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Abstract

The interest in bio-CCS technologies is growing due to their potential to reduce COq
emission in power generation. Oxy-co-firing in fluidized-bed units is one of the available
techniques to develop bio-CCS, offering wide fuel flexibility and low SOz and NOx
emissions. This paper discusses the results of an experimental campaign carried out in
a lab-scale fluidized bed reactor. The work focuses on the influence of limestone when
oxy-firing blends of lignite and corn stover. Two different types of limestone with two
Ca:S molar ratios were tested, and operational conditions were selected to compare the
mechanisms governing desulphurization. Emissions of SOz, NO and HCI, together with
deposition rates and ash mineralogy are studied in the paper. SOz capture increases
with the Ca:S ratio and bed temperature, but to a different extent depending on the
limestone fragmentation. The amount of NO emitted rises with the Ca:S ratio and the
presence of calcined limestone (indirect desulphurization). The HCI concentration in the
gas phase i1s dominated by alkali sulfation. Finally, the conditions for the highest
desulphurization efficiency diminished the deposition rates, but increased the risk for

chlorine-induced corrosion.
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1. Introduction

Among the carbon capture and storage technologies (CCS), oxy-firing is one of the
nearly commercially available solutions [1-3]. The investment during the last few years
has allowed demonstration-scale facilities to be commissioned in which the feasibility of
oxy-firing has been proved [4-7]. Nevertheless, important research efforts are still

ongoing concerning its efficiency, emissions and fuel-related issues [8—12].

Oxy-combustion was initially developed and scaled-up in pulverized fuel units, but now
oxy-fired fluidized bed boilers are of similar size. The latter offers the additional
capability of burning low-rank fuels with good efficiency. This includes combustion of
residual biomass, which implies COzs—neutral power generation [13-15]. Bio-CCS
technologies based on the combination of residual biomass combustion and permanent

CO2z removal are considered to be negative emission concepts [16—18].

Despite the use of residual biomass for power generation can result in environmental
benefits related to SO2 and NOx emissions [19, 20], several operational issues arise
related to its mineral matter composition. The release of alkali metals, which are
mainly present in herbaceous biomasses, promotes condensation on water-tube
surfaces, limiting the heat transfer efficiency. Additionally, alkali chlorides in deposits
interact with Fe and Cr, accelerating corrosion of heat exchangers in boilers [21-24]. In
the case of fluidized bed units, interactions with silicates (in the sand) increase the risk
of bed agglomeration. To reduce these difficulties, some researchers have explored the

addition of alumina, dolomite, kaolin or limestone in the bed inventory [14].

The co-combustion of coal and residual biomass has been found to decrease
agglomeration and corrosion risks compared to firing biomass alone [25-27]. The
effectiveness of co-firing in preventing deposition of alkali chlorides is due to sulphur in

coal since SOz and SOs react with alkali chlorides, yielding alkali sulphates (R.1, R.2):

2 MCl+ S0, + Hy0 + 1/, 0, > My SO, + 2 HC ®. 1)
2 MCL + SO5 + H,0 > M,SO0, + 2 HCl ®. 2)

These mechanisms reduce the interaction between the bed material and alkali metals,

lessening the deposition of alkali chlorides [28]. The formation of alkali sulphates is not
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desirable from the point of view of heat transfer since fouling may be increased, but at

least the risk of tube corrosion is reduced.

In fluidized bed reactors, SOz and SOs available for (R. 1) and (R. 2) are usually limited
by in-situ desulphurization due to sorbent addition, generally limestone. Depending on
the operational conditions, desulphurization can be carried out following two different
mechanisms. When limestone is calcined, yielding CaO (R. 3), it retains SO2 following
reaction (R. 4):

CaC0O3 < Ca0 + CO, R. 3)

Ca0 + S0, +1/, 50, - Caso, [R. 4)

This two-step mechanism, also called indirect capture, is typically found in atmospheric
fluidized beds under conventional combustion. However, under oxy-firing conditions,
with higher COsz concentrations, calcination can be inhibited [29] and SOz reacts with

CaCOs3 by means of a direct capture mechanism (R. 5):

CaC0s + S0, + 1/, 0, > CaS0, + €O, (R. 5)

At typical bed temperatures (~850 °C), direct capture is the governing mechanism for
SO3 retention. Direct capture is slower than indirect desulphurization mainly due to the
smaller pores of limestone compared to those of lime, so this process is controlled by the
diffusion of SOz in the particle and in the product layer [30]. Accordingly, other studies
have found that indirect capture offers the highest desulphurization efficiencies also

under oxy-firing conditions, but for an optimum temperature in the range of 900-925°C

[31, 32].

On the other hand, some researchers have investigated the effect of co-firing in O2/CO2
atmospheres. Skeen et al. [33] studied the effect of co-firing sawdust and coal in a
pulverized burner, reporting a sharp increase in emissions of NO with the O3
concentration in the primary oxidizer stream. Riaza et al. [34] added biomass to coal in
an entrained-flow reactor to study ignition and NO emission. Moron and Rybak [35] and
Pickard et al. [36] reported a reduction of NOx and SO2 emissions during co-firing under
02/CO2 atmospheres. Jurado et al. [37] highlighted the relevance of increasing the

concentration of corrosive substances due to recycled flue gases, while Ekvall et al. [38,
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39] injected KCI into a pulverized fuel reactor, obtaining a higher alkali sulfation in

oxy-firing mode than in air-firing mode.

Nevertheless, there are few experiences to date concerning oxy-firing of coal and
biomass in fluidized bed facilities. Tan et al. [40] conducted oxy-co-firing experiments to
demonstrate the viability of this technology and characterize pollutant emission. Duan
et al. [41] focused on NOx emission, observing dependencies similar to oxy-firing of coal
alone. Kosowska-Golachowska et al. [42] studied the influence of the fluidizing gas
composition in combustion, reducing burn-out time and increasing temperature with

the highest O2 concentration.

There is a lack of research addressing oxy-firing of coal with residual biomass in
fluidized bed reactors, and this paper aims to increase knowledge in this field. In
particular, there are no reported works regarding the influences of limestone and the
desulphurization mechanisms when coal and biomass are fired together. This paper
describes and discusses the experimental results of oxy-firing campaign with lignite
and corn stover, encompassing gaseous emissions, the ash composition and the

characterization of deposits.

2. Experimental setup

2.1. Experimental facility

The experimental campaign was conducted in a 100 kWi, fluidized bed. Figure 1 shows
an updated scheme of the plant after a recent refurbishment. The height of the reactor
1s 3 500 mm, and the inner diameter is 205 mm. The unit can be operated under air-
firing and oxy-firing modes, using O2/CO2 mixtures from commercial gas cylinders. The
bed temperature is controlled by means of four water-cooled probes, whereas the
freeboard is electrically heated to maintain the temperature. Fuels and sorbents are fed

from hoppers by means of independent screw feeders.

The operational parameters are measured by thermocouples, pressure sensors and flow-
meters and are continuously recorded. The flue-gas composition is provided on-line by a
gas analyser. CO, CO2, SOz and NO concentrations are measured by NDIR (non-

dispersive infrared) sensors. A paramagnetic sensor is used to measure O
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concentration. The measurement uncertainties are 1% for the temperature sensors, 2%

for the pressure sensors and 1% for the gas analyser cells.

To simulate deposition on the superheater tubes, an air-cooled probe can be inserted at
800, 2 000 or 3 300 mm over the distributor plate. A removable coupon made of AISI
Type 304 stainless steel is placed in the tip of the probe for further SEM-EDX analysis
of the deposits. The probe is equipped with a thermocouple and a PID controller, which

determines the air flow-rate required to maintain the prescribed surface temperature.

Figure 1. Oxy-fired fluidized bed facility.

Gas samples can be taken while on-load at 800, 2 000 and 3 100 mm over the
distributor plate. Each sample is conveyed through three impingers with a 0.1 M
Na2COs solution that retains chlorides, fluorides, sulphates and nitrates. The chlorine
concentration in the impinger solution is determined by ion chromatography. Solids can

also be gathered while on-load from the bed bottom, the baffle chamber and the cyclone.
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2.2 Fuels and sorbents

The coal selected for the experiments was Spanish lignite, which has a very high
sulphur and ash content (see Table 1). The mean particle size was 0.7 mm, with particle

sizes between 0.3 and 1.0 mm.

Lignite Corn Stover
Proximate analysis (%wt.)
Moisture 13.57 6.18
Ash 30.30 5.50
Volatiles 25.72 70.68
Fixed carbon 30.41 17.64
Ultimate analysis (%wt.)
C 40.53 43.30
H 3.18 5.82
N 0.28 0.57
S 6.65 0.11
Cl — 0.35
LHV (kJ/kg) 14 434 15 438
Ash (%wt.), by ICP
Al203 26.01 1.36
CaO 3.27 8.72
Fe:03 22.23 6.08
K20 0.92 27.90
MgO 0.96 3.27
Na20 0.12 0.22
SiOs 41.06 29.81
TiO2 0.76 0.80
P20s - 3.81
MnO: - 0.14

Table 1. Fuel analysis, heating value and ash composition, as received.

Corn stover, with 0.35% chlorine content as received, was the herbaceous biomass
selected for the experiments. Aiming to test the influence of the chlorine content, the
corn stover was doped with a KCI solution to increase the concentration up to 1% CI.
The apportioned KCl was dispersed onto the biomass surface as 1 um crystals identified

by SEM (Figure 2). For that particle size, it has been claimed that in-flight sulfation is
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achievable at the short gas residence times typical of combustion systems [43]. The

resulting biomass was ground and sieved to obtain a fraction between 1.0 and 2.0 mm.

:'E--:"O u' m' 30.0um

Figure 2. (a) SEM micrograph of KCl doped biomass, (b) detailed micrographs of surface KCI crystals.

As regards the sorbents, two domestic limestones with high CaCO3s contents (> 97%)
were selected: Granicarb limestone and Bahoto limestone. The mean particle size was
approximately 0.6 mm for both. Silica sand was the inert constituent of the bed at the

beginning of each test, with the same mean particle size.

2.8 Experimental conditions

A total set of six tests were conducted burning a blend of lignite and corn stover, with a
coal/biomass ratio of 70/30% on an energy basis. Table 2 summarizes the experimental

conditions during the tests.

The first test was run under air-firing conditions at a bed temperature of 850 °C. The
other five tests were run under oxy-firing conditions with a 35/65% O2/COz mixture. To
study the influence of the desulphurization mechanism during the oxy-firing tests, the
bed temperature was modified from 850 °C (direct capture, non-calcining conditions) to
925 °C (indirect capture, calcining conditions). A reference molar ratio of Ca:S = 6 was
adopted due to the high sulphur content of the coal and the execution of tests under
non-calcining conditions (lower desulphurization efficiencies could be expected). The
molar ratio was decreased to 2 for a single test to discuss its effect under calcining
conditions. Four tests were conducted with Granicarb limestone, the rest with Bahoto

limestone.
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In the present paper, the experiments are named according to the experimental
conditions: first, the combustion mode is noted as air-firing (A) or oxy-firing (O); second,
the limestone type is indicated as Granicarb (G) or Bahoto (B); third, the Ca:S molar
ratio is either 2 or 6; and finally, the desulphurization mechanism is either indirect (I)
or direct (D). During all of the experiments, the deposition probe and chlorine capture
system were inserted into the highest ports at the top of the freeboard. The deposition

probe temperature was set at 450 °C.

Test#  Fluidizing gas Limestone Ca:S Bed Desulphurization
temperature mechanism
A-G61 Air Granicarb 6 850 °C Calcining
0O-G6D  35/65% O2/COq Granicarb 6 850 °C Non-calcining
0-G61 35/65% 02/CO2 Granicarb 6 925 °C Calcining
0-G21 35/65% 02/CO2 Granicarb 2 925 °C Calcining
0-B6D  35/65% O2/CO2 Bahoto 6 850 °C Non-calcining
0-B61 35/65% O2/COq Bahoto 6 925 °C Calcining

Table 2. Experimental conditions during the tests.

2.4 Experimental techniques

Solid samples were studied by means of scanning electron microscopy in a Hitachi S-
3400N device, in which micrographs of selected surfaces were taken by a retro-
dispersive electron detector for morphology characterization. The chemical composition
of selected surfaces and mapping were performed by means of EDX in a Rontec XFlash
detector. X-ray diffraction (XRD) was used to determine the phase composition of the
crystalline species in a Siemens Bruker D8 Advance diffractometer set for CuKa

radiation. The diffraction angle scanned was 20—60° (2 0) using a step size of 0.05° (2 6).

3. Results and discussion
3.1. Emissions
Table 3 shows the mean values and standard deviations for the freeboard temperature

and flue gas concentrations recorded on-line during the tests (the concentrations were
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normalized to 6% O2). The table also includes the calculated desulphurization efficiency

and HCI concentration in the freeboard.

A-G61 0-G6D 0-G6l 0-G2I 0-B6D 0-B6I
T (°C) 793 =10 791+ 9 700 =17 721+8 794 + 10 798 £ 8
02 (%) 7.563+0.55 7.72+0.38 7.93+0.75 7.87+£1.30 7.62+0.81 12.72+1.97
CO (mg/Nm3) 386 + 28 209 + 10 189+ 16 186 + 29 380 + 40 43+ 10
NO (mg/Nm?3) 149+ 19 399 £ 58 530 £ 69 412 +£ 58 348 £ 57 510 + 42
SOz (mg/Nms?) 331+32 13950+ 745 3151+ 345 8187+ 910 2181 + 351 824 + 72
NO (mg/MJ) 27.7 39.9 54.1 39.6 35.9 49.1
SOz (mg/MJ) 66 1488 354 843 246 86
Eff. Desulph (%) 97.9 54.1 89.1 74.0 92.4 97.4
HCI (mg/Nm3) 67 243 155 211 116 85

Table 3. Freeboard temperature; CO, NO and SOz emissions (normalized to 6% Oz); desulphurization
efficiency; and HCI concentration.

3.1.1. SOzemissions

The experimental campaign with Granicarb limestone confirms the expected results.
The desulphurization efficiency obtained from the test under conventional combustion
(A-G6I) reached a value of almost 98%; this is explained by the calcining conditions and

bed temperature being within the optimum range for SOz capture [44].

The change to the direct desulphurization mechanism in test O-G6D, as a consequence
of the high CO2 concentration, yielded an important increase of emitted SOz and a
consequent drop of the desulphurization efficiency to 54%. This observation is
consistent with the results found by de Diego et al. [31, 45] and Wu et al. [46]. These
researchers reported lower efficiencies as a consequence of the lower porosity of the

non-calcined sorbent (for typical particle sizes in fluidized beds).

Oxy-fired tests O-G2I and O-G6I were carried out again under calcining conditions
since the bed temperature was increased to 925°C (see also Table 2), leading to an
important increase in the desulphurization efficiency in comparison to the O-G6D tests,
even in the case of decreasing the molar ratio of Ca:S to 2. A similar behaviour was
found by Jia et al. [47] during the operation of an oxy-fired CFB plant at high

temperature.
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If test A-G6I 1s compared to O-G6I, the desulphurization efficiency is almost 8 points
lower in the case of oxy-firing. An explanation for this reduction was given by Valverde
and co-workers [48]. They determined that the pores formed under oxy-firing conditions
during calcination were smaller due both to the higher temperatures and CO:

concentrations.

The use of Bahoto limestone in the last two tests resulted in an increase of the
desulphurization efficiency to over 90%. Again, the efficiency is better when operating
under calcining conditions. If test O-G6D is compared to test O-B6D, the increase in
efficiency is quite outstanding, i.e., from 54.1% to 92.4%. This behaviour is mainly
related to the severe fragmentation suffered by the Bahoto limestone, according to the
samples taken in the circuit hoppers. The amount of solids collected after the Bahoto
test was five times higher than that after the Granicarb test, pointing out a significant
increase in the elutriation rates (despite the fluidization velocity remaining the same).
These fragmentation conditions were also confirmed by particle micrographs, as shown
in the following section. Since the molar ratio Ca:S is sufficiently high, higher limestone

fragmentation means a larger surface available to capture SOa.

3.1.2. NOemissions

The lowest NO emission was detected for the air-fired test, A-G6I. If compared to the
corresponding test using oxy-firing, O-G6I, emissions are doubled (in normalized units,
mg/Md, to avoid the effect of the atmosphere). This is not only an effect of the O2
concentration but also of the lower CO level for the O-G61 test.

The increase in emissions from O-G6D (399 mg/Nm3) to O-G6I (530 mg/Nms3) is
explained by the presence of calcined limestone rather than the temperature. Despite
the increase in temperature that promotes calcining conditions, the effect is attenuated
since the freeboard temperature was kept at a lower value (see Table 3). For similar
mean temperatures, the difference in emissions was then mainly caused by calcined
limestone, with almost the same O2 and CO concentrations for both tests. This effect
has also been observed for conventional coal combustion (i.e., calcining conditions). De
Diego et al. [49] reported that NO emission doubled after the addition of limestone in a
fluidized bed. Ziljma et al. [50-52] found an important increase of NO due to calcined

limestone; the increase progressively slowed down as CaSO4 was formed. Liu and Gibbs

10
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[63] studied how limestone affected the emitted NO in the case of char combustion. On
the other hand, Hansen et al. [54] and Lupianez et al. [65] showed the limited catalytic

effect of fresh limestone in comparison to calcined limestone.

The same result is obtained when Bahoto limestone is supplied (test O-B6D vs. O-B6I),
but to an even larger extent. This is also due to the higher Oz excess and lower CO

concentration during the last test.

3.1.8. HCl in gas phase

The HCI concentration in the gas phase was estimated from the gas samples taken at
the top of the freeboard and retained in the impingers. HCI is an indicator of alkali
sulfation, see reactions (R. 1) and (R. 2). This can be relevant when firing high-sulphur
coal together with high-chlorine biomass. According to the results shown in Table 3, the
trend is clear: the higher the SOz concentration in the flue gases, the higher the HCI
concentration detected (due to the enhancement of the sulfation of alkali chlorides).
This trend is shown in Figure 3, which clearly shows the relationship. In consequence,
in-bed desulphurization determines the release of HCl. The larger amount of chlorine in
the gas phase i1s expected to reduce the presence of chlorine in the deposits as

condensed alkali chlorides.

250
<
200 ]
‘T 150 -
z
<
j=2]
£ &
G 100
I | | <direct sulphation
]
50 Mindirect sulphation
0 ‘ : ‘ : ‘ : ‘
0 2000 4000 6000 8000 10000 12000 14000 16000
SO, (mg/Nm?3)

Figure 3. Correlation between HCI and SOz in the gas-phase.

Aside from sulfation, HCI can also be released by alkali silication or aluminosilication

[25, 56], according to reactions (R. 6) and (R. 7):

11
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2 MCL + nSi0, + H,0 - M,0 - n Si0, + 2 HCI (R. 6)

The extent of this mechanism i1s discussed in the following section when the

characterization of ash and deposits is addressed.

In brief and regarding emissions in general, the type of limestone used has been
revealed to have a large effect on the control of pollutants (SO2, NOx). In comparison to
air, shifting to an O2/CO2 atmosphere was found to increase emissions. Regarding the
control of SOz, the O2/COz effect can be balanced by increasing the molar ratio of Ca:S
or the temperature, but then, NOx formation can be catalysed if free lime is available.
At that point, non-calcining operation can be recommended to jointly control SOz and
NOx in oxy-fired units since desulphurization efficiencies over 90% can be achieved, as

our work shows.

The selection of the limestone must also take into account its fragmentation propensity,
since it is a very influential factor on emissions. Future industrial developments will
face a trade-off: the larger the fragmentation rate, the higher the SOz capture
capability, but the greater the issues related to elutriation, erosion and fouling. The
addition of an herbaceous biomass at a limited ratio contributes to reducing pollutants,

but its impact on fouling/corrosion must also be assessed.

3.2. Ash composition

3.2.1 Bottom ash

The bottom solids are mainly composed of the initial silica sand, partially sulphated
sorbent particles and fuel ash. Visual inspection confirmed that none of the experiments
presented agglomerated particles, despite the 30% of corn stover in the blend and high
temperature (925° C) during some experiments. The presence of calcite and some

refractory elements from lignite ash contributes to the avoidance of agglomeration [27].

The incidence of coating formation was demonstrated by the surface SEM-EDX of the
bottom solids. Figure 4 is a micrograph of a representative sand-bed particle, the

surface composition of which, also shown in the Figure, indicates the attachment of

12
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submicron-sized particles, mainly calcium-based fines and Al and Fe from the coal

mineral matter, which does not involve a risk of agglomeration.

41.6%0
1.4%Mg
3.8%Al
26.7%Si
1.6%S

12.4%Ca
12.3%Fe

L e e T |
S00um

Figure 4. SEM surface micrographs of a sand particle (test O-B6D) and the EDX composition.

Table 4 shows the composition determined by SEM-EDX of fuel ash particles (which are
identified by the similar silicon-to-aluminium ratio than in the original ash). Tests with
direct sulfation present higher percentages of surface Ca than tests in which limestone
is initially calcined and are higher in the case of Bahoto limestone due to its greater
degree of fragmentation. This fact could be an indication that submicron CaCOs is more
prone to attach to bed particles than CaO. The formation of coating layers hinders the
study of other surface reactions, such as potassium silication (R. 6) and
aluminosilication (R. 7), compared to the surface K/Al ratios [57]. For this reason, in the
present work, the surface K/Al ratios, on an atomic basis, were only calculated for tests
under calcining conditions, showing lower surface calcium (see Table 4). The values
obtained (0.21-0.27) note the incidence of potassium retention by aluminosilication on

ash particles to a similar extent and irrespective of the desulphurization efficiency.

Mg Al Si S K Ca Fe K/Al
0-G6D 1.95 24.44 30.5 562 577 16.78 14.94 -
0-G6I 262 2717 29.83 0.00 10.70 8.00 2159 | 0.27
0-G2I 266 1690 17.89 111 6.29 864 4651 | 0.25
O-B6D 3.66 1499 16.60 3.27 1.08 30.00 30.38 -
0O-B61 209 2334 26.01 229 710 983 2934 0.21

Table 4. EDX surface elemental composition (%wt.) of bottom solids and the K/Al ratio.

13
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Potassium penetration was studied by EDX and g-mapping of K in cross sections (see
Figure 5). The micrograph images of fuel ash after tests A-G6I (Figure 5.a) and O-B6D
(Figure 5.b) show the morphology of the ash particles, with cracks, voids and pores
related to the original coal texture and its evolution with combustion. Bright iron
clusters from inherent pyrite and well-defined quartz crystals are also seen along the
cross section. The potassium g-maps are overlapped onto selected areas. They indicate
the presence of potassium in the external core of particles, which confirms the reaction
of KCl with reactive Si and Al oxides on the ash surfaces, following (R. 6) and (R. 7).
The penetration of K is studied by the EDX composition of a number of spots along the

particles.

Figure 5.c shows the relative percentage of potassium K / (Al+Si+K+Ca+Fe) related to
the depth of penetration. Potassium can be found in the external 50 um of the ash
particles in both tests performed at 850°C, with a clear relationship with the ash
texture, and to a similar extent for the different combustion conditions (air vs. oxy-

firing or indirect sulfation vs. direct).

144

K% (wt.)

0 5‘0 160 15‘0 200
a4 b Depth (um)
Figure 5. Q-map of samples from tests A-G6I (a) and O-B6D (b), and the relative K content (c).

Sorbent particles were also studied by SEM-EDX. The Granicarb sorbent presents a
dense and compact morphology after combustion (Figure 6.a). Line-scanning, elemental
mapping and EDX of the sample shown in Figure 6.b were used to demonstrate that
sulfation followed an unreacted core model, leading to pore plugging [58]. On the
contrary, the Bahoto limestone structure is more porous and presents a high degree of
fracture, as presented in Figure 6.c, showing a network sulfation mode [59] for those

particles remaining in the bed.
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Figure 6. Granicarb sorbent in the bottom bed after test A-6GI (a) and a detailed micrograph of its
surface (b); Bahoto sorbent in bottom bed after test O-6BD (c).

Aside from the desulphurization mechanism and its effect on the characterization of
sorbent particles, no relevant influence of the type of limestone has been found for

bottom ash.

The chemical characterization of sorbent particles also indicated the absence of
chlorine. Chlorination of limestone (R.8) or lime (R.9) could be expected due to the

presence of HCI in the gas-phase [60]:

CaC0; + 2 HCL & CaCl, + H,0 + CO, (R. 8)

Ca0 + 2 HCL & CaCl, + H,0 (R. 9)

Nevertheless, sulfation of lime or limestone (R.4 and R.5) is favoured in simultaneous
presence of SOz and HCI in the gas-phase at 850°C [61], reducing the extent of calcium
chlorination. This also limits the agglomeration risk caused by the interaction of

chlorine with the bed materials.

3.2.2 Fly ash
The samples obtained in the cyclone for each test were studied by EDX. The elemental

surface composition (excluding C and O) of the powders is shown in Table 5 for tests
with Ca:S = 6. The occurrence of Al, Si and Fe denotes the presence of fuel ash. The
amount of calcium in A-G6I and O-B6I samples is high. This could be an indication of

sorbent elutriation. Apportioning of the Ca species in the cyclone solids was performed

by XRD (Figure 7).
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367

Mg Al Si S K Cl Ca Fe
A-G61 1.35 5.68 8.88 7.10 1.78 1.08 57.53 16.56
0-G6D 2.35 20.00 31.61 6.60 1.13 0.00 15.50 22.80
0-G61 0.00 12.94 30.55 6.62 2.62 0.00 16.92 30.34
0O-B6D 1.54 13.70  23.28 4.85 1.22 0.00 19.89 35.52
0-Bé61 1.95 572 10.74 10.06 1.89 0.00 56.20 13.44
368 Table 5. EDX surface elemental composition (%wt.) of cyclone solids.
369
370
CaCo,
-~ CasQ,
3 CaCLI;0 CaQ Fly ash, fest AG6I
=y
g
!
20 25 30 35 40 45 50 55 60
371 2 theta
Q
Q CasSo/
n Fez0; Fly ash, test OG6D (850°C)
S Q Caco,
S 1Q  caso, h
%‘ Fe,0; Fly ash, test OB6D (850°C)
g —A—A—A_-b T Sy N . " .
£ CaCoO
Caso, Q : cao
CaO Fly ash, test OB61 (925°C) CaO
CaCl, 4H,
20 2I5 3I0 3I5 4I0 4I5 5I0 5I5 60
3792 2 thita
373 Figure 7. XRD composition of cyclone solids from tests A-G6I, O-G6D, O-B6D and O-B61.
374

375 Sulphated sorbent (CaSOs) and fuel ash (quartz and hematite) are present in all

376  samples. It is worth mentioning that the quartz peak is compatible with evolution with
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the temperature of the original mineral matter in coal. In Figure 7, it is possible to see
that the XRD of lignite coal ash obtained in a muffle furnace (in air, at 850 °C) gives a
major peak for quartz, whereas the initial aluminosilicate is not detected and hematite

peaks are observed as oxidation products from the original pyrite.

The presence of unreacted limestone is clear in both the Bahoto tests and also for O-
B6I, which is evidence that sorbent fragmentation occurs prior to calcination. CaO is
present for those cases carried out under indirect sulfation conditions (A-G6I and O-B6I
tests), along with a small CaCls*4H20 peak, indicating partial chlorination of lime after
reaction (R. 8) in SO2-depleted flue gas. EDX detected the presence of chlorine in A-G61
fly ash, but chlorine is under the detection limit in O-B6I fly ash (see Table 5). This fact
1s indicating that chlorination of lime is favoured at 600 °C in air combustion whereas it
is limited in oxy-combustion due to competition with recarbonation of the available

reactive calcium [62].

3.3. Deposition

Figure 8 shows the deposition coupons obtained after the six experiments. The coupons

were analysed by SEM-EDX, as received.

The morphology of the deposits could be observed by SEM (Figure 9). The elemental
composition of selected 20 um X 20 pm surface areas was obtained by EDX. Deposits
consisted of condensed particles in the micron range, together with particles of ash and

bed material. Compositions excluding elements C, O and Fe are given in Table 6.

EDX revealed that the main elements present are Ca, K and S, whereas chlorine was
only detected in the A-G6I and O-B6I deposits. This is consistent with the lowest HCI
concentrations in the gas-phase detected for those tests, which were related to the

highest desulphurization efficiencies (over 97%).

Apportioning to the different salts cannot be performed according to the elemental
composition, so for those cases in which deposits could be removed from the coupon,
XRD characterization was performed, as shown in Figure 10. XRD confirmed the
presence of both KCl and CaCls in the deposition coupon of A-G6I, which was not found
for tests O-G6I, O-G2I and O-B6D (as expected according to Table 6). Coupons from the

test performed with Bahoto limestone showed an important presence of CaCOs due to
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407 fragmentation. CaSO4 from sulfation was present in all coupons, as well as potassium

408 sulphate— identified as KsH(SO4)s.

409

410
|2 B
N KN
o R

411

412 Figure 8. Deposition probes after tests: a) A-G6I, (b) O-G6D, (c) O-G6I, (d) O-G2I, (e) O-B6D, (f) O-B61.
413

414
415

417 Figure 9. SEM micrographs of deposits from tests: (a) O-G6D, (b) O-G6I, (c) O-6BI.
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419

Na Mg Al Si S K Cl Ca
A-G6I 0.00 1.78 5.19 10.89 12.40 8.42 12.97 48.36
0-G6D 0.00 1.58 15.89 20.74 22.42 4.72 0.00 34.64
0-G61 0.00 0.92 7.12 11.31 22.56 12.69 0.00 41.20
0-G21 0.00 1.96 9.21 12.42 27.57 29.63 0.00 19.67
O-B6D 0.00 0.00 12.21 16.25 21.19 33.53 0.00 16.82
0-B61 0.64 1.06 4.13 4.23 18.73 38.35 15.07 17.83

420
421 Table 6. EDX surface elemental composition (%wt.) of deposits.
422
423
424
CaCO,
CaSo, l Q Deposition coupon, test A-G6I
M&—-MJW—M
CaS0, CaCO; Deposition coupon, test O-B6D
CaSO4
Fe,0;  Fe,0
—
= Q
g
(. CaSO‘
=
e
12 CaCO; CaS0, Ca0 Deposition coupon, test 0-G6IL
L]
CaSO4 e
Q Deposition coupon, test 0-G21
25 30 35 40 45
495 2 theta
426 Figure 10. XRD composition of deposits formed during tests A-G6I, O-G6I, O-G2I and O-B6D.
427
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Summing sections 3.2 and 3.3, it is concluded that oxy-firing barely affects the
deposition rates in comparison to air-firing. Some increase of potassium sulphates in
the deposits is observed for most of the oxy-firing tests, which can promote fouling after
long-term operation. Nevertheless, and as a rule of thumb, no major operational
problems are expected under oxy-combustion in comparison to the wide experience

already available for air-fired operation of fluidized beds.

The composition of the deposits is fully consistent with the observed concentrations of
SO2 and HCI in the gas phase. The limestone type indirectly influences the composition
of the deposits through the SOz concentration (largely determined by the limestone

behaviour, as already discussed in section 3.1).

No influence of limestone has been observed on the composition of bed and fly ash. Lime
chlorination — a positive side-effect — was found to a limited extent, but only for those
tests with the higher deposition rates. Finally, agglomeration issues did not arise
during the entire test campaign irrespective of the limestone used. Despite the addition
of corn stover, and even for the higher temperature tests, operation of the fluidized-bed

reactor is proven to be feasible for the blend of risky fuels selected.

3.4. Corrosion

Oxidation scales were only detected in experiments A-G61 and O-B6I. In the air case,
removing the deposits by gentle brushing involved the collection of oxidation scales, as
studied by SEM-EDX (Figure 11.a). The oxidation scale comprises a dual layer of CraOs-
Fes0s, which is expected from the high chromium content in AISI 304 stainless steel.
The micrograph also shows the deposited material on the scale. Figure 11.b shows the
condensed aerosols in the submicron range, the detailed composition of which by EDX is
described in Figure 11.c. The aerosols are rich in Cl (16.1% atomic basis), K (13.5%), Ca
(12.7%) and S (6.4%), with the rest composed of oxygen, which indicates the nucleation
and condensation of a mixture of KCI, CaClz, and K-Ca sulphates. It has been stated
that, in contrast to KCl, CaClz is only slightly corrosive to SS304 under similar
conditions [63].
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Fe,03, Cry03;

Figure 11. Deposit material from test A-6GI: (a) perpendicular view of the scale and deposit onto it;
(b) details of the condensed aerosol cluster; (¢) EDX composition of (b).

In the case of the O-6BI coupon, the fine deposit layer was washed off and the metallic
surface was shown to be severely damaged by oxidation (Figure 12.a). SEM-EDX
showed the spalled surface and, underneath, the formation of iron oxides that were rich
in iron (Figure 12.b), which confirms the spallation of Fe2Os3-Cr203 external scales and
the formation of oxides, such as hematite, close to the metallic surface. These results
demonstrate the incidence of accelerated corrosion due to the presence of KCIl in

deposits from the two tests with the highest degree of sulphur retention.

Figure 12. a) Washed deposition probe from test O-B6I; (b) and a detailed SEM micrograph.

In summary, oxy-firing is proven to alleviate corrosion issues compared to air operation.
Only the test with the highest limestone fragmentation under calcining conditions
yields a situation comparable to that observed for air. The results found in this work
show the inter-relation between the type of limestone (determining the SOq
concentration, and depending on the desulphurization mechanism) and mineral matter

of coal and biomass (involving the alkali chlorides) under different, realistic operating
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oxy-firing conditions. Again, non-calcining conditions are preferable, provided that a

large enough Ca:S ratio is used to achieve a high desulphurization efficiency.

4. Conclusions

The influence of the type of limestone and desulphurization mechanism on emissions,
ash composition, deposition and corrosion were discussed after an experimental
campaign carried out under lab-scale fluidized bed oxy-firing conditions, feeding a blend

of lignite and corn stover.

SO2 capture is better under calcining conditions than under non-calcining ones, but the
limestone type also has an outstanding relevance depending on the fragmentation
behaviour. Operation under calcining conditions requires higher bed temperatures
under oxy-firing, so there is a risk of agglomeration when supplying biomass in the

blend. However, no agglomeration was found for any of the tested conditions.

By contrast, NOx emissions are increased under calcining conditions due to the catalytic
effect of free lime. This can be problematic for enriched Oz atmospheres and when
supplying biomass with a nitrogen content higher than that of coal. Hence, a

compromise has to be adopted to jointly control the amounts of SO2 and NOx emitted.

Higher desulphurization efficiencies also promote the presence of chlorine in the
deposits, thus the risk of corrosion. This was detected for the air- and oxy-fired tests,

with efficiencies over 97%, but with more severe damage after the air-fired test.

Alkali sulfation was found for the tests with higher SOz contents, in agreement with the
HCI concentration in the gas phase, while alkali aluminosilication was shown to be
almost the same, irrespective of the atmosphere or operating conditions. Condensation
of potassium sulphates promotes deposition and increases fouling rates. Instead, the

risk of chlorine-induced corrosion is reduced.

The bottom ash is also free of chlorine due to its volatility. Finally, lime chlorination is
detected for the tests under calcining conditions, while limestone chlorination was not

found for the non-calcining tests.
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