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Abstract11

Pressurized oxy-fuel combustion (POFC) has attracted wide attention due to its12

potentials of high efficiency and low cost in CO2 capture. Compared with numerical13

simulation and system analysis, there are few experimental studies about POFC. In14

order to investigate the SO2 emissions and desulfurization behaviors of limestone under15

continuous fuel-feeding POFC conditions, a series of oxy-coal combustion experiments16

were conducted with a 30 kWth pressurized fluidized bed combustor. The results17

showed that the SO2 emission was almost independent of combustion pressure and18

excess oxygen coefficient, while it was higher in air than in O2/CO2 atmosphere because19

less sulfur was retained by the coal ash. Although the higher CO2 partial pressure caused20

by an increase in combustion pressure from 0.1 MPa to 0.4 MPa had negative effects21

on the calcination of limestone and inhibited the indirect desulfurization, the higher22

combustion pressure was beneficial to improve the direct desulfurization efficiency. An23

increase in combustion temperature from 850 oC to 950 oC significantly improved the24

desulfurization efficiency of limestone with both atmospheric and pressurized oxy-coal25

combustion. SEM images were obtained and used to show the surface morphology of26

limestone products under different combustion conditions, which was helpful to the27

understanding of the desulfurization behaviors of limestone.28

29

Keywords: SO2 emissions; Desulfurization; Oxy-coal combustion; Pressurized30
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1. Introduction33

Oxy-fuel combustion has been widely accepted as a highly-effective CO2 capture34

and storage (CCS) technology [1-3], and a combination of this technology with35

fluidized beds, i.e., oxy-fuel combustion in fluidized beds, has attracted a lot of attention36

from researchers during last decade due to its inherent advantages in fuel flexibility, in-37

furnace desulfurization and low NOx emissions [2, 4-5]. Although oxy-fuel38

combustion-based CCS can still lead to a reduction of about 10% in the net plant39

efficiency [6], pressurized oxy-fuel combustion (POFC) has been proposed as an option40

to improve the efficiency [7]. Many performance analyses of POFC have concluded41

that an increase in combustion pressure can decrease the reduction of the net plant42

efficiency resulted from oxy-fuel combustion-based CCS as the higher combustion43

pressure is helpful to recover more thermal energy from the flue gas and reduce the44

energy cost of CO2 compression work [8-10]. The limited experimental investigations45

on POFC conducted so far have showed that increasing the combustion pressure can46

not only improve the combustion rate and combustion efficiency [11-12] but also reduce47

NOx emissions [13].48

In-furnace desulfurization by use of a sulfur capture sorbent such as limestone is49

one of the most important features with fluidized bed combustion. Therefore, the studies50

of oxy-fuel combustion in fluidized beds must address in-furnace desulfurization and51

emissions of SO2 which is a main precursor to acid rain. High concentrations of SO2 in52

the flue gas can cause not only the corrosion of devices/pipes but also negative impacts53

on CO2 compression and purification. SO2 emission behaviors with atmospheric oxy-54

fuel combustion have been widely studied [14-20]. For example, the SO2 concentration55



in the flue gas under atmospheric O2/CO2 atmosphere was found to be higher than that56

under air due to the recycled flue gas [14-16]. Several studies [17-19] found that the57

SO2 emission under O2/CO2 atmosphere was about 15-30% less than that under air, with58

the decrease of SO2 emission being attributed to more SO2 being absorbed by the59

condensate water or retained by the ash under the O2/CO2 atmosphere. On the other60

hand, Liu et al. [20] showed that the SO2 emission was almost independent of the61

atmosphere, air or O2/CO2. Possible reasons for these conflicting results may include62

the differences in the oxy-fuel combustion systems and the properties of fuel ash63

between these previous investigations. Furthermore, previous experimental results have64

shown that the excess air/oxygen, combustion temperature and O2 concentration in the65

oxidizer have insignificant effects on SO2 emissions under atmospheric O2/CO266

atmosphere once the steady combustion condition is achieved [21-23].67

Fluidized bed combustion is well-known for its economical desulfurization by68

introducing calcium based sorbents (e.g. limestone) into the furnace [24-25]. In a69

traditional FB combustor of air combustion, the calcination of limestone occurs prior70

to the desulfurization reaction (indirect desulfurization: Reactions 1-2). However, the71

higher CO2 partial pressure in oxy-fuel combustion may hinder the proceeding of72

calcination, and sulfurization may occur directly between CaCO3 and SO2 (Reaction 3)73

[24].74

3 2CaCO CaO+CO (1)

2 2 4

1
CaO+SO + O CaSO

2
 (2)
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The two different sulfurization routes, indirect and direct, are mainly determined75

by the CO2 partial pressure and the combustion temperature [24-25]. It has been proved76

that the higher CO2 concentration in the flue gas of oxy-fuel combustion could lead to77

the transition from indirect sulfurization to direct sulfurization, reducing the reaction78

rate as well as desulfurization efficiency dramatically [26-28]. According to the79

equilibrium theory [24-25], the calcination temperature of limestone increases with CO280

partial pressure. Therefore, one effective method to increase the desulfurization81

efficiency of oxy-fuel combustion is to increase the combustion temperature. Previous82

investigations [29-30] had showed that when the temperature was increased from 85083

oC to about 920 oC, the indirect desulfurization occurred, and the overall desulfurization84

efficiency increased significantly. In addition to the experiments conducted in FB85

combustors mentioned above [14, 17, 21, 26-29], Kim et al. [25], Jeong et al. [24] and86

Francisco et al. [31] had also investigated the desulfurization mechanisms and87

behaviors of limestone by using thermo-gravimetric analyzers. It was found that the88

direct desulfurization reaction rate increased with the temperature while that of indirect89

desulfurization was hardly affected by the temperature. Besides, the product layer and90

pore structure formed on the surface of sorbents affect the desulfurization reaction91

significantly. The particle size of the sorbents and SO2 concentration also play92

important roles in the desulfurization process under oxy-fuel combustion conditions,93

and generally the desulfurization efficiency decreases with sorbent particle size but94

increases with an increase in SO2 concentration [32]. In theory, an increase in95



combustion pressure will increase the CO2 partial pressure, which may cause negative96

effects on the desulfurization. However, there are few experimental investigations about97

the SO2 emission and desulfurization under POFC conditions to elucidate the effect of98

combustion pressure on desulfurization. This knowledge gap can significantly hinder99

the development of POFC technology as the knowledge is indispensable for the100

conceptual design of SO2 control strategies for POFC systems.101

This study investigates the SO2 emission behaviors of both air and oxy-coal102

combustion in a 30 kWth fluidized bed combustor under different POFC conditions. The103

effects of combustion atmosphere, pressure and temperature on the desulfurization of104

limestone were investigated thoroughly. Scanning electron microscopy (SEM) and105

nitrogen adsorption analysis were used to characterize the surface structures of106

limestone under different POFC conditions.107

108

2. Experimental109

2.1 Experimental setup110

The SO2 emission and desulfurization experiments of this study were carried out111

with a 30 kWth pressurized fluidized bed combustion system shown in Fig. 1(a), which112

had been described elsewhere [33]. As it was too difficult to separate the limestone113

products with the coal ash and bed materials after the combustion experiments in the114

fluidized bed system, a pressurized tube furnace system [34] (Fig. 1(b)) was used to115

investigate the surface structure of limestone under the same pressures and atmospheres116

as those in the fluidized bed combustor.117



118

119

Figure 1. Scheme of (a) POFC system (b) pressurized tube furnace system120

121

122

2.2 Fuel and material123

One typical anthracite from Shanxi province, China, was used in all of the tests.124

Table 1 gives the analysis of the coal sample. Silica sand with the particle size ranging125

from 0.4 mm to 1.6 mm was used as the bed material. The limestone used in this study126

mainly consists of CaCO3 and its composition is presented in Table 2. Fig. 2 shows the127



size distributions of the coal, silica sand and limestone particles.128

129

Table 1. Ultimate analysis and proximate analysis of the anthracite coal130

Anthracite

Proximate Analysis (wt%, as received)

Moisture 2.51

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

Table 2. The main composition of limestone sample132

Composition CaCO3 SiO2 Al2O3 Fe2O3 MgO

Content (wt %) 92.31 3.20 1.83 1.20 0.79

133

134
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135

136

Figure 2. Particle size distribution of (a) coal particle (b) silica sand (c) limestone137

138

2.3 Procedure139

2.3.1 SO2 emission and desulfurization140

Table 3 (a) shows the operating parameters of all tests. The total weight of the bed141

materials (silica sand) was fixed at 1.5 kg for all tests which included atmospheric air,142

atmospheric oxy-fuel, pressurized air and pressurized oxy-fuel combustion tests. In143

order to keep the superficial gas velocity and excess oxygen at the same level between144

different tests, the coal feeding rate and oxidant flow rate were increased in proportion145
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to the combustion pressure and the bed temperature was controlled by the water cooling146

system. Tests without limestone (Ca/S = 0) were used to study the SO2 emission147

behaviors while tests with the Ca/S molar ratio of 2.5 were carried out to investigate148

the desulfurization efficiency of limestone under different conditions. The SO2149

concentration in the flue gas was measured by using a flue gas analyzer (MADUR GA-150

21 plus) with the SO2 measuring module (measuring range: 0 - 5000 ppm and the151

precision is 1 ppm), and all the experimental results were ensured by repeated runs.152

2.3.2 Surface structure of limestone153

A crucible loaded with 1 g limestone particles was first placed in the unreactive154

zone of the pressurized tube furnace, and then the reactor was sealed under room155

temperature. Before the furnace was heated, the reactant gas was introduced, and the156

pressure was controlled to a desired level. The crucible containing limestone particles157

was pushed into the reaction zone by the push rod after the temperature reached the158

target value. After 2 hours, the heater was turned off, and the inlet gas was switched to159

N2 while the pressure was maintained constant. When the temperature dropped to 300160

oC, the crucible was taken out, and the products in the crucible were collected.161

Afterwards, the products were characterized by a scanning electron microscopy (S-162

3400N II) and a nitrogen adsorption analyzer (ASAP 2020M). Table 3 (b) summarizes163

the operating parameters of the pressurized tube furnace tests.164



Table 3 (a). Operating parameters and dry flue gas compositions of POFC experiments165

Pressure
(MPa)

O2 in
(vol %)

CO2 in
(vol %)

Fuel input
(kg/h)

Total gas
flow

(NM3/h) *

Superficial gas
velocity
(m/s)* *

Ca/S T1
(C)

O2 out
(vol %)

CO2 out
(vol %)

SO2

(ppm)

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 2.3-6.5 90-94 1050-1230
0.1 Air Air 0.50-0.65 4.5-6.0 0.99-1.42 2.5 815-900 3.0-4.2 17-18 130-200
0.1 30 70 0.50-0.70 3.0-4.3 0.68-1.06 2.5 840-950 2.8-3.6 92-94 300-1000
0.4 Air Air 2.70 21.0-26.0 1.23-1.56 0 880-910 2.1-6.4 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 2.5 815-900 2.7-4.0 17-18 320-650
0.4 30 70 2.50-2.80 16.1-18.4 0.91-1.14 2.5 840-950 2.5-6.8 89-93 300-780

* NM3/h – cubic meter per hour under standard conditions (0 C and 1 atm)166
**Superficial gas velocities were calculated on the basis of the measured bed zone temperature T1167



Table 3 (b). Operating parameters of pressurized tube furnace experiments168

Pressure
(MPa)

O2 in
(vol %)

CO2 in
(vol %)

SO2

(ppm)
Temperature

(oC)
0.1 Air Air 0 850

0.1 30 70 0 850, 900, 950

0.1 30 70 800-1000 850, 950

0.4 Air Air 0 850, 900

0.4 30 70 0 850, 900, 950

0.4 30 70 800-1000 850, 950

169

2.4 Calculation method170

The percentages of Coal-S converted to SO2 and retained by the coal ash can be171

calculated using Equations 4-6:172

2

2 fg

S SO

coal

[SO ]
C = 100%

[S]
  (4)

ash
S ash-organic-S

coal

[organic-S]
C = 100%

[S]
  (5)

ash coal
S ash-sulfate-S

coal

[sulfate-S] - [sulfate-S]
C = 100%

[S]
  (6)

Where [SO2]fg, [sulfate-S]ash, [organic-S]ash, [sulfate-S]coal and [S]coal represent the173

molar SO2 in the flue gas, the molar sulfur as sulfate in the coal ash, the molar sulfur as174

organic sulfur in the coal ash, the molar sulfur as sulfate in the feeding coal and the175

molar sulfur as organic sulfur in the feeding coal (per unit time), respectively. [organic-176

S] and [sulfate-S] were obtained by elemental analysis (Table 1, Table 4 (a)) and X-ray177

fluorescence (XRF) analysis (Table 4 (b), Table 5), respectively.178

The desulfurization efficiency of limestone ( η ) is commonly calculated by the179

Equation (7) [26]:180



2 fg

coal

[SO ]
η = (1 - ) 100%

[S]
 (7)

It is worth mentioning that not all the sulfur in coal can be converted to SO2, and181

the minimum value of η is not zero even though no limestone is introduced. As shown182

later in Section 3.1, the coal ash has some sulfur retention ability, and the183

desulfurization efficiency without limestone addition is the self-desulfurization184

efficiency of the coal ash. In order to separate the desulfurization of the coal ash from185

that of limestone, the desulfurization efficiency of limestone was calculated by186

Equation (8):187

2 fg, with limestone

2 fg, no limestone

[SO ]
η = (1 - ) 100%

[SO ]
 (8)

Where [SO2]fg,with limestone and [SO2]fg,no limestone represent the molar SO2 in the flue188

gas with and without limestone injection (per unit time), respectively.189

190

Table 4 (a). Elementary analysis of ashes (no addition of limestone)191

Ash type
Pressure
(MPa)

Atmosphere
C

(%)
N

(%)
H

(%)
S

(%)

Cyclone ash

0.1 Air 45.1 0.27 0.44 0.59
0.1 Oxy-30 39.9 0.22 0.41 0.66
0.4 Air 35.5 0.18 0.23 0.60
0.4 Oxy-30 32.3 0.14 0.20 0.58

Bottom ash

0.1 Air 0.24 0.06 0.53 0.50
0.1 Oxy-30 0.80 0.06 0.50 0.58
0.4 Air 0.43 0.07 0.28 0.42
0.4 Oxy-30 0.71 0.05 0.26 0.53

Residual ash
(filter ash)

0.1 Air 50.1 0.27 0.41 0.61
0.1 Oxy-30 43.9 0.21 0.38 0.69
0.4 Air 39.5 0.16 0.20 0.58
0.4 Oxy-30 37.3 0.13 0.18 0.60

192

193

194



Table 4 (b). Primary chemical composition of cyclone ashes (no addition of195

limestone)196

Pressure
(MPa)

Atmosphere
Mass loss

(%)
SiO2

(%)
Al2O3

(%)
Fe2O3

(%)
CaO
(%)

SO3

(%)
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
0.4 Air 35.50 28.75 26.26 3.91 2.82 2.39
0.4 Oxy-30 32.37 29.08 25.53 4.24 2.92 4.83

197

Table 5. The main composition of the coal sample198

Composition Mass loss SiO2 Al2O3 Fe2O3 CaO SO3

Content (wt %) 84.79 6.46 5.68 0.91 0.57 0.32
199

3. Results and discussion200

3.1 SO2 emissions201

Fig. 3 (a) and (b) show the real-time data of temperatures and gas concentrations202

for some typical experiments. It should be noticed that the SO2 concentration in the flue203

gas cannot be used to compare the SO2 emission between different combustion204

atmospheres because it is also affected by the gas flow rate. For example, Fig. 3(a)205

shows that the SO2 concentrations of coal combustion in air and 25% O2/75% CO2 (oxy-206

25) were at almost the same value, i.e., about 1000 ppm, but the total gas flow rate of207

oxy-25 was lower than that of air in order to keep the same oxygen flow rate, and hence208

the SO2 emission actually reduced when the oxidant was switched from air to oxy-25.209



210

211
Figure 3. Real-time data of temperatures and flue gas without limestone (a) 0.1212

MPa with the coal feeding rate of 0.60-0.65 kg/h (b) 0.4 MPa with the coal213

feeding rate of 2.50-2.70 kg/h214

215

Fig. 4 compares the SO2 emissions with the normalized emission per energy unit216

under different combustion atmospheres and pressures. The SO2 emission decreased217
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from 837 mg/MJ to 716 mg/MJ (representing a reduction of 14.46%) when the218

combustion atmosphere was switched from air to 30% O2/70 % CO2 (oxy-30) under219

atmospheric pressure, which was in agreement with most previous studies. Although220

the uncertainty associated with SO2 measurement and fluctuations (up to 6%) could not221

be ignored, the decrease of SO2 emissions resulted from the switch of air combustion222

to oxy-coal combustion was considered to be significant and much bigger than the223

uncertainty. Zou et al. [17] found that the SO2 emission under 27.3 % O2/72.7 % CO2224

condition was 15.7% less than that in air, and Croiset et al. [18] also showed the225

conversion ratio of coal-S to SO2 dropped from 91% to 75% when the combustion226

atmosphere was switched from air to O2/CO2 mixtures. As less coal-S was emitted as227

SO2 in oxy-fuel combustion, some researchers analyzed the ash sample and found a228

higher fraction of organic-S or sulfate in ash [19, 36]. Besides, Croiset et al. [18]229

indicated that the condensed water of oxy-fuel combustion had a higher concentration230

of sulfates. Fig. 5 (a) shows the mass fractions of the bottom ash, cyclone ash and231

residual ash under different combustion conditions. Because the size of coal particles232

used in this study was small (0.4-1.8 mm), only a small portion of the total coal ash was233

left in the combustor. The mass fraction of the bottom ash was less than 3% and most234

of the coal ash was collected by the cyclone. The cyclone ash and bottom ash accounted235

for about 80% of the total coal ash. The remaining part of the total coal ash is defined236

in this study as the residual ash which includes the ash in the filter, in the deposits of237

the flue-gas cooler and tubes as well as the part of the fly ash which has not been238

collected by the cyclone or filter, i.e. which has escaped with the flue gas. The detailed239

ash collection process was described in our previous study [33]. Fig. 5 (b) shows the240

percentage of the coal-S retained in the ash as the organic sulfur which was calculated241

on the basis of mass fraction and elemental analysis of different types of ashes (Table 4242



(a)). It is worth mentioning that the mass fraction of organic sulfur element in the243

residual ash was assumed to be the same as that of the filter ash which represented 50-244

70% of the residual ash. Although the overall percentage of coal-S retained as organic245

sulfur in ashes was slightly lower under 0.4 MPa than that under 0.1 MPa, there was no246

obvious difference between air combustion and oxy-30 combustion with the same247

pressure. As the elemental analysis is not able to determine the sulfates in ashes, X-ray248

fluorescence (XRF) analysis was used to identify the ash composition including the249

sulfate, and the results are shown in Table 4 (b). The percentages of SO3 in ashes of250

oxy-30 combustion were much higher than those of air combustion under the same251

combustion pressure, which explains the lower SO2 emissions in oxy-30. Fig. 6 shows252

the sulfur mass balance which included SO2 in the flue gas and the organic S and253

sulfates in all of the ashes. It is clear that more sulfur was converted to sulfates in ashes254

under oxy-30 combustion, which lead to a lower SO2 emission. Some researchers [18]255

attributed the higher S content in coal ash with oxy-coal combustion to the higher SO2256

concentration in flue gas, as the higher SO2 concentration in the flue gas is beneficial257

to the conversion of SO2 to sulfates. However, the SO2 concentration in the flue gas258

under oxy-30 combustion condition was only 10-20% higher than that of air combustion259

in this study due to the lack of recycled flue gas. The longer gas-ash contact time under260

the oxy-combustion conditions should have also improved the formation of sulfates in261

the ashes [19]. It has been noticed that the sulfur mass balance in Fig. 6 was still not262

completely closed in this study. Possible sources of unaccounted sulfur mainly include263

the sulfur retained in water and the sulfur converted to SO3 (gas). As not all of the264

residual ash was collected, the mass fraction of sulfur element in all residual ash was265

assumed to be the same as that of the filter ash despite of the fact that the filter ash only266

represented 50-70% of all residual ash. According to Fleig et al. [19], the ash samples267



collected from the reactor wall and cooling tubes had a much higher S content than that268

of the filter ash. Therefore, the actual amounts of sulfur retained in the residual ash269

could be higher than the calculated values shown in Figs. 5-6.270

Fig. 4 also compares the SO2 emissions under different combustion pressures with271

the same atmosphere. In order to eliminate other parameters’ effects, the bed272

temperature was kept at about 900 oC while the oxygen concentration in the flue gas273

was kept at about 3-4 vol%. The SO2 emission was almost independent of the274

combustion pressure as it showed negligible changes when the pressure was increased275

from 0.1 MPa to 0.4 MPa under the same combustion atmosphere. A recent study from276

Duan et al. [37] showed that the SO2 emission decreased dramatically with an increase277

in combustion pressure, and the author attributed the reduction of SO2 emission to the278

enhanced self-desulfurization of ash under high pressures. However, a trend similar to279

that of Duan et al. [37] was not observed in this study. Self-desulfurization is mainly280

determined by the quantities of alkali and alkaline earth metals (Na, K, Mg, Ca) in the281

fuel ash but the coal used in this study is different from the coals used by Duan et al.282

[37] both in terms of rank and ash content, and this should have contributed to the283

difference in the effect of pressure on the SO2 emission between this study and Duan et284

al. [37]. Since the pressure had an insignificant impact on SO2 emissions, the conversion285

of SO2 to SO3 in this study should be very small even though the previous simulation286

study [38] had showed that up to about 20% of SO2 could be converted to SO3 under287

the pressure of 1.5 MPa at 900 oC. As already pointed out, the SO2 emissions of air288

combustion were always higher than those of oxy-fuel combustion under the same289

combustion pressure, whether at atmospheric or pressurized condition.290



291
Figure 4. SO2 emissions (T1: 880-900 oC, O2: 3-4 vol%)292
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295
Figure 5. (a) Mass fraction of different types of ash (b) Organic sulfur in ash (T1:296

880-900 oC, O2: 3-4 vol%)297

298
Figure 6. Sulfur mass balance (T1: 880-900 oC, O2: 3-4 vol%)299
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Several previous studies proved that the excess air/oxygen played an important301

role in CO and NOx emissions under both atmospheric air and oxy-fuel combustion302

conditions [35, 39], whereas the experimental results from Tan [21] showed that the303

SO2 emission remained stable when the excess oxygen ratio was increased from 1.05304

to 1.20. Fig. 7 shows the effect of excess oxygen level in the flue gas on SO2 emissions.305

Although the uncertainty associated with SO2 emissions was about 50 mg/MJ, which306

was largely caused by the fluctuations of coal feeding rate, air or O2/CO2 mixture flow307

rate and combustion in the fluidized bed combustor, there was no obvious change in308

SO2 emission being observed under both pressures of 0.1 MPa and 0.4 MPa when the309

oxygen concentration in the flue gas was increased from 2 vol% to 7 vol%. This310

indicates that the excess oxygen level of the combustion had little effect on the SO2311

emissions under the conditions of this study. It is worth mentioning that this conclusion312

was drawn on the basis of a good coal burnout being maintained under all excess313

oxygen levels (the carbon mass loss of the coal [33] can be calculated by using the data314

shown in Table 1 and Table 4, and it was about 85%-92% in this study, which indicates315

a good coal burnout). If the coal was far away from complete burnout in the combustor,316

a large quantity of combustibles would be contained in the bottom ash and fly ash and317

an increase in excess oxygen would promote the combustion efficiency, hence increase318

the SO2 emissions significantly.319



320
Figure 7. SO2 emissions with different excess oxygen levels (T1:880 oC - 900 oC)321
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3.2 Desulfurization of limestone324

One of the advantages of fluidized bed combustion is the in-furnace325

desulfurization by introducing limestone into the combustor directly, and its efficiency326

can reach up to 90% [2]. Fig. 8 shows the equilibrium curve of CaCO3 calcination which327

is highly dependent on the CO2 partial pressure and temperature [24-25]. In traditional328

atmospheric air FB combustion, the reaction condition leads to the indirect329

desulfurization, i.e., a step of calcination of limestone (Reaction 1) occurs before SO2330

is captured by CaO (Reaction 2), instead of CaCO3 (Reaction 3). Fig. 9 (a) shows the331

real-time data of temperatures and gas concentrations for one test with limestone332

injection (Ca/S=2.5). It can be seen that the SO2 concentration of air combustion333

reduced to about 160 ppm whereas it was about 1000 ppm without limestone (Fig. 3334
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efficiency decreased dramatically to 55%. The lower desulfurization efficiency of338

limestone in oxy-fuel combustion has also been observed by many other researchers339

[26-28]. Jia et al. [28] found that the sulfur capture efficiency dropped from 86% (air)340

to 65% (oxy-34), and Lupianez et al. [27] reported a decline of 18% from air to oxy-25.341

Because the CO2 concentration in the flue gas was about 85-90 vol% in oxy-fuel342

combustion conditions, the CO2 partial pressure was 80-90 kPa, and the calcination of343

limestone cannot occur unless the temperature reaches about 900 oC. As many344

experiments [45] have proved that the surface of CaO particle is much more porous345

than that of CaCO3 due to the release of CO2 during the calcination process, SO2 can346

enter the inner part of the CaO particle easily, which increases the sulfur capture347

capacity. Therefore, the transition from indirect to direct desulfurization led to the lower348

sulfur capture efficiency in oxy-fuel combustion. As shown in Fig. 9 (a), the SO2349

concentration decreased from 750 ppm to 300 ppm after the bed temperature was350

increased from 880 oC to about 940 oC. The higher temperature allowed the limestone351

to decompose into CaO and CO2 (Reaction 1) under the oxy-fuel combustion condition,352

and hence increased the sulfur capture efficiency.353



354
Figure 8. Thermodynamic equilibrium curve of CaCO3 calcination355
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360
Figure 9. Real-time data of temperatures and flue gas with limestone (a) 0.1 MPa361

with the coal feeding rate of 0.60-0.70 kg/h (b) 0.4 MPa with the coal feeding rate362

of 2.50-2.80 kg/h363

364

Fig. 9 (b) shows the desulfurization behavior of limestone under 0.4 MPa with365

both air and oxy-30 atmospheres. The SO2 concentration of air combustion under 0.4366

MPa (650 ppm) was higher than that under atmospheric pressure (160 ppm). Even367

though the CO2 concentration was only about 15-18 vol% under the air combustion368

condition, the CO2 partial pressure was increased to 60-72 kPa when the total369

combustion pressure quadrupled from 0.1 MPa to 0.4 MPa. Similar to oxy-fuel370

combustion conditions, the higher CO2 partial pressure with the pressurized air371

combustion inhibited the calcination of limestone, and hence reduced the372

desulfurization efficiency. Fig. 10 compares the desulfurization efficiencies of373

limestone under different combustion pressures in both air and oxy-30 atmospheres374

with a bed temperature of 890 oC. The decline of the desulfurization efficiency from375

atmospheric air combustion to atmospheric oxy-30 combustion or pressurized air376

combustion was mainly caused by the transition from indirect to direct desulfurization.377
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In addition to the lower reaction rate of direct desulfurization, Illerup et al. [40] also378

found that CaCO3 particles were more likely to sinter due to its lower melting379

temperature, which could lead to the lower degree of sulfation under uncalcined380

conditions. As the bed temperature of 890 oC was close to the critical temperature of381

calcination, the higher CO2 partial pressure under the atmospheric oxy-30 combustion382

condition than under the pressurized air combustion condition was more adverse to the383

calcination, which led to a lower desulfurization efficiency with the atmospheric oxy-384

30 combustion. This phenomenon was also observed by Ulerich et al. [41] and385

Bulewicz et al. [42] who concluded that the sulfur capture capacity of limestone386

decreased with increasing CO2 partial pressure under direct desulfurization conditions.387

The CO2 partial pressure became much higher under the pressurized oxy-fuel388

combustion conditions. Specifically, with the total combustion pressure of 0.4 MPa and389

the CO2 concentration of about 90 vol%, the CO2 partial pressure reached about 340-390

360 kPa. Fig. 8 clearly shows that the calcination of limestone cannot occur with a391

reaction temperature of 940 oC for the oxy-fuel combustion at 0.4 MPa. In theory, the392

higher CO2 partial pressure under the pressurized oxy-30 combustion condition than393

that under the atmospheric oxy-30 combustion condition should lead to a lower394

desulfurization efficiency. However, the efficiency of oxy-combustion rose from 54%395

to 63% after the combustion pressure was increased from 0.1 MPa to 0.4 MPa (Fig. 10).396

In this case, it should be noticed that the higher CO2 partial pressure was caused by an397

increase in the total combustion pressure rather than the CO2 volumetric concentration398

in the combustion products. Lisa and Hupa [43] investigated the effect of total pressure399

on the sulfation of two different limestone (with air atmosphere) by using a pressurized400

thermogravimetric analyzer, and found that an increase in the total pressure from 1.0401

MPa to 2.5 MPa promoted the conversion of CaCO3 to CaSO4 through the route of402



direct desulfurization. The experimental results of this study confirmed that a higher403

total pressure was beneficial to the direct desulfurization of oxy-fuel combustion in a404

fluidized bed combustor, even though the CO2 partial pressure was increased405

proportionally to the total pressure. Therefore, although increases in CO2 concentration406

and combustion pressure can both increase the CO2 partial pressure, their effects on the407

direct desulfurization efficiency are different. With a given combustion pressure, an408

increase in CO2 concentration decreases the direct desulfurization efficiency of409

limestone. Conversely, an increase in combustion pressure increases the direct410

desulfurization efficiency if the CO2 concentration is fixed.411

412

Figure 10. Desulfurization efficiency of limestone at bed temperature of 890 oC413

414
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890 oC, a slight decline of efficiency was observed, and this could be due to that the419

higher temperature increased the number of pores in the particle surface but reduced420

their sizes, which made it easier for them to be blocked by the product layer of CaSO4421

[41, 43].422

When the oxidant was switched from air to oxy-30 or the pressure was increased423

from 0.1 MPa to 0.4 MPa, the calcination of limestone did not occur if the temperature424

was below 900 oC, and the sulfation mechanism was shifted from indirect to direct425

desulfurization. Fig. 11 shows that all of the direct desulfurization efficiencies of426

different combustion conditions were lower than the indirect desulfurization427

efficiencies of atmospheric air combustion. With a bed temperature of 840 oC, the direct428

desulfurization efficiency varied between 40-50% whereas the indirect desulfurization429

efficiency under atmospheric air combustion condition was about 80%. Fig. 11 clearly430

shows that the effect of the temperature increment from 840 oC on the direct431

desulfurization efficiency was very different from that on the indirect desulfurization432

of air combustion at atmospheric pressure. All of the direct efficiencies increased by433

about 15%, whereas the indirect efficiency remained more or less at 80%, when the bed434

temperature was increased from 840 oC to 890 oC. The promoting effect of the435

temperature increase on the direct desulfurization efficiency was mainly attributed to436

the combination of the higher direct desulfurization reaction rate and the larger effective437

diffusivity of SO2. The same promoting effect was observed previously with438

pressurized air combustion [43] and atmospheric oxy-fuel combustion [44]. The results439

obtained in this study confirm that higher combustion temperatures also enhance the440

direct desulfurization in the pressurized oxy-fuel fluidized bed combustion. Fig. 11 also441

shows that when the temperature was below 900 oC, the desulfurization efficiency of442

the pressurized oxy-30 combustion (0.4 MPa) was higher than that of the atmospheric443



oxy-30 combustion. This agrees with the conclusion derived from the results shown in444

Fig. 10 and by other researchers [43] that an increase in combustion pressure increases445

the direct desulfurization efficiency. A further increase in bed temperature to 940 oC446

allowed the limestone to calcine under the atmospheric oxy-30 combustion condition,447

and the transition from direct to indirect desulfurization led to a higher desulfurization448

efficiency. According to the thermodynamic equilibrium curve shown in Fig. 8, the449

calcination of limestone cannot occur under the pressurized oxy-30 combustion450

condition (0.4 MPa) with a bed temperature of 940 oC, and the direct desulfurization451

efficiency should be much lower than the indirect desulfurization efficiency under the452

conditions of 0.1 MPa and oxy-30. However, the direct desulfurization efficiency (0.4453

MPa, oxy-30, 940 oC) reached 79% which was just 2% less than that of the indirect454

desulfurization efficiency (0.1 MPa, oxy-30, 940 oC). In this case, the positive effect of455

higher pressure on direct desulfurization narrowed the desulfurization efficiency gap,456

and the desulfurization efficiency of limestone in pressurized oxy-coal combustion457

became comparable to that in atmospheric oxy-coal combustion with a reaction458

temperature of 940 oC.459



460
Figure 11. Effect of temperature on desulfurization efficiency461
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3.3 Surface structure of limestone463
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particles under a typical air combustion condition, and many pores was seen on the477

surface as a result of the CO2 release during the calcination of limestone. These pores478

on the surface increase the specific surface area of the particles and accelerate the479

desulfurization rate, which explained the higher desulfurization efficiency of air480

combustion (Fig. 11). Fig. 12 (c), (d) and (e) depict the surface structures of the481

limestone particles under the atmospheric oxy-30 combustion condition at 850, 900 and482

950 oC, respectively. As shown in Fig. 8, the calcination of limestone cannot occur483

under the atmospheric oxy-30 combustion condition at a bed temperature of 850 oC,484

and no pore was observed on its surface (Fig. 12 (c)). With an increase in temperature485

from 850 oC to 950 oC under the atmospheric oxy-30 condition, more and more pores486

appeared on the surface (Fig. 12 (d) - (e)), which indicated the calcination occurred.487

These SEM images confirmed the analysis in section 3.2 that the higher desulfurization488

efficiency with an increase in temperature under the oxy-combustion condition was489

caused by the transition from direct desulfurization to indirect desulfurization. Fig. 12490

(f), (g) and (h) show the surfaces of sorbent particles under the conditions of oxy-30491

combustion at 0.4 MPa with different temperatures. According to the thermodynamic492

equilibrium curve shown in Fig. 8, the calcination of limestone under the condition of493

oxy-30 combustion at 0.4 MPa will not occur even the temperature reaches 950 oC.494

Compared with Figs. 12 (d) and (e), Figs. 12 (g) and (h) had fewer pores, hence495

indicating the higher combustion pressure indeed inhibited the calcination of limestone.496

Besides, these SEM images also show the sintering conditions of the limestone particle497

surfaces. The surface of the limestone particles under the atmospheric air combustion498

condition (Fig. 12 (b)) was smooth, and no edge or corner could be observed. However,499

the surfaces (Fig. 12 (c)) under the atmospheric oxy-30 combustion condition at the500

same reaction temperature (850 oC) showed no sign of sintering and looked like almost501



the same as the surface of raw limestone particles (Fig. 12(a)). This seems to be502

contradicting with the fact that CaCO3 has a lower melting temperature (1339 oC) than503

that of CaO (2572 oC), and further research is needed to clarify this. With an increase504

in temperature from 850 oC to 950 oC, sintering phenomena were observed on the505

surfaces (Figs 12. (d) - (h)) of limestone particles under the conditions of oxy-30506

combustion at both 0.1 MPa and 0.4 MPa.507

Fig 13 shows the specific surface area (BET surface area) of sorbent particles508

under different reaction conditions. The raw limestone sample had a specific surface509

area of 0.49 m2/g but the surface area increased significantly to 15.23 m2/g after the510

calcination under the atmospheric air combustion condition at 850 oC. The specific511

surface area of the limestone particles under the atmospheric oxy-30 combustion or the512

pressurized (0.4 MPa) combustion condition at 850 oC was seen to be very similar to513

that of the raw limestone particle (0.4 MPa), and this indicates that the calcination of514

limestone did not occur under the condition. When the temperature was raised to 900515

oC, the surface area under the condition of atmospheric oxy-30 combustion and 0.4 MPa516

air combustion condition increased to 4.78 m2/g and 2.45 m2/g respectively, which517

indicates the occurrence of calcination. With a further temperature increase to 950 oC,518

the specific surface area with the atmospheric oxy-30 combustion reached about 13.9519

m2/g which was close to that of atmospheric air combustion at 850 oC. The increase of520

specific surface area with temperature (Fig. 13) showed the same pattern as the521

desulfurization efficiency (Fig. 11). Under the pressure of 0.4 MPa and oxy-30522

atmosphere, the specific surface area of the limestone particles remained almost523

constant when the temperature was increased from 850 to 950 oC, which agreed with524

the results of SEM images (Figs. 12 (g – h)) and the thermodynamic equilibrium curve525

in Fig. 8 that almost no calcination occurred.526



527
Figure 12. SEM photographs of particle surface of (a) Raw limestone (b) 0.1 MPa, air,528

850oC (c) 0.1 MPa, oxy-30, 850oC (d) 0.1 MPa, oxy-30, 900oC (e) 0.1 MPa, oxy-30,529



950oC (f) 0.4 MPa, oxy-30, 850oC (g) 0.4 MPa, oxy-30, 900oC (h) 0.4 MPa, oxy-30,530

950oC without SO2531

532
Figure 13. Specific surface area of sorbent particle533

534

Fig. 14 shows the SEM images of the limestone product surfaces under different535

reaction conditions with the presence of SO2 (1000 ppm). The main difference in the536

reaction conditions between the tests of Fig. 12 and Fig. 14 was the introduction of SO2.537

Compared Fig. 14 with Fig. 12, it is clear that a product layer was generated on the538

outer surface of the particles, which was caused by the higher molar fraction of CaSO4539

than CaO and CaCO3 [45]. As mentioned above, an increase in temperature from 850540

oC to 950 oC under the atmospheric oxy-30 condition leads to the transition from direct541

to indirect desulfurization of limestone, and Fig. 14 (b) has fewer pores over the entire542

surface than Fig. 14 (a). It should be noticed that the fewer pores on the surface with543

indirect desulfurization doesn’t mean the less formation of pores during the whole544

process. Conversely, more pores appeared on the surface at the early stage due to the545

release of CO2 (Fig. 12 (e) has more pores than Fig. 12 (c)). However, the formation546

rate of CaSO4 by indirect desulfurization was much faster than that of direct547
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desulfurization, resulting in plugging of pores and formation of a dense product layer548

on the surface [14] (Fig. 14 (b) has fewer pores over the entire surface than Fig. 14 (a)).549

Under the pressure of 0.4 MPa, the limestone was still non-calcining when the reaction550

temperature was increased to 950 oC, but the fewer pores on the surface in Fig. 14 (d)551

than Fig. 14 (c) caused by the coverage of CaSO4 product layer indicated that the direct552

desulfurization rate increased significantly with temperature, which can also explain553

the high desulfurization efficiency at 950 oC (Fig. 11).554

555
Figure 14. SEM photographs of particle surface of (a) 0.1 MPa, oxy-30, 850oC (b) 0.1556

MPa, oxy-30, 950oC (c) 0.4 MPa, oxy-30, 850oC (d) 0.4 MPa, oxy-30, 950oC with557

SO2558

559



560

4. Conclusions561

Experiments focusing on SO2 emissions and the desulfurization of limestone were562

carried out in a 30 kWth pressurized fluidized bed combustor under both air and oxy-563

fuel combustion conditions. The effects of combustion pressure, atmosphere and564

temperature on SO2 emissions and desulfurization efficiency of limestone were565

thoroughly investigated. Scanning electron microscopy (SEM) imaging and nitrogen566

adsorption analysis were applied to study the surface structures of limestone products.567

The following conclusions can be drawn from the experimental results:568

(1) SO2 emissions were almost independent of combustion pressure and excess569

oxygen coefficient under both air and O2/CO2 combustion atmospheres.570

(2) Under both atmospheric and pressurized combustion conditions, SO2571

emissions from air combustion were about 15-20 % higher than those from oxy-30572

combustion atmosphere as more sulfur was retained in the fuel ashes produced by the573

oxy-30 combustion.574

(3) Under the conditions of this study, with a given combustion pressure, an575

increase in CO2 concentration decreased the direct desulfurization efficiency of576

limestone. Conversely, an increase in combustion pressure increased the direct577

desulfurization efficiency if the CO2 concentration was fixed.578

(4) An increase in bed temperature from 850 oC to about 950 oC significantly579

improved the desulfurization efficiency of limestone in oxy-coal combustion. With the580

same bed temperature of about 950 oC, the direct desulfurization efficiency of the581

pressurized oxy-coal combustion (0.4 MPa) was comparable to the indirect582

desulfurization efficiency of atmospheric oxy-coal combustion.583

(5) The SEM images and BET surface areas of the reacted limestone particles584

confirmed that the calcination of limestone could not occur under the pressurized oxy-585



coal combustion condition (0.4 MPa, Oxy-30) with a bed temperature of about 950 oC,586

and hence the desulfurization proceeded through the direct desulfurization reaction587

route. However, the surface morphology of the reacted limestone particles was similar588

to that of indirect desulfurization under the atmospheric oxy-coal combustion condition589

due to the high formation rate of CaSO4 product layer under the pressurized oxy-coal590

combustion condition (0.4 MPa, Oxy-30, 950 oC).591

The results of this study have shown that limestone can still be used as an effective592

SO2 sorbent under the pressurized oxy-coal combustion conditions as long as the593

combustion temperature is raised to about 950 oC from the normal atmospheric FB594

combustion temperature at ca. 850 oC. Our future work will focus on the investigation595

of the effectiveness and mechanism of dolomite in capturing SO2 under the pressurized596

oxy-coal combustion conditions at different combustion temperatures. Limestone is the597

most frequently used SO2 sorbent for FB combustion because of its excellent598

availability and lower cost, whereas dolomite is recommended for pressurized fluidized599

bed combustion due to the beneficial roles of MgCO3 to capture SO2 at high pressure600

[45-47].601
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