear conclusion on the factors affecting fine ash composition and
possible links to the different ash deposition behavior.

3.6. Chemical equilibrium calculations

In order to assist the interpretation of the experimental results,
chemical equilibrium calculations were performed using the equi
librium module and the integrated database of the computer pro
gram FACTSage� 5.5. This software calculates the concentrations of
chemical species when specified elements or compounds react or
partially react to reach a state of chemical equilibrium. The calcu
lations are performed by minimization of the Gibbs free energy
from the system subjected to mass balance constraints. This ap
proach provides a first useful description of ash reactions in com
plex systems. However, it assumes infinitely fast reactions and
therefore, it is not sufficient to describe transient processes. The
compounds and phases predicted in these calculations are the
more stable products (thermodynamically controlled products)
and kinetic limitations are not taken into account. Moreover, the
temperature history of the fuel particles during the combustion
process is not taken into account and the calculations of the final
product at each temperature are done independently, considering
the average elemental fuel composition as the reactants and
assuming perfect mixing. Therefore it has to be noted that differ
ences in the ash formation under air or oxy conditions due to the
above mentioned differences in the process are not reflected in
the products predicted by chemical equilibrium calculations.

The reactants are introduced as elements, obtained from the
ultimate (C, S, O, H, and N) and the elemental analysis of the fuel
(Al, Ca, Fe, K, K, Mg, Na, P, Si and Cl), in grams contained in 1 kg
of dry fuel. The trace elements have not been included in these cal
culations. The oxidant input corresponding to an air ratio 1.2 is also
included in the reactants, being O2 and N2 (with a mixing ratio
equal to that in air, i.e. 21 vol.% of O2) for the air combustion and
O2 and CO2 for the oxyfuel combustion (with a mixing ratio of
30 vol.% of O2).

The calculations are performed for a temperature range be
tween 800 and 1800 �C and atmospheric pressure. The possible
products selected are the entire compound species (ideal gases,
pure solids and pure liquids) from the ELEM, FToxid, FTsalt and
FACT53 databases and the solutions species selected are listed in
Table 3. When the same compound is included in more than one
10



Table 3
Solution species included in the Factsage calculations.

Database Phase (full name) Phasesa

Liquid solutions
FToxid SLAGB (BSlag-liq) 2
FTsalt SALTF (FSalt-liquid) 3

Solid solutions
FToxid SPIN (Spinel) 2

MeO_A (AMonoxide) 1
cPyr (Clinopyroxene) 1
oPyr (Orthopyroxene) 1
pPyr (Protopyroxene) 1
LcPy (LowClinopyroxene) 1
WOLLA (AWollastonite) 1
aC2SAAa (Ca2SiO4) 1
Mel_ (Melilite) 1
Oliv (Olivine) 2
Cord (Cordierite) 1
CORU (Corundum) 2
NCSO (Na4CaSi3O9 – Na2Ca2Si3O9 solid solution) 1

FTsalt ACL_B (BAlkCl-ss_rocksalt) 3
ALOH (K, Rb, Cs, [Na]//OH(HT) 1
AOH_ (KOH-RbOH-[NaOH](LT) 1
KCO_ (K,Na//CO3,SO4(ss)) 2
KCOH (KCl-KOH(ss)) 1
KNSO (K3Na(SO4)2) 1
KSO_(K,Na//SO4,CO3(ss)) 2
NCOA (NaOH-[NaCl](ss)) 1
NCOB (NaCl-[NaOH](ss)) 1
NKCA (Na2CO3-[K2CO3](LT)) 1
NKCB ðNa2SO4 ½K2SO4�ðssÞÞ 1
NKSO ðNa2SO4 ½K2SO4�ðssÞÞ 1
SCSO (K, [Ca]//CO3,SO4(ss)) 2
SSUL (Na,[Mg,Ca]//SO4(ss)) 1

a 1: single phase; 2: possible 2-phase immiscibility; 3: possible 3-phase
immiscibility.
database, only those compounds from one database have been se
lected with attention to the priority list: ELEM, FToxid, FTsalt and
FACT53. The slag model chosen in the FACTSage� calculations
was the BSlag liquid. This model includes oxide components (oxi
des of Al, Si, Fe, Mg, Ca, Na and K) in solutions with SO4. FACTSage�

has, among other slag models, the slag model FToxid SLAG?, which
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Fig. 8. Equilibrium amount (in gr/1000 gr dry fuel) of the slag and solid phase predicted
oxyfuel combustion conditions.
allows to include the oxides and all non oxide components (F, Cl, S,
SO4, PO4, CO3, OH/H2O) melting together in the slag phase. How
ever, due to its complexity, the use of this model is not encouraged,
as it is not optimised for many solutions and the selection of input
must be very specific. Models ASlag liquid and CSlag liquid have
also been tried, but the differences found were minor, apart from
the fact that their databases are not as suitable for the present
chemical system.

In the following paragraphs, the presentation of the equilibrium
results is directly linked to the chemical analysis results and the
observations on the deposition behavior presented in the previous
paragraphs.

Fig. 8 shows the maximum slag and solid ash formed for 1000 gr
of dry fuel input, according to chemical equilibrium calculation re
sults, for the combustion of the two coals in O2/CO2 and air and
their blends with Cocoa (20 wt.%). The results seem almost identi
cal for air and oxyfuel. Higher amounts of slag and solid phases are
predicted for the pure coals compared to their blends with cocoa.
The higher amounts of solid phase predicted in the pure fuels’
cases are in line with the observed ash deposition behavior, where
a somewhat higher deposition behavior was observed for the pure
fuels’ test cases. The increased input of Cl in the blend through co
coa most probably contributes to elements volatilization, reducing
their tendency to form solid compounds that deposit. Other
researchers have reported the formation of simple alkali salts
(KCl, K2CO3, Na2SO4 and K2SO4) in the melted phase of biomass
ashes [31,32] for fluidized bed combustors. In our case, no salt li
quid solution (KCl, K2CO3, Na2SO4 and K2SO4)(liq) has been obtained
for the considered chemical system, which is in line with the SEM/
EDS observations and ICP results of the deposit samples that did
not show S and Cl in the deposited and filter ash. The oxides in
the slag solution are the same predicted in the solid phase. The to
tal sum of the amounts of the solid and the slag phase are constant,
and what is changing is their relative percentage while tempera
ture increases.

As mentioned, the ash samples collected in the deposition
probes at the end of the experiments were loose and powdery.
Nevertheless, during the combustion process the fuel particles
are exposed to temperatures reaching the melting point of some
of the ash forming compounds. In addition, vaporization and
1300 1500 1700 1900

temperature (oC)

RC air & oxy RC cocoa air & oxy

Slag phase

by FactSage� versus temperature for the two coals and their blends under air and
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Fig. 9. Weight percentage (% w/w) of the fuel-K found in gas compounds calculated
with FactSage�.
condensation of these compounds can occur. The rounded shape of
some particles observed in the microscope supports the argument
of particles’ softening, not leading to slag formation though, as pre
dicted by FACTSage�. Predictions on chemical equilibrium of solid
compounds based on FACTSage� should be evaluated considering a
number of parameters that affect ash formation mechanisms and
slag formation but are not considered by the specific software, as
for example the coal rank, fuel mineral matter composition, the ini
tial particle size distribution of the fuel, agglomeration of ash par
ticles with melted ash, the slag film build up on heat transfer
surfaces, the particles residence time, the type of combustion sys
tem (air staging or not), heating rate of the particles.

In specific, special attention must be paid when analyzing FACT
Sage� quantitative estimations of the amount of slag formed, espe
cially concerning the potassium. The calculations do not take into
account the reactivity of potassium, which varies considerably be
tween coals and biomass fuels. The K bound in coal ash is more in
ert (forming alumino silicates), than the K found in the biomass
ash, which is generally not bound in silicates. The reactivity of K af
fects the dominating K compounds finally formed and therefore
when K2O is present in the slag model the results are much less
precise.

Among the generally accepted as volatile inorganic elements (S,
K, Cl), that affect the ash formation and deposition behavior, K was
chosen to be studied in more detail, as S and Cl are predicted to
convert into the gaseous compounds up to 100%. Fig. 9 shows
the percentage of fuel K found in the gas phase for all the fuels
and blends. The following discussion includes comments on the
fate of K, S and Cl.

The major percentage of the fuel K forms potassium aluminum
silicate (solid phase) or is found in the slag phase in the form of
oxides, according to FACTSage� calculations. For the unblended
coals in air and oxyfuel the major part of the Cl forms HCl, which
unlike alkali chlorides does not condense and therefore Cl is not
expected in the deposit, as verified during the ash analyses. The
gaseous percentage of K is small both for the unblended coal and
the blend case due to the fact that most of the alkalis are bound
in aluminum silicates forming KAlSi2O6, NaAlSi3O8 and KAlSi3O8

(leucite and feldspars). This explains the presence of K in the
deposited ash as well as in the fine ash. Aho and Ferrer [33] sug
gested that this mechanism in the co firing of coal and biomass
prevents chlorine deposition. Similar chemical equilibrium results
were obtained by Wei et al. [34] for the co combustion of coal and
straw.

In detail, for the Russian coal in air and oxyfuel, fuel K in the gas
phase is found mainly as KOH and to a lesser extent KCl(g), under
both conditions. For Cl the tendency is to form HCl(g), and at higher
temperatures some KCl(g) starts to appear, with a maximum mass
concentration of 15%. The KCl(g) released is slightly higher under
air combustion, what is in accordance with the higher K enrich
ment in the submicron particle range observed in the experiments.
These two compounds together constitute almost 100% of the Cl
species, all in the gas phase, with some elemental Cl formation pre
dicted as well. S is all released to the gas phase, converted mainly
to SO2, and to a lesser extent to SO3. At high temperatures, almost
no SO3 is found, and SO2 is the thermodynamically favourable
compound.

For the Russian coal/cocoa blends under both air and oxyfuel,
the trend is the same for the fuel K distribution. Elemental K is also
found, as well as a small percentage of K2SO4(g). S and Cl are re
leased in the gas phase up to 100%. HCl is formed in percentages
ranging from 100% for the low temperatures down to �20% at very
high temperatures, while KCl(g) follows the opposite trend, starting
at 0% and reaching �25% of the fuel K converted into KCl(g). For S
the trend is also the same as previously described, mostly SO2 is
formed, especially at high temperatures, while at low tempera
tures a small percentage of fuel S to SO3 was predicted as well.
However, due to the Ca present in the ash, some CaSO4 is predicted
as a solid phase.

For the South African coal under oxyfuel and air, K shows the
same trend as in the Russian coal case. The tendency is the same
for Cl and S as well. In the South African/cocoa blends under oxy
fuel and air combustion, again the same tendency was observed
as in the Russian coal blend with cocoa, for K, Cl and S.

Commenting on the tendencies of these elements shown in
Figs. 8 and 9, and their link with the experimental results, it is
suggested that the K findings are generally in line with the exper
imental data. K is found back mostly in the deposited and filter
ash, as the enrichment factor reveals (EF = 1) while S and Cl are
almost completely absent from the ash. The small KCl(g) amount
predicted by the equilibrium calculations is expected to condense
forming submicron particles, as observed in the cascade impactor
experiments that showed Na, K and Cl enrichment in the finer
ash.

Comparing the results for the coals and coal/cocoa blends, it can
be remarked that a higher amount of gaseous compounds was re
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leased in the case of the blends. The reason is probably the Cl con
tent of the ash, which is higher in the blends and facilitates the vol
atilization of elements, especially K. Furthermore, in the case of
South African coal and its blends the gaseous release is even high
er. In that case, this could be attributed to the generally higher Cl/K
ratio that contributes to a larger extent to the volatilization of the
available K (Table 1). A last comment is that the somewhat differ
ent flame temperatures during air and oxy combustion do not jus
tify a large variation in the predicted solid/slag/gas phases.

4. Conclusions

Ash deposition experiments of coal and coal biomass blends
were carried out in a drop tube furnace under air (O2/N2) and oxy
fuel (O2/CO2) conditions. The deposition ratio and propensity were
systematically higher under oxyfuel conditions; the blends have
shown a lower deposition tendency than the unblended coals.
The interpretation of the observed increased deposit formation un
der oxyfuel conditions lead to the conclusion that the different
combustion conditions affect the physical properties of the flue
gas and the gas flow field, causing the observed differences of
deposition behavior. Unburnt carbon in ash was not observed, that
would increase the deposit artificially and the ashes collected in
the deposits were loose and powdery for all the experiments.

The ash analysis did not reveal changes in the ash chemistry in
the oxyfuel case compared to the air case. The blending of coals
with biomass in both combustion conditions is reflected in the
ash chemistry, but independent of the combustion conditions,
affecting the subsequent sintering tendency. A slight depletion of
K could be observed in the deposited ash for the blends, probably
due to the higher reactivity of biomass K and the addition of in
creased Cl input due to the cocoa. Almost complete absence of Cl
and S was observed in the deposited ash.

A more detailed analysis of the fine ash using a cascade impac
tor finally implies some effect of the oxyfuel conditions compared
to the air case, apart from the effect of the biomass addition. In
both combustion conditions, the percentage of the elements S, P,
K, Na and Ca in the submicron area of these elements is increased
in relation to their percentage in the larger particle size area, prob
ably due to condensation of volatiles on ash particles or nucleation
phenomena. In the oxyfuel case the EF values of the refractory ele
ments seem slightly higher than in the air case, while the volatile
elements show the opposite trend. This could be explained by
the effect of local char temperatures, which can be higher in the
oxyfuel case, as well as the varying CO2/CO ratio in the char com
bustion area, which affects the release of refractory vs. volatile ele
ments, as suggested in the available literature. This issue however
must be studied in detail in order to establish some safe conclu
sions and clarify the relevant mechanisms linked to the observed
tendencies.

Finally, thermochemical equilibrium calculations using FACT
Sage� show similar phase distribution and tendencies for the most
important inorganic elements for slag/gas phase formation (K, Cl,
S) under O2/CO2 and air (O2/N2) conditions, for the coals and their
blends. It was observed that a higher amount of gaseous com
pounds was released in the case of the blends, probably due to
the Cl content, which facilitates the volatilization of elements,
especially K. The high percentage of Si rich coal ash though causes
mainly formation of alkali silicates, which is the expected form of
K. Furthermore the temperature at which potassium starts to be
present in the slag is the same in both conditions but the percent
age of the slag as well as the solid phases are higher for the un
blended coals. The lower deposition propensity shown by the
coal/cacao blends in the experiments, explained by the higher vol
atilization of the inorganic ash elements in the blend, is therefore
reflected in the calculations.
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