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Abstract
Pressurized oxy-fuel combustion (POFC) has attracted wide attention due to its

potentials of high efficiency and low cost in CO> capture. Compared with numerical
simulation and system analysis, there are few experimental studies about POFC. In
order to investigate the SO, emissions and desulfurization behaviors of limestone under
continuous fuel-feeding POFC conditions, a series of oxy-coal combustion experiments
were conducted with a 30 kWi, pressurized fluidized bed combustor. The results
showed that the SO> emission was almost independent of combustion pressure and
excess oxygen coefficient, whileit washigher in air than in O2/CO, atmosphere because
less sulfur wasretained by the coal ash. Although the higher CO» partial pressure caused
by an increase in combustion pressure from 0.1 MPato 0.4 MPa had negative effects
on the calcination of limestone and inhibited the indirect desulfurization, the higher
combustion pressure was beneficial to improve the direct desulfurization efficiency. An
increase in combustion temperature from 850 °C to 950 °C significantly improved the
desulfurization efficiency of limestone with both atmospheric and pressurized oxy-coal
combustion. SEM images were obtained and used to show the surface morphology of
limestone products under different combustion conditions, which was helpful to the

understanding of the desulfurization behaviors of limestone.

Keywords: SO, emissions, Desulfurization; Oxy-coal combustion; Pressurized

fluidized-bed.
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1. Introduction

Oxy-fuel combustion has been widely accepted as a highly-effective CO> capture
and storage (CCS) technology [1-3], and a combination of this technology with
fluidized beds, i.e., oxy-fuel combustionin fluidized beds, has attracted alot of attention
from researchers during last decade due to its inherent advantagesin fuel flexibility, in-
furnace desulfurization and low NOx emissions [2, 4-5]. Although oxy-fuel
combustion-based CCS can still lead to a reduction of about 10% in the net plant
efficiency [6], pressurized oxy-fuel combustion (POFC) has been proposed as an option
to improve the efficiency [7]. Many performance analyses of POFC have concluded
that an increase in combustion pressure can decrease the reduction of the net plant
efficiency resulted from oxy-fuel combustion-based CCS as the higher combustion
pressure is helpful to recover more thermal energy from the flue gas and reduce the
energy cost of CO. compression work [8-10]. The limited experimental investigations
on POFC conducted so far have showed that increasing the combustion pressure can
not only improve the combustion rate and combustion efficiency [11-12] but also reduce
NOx emissions[13].

In-furnace desulfurization by use of a sulfur capture sorbent such as limestone is
one of the most important features with fluidized bed combustion. Therefore, the studies
of oxy-fuel combustion in fluidized beds must address in-furnace desulfurization and
emissions of SO, which isamain precursor to acid rain. High concentrations of SO in
the flue gas can cause not only the corrosion of devices/pipes but also negative impacts
on COz compression and purification. SOz emission behaviors with atmospheric oxy-

fuel combustion have been widely studied [14-20]. For example, the SO. concentration
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in the flue gas under atmospheric O./CO> atmosphere was found to be higher than that
under air due to the recycled flue gas [14-16]. Several studies [17-19] found that the
SO, emission under O./CO, atmosphere was about 15-30% less than that under air, with
the decrease of SO, emission being attributed to more SO, being absorbed by the
condensate water or retained by the ash under the O/CO, atmosphere. On the other
hand, Liu et al. [20] showed that the SO, emission was almost independent of the
atmosphere, air or O./CO». Possible reasons for these conflicting results may include
the differences in the oxy-fuel combustion systems and the properties of fuel ash
between these previousinvestigations. Furthermore, previous experimental results have
shown that the excess air/oxygen, combustion temperature and O» concentration in the
oxidizer have insignificant effects on SO, emissions under atmospheric O./CO:
atmosphere once the steady combustion condition is achieved [21-23].

Fluidized bed combustion is well-known for its economical desulfurization by
introducing calcium based sorbents (e.g. limestone) into the furnace [24-25]. In a
traditional FB combustor of air combustion, the calcination of limestone occurs prior
to the desulfurization reaction (indirect desulfurization: Reactions 1-2). However, the
higher CO, partial pressure in oxy-fuel combustion may hinder the proceeding of
calcination, and sulfurization may occur directly between CaCOz and SO, (Reaction 3)
[24].

CaCO, —» Ca0O+CO, 1)

CaO+SOz+%Oz —>CaSO, @



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

(:aog+soz+%o2 —» CaS0,+CO, )

The two different sulfurization routes, indirect and direct, are mainly determined
by the CO: partial pressure and the combustion temperature [24-25]. It has been proved
that the higher CO> concentration in the flue gas of oxy-fuel combustion could lead to
the transition from indirect sulfurization to direct sulfurization, reducing the reaction
rate as well as desulfurization efficiency dramaticaly [26-28]. According to the
equilibrium theory [24-25], the cal cination temperature of limestoneincreaseswith CO»
partia pressure. Therefore, one effective method to increase the desulfurization
efficiency of oxy-fuel combustion isto increase the combustion temperature. Previous
investigations [29-30] had showed that when the temperature was increased from 850
°C to about 920°C, the indirect desulfurization occurred, and the overall desulfurization
efficiency increased significantly. In addition to the experiments conducted in FB
combustors mentioned above [14, 17, 21, 26-29], Kim et a. [25], Jeong et a. [24] and
Francisco et a. [31] had also investigated the desulfurization mechanisms and
behaviors of limestone by using thermo-gravimetric analyzers. It was found that the
direct desulfurization reaction rate increased with the temperature while that of indirect
desulfurization was hardly affected by the temperature. Besides, the product layer and
pore structure formed on the surface of sorbents affect the desulfurization reaction
significantly. The particle size of the sorbents and SO, concentration aso play
important roles in the desulfurization process under oxy-fuel combustion conditions,
and generally the desulfurization efficiency decreases with sorbent particle size but

increases with an increase in SO. concentration [32]. In theory, an increase in
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combustion pressure will increase the CO- partial pressure, which may cause negative
effects on the desulfurization. However, there are few experimental investigations about
the SO2 emission and desulfurization under POFC conditions to elucidate the effect of
combustion pressure on desulfurization. This knowledge gap can significantly hinder
the development of POFC technology as the knowledge is indispensable for the
conceptual design of SO. control strategies for POFC systems.

This study investigates the SO, emission behaviors of both air and oxy-coal
combustion in a30 kWi fluidized bed combustor under different POFC conditions. The
effects of combustion atmosphere, pressure and temperature on the desulfurization of
limestone were investigated thoroughly. Scanning electron microscopy (SEM) and
nitrogen adsorption analysis were used to characterize the surface structures of

limestone under different POFC conditions.

2. Experimental

2.1 Experimental setup

The SO, emission and desulfurization experiments of this study were carried out
with a 30 kWi, pressurized fluidized bed combustion system shown in Fig. 1(a), which
had been described elsewhere [33]. As it was too difficult to separate the limestone
products with the coal ash and bed materials after the combustion experiments in the
fluidized bed system, a pressurized tube furnace system [34] (Fig. 1(b)) was used to
investigate the surface structure of limestone under the same pressures and atmospheres

as those in the fluidized bed combustor.
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Figure 1. Scheme of (a) POFC system (b) pressurized tube furnace system

2.2 Fuel and material
One typical anthracite from Shanxi province, China, was used in al of the tests.

Table 1 givesthe analysis of the coal sample. Silica sand with the particle size ranging
from 0.4 mm to 1.6 mm was used as the bed material. The limestone used in this study

mainly consists of CaCOsz and its composition is presented in Table 2. Fig. 2 showsthe



128  sizedistributions of the coal, silica sand and limestone particles.

129

130 Table 1. Ultimate analysis and proximate analysis of the anthracite coal

Anthracite

Proximate Analysis (Wt%, as received)

Moisture 251
Ash 14.09
Volatile matter 10.44
Fixed carbon (by difference) 72.96
Ultimate Analysis (Wt%, as received)

Carbon 76.83
Hydrogen 2.30
Nitrogen 0.94
Sulfur 1.30
Oxygen (by difference) 2.03

131

132 Table 2. Themain composition of limestone sample

Composition CaCOs SOz Al203 FexO3 MgO

Content (wt %) 92.31 3.20 1.83 1.20 0.79
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Figure 2. Particle size distribution of (a) coal particle (b) silicasand (c) limestone

2.3 Procedure
2.3.1 SO2 emission and desulfurization

Table 3 (a) shows the operating parameters of all tests. The total weight of the bed
materials (silica sand) was fixed at 1.5 kg for all tests which included atmospheric air,
atmospheric oxy-fuel, pressurized air and pressurized oxy-fuel combustion tests. In
order to keep the superficial gas velocity and excess oxygen at the same level between

different tests, the coal feeding rate and oxidant flow rate were increased in proportion
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to the combustion pressure and the bed temperature was controlled by the water cooling
system. Tests without limestone (Ca/lS = 0) were used to study the SO, emission
behaviors while tests with the Ca/S molar ratio of 2.5 were carried out to investigate
the desulfurization efficiency of limestone under different conditions. The SO»
concentration in the flue gas was measured by using aflue gas analyzer (MADUR GA-
21 plus) with the SO, measuring module (measuring range: 0 - 5000 ppm and the
precision is 1 ppm), and all the experimental results were ensured by repeated runs.
2.3.2 Surface structure of limestone

A crucible loaded with 1 g limestone particles was first placed in the unreactive
zone of the pressurized tube furnace, and then the reactor was sealed under room
temperature. Before the furnace was heated, the reactant gas was introduced, and the
pressure was controlled to a desired level. The crucible containing limestone particles
was pushed into the reaction zone by the push rod after the temperature reached the
target value. After 2 hours, the heater was turned off, and the inlet gas was switched to
N2 while the pressure was maintained constant. When the temperature dropped to 300
°C, the crucible was taken out, and the products in the crucible were collected.
Afterwards, the products were characterized by a scanning electron microscopy (S
3400N I1) and a nitrogen adsorption analyzer (ASAP 2020M). Table 3 (b) summarizes

the operating parameters of the pressurized tube furnace tests.
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Table 3 (a). Operating parameters and dry flue gas compositions of POFC experiments

Pressure Ozin COz2in  Fud input Total gas Superficial gas  Ca/S T1 O2 out CO2z out SOz
(MPa) (vol %)  (vol %) (kg/h) flow velocity (°C) (vol %) (vol %) (ppm)
3/ % (m/g)* *
(NM?3/h)
0.1 Air Air 0.65 4.5-6.0 1.05-1.42 0 880-900  2.0-6.0 14-19 970-1250
0.1 25 75 0.65 4.8-5.6 1.14-1.35 0 900-920  3.4-6.2 90-93 820-966
0.1 30 70 0.60 3.3-4.0 0.78-0.96 0 900-910  2.3-65 90-%4 1050-1230
0.1 Air Air 0.50-0.65 4.5-6.0 0.99-1.42 25 815900 3.04.2 17-18 130-200
0.1 30 70 0.50-0.70 3.0-4.3 0.68-1.06 25  840-950 2836 92-94 300-1000
0.4 Air Air 2.70 21.0-26.0 1.23-1.56 0 880-910 2.1-64 14-19 920-1150
0.4 30 70 2.50 14.0-16.8 0.82-1.00 0 880-900 1.9-6.8 89-94 990-1200
0.4 Air Air 2.1-2.6 21.5-26.0 1.18-1.54 25 815900 27-4.0 17-18 320-650
0.4 30 70 2.50-2.80 16.1-18.4 0.91-1.14 25 840-950 25-6.8 89-93 300-780

* NM?3/h — cubic meter per hour under standard conditions (0 °C and 1 atm)
**Superficial gas velocities were calculated on the basis of the measured bed zone temperature T1
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Table 3 (b). Operating parameters of pressurized tube furnace experiments

Pressure Ozin COzin SO2 Temperature
(MPa) (vol %) (vol %) (ppm) (°C)
0.1 Air Air 0 850
0.1 30 70 0 850, 900, 950
0.1 30 70 800-1000 850, 950
04 Air Air 0 850, 900
04 30 70 0 850, 900, 950
04 30 70 800-1000 850, 950

2.4 Calculation method
The percentages of Coal-S converted to SO and retained by the coal ash can be

calculated using Equations 4-6:

SO
550, = [ Z]fg x 100% (4)
[ coal
CS—>ash—organic—S= [Org?nl C-S] ash x100% (5)
coal
_[sulfate-§ 4 - [sulfate-§]
Csansitaes™ as[hs] a4« 100% (6)
coal

Where [SO]tg, [sulfate-Slasn, [Organic-Slas, [sulfate-Slcoa and [Slcoa represent the
molar SO in the flue gas, the molar sulfur as sulfate in the coal ash, the molar sulfur as
organic sulfur in the coa ash, the molar sulfur as sulfate in the feeding coa and the
molar sulfur as organic sulfur in the feeding coa (per unit time), respectively. [organic-
S] and [sulfate-S] were obtained by elemental analysis (Table 1, Table 4 (a)) and X-ray
fluorescence (XRF) anaysis (Table 4 (b), Table 5), respectively.

The desulfurization efficiency of limestone (1) is commonly calculated by the

Equation (7) [26]:
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_ _ [SOZ]fg 0
n=(@1 —[S]m)xloom @)

It is worth mentioning that not al the sulfur in coal can be converted to SO», and

theminimumvalueof 1 isnot zero eventhough no limestoneisintroduced. Asshown

later in Section 3.1, the coa ash has some sulfur retention ability, and the
desulfurization efficiency without limestone addition is the self-desulfurization
efficiency of the coal ash. In order to separate the desulfurization of the coal ash from
that of limestone, the desulfurization efficiency of limestone was calculated by

Equation (8):

SO .
n - (1 _ [ 2]fg, with limestone ) XlOOOA) (8)

[Soz]fg, no limestone

Where [SO2]tgwith limestone @Nd [ SO2] g,no limestone represent the molar SO in the flue

gas with and without limestone injection (per unit time), respectively.

Table 4 (a). Elementary analysis of ashes (no addition of limestone)

Pressure C N H S

Ash type (MPa) Atmosphere (%) (%) (%) (%)

0.1 Air 451 027 044 059

Cydoneasy O Oxy-30 39.9 022 041 066
0.4 Air 355 018 023 060

0.4 Oxy-30 323 014 020 058

0.1 Air 0.24 006 053 050

0.1 Oxy-30 0.80 006 050 058

Bottomash 4 Air 0.43 007 028 042
0.4 Oxy-30 0.71 005 026 053

0.1 Air 50.1 027 041 061

Resdualash 0.1 Oxy-30 43.9 021 038 069
(filter ash) 0.4 Air 395 016 020 058

0.4 Oxy-30 373 013 018 060
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Table 4 (b). Primary chemical composition of cyclone ashes (no addition of

limestone)
Pressure M ass loss SO2 Al203 FeeOz CaO SOs3
(Mpa)  Atmosphere %) (%) (%) (%) (%)
0.1 Air 45.12 24.07 22.03 3.65 1.89 2.49
0.1 Oxy-30 39.73 26.14 23.19 3.78 2.29 4.20
04 Air 35.50 28.75 26.26 3.91 2.82 2.39
04 Oxy-30 32.37 29.08 25.53 4.24 2.92 4.83

Table 5. The main composition of the coal sample

Composition Mass loss SOz Al203  FexOs CaO SOs
Content (wt %) 84.79 6.46 5.68 0.91 0.57 0.32

3. Resultsand discussion
3.1 SOz emissions

Fig. 3 (a) and (b) show the real-time data of temperatures and gas concentrations
for sometypical experiments. It should be noticed that the SO2 concentration in the flue
gas cannot be used to compare the SO, emission between different combustion
atmospheres because it is also affected by the gas flow rate. For example, Fig. 3(a)
showsthat the SO» concentrations of coal combustion in air and 25% O/75% CO> (oxy-
25) were at amost the same value, i.e., about 1000 ppm, but the total gas flow rate of
oxy-25 was lower than that of air in order to keep the same oxygen flow rate, and hence

the SO, emission actually reduced when the oxidant was switched from air to oxy-25.
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216 Fig. 4 compares the SO, emissions with the normalized emission per energy unit

217  under different combustion atmospheres and pressures. The SO, emission decreased
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from 837 mg/MJ to 716 mg/MJ (representing a reduction of 14.46%) when the
combustion atmosphere was switched from air to 30% O./70 % CO. (oxy-30) under
atmospheric pressure, which was in agreement with most previous studies. Although
the uncertainty associated with SO, measurement and fluctuations (up to 6%) could not
be ignored, the decrease of SO, emissions resulted from the switch of air combustion
to oxy-coa combustion was considered to be significant and much bigger than the
uncertainty. Zou et al. [17] found that the SO. emission under 27.3 % O./72.7 % CO>
condition was 15.7% less than that in air, and Croiset et a. [18] also showed the
conversion ratio of coal-S to SO. dropped from 91% to 75% when the combustion
atmosphere was switched from air to O/CO2 mixtures. As less coal-S was emitted as
SO; in oxy-fuel combustion, some researchers analyzed the ash sample and found a
higher fraction of organic-S or sulfate in ash [19, 36]. Besides, Croiset et a. [18]
indicated that the condensed water of oxy-fuel combustion had a higher concentration
of sulfates. Fig. 5 (a) shows the mass fractions of the bottom ash, cyclone ash and
residual ash under different combustion conditions. Because the size of coal particles
used in this study was small (0.4-1.8 mm), only asmall portion of the total coal ash was
left in the combustor. The mass fraction of the bottom ash was less than 3% and most
of the coal ash was collected by the cyclone. The cyclone ash and bottom ash accounted
for about 80% of the total coal ash. The remaining part of the total coal ash is defined
in this study as the residual ash which includes the ash in the filter, in the deposits of
the flue-gas cooler and tubes as well as the part of the fly ash which has not been
collected by the cyclone or filter, i.e. which has escaped with the flue gas. The detailed
ash collection process was described in our previous study [33]. Fig. 5 (b) shows the
percentage of the coal-S retained in the ash as the organic sulfur which was cal culated

on the basis of mass fraction and elemental anaysis of different types of ashes (Table 4
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(a)). It is worth mentioning that the mass fraction of organic sulfur element in the
residual ash was assumed to be the same as that of the filter ash which represented 50-
70% of the residual ash. Although the overall percentage of coal-S retained as organic
sulfur in ashes was slightly lower under 0.4 MPathan that under 0.1 MPa, there was no
obvious difference between air combustion and oxy-30 combustion with the same
pressure. As the elemental analysisis not able to determine the sulfatesin ashes, X-ray
fluorescence (XRF) analysis was used to identify the ash composition including the
sulfate, and the results are shown in Table 4 (b). The percentages of SOs in ashes of
oxy-30 combustion were much higher than those of air combustion under the same
combustion pressure, which explains the lower SO, emissionsin oxy-30. Fig. 6 shows
the sulfur mass balance which included SO; in the flue gas and the organic S and
sulfatesin all of the ashes. It is clear that more sulfur was converted to sulfates in ashes
under oxy-30 combustion, which lead to alower SO, emission. Some researchers [18]
attributed the higher S content in coal ash with oxy-coal combustion to the higher SO2
concentration in flue gas, as the higher SO. concentration in the flue gas is beneficia
to the conversion of SO» to sulfates. However, the SO concentration in the flue gas
under oxy-30 combustion condition was only 10-20% higher than that of air combustion
in this study dueto the lack of recycled flue gas. The longer gas-ash contact time under
the oxy-combustion conditions should have also improved the formation of sulfatesin
the ashes [19]. It has been noticed that the sulfur mass balance in Fig. 6 was still not
completely closed in this study. Possible sources of unaccounted sulfur mainly include
the sulfur retained in water and the sulfur converted to SOz (gas). As not al of the
residual ash was collected, the mass fraction of sulfur element in all residual ash was
assumed to be the same as that of thefilter ash despite of the fact that the filter ash only

represented 50-70% of al residual ash. According to Fleig et a. [19], the ash samples
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collected from the reactor wall and cooling tubes had a much higher S content than that
of the filter ash. Therefore, the actual amounts of sulfur retained in the residua ash
could be higher than the calculated values shown in Figs. 5-6.

Fig. 4 dso compares the SO, emissions under different combustion pressures with
the same atmosphere. In order to eliminate other parameters effects, the bed
temperature was kept at about 900 °C while the oxygen concentration in the flue gas
was kept at about 3-4 vol%. The SO, emission was amost independent of the
combustion pressure as it showed negligible changes when the pressure was increased
from 0.1 MPato 0.4 MPa under the same combustion atmosphere. A recent study from
Duan et al. [37] showed that the SO. emission decreased dramatically with an increase
in combustion pressure, and the author attributed the reduction of SO, emission to the
enhanced self-desulfurization of ash under high pressures. However, atrend similar to
that of Duan et al. [37] was not observed in this study. Self-desulfurization is mainly
determined by the quantities of alkali and alkaline earth metals (Na, K, Mg, Ca) in the
fuel ash but the coal used in this study is different from the coals used by Duan et al.
[37] both in terms of rank and ash content, and this should have contributed to the
difference in the effect of pressure on the SO, emission between this study and Duan et
al. [37]. Sincethe pressure had an insignificant impact on SO, emissions, the conversion
of SO, to SOs in this study should be very small even though the previous simulation
study [38] had showed that up to about 20% of SO could be converted to SOs under
the pressure of 1.5 MPa at 900 °C. As aready pointed out, the SO, emissions of air
combustion were aways higher than those of oxy-fuel combustion under the same

combustion pressure, whether at atmospheric or pressurized condition.
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Severa previous studies proved that the excess air/oxygen played an important
role in CO and NOx emissions under both atmospheric air and oxy-fuel combustion
conditions [35, 39], whereas the experimenta results from Tan [21] showed that the
SO- emission remained stable when the excess oxygen ratio was increased from 1.05
to 1.20. Fig. 7 showsthe effect of excess oxygen level in theflue gas on SO, emissions.
Although the uncertainty associated with SO» emissions was about 50 mg/MJ, which
was largely caused by the fluctuations of coal feeding rate, air or Oo/CO2 mixture flow
rate and combustion in the fluidized bed combustor, there was no obvious change in
SO, emission being observed under both pressures of 0.1 MPa and 0.4 MPa when the
oxygen concentration in the flue gas was increased from 2 vol% to 7 vol%. This
indicates that the excess oxygen level of the combustion had little effect on the SO-
emissions under the conditions of this study. It isworth mentioning that this conclusion
was drawn on the basis of a good coa burnout being maintained under al excess
oxygen levels (the carbon mass loss of the coal [33] can be calculated by using the data
shownin Table 1 and Table 4, and it was about 85%-92% in this study, which indicates
agood coa burnout). If the coal was far away from complete burnout in the combustor,
alarge quantity of combustibles would be contained in the bottom ash and fly ash and
an increase in excess oxygen would promote the combustion efficiency, hence increase

the SO, emissions significantly.
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3.2 Desulfurization of limestone

One of the advantages of fluidized bed combustion is the in-furnace
desulfurization by introducing limestone into the combustor directly, and its efficiency
canreach up to 90% [2]. Fig. 8 showsthe equilibrium curve of CaCOs calcination which
is highly dependent on the CO: partial pressure and temperature [24-25]. In traditiona
atmospheric air FB combustion, the reaction condition leads to the indirect
desulfurization, i.e., a step of calcination of limestone (Reaction 1) occurs before SO>
is captured by CaO (Reaction 2), instead of CaCOs (Reaction 3). Fig. 9 (a) shows the
real-time data of temperatures and gas concentrations for one test with limestone
injection (Ca/lS=2.5). It can be seen that the SO» concentration of air combustion
reduced to about 160 ppm whereas it was about 1000 ppm without limestone (Fig. 3
(a)), and the desulfurization efficiency was over 80%. Although the bed temperature
was kept at the same level (880 °C), the SO- concentration increased constantly to 750

ppm after the oxidant was switched from air to oxy-30, and the desulfurization



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

efficiency decreased dramatically to 55%. The lower desulfurization efficiency of
limestone in oxy-fuel combustion has also been observed by many other researchers
[26-28]. Jiaet a. [28] found that the sulfur capture efficiency dropped from 86% (air)
to 65% (oxy-34), and Lupianez et al. [27] reported adecline of 18% from air to oxy-25.
Because the CO> concentration in the flue gas was about 85-90 vol% in oxy-fuel
combustion conditions, the CO- partial pressure was 80-90 kPa, and the calcination of
limestone cannot occur unless the temperature reaches about 900 °C. As many
experiments [45] have proved that the surface of CaO particle is much more porous
than that of CaCOz3 due to the release of CO2 during the calcination process, SO. can
enter the inner part of the CaO particle easily, which increases the sulfur capture
capacity. Therefore, the transition from indirect to direct desulfurization led to the lower
sulfur capture efficiency in oxy-fuel combustion. As shown in Fig. 9 (a), the SO»
concentration decreased from 750 ppm to 300 ppm after the bed temperature was
increased from 880 °C to about 940 °C. The higher temperature allowed the limestone
to decomposeinto CaO and CO- (Reaction 1) under the oxy-fuel combustion condition,

and hence increased the sulfur capture efficiency.
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Fig. 9 (b) shows the desulfurization behavior of limestone under 0.4 MPa with
both air and oxy-30 atmospheres. The SO concentration of air combustion under 0.4
MPa (650 ppm) was higher than that under atmospheric pressure (160 ppm). Even
though the CO- concentration was only about 15-18 vol% under the air combustion
condition, the CO, partial pressure was increased to 60-72 kPa when the total
combustion pressure quadrupled from 0.1 MPa to 0.4 MPa Similar to oxy-fuel
combustion conditions, the higher CO. partial pressure with the pressurized air
combustion inhibited the calcination of limestone, and hence reduced the
desulfurization efficiency. Fig. 10 compares the desulfurization efficiencies of
limestone under different combustion pressures in both air and oxy-30 atmospheres
with a bed temperature of 890 °C. The decline of the desulfurization efficiency from

atmospheric air combustion to atmospheric oxy-30 combustion or pressurized air

combustion was mainly caused by the transition from indirect to direct desulfurization.



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

In addition to the lower reaction rate of direct desulfurization, Illerup et al. [40] aso
found that CaCOs particles were more likely to sinter due to its lower melting
temperature, which could lead to the lower degree of sulfation under uncalcined
conditions. As the bed temperature of 890 °C was close to the critical temperature of
calcination, the higher CO: partial pressure under the atmospheric oxy-30 combustion
condition than under the pressurized air combustion condition was more adverse to the
calcination, which led to alower desulfurization efficiency with the atmospheric oxy-
30 combustion. This phenomenon was aso observed by Ulerich et a. [41] and
Bulewicz et al. [42] who concluded that the sulfur capture capacity of limestone
decreased with increasing CO» partia pressure under direct desulfurization conditions.
The CO. partia pressure became much higher under the pressurized oxy-fuel
combustion conditions. Specifically, with the total combustion pressure of 0.4 MPaand
the CO» concentration of about 90 vol%, the CO; partia pressure reached about 340-
360 kPa. Fig. 8 clearly shows that the calcination of limestone cannot occur with a
reaction temperature of 940 °C for the oxy-fuel combustion at 0.4 MPa. In theory, the
higher CO» partia pressure under the pressurized oxy-30 combustion condition than
that under the atmospheric oxy-30 combustion condition should lead to a lower
desulfurization efficiency. However, the efficiency of oxy-combustion rose from 54%
to 63% after the combustion pressure was increased from 0.1 MPato 0.4 MPa(Fig. 10).
In this case, it should be noticed that the higher CO- partia pressure was caused by an
increase in the total combustion pressure rather than the CO, volumetric concentration
in the combustion products. Lisaand Hupa[43] investigated the effect of total pressure
on the sulfation of two different l[imestone (with air atmosphere) by using a pressurized
thermogravimetric analyzer, and found that an increase in the total pressure from 1.0

MPa to 2.5 MPa promoted the conversion of CaCOs to CaSO4 through the route of



403  direct desulfurization. The experimental results of this study confirmed that a higher
404  total pressure was beneficial to the direct desulfurization of oxy-fuel combustion in a
405  fluidized bed combustor, even though the CO. partial pressure was increased
406  proportionally to the total pressure. Therefore, although increasesin CO, concentration
407  and combustion pressure can both increase the CO; partial pressure, their effects on the
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413 Figure 10. Desulfurization efficiency of limestone at bed temperature of 890 °C
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415 Fig. 11 shows the effects of temperature on the desulfurization efficiency under
416  different combustion pressures and atmospheres. Under the atmospheric air combustion
417  conditions, the optimum temperature of indirect desulfurization was about 840 °C

418  which agreed with previous studies [41, 43]. When the temperature was increased to
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890 °C, a dlight decline of efficiency was observed, and this could be due to that the
higher temperature increased the number of pores in the particle surface but reduced
their sizes, which made it easier for them to be blocked by the product layer of CaSO4
[41, 43].

When the oxidant was switched from air to oxy-30 or the pressure was increased
from 0.1 MPato 0.4 MPa, the calcination of limestone did not occur if the temperature
was below 900 °C, and the sulfation mechanism was shifted from indirect to direct
desulfurization. Fig. 11 shows that al of the direct desulfurization efficiencies of
different combustion conditions were lower than the indirect desulfurization
efficiencies of atmospheric air combustion. With abed temperature of 840 °C, thedirect
desulfurization efficiency varied between 40-50% whereas the indirect desulfurization
efficiency under atmospheric air combustion condition was about 80%. Fig. 11 clearly
shows that the effect of the temperature increment from 840 °C on the direct
desulfurization efficiency was very different from that on the indirect desulfurization
of air combustion at atmospheric pressure. All of the direct efficiencies increased by
about 15%, whereas the indirect efficiency remained more or less at 80%, when the bed
temperature was increased from 840 °C to 890 °C. The promoting effect of the
temperature increase on the direct desulfurization efficiency was mainly attributed to
the combination of the higher direct desulfurization reaction rate and the larger effective
diffusivity of SO,. The same promoting effect was observed previously with
pressurized air combustion [43] and atmospheric oxy-fuel combustion [44]. The results
obtained in this study confirm that higher combustion temperatures al'so enhance the
direct desulfurization in the pressurized oxy-fuel fluidized bed combustion. Fig. 11 also
shows that when the temperature was below 900 °C, the desulfurization efficiency of

the pressurized oxy-30 combustion (0.4 MPa) was higher than that of the atmospheric
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oxy-30 combustion. This agrees with the conclusion derived from the results shown in
Fig. 10 and by other researchers [43] that an increase in combustion pressure increases
the direct desulfurization efficiency. A further increase in bed temperature to 940 °C
allowed the limestone to calcine under the atmospheric oxy-30 combustion condition,
and the transition from direct to indirect desulfurization led to a higher desulfurization
efficiency. According to the thermodynamic equilibrium curve shown in Fig. 8, the
cacination of limestone cannot occur under the pressurized oxy-30 combustion
condition (0.4 MPa) with a bed temperature of 940 °C, and the direct desulfurization
efficiency should be much lower than the indirect desulfurization efficiency under the
conditions of 0.1 MPa and oxy-30. However, the direct desulfurization efficiency (0.4
MPa, oxy-30, 940 °C) reached 79% which was just 2% less than that of the indirect
desulfurization efficiency (0.1 MPa, oxy-30, 940 °C). In this case, the positive effect of
higher pressure on direct desulfurization narrowed the desulfurization efficiency gap,
and the desulfurization efficiency of limestone in pressurized oxy-coa combustion
became comparable to that in atmospheric oxy-coal combustion with a reaction

temperature of 940 °C.
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Figure 11. Effect of temperature on desulfurization efficiency

3.3 Surface structure of limestone

Asmany previous studies showed that the surface structure of sorbents determined
the desulfurization rate and efficiency [24-25, 44], it is important to investigate the
effects of combustion pressure, temperature and atmosphere on the surface structure of
limestone in this study. Because the product of limestone can hardly be separated from
ashes or bed materials after the fluidized bed combustion experiments, the limestone
product samples were prepared in a tube furnace under similar reaction conditions to
those in the fluidized bed combustor. Although the limestone particles in the tube
furnace were static and there was alack of particle to particle collisions, the results of
the tube furnace experiments should still be helpful for usto understand the calcination
and desulfurization behaviors of limestone in the fluidized bed combustor.

Fig. 12 shows the SEM images of particle surface under different reaction
conditions without SO». Fig. 12 (a) presents the surface of araw limestone particle, and

it can be seen that the surface was largely non-porous. Fig. 12 (b) shows the surface of
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particles under a typical air combustion condition, and many pores was seen on the
surface as aresult of the CO- release during the calcination of limestone. These pores
on the surface increase the specific surface area of the particles and accelerate the
desulfurization rate, which explained the higher desulfurization efficiency of air
combustion (Fig. 11). Fig. 12 (c¢), (d) and (e) depict the surface structures of the
limestone particles under the atmospheric oxy-30 combustion condition at 850, 900 and
950 °C, respectively. As shown in Fig. 8, the calcination of limestone cannot occur
under the atmospheric oxy-30 combustion condition at a bed temperature of 850 °C,
and no pore was observed on its surface (Fig. 12 (c)). With an increase in temperature
from 850 °C to 950 °C under the atmospheric oxy-30 condition, more and more pores
appeared on the surface (Fig. 12 (d) - (e)), which indicated the calcination occurred.
These SEM images confirmed the analysisin section 3.2 that the higher desulfurization
efficiency with an increase in temperature under the oxy-combustion condition was
caused by the transition from direct desulfurization to indirect desulfurization. Fig. 12
(f), (g) and (h) show the surfaces of sorbent particles under the conditions of oxy-30
combustion at 0.4 MPa with different temperatures. According to the thermodynamic
equilibrium curve shown in Fig. 8, the calcination of limestone under the condition of
oxy-30 combustion at 0.4 MPa will not occur even the temperature reaches 950 °C.
Compared with Figs. 12 (d) and (e), Figs. 12 (g) and (h) had fewer pores, hence
indicating the higher combustion pressure indeed inhibited the cal cination of limestone.
Besides, these SEM images also show the sintering conditions of the limestone particle
surfaces. The surface of the limestone particles under the atmospheric air combustion
condition (Fig. 12 (b)) was smooth, and no edge or corner could be observed. However,
the surfaces (Fig. 12 (c)) under the atmospheric oxy-30 combustion condition at the

same reaction temperature (850 °C) showed no sign of sintering and looked like almost
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the same as the surface of raw limestone particles (Fig. 12(a)). This seems to be
contradicting with the fact that CaCOs has alower melting temperature (1339 °C) than
that of CaO (2572 °C), and further research is needed to clarify this. With an increase
in temperature from 850 °C to 950 °C, sintering phenomena were observed on the
surfaces (Figs 12. (d) - (h)) of limestone particles under the conditions of oxy-30
combustion at both 0.1 MPaand 0.4 MPa.

Fig 13 shows the specific surface area (BET surface area) of sorbent particles
under different reaction conditions. The raw limestone sample had a specific surface
area of 0.49 m?/g but the surface area increased significantly to 15.23 m?%/g after the
calcination under the atmospheric air combustion condition at 850 °C. The specific
surface area of the limestone particles under the atmospheric oxy-30 combustion or the
pressurized (0.4 MPa) combustion condition at 850 °C was seen to be very similar to
that of the raw limestone particle (0.4 MPa), and this indicates that the calcination of
limestone did not occur under the condition. When the temperature was raised to 900
°C, the surface areaunder the condition of atmospheric oxy-30 combustion and 0.4 MPa
air combustion condition increased to 4.78 m?/g and 2.45 m?/g respectively, which
indicates the occurrence of calcination. With a further temperature increase to 950 °C,
the specific surface area with the atmospheric oxy-30 combustion reached about 13.9
m?2/g which was close to that of atmospheric air combustion at 850 °C. The increase of
specific surface area with temperature (Fig. 13) showed the same pattern as the
desulfurization efficiency (Fig. 11). Under the pressure of 0.4 MPa and oxy-30
amosphere, the specific surface area of the limestone particles remained amost
constant when the temperature was increased from 850 to 950 °C, which agreed with
the results of SEM images (Figs. 12 (g — h)) and the thermodynamic equilibrium curve

in Fig. 8 that almost no calcination occurred.
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Fig. 14 shows the SEM images of the limestone product surfaces under different
reaction conditions with the presence of SO- (1000 ppm). The main difference in the
reaction conditions between thetests of Fig. 12 and Fig. 14 wastheintroduction of SO5.
Compared Fig. 14 with Fig. 12, it is clear that a product layer was generated on the
outer surface of the particles, which was caused by the higher molar fraction of CaSO4
than CaO and CaCOs [45]. As mentioned above, an increase in temperature from 850
°C to 950 °C under the atmospheric oxy-30 condition leads to the transition from direct
to indirect desulfurization of limestone, and Fig. 14 (b) has fewer pores over the entire
surface than Fig. 14 (a). It should be noticed that the fewer pores on the surface with
indirect desulfurization doesn’'t mean the less formation of pores during the whole
process. Conversaly, more pores appeared on the surface at the early stage due to the
release of CO2 (Fig. 12 (e) has more pores than Fig. 12 (c)). However, the formation

rate of CaSO4 by indirect desulfurization was much faster than that of direct
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desulfurization, resulting in plugging of pores and formation of a dense product layer
on the surface[14] (Fig. 14 (b) has fewer pores over the entire surface than Fig. 14 (a)).
Under the pressure of 0.4 MPa, the limestone was still non-calcining when the reaction
temperature was increased to 950 °C, but the fewer pores on the surface in Fig. 14 (d)
than Fig. 14 (c) caused by the coverage of CaSO4 product layer indicated that the direct
desulfurization rate increased significantly with temperature, which can also explain

the high desulfurization efficiency at 950 °C (Fig. 11).
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Figure 14. SEM photographs of particle surface of (a) 0.1 MPa, oxy-30, 850°C (b) 0.1
MPa, oxy-30, 950°C (c) 0.4 MPa, oxy-30, 850°C (d) 0.4 MPa, oxy-30, 950°C with
SOz
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4. Conclusions

Experiments focusing on SO» emissions and the desulfurization of limestone were
carried out in a 30 kWi pressurized fluidized bed combustor under both air and oxy-
fuel combustion conditions. The effects of combustion pressure, atmosphere and
temperature on SO, emissions and desulfurization efficiency of limestone were
thoroughly investigated. Scanning electron microscopy (SEM) imaging and nitrogen
adsorption analysis were applied to study the surface structures of limestone products.
The following conclusions can be drawn from the experimental results:

(1) SO. emissions were amost independent of combustion pressure and excess
oxygen coefficient under both air and O/CO, combustion atmospheres.

(2) Under both atmospheric and pressurized combustion conditions, SO>
emissions from air combustion were about 15-20 % higher than those from oxy-30
combustion atmosphere as more sulfur was retained in the fuel ashes produced by the
oxy-30 combustion.

(3) Under the conditions of this study, with a given combustion pressure, an
increase in CO2 concentration decreased the direct desulfurization efficiency of
limestone. Conversely, an increase in combustion pressure increased the direct
desulfurization efficiency if the CO, concentration was fixed.

(4) An increase in bed temperature from 850 °C to about 950 °C significantly
improved the desulfurization efficiency of limestone in oxy-coa combustion. With the
same bed temperature of about 950 °C, the direct desulfurization efficiency of the
pressurized oxy-coa combustion (0.4 MPa) was comparable to the indirect
desulfurization efficiency of atmospheric oxy-coa combustion.

(5) The SEM images and BET surface areas of the reacted limestone particles

confirmed that the calcination of limestone could not occur under the pressurized oxy-
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coal combustion condition (0.4 MPa, Oxy-30) with a bed temperature of about 950 °C,
and hence the desulfurization proceeded through the direct desulfurization reaction
route. However, the surface morphology of the reacted limestone particles was similar
to that of indirect desulfurization under the atmospheric oxy-coa combustion condition
due to the high formation rate of CaSO4 product layer under the pressurized oxy-codl
combustion condition (0.4 MPa, Oxy-30, 950 °C).

Theresults of this study have shown that limestone can still be used as an effective
SO, sorbent under the pressurized oxy-coal combustion conditions as long as the
combustion temperature is raised to about 950 °C from the norma atmospheric FB
combustion temperature at ca. 850 °C. Our future work will focus on the investigation
of the effectiveness and mechanism of dolomite in capturing SO, under the pressurized
oxy-coal combustion conditions at different combustion temperatures. Limestoneisthe
most frequently used SO, sorbent for FB combustion because of its excellent
availability and lower cost, whereas dolomite is recommended for pressurized fluidized
bed combustion due to the beneficial roles of MgCOs to capture SO- at high pressure

[45-47].
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