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 Performance of a Wet Flue Gas Desulfurization Pilot Plant under Oxy-Fuel Conditions Brian B. Hansen,† Folmer Fogh,‡ Niels Ole Knudsen,§ and Søren Kiil*,† †
 
 Department of Chemical and Biochemical Engineering, Technical University of Denmark, Building 229, DK-2800 Kongens Lyngby, Denmark ‡ Dong Energy A/S, Kraftværksvej 53, DK-7000 Fredericia, Denmark § Vattenfall A/S, Nordjyllandsværket, Nefovej 50, DK-9310 Vodskov, Denmark ABSTRACT: Oxy-fuel ﬁring is a promising technology that should enable the capture and storage of anthropogenic CO2 emissions from large stationary sources such as power plants and heavy industry. However, this new technology has a high energy demand for air separation and CO2 compression and storage. Unresolved issues, such as determination of the optimal recycle location of ﬂue gas, the ﬂue gas cleaning steps required (SO2, NOx, and particles), and the impact of an oxy-fuel ﬂue gas on the cleaning steps, also persist. The aim of this work was to study the performance of the wet ﬂue gas desulfurization (FGD) process under operating conditions corresponding to oxy-fuel ﬁring. The most important output parameters were the overall degree of desulfurization and the residual limestone concentration in the gypsum slurry. Pilot-scale experiments quantiﬁed that the introduction of a ﬂue gas with 90 vol % CO2, at a holding tank pH 5.4, reduced the limestone dissolution rate signiﬁcantly and thereby increased the residual, particulate limestone concentration in the gypsum slurry from 3.2 to 5.0 g/L slurry relative to a base-case (air-ﬁring) experiment with a ﬂue gas CO2 concentration around 7 vol %. In the same experiment, due to the higher residual limestone concentration, the degree of desulfurization increased from 91 to 94%. The addition of 10 mM adipic acid to the slurry was not suﬃcient to return the increased concentration of residual limestone to the base-case level, but an additional increase in desulfurization degree, from 94 to 97%, was obtained. Using a holding tank pH 5.0 (no adipic acid) returned both parameters to the levels observed in the base-case experiment.
 
 1. INTRODUCTION Combustion of fossil fuels, such as coal and oil, results in ﬂue gases containing mainly N2, CO2, O2, and H2O, but with traces of pollutants such as NOx, SO2, and particles. In modern power plants, NOx, SO2, and particles are eﬃciently removed using selective catalytic reduction, wet ﬂue gas desulfurization, and electrostatic precipitators. CO2, on the other hand, is released in large amounts to the atmosphere. Increased public and political attention to the world’s anthropogenic (i.e., caused by human activity) CO2 emissions and the potential inﬂuence of these on the global climate has stimulated research in alternative energy sources, novel technologies, and adaptations of technologies currently in use. Technical solutions for CO2 capture and subsequent storage in geological formations have received signiﬁcant attention.1,2 Three diﬀerent main approaches for CO2 capture exist as discussed in detail by Buhre et al.1 and Toftegaard et al.:2 precombustion capture, postcombustion capture, and oxy-fuel combustion. In oxy-fuel combustion, as opposed to conventional air-ﬁring, the fuel is burned in a mixture of O2 (from an air separation process) and recirculated CO2 and water. After other pollutants (SO2, NOx, and particles) and water have been removed, the concentrated CO2 ﬂue gas can be compressed to liquid CO2 and stored in geological formations. In this work, the eﬀect of oxy-fuel combustion on limestonebased wet ﬂue gas desulfurization (FGD) is investigated using a pilot-scale wet FGD plant. The wet scrubber constituted the vast majority (>85%) of FGD capacity installed at power plants worldwide in 19993 and it is still the dominant FGD technology today, which makes it the most relevant FGD technology to r 2011 American Chemical Society
 
 study. To achieve the goal of capture and storage of CO2, with as low concentrations of impurities as possible, and thereby reach close to zero CO2 emissions from fossil fuel combusting power plants, a continued highly eﬃcient operation of the wet FGD process, as well as other ﬂue gas cleaning processes, is an important requirement. However, no previous studies of wet FGD performance under oxy-fuel conditions have been found in the literature.
 
 2. THE OXY-FUEL PROCESS AND WET FGD The oxy-fuel combustion process takes place in a gas phase consisting of CO2, H2O, and O2. The N2 has been removed from the “combustion air”, by an air separation process. To avoid excessive ﬂame temperatures, ﬂue gas will be recycled to the burners. The concentrated CO2 gas phase can be compressed into liquid CO2 and stored in geological formations. Diﬀerent potential locations of the recycle stream exist, and this choice may inﬂuence the ﬂue gas ﬂow rate, the ﬂue gas composition, and the overall performance of the power plant.1,2,4The high CO2 concentration in the ﬂue gas may inﬂuence the operation of the boiler, steam cycle, and any ﬂue gas cleaning technologies, which are still needed to clean and dewater the ﬂue gas to obtain a liquid CO2 product suitable for transport and storage in geological formations.46 A combined SO2 and NOx removal during CO2 Received: November 2, 2010 Accepted: March 4, 2011 Revised: March 4, 2011 Published: March 21, 2011 4238
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 Table 1. Overview of Experiments Performed and Operating Conditions Selected (Concentrations Expressed on Wet Basis) experiment
 
 ﬂue gas ﬂow rate (Nm3 3 h1)
 
 SO2 (ppm(v))
 
 CO2a (%)
 
 H2Ob (%)
 
 O2 (%)
 
 N2 (%)
 
 Tslurry (°C)
 
 base-case, pH 5.4
 
 17.9
 
 970
 
 ∼7
 
 9.8
 
 6.8
 
 76.3
 
 45.6
 
 oxy-fuel, pH 5.4
 
 19.0
 
 940
 
 88.2
 
 9.2
 
 0.5
 
 2.0
 
 44.2
 
 oxy-fuel, pH 5.4 (10 mM adipic acid)c
 
 19.1
 
 940
 
 87.4
 
 9.0
 
 0.7
 
 2.8
 
 43.8
 
 oxy-fuel, pH 5
 
 18.9
 
 1030
 
 91.3
 
 8.6
 
 0.0
 
 0.0
 
 42.9
 
 oxy-fuel, pH 5, low ﬂow
 
 3.9
 
 4480d
 
 87.7
 
 9.3
 
 0.5
 
 2.0
 
 44.4
 
 oxy-fuel, pH 5, low ﬂow, high temperature
 
 4.1
 
 4240d
 
 84.2
 
 14.4
 
 0.2
 
 0.8
 
 53.3
 
 a
 
 Estimated based on O2, N2, and water content (except for base case, pH 5.4). b H2O content at saturation estimated based on temperature and Antoine parameters from Gubkov et al.17 c For 10 mM in feed tank, corresponding to 5.5 mM in holding tank.18 d SO2 measured at Q = 19 Nm3/h and subsequently recalculated to the concentration at Q = 4 Nm3/h.
 
 compression and liquefaction (reactions with water forming H2SO4 and HNO3) is currently being researched in a benchscale setup (4 and 1 L reactors in series and a ﬂue gas ﬂow rate of 15 L/min).7,8 This novel process is relevant, but it may face some challenges in terms of scale-up and the fact that no cleaning of the recycle stream upstream will take place. This can lead to potential system/boiler corrosion, slagging, and fouling due to the pollutants accumulating in the recycle stream.2 Operation of traditional ﬂue gas cleaning technologies at oxy-fuel conditions may prove highly relevant when a dry and noncorrosive recycle stream is necessary and for the potential retroﬁtting of existing units. One such ﬂue gas cleaning process is the widely used wet ﬂue gas desulfurization process, in which the SO2 and other acidic compounds (SO3, HCl, and HF) formed during combustion are removed by absorption using a limestone slurry. The slurry leaving the absorber is collected in a holding tank, where the SO2 absorbed reacts with dissolved limestone and oxidation air injected, forming gypsum of a commercial grade. The overall wet FGD reaction can be expressed as3,9 CaCO3 ðsÞ þ SO2 ðgÞ þ 2H2 OðlÞ þ 1=2O2 ðgÞ f CaSO4 3 2H2 OðsÞ þ CO2 ðgÞ ð1Þ The mass transfer rate of SO2, and thereby the degree of desulfurization, can be inﬂuenced by both a gas and a liquid ﬁlm resistance.9 The ratio of gas to liquid ﬁlm resistance is determined by the SO2 concentration in the ﬂue gas, the liquid to gas ratio (L/G), the contacting pattern, the reactant used, and the potential use of organic buﬀers in the slurry. The simultaneous absorption of HCl may also inﬂuence the SO2 absorption through a reduced absorber pH, and in the case of accumulation in the slurry the limestone dissolution rate may decrease due to a lower driving force ([Ca2þ]s  [Ca2þ]b)9,10 The diﬀerences in operating conditions of an oxy-fuel power plant, compared to conventional air-ﬁring, may inﬂuence the overall performance of a wet FGD plant in a number of ways: 1. reduced limestone dissolution rate 2. increased wet FGD operating temperature 3. external oxidation 4. ﬂue gas ﬂow rate Reduced Limestone Dissolution Rate. Dissolution of limestone in acidic media in contact with a flue gas can be written as CaCO3 ðsÞ a Ca2þ þ CO3 2
 
 ð2Þ
 
 Hþ þ CO3 2 a HCO3 
 
 ð3Þ
 
 HCO3  þ Hþ a CO2 ðaqÞ þ H2 OðlÞ
 
 ð4Þ
 
 CO2 ðaqÞ a CO2 ðgÞ
 
 ð5Þ
 
 Other species present in the wet FGD slurry, such as HSO3, Cl, SO2, and SO42, also influence the rate of dissolution,9 but this aspect is not so important for this discussion on how CO2 influences the rate. Below a bulk phase pH value of about 5.25.5 (the exact value depends on temperature), an increased CO2 absorption from a CO2-rich gas (relative to an inert N2 gas) enhances the rate of limestone dissolution in a CaCl2 solution.1113 This is because Hþ ions, which increase the dissolution rate, are formed in the kinetically controlled reaction 4 that takes place in the boundary layer around the limestone particles.13 Therefore, CO2(aq) indirectly helps in transporting Hþ toward the limestone surface. The simultaneous formation of HCO3 does not inhibit the rate of dissolution of limestone because the equilibrium 3 is shifted to the right at these pH values (i.e., the concentration of CO32 is kept low and thereby does not have a significant influence on the equilibrium 2). However, above a bulk phase pH value of 5.25.5, a high CO2 content in the gas phase (8090 vol %) increases the liquid phase concentration of HCO3, via reactions 4 and 5, and due to the higher values of bulk phase pH, the equilibrium 3 is now shifted more to the left, whereby the bulk phase concentration of CO32 increases. This also leads to a higher concentration of CO32 at the particle surface and causes a drastic reduction in limestone dissolution rate via equilibrium 2 as verified experimentally by Allers et al.11,12 and Chan et al.13 To clarify, the driving force for the rate of limestone dissolution is the Ca2þ concentration difference between the limestone surface and the bulk phase ([Ca2þ]s  [Ca2þ]b),9 and because the bulk phase concentration of Ca2þ is constant, due to the large background concentration of CaCl2, it is the surface concentration of Ca2þ that is decreased at oxy-fuel conditions and pH values higher than about 5.25.5. At the particle surface, the solubility product of CaCO3, equilibrium 2, must be fulfilled,9 and when the concentration of CO32 increases, the concentration of Ca2þ must decrease. Increased Wet FGD Operating Temperature. A wet flue gas recycle will increase the water content in the gas phase, and a content of 30 vol % water or more may be obtained depending on coal quality, moisture content, and recycle ratio.14 This will limit the evaporation taking place in the wet FGD plant, leading to a higher operating temperature. The SO2 solubility in aqueous solution decreases with increasing temperatures, and the effect could therefore be a lower degree of desulfurization at a higher operating temperature.15 4239
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 N2 in the CO2 stream to be compressed.14 External oxidation has previously been used in some of the first wet FGD configurations, but these plant configurations suffered from scaling, plugging, and lower degrees of desulfurization than plants using in situ oxidation.16 Flue Gas Flow Rate. Power plants will most likely be expected to be able to operate in both air-firing (start-up and shutdown) and oxy-fuel firing modes.2 This will generate considerable variations in the flue gas flow rate, thereby affecting the plant performance in terms of for instance pressure drop and gas/ liquid contact pattern. Due to the high ionic strength in the slurry (high CaCl2 concentration), the increased concentration of carbonate species is not expected to inﬂuence the solubility of acidic gases (SO2 and CO2) in the wet FGD slurry.
 
 External Oxidation. Pure oxygen, or an external oxidation
 
 tank, may replace the conventional air injection, used to ensure oxidation of HSO3 to SO42, to minimize the concentration of
 
 3. STRATEGY OF INVESTIGATION The present investigation of the wet FGD performance under oxy-fuel conditions is based on a series of pilot-scale experiments. The pilot plant enables a high degree of control of the experimental conditions such as the ﬂue gas ﬂow rate, the gas phase composition (SO2 and CO2), and slurry pH. The conditions of the experiments performed, shown in Table 1, have been chosen to simulate the potential ﬂue gas compositions obtained by various locations of the ﬂue gas recycle in both new and retroﬁtted plants. The CO2 concentration in the base-case experiment is somewhat lower than what may be experienced for full-scale air-ﬁred coal combustion. However, based on the results obtained for oxy-fuel conditions in this work, this diﬀerence in CO2 concentration is not expected to inﬂuence the results to any
 
 Figure 1. Outline of wet FGD pilot plant used in the experiments. The absorber is based on the falling ﬁlm principle and gas and liquid ﬂow cocurrently.
 
 Table 2. Residual Limestone Concentration in the Gypsum Slurry, Reactant Feed Rate, Holding Tank pH, and Overall Degree of Desulfurization for the Six Experimentsa holding tank pH
 
 total degree of desulfurization ((0.01)
 
 set point
 
 average measured
 
 measured
 
 Frandsen et al.20
 
 base-case, pH 5.4 base-case, pH 5.5
 
 5.4 5.5
 
 5.58 
 
 0.91 
 
  0.83b
 
 base-case, pH 5.5 (adipic acid)
 
 5.5
 
 
 
 
 
 0.92b
 
 oxy-fuel, pH 5.4
 
 5.4
 
 5.43
 
 0.94
 
 
 
 oxy-fuel (adipic acid)
 
 5.4
 
 5.43
 
 0.97
 
 
 
 oxy-fuel, pH 5.0
 
 5.0
 
 5.17
 
 0.92
 
 
 
 oxy-fuel, pH 5.0, low ﬂow
 
 5.0
 
 5.17
 
 0.99
 
 
 
 oxy-fuel, pH 5.0 low ﬂow, T = 53 °C
 
 5.0
 
 5.18
 
 0.99
 
 
 
 experiment
 
 residual limestone measured g/L slurry
 
 measuredc (wt %)
 
 Frandsen et al.20 (wt %)
 
 slurry feed rate, 7.1 wt % CaCO3 (kg/h)
 
 base-case, pH 5.4 base-case, pH 5.5
 
 3.2 ((0.4) 
 
 2.1 ((0.2) 
 
  4.6 ((0.2)
 
 1.1 
 
 base-case, pH 5.5 (adipic acid)
 
 
 
 
 
 experiment
 
 2.2 ((0.2)
 
 
 
 oxy-fuel, pH 5.4
 
 5.0 ((0.6)
 
 3.5 ((0.4)
 
 
 
 1.6
 
 oxy-fuel (adipic acid)
 
 5.2 ((0.1)
 
 3.3 ((0.1)
 
 
 
 1.2
 
 oxy-fuel, pH 5.0
 
 2.3 ((0.1)
 
 3.0 ((0.1)
 
 
 
 1.1
 
 oxy-fuel, pH 5.0, low ﬂow
 
 1.9 ((0.1)
 
 2.3 ((0.1)
 
 
 
 1.1
 
 oxy-fuel, pH 5.0 low ﬂow, T = 53 °C
 
 1.7 ((0.1)
 
 2.4 ((0.0)
 
 
 
 1.1
 
 a
 
 The standard deviation, stated in parentheses, has been obtained from the analysis of two separate samples retrieved at the same point in time. The total degree of desulfurization was measured in the stack (see Figure 1). b Degree of desulfurization in stack after 5 m absorber. Note that all other results are from a 7 m absorber. c Based on dry solids. 4240
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 Figure 2. Simulated dissolution rate of limestone particles with a diameter of 10 μm. Simulations are based on the model by Allers et al.11 (Reproduced with permission from ref 11. Copyright 2003, Wiley-VCH Verlag GmbH & Co. KGaA.)
 
 signiﬁcant extent. The impact of the new operating conditions on important wet FGD process parameters, in particular the desulfurization degree and the concentration of residual limestone, in the slurry has been followed. To enable a comparison of experiments with diﬀerent solid concentrations, the concentration of residual limestone in the slurry as opposed to residual limestone in the gypsum is used.
 
 4. EXPERIMENTAL SETUP AND PROCEDURE Description of Setup. The wet FGD pilot plant, outlined in Figure 1, simulates a single vertical channel in a full-scale cocurrent flow wet FGD grid absorber.15 The setup enables a detailed study of the processes taking place within a wet FGD plant, and the results obtained will be of relevance to other wet FGD absorber designs because the same overall chemical and physical processes take place. Due to differences in mass transfer rates and specific contact areas at different configurations, differences may exist when specific plant data are compared. The flue gas, to which pure SO2 is subsequently added, can either be generated by a 110 kW natural gas burner (90% CH4, 6% C2H6, and 2% C3H8), supplied from a CO2 gas cylinder battery, or a combination of the two. The flue gas is brought into contact with limestone slurry in the absorber, a 7 m PVC pipe (inner diameter of 3.3 cm) with multiple sampling sites, and is subsequently led to the stack (i.e., no flue gas recycle). The slurry is collected in a holding tank, inner diameter of 0.4 m, where air injection (1518 L/min), reactant addition (for maintaining a constant holding tank pH), and slurry removal (for maintaining a constant slurry level) take place. From the holding tank the slurry is recycled to the absorber, ensuring a liquid/gas ratio of ∼16 L of slurry/m3 of flue gas (base-case experiment with air-firing). Additional details concerning the pilot plant can be found in previous publications,9,15 but it should be noted here that the absorber length has been increased from 5 to 7 m since the original publications, to obtain higher degrees of desulfurization. Experimental Procedure. The experimental series was initiated by 4 days desulfurization of a 1000 ppm(v) SO2 (on dry basis) flue gas stream using a feed stream containing 7.1 wt %
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 Figure 3. Absorber pH as a function of distance from the absorber inlet in the pilot plant for air-ﬁring (pH 5.4) and oxy-fuel experiments (pH 5.0 and 5.4). See Figure 1 for plant details. The error bars shown for each condition provide the lowest and highest measured pH values within a 2 min sampling interval. Legend refers to the pH set point in the holding tank (corresponding to the absorber inlet). Experimental conditions are provided in Table 1.
 
 Faxe Bryozo limestone (d50 ∼ 5 μm)19 and 2.2 wt % Cl (25 g/ L). A Cl concentration of 25 g/L is typical for Danish wet FGD plants with forced oxidation followed by a wastewater treatment plant.20 This 4 day operation allowed the system to approach steady state operation in terms of gypsum content, concentration of residual limestone, and degree of desulfurization. The different operating conditions in Table 1 were then introduced and operation continued until a constant limestone consumption rate was obtained (usually within a few hours). For experiments with dry CO2 from gas cylinders, additional distilled water was introduced to the holding tank to compensate for the evaporation taking place in the top of the absorber (approximately 1.5 L of water/h). The limestone consumption rate, and thereby the desulfurization operation, stabilized within a few hours and the SO2 absorber profile (Rosemount NGA 2000 gas analyzer), pH absorber profile (Sentron 1001 pH measurement), and residual limestone concentration (Netsch STA/TGA 449; 10 K/min heating in N2) could be obtained. No significant SO2 loss in the condensate water, removed before the SO2 gas analyzer, was observed; an overall sulfur mass balance was used for verification. Subsequently, the next set of experimental conditions was established and the procedure was repeated until the final experiment where adipic acid was introduced into the holding and feed tanks.
 
 5. RESULTS AND DISCUSSION The experimental work includes one wet FGD experiment with air-ﬁring and ﬁve with oxy-fuel ﬁring at operational conditions of industrial relevance. Details of the experiments are given in Tables 1 and 2. It can be seen in Table 2 that the average pH deviates somewhat from the set point. This is due to the stepwise limestone addition at the set point, after which the pH increases slightly as the limestone dissolves. Residual Limestone Concentration. The limestone slurry added to the holding tank dissolves in both absorber and holding tank and stabilizes the slurry holding tank pH near the set point. 4241
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 Figure 4. Absorber pH as a function of distance from the absorber inlet in the pilot plant for air-ﬁring (pH 5.4) and oxy-fuel experiments with and without adipic acid (pH 5.4). See Figure 1 for plant details. The error bars shown for each condition provide the lowest and highest measured pH values within a 2 min sampling interval. Legend refers to the pH set in the holding tank (corresponding to the absorber inlet). Experimental conditions are provided in Table 1.
 
 Table 2 shows the residual limestone concentration in the slurry obtained in the experiments performed. Wet FGD pilot plant operation at pH 5.4 yielded significantly different results for airfiring (base case) and oxy-fuel firing, with the latter causing elevated levels of residual limestone (from 3.2 to 5.0 g/L slurry). The limestone dissolution rate is reduced at oxy-fuel conditions and pH above 5.25.5, because of increased levels of CO2(aq), HCO3, and CO32, originating from CO2(g) absorbed. The oxy-fuel experiment performed at pH 5.0 gave a residual limestone concentration and desulfurization degree very similar to the base-case air-firing experiment. This corresponds well with the expected decreased HCO3 and CO32 concentrations at pH 5.0 compared to the oxy-fuel experiment with pH 5.4. The HCO3 and CO32 concentrations will decrease as the pH value moves away from the pKa of CO2(aq) (6.29),21 as described by eq 4. The addition of 10 mM adipic acid to the slurry was also expected to improve the performance at pH 5.4 during oxy-fuel firing, due to the buffering effect of the additive, as seen in the air-firing experiments by Frandsen et al.20 (Table 2). However, the concentration of residual limestone could not be distinguished from the corresponding experiment without adipic acid addition again suggesting that the concentrations of HCO3, CO32, and CO2(aq) are very important for the rate of dissolution of limestone. The drastic reduction in limestone dissolution rate above pH 5.25.5 in the presence of high levels of CO2,11,12 as illustrated in Figure 2, makes the concentration of residual limestone highly sensitive to the operating pH and any uncertainties of this parameter. This provides a possible explanation to the similar concentration of residual limestone in the two experiments. Due to the increased SO2 concentration, the two experiments with a reduced oxy-fuel flue gas flow rate were performed at the same total SO2 load as the other experiments. The residual limestone concentration of those two experiments was somewhat lower than the corresponding experiment with a high oxy-fuel flue gas flow rate, but the desulfurization degree was also higher.
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 Figure 5. Degree of desulfurization ((0.01) as a function of distance from absorber inlet in the pilot plant for air-ﬁring (pH 5.4) and oxy-fuel experiments with and without adipic acid (pH 5.0 and 5.4). See Figure 1 for plant details. Experimental conditions are provided in Table 1.
 
 Absorber pH. Figures 3 and 4 show the development in absorber pH as a function of distance measured from the absorber inlet. As the recycled slurry from the holding tank enters the absorber, it is brought into contact with the SO2 flue gas (cocurrent flow) and a steep decrease in pH can be observed as SO2 is absorbed. As the flue gas moves down through the absorber, the pH will begin to stabilize as less SO2 is absorbed from the flue gas and the limestone dissolution rate increases at lower values of pH. A similar development in absorber pH can be seen in the base-case experiment and the oxy-fuel pH 5.0 experiment, for which a comparable concentration of residual limestone will be available to stabilize the pH in the absorber. However, the elevated residual limestone concentration in the oxy-fuel pH 5.4 experiment enables a higher absorber pH compared to the base-case experiment. Finally, the buffering effect of adipic acid and the high concentration of residual limestone yield an almost constant pH (4.55.0) through the absorber. A higher flue gas O2 concentration in the oxy-fuel experiments would enhance HSO3 oxidation in the absorber, thereby forming Hþ ions and potentially lowering pH. However, previous pilot plant work has shown that oxidation in the absorber has little effect on the SO2 removal.15 Degree of Desulfurization. The combination of high inlet SO2 and an only slightly acidic slurry pH enables a high degree of desulfurization in the initial part of the cocurrent absorber. Figures 5 and 6 illustrate the degree of desulfurization measured as a function of distance from the absorber inlet. No degree of desulfurization could be determined in the initial part of the absorber (until 2 m position) during the low flow rate experiments because the SO2 concentration exceeded the range of the analyzer. Some desulfurization also takes place in the holding tank, from about 6% in the low flow experiments to about 12% in the experiments with higher flow rates. The higher limestone concentration in the oxy-fuel pH 5.4 experiment also enables a higher absorber pH, and thereby degree of desulfurization, compared to the base-case experiment. This eﬀect is, however, only pronounced beyond 3 m of absorber length, possibly due to the ﬂow of evaporating water into the dry CO2 ﬂue gas and thereby in the opposite direction of the SO2 to be absorbed. The development in the degree of desulfurization 4242
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 residual limestone, degree of desulfurization, and quality of the gypsum obtained.
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 Figure 6. Degree of desulfurization ((0.01) as a function of distance from absorber inlet in the pilot plant for air-ﬁring (pH 5.4) and oxy-fuel experiments with decreased ﬂue gas ﬂow rates (pH 5.0). See Figure 1 for plant details. Experimental conditions are provided in Table 1.
 
 for the base-case experiment and the oxy-fuel pH 5.0 experiment are very similar, as could be expected based on the comparable residual limestone concentration and absorber pH. The buﬀering eﬀect of adipic acid and the high concentration of residual limestone yields an almost constant pH 4.55.0 through the absorber and thereby an excellent SO2 capture. The prolonged ﬂue gas residence time (i.e., increased liquid/gas ratio) of the two experiments with low ﬂue gas ﬂow rates yielded very high total desulfurization degrees, making a distinction between the two experiments (44.4 vs 53.3 °C) impossible. However, the SO2 removal down through the absorber indicates a decreased performance at elevated temperatures, possibly due to the lower solubility of SO2 in the liquid phase.15
 
 6. CONCLUSIONS A systematic pilot-scale investigation of wet ﬂue gas desulfurization performance under oxy-fuel conditions has demonstrated that a change from air-ﬁring to oxy-fuel ﬁring can result in increased levels of residual limestone in the gypsum product and thereby higher degrees of desulfurization at slurry pH 5.4. However, wet FGD oxy-fuel operation at slurry pH 5.0 returns the process performance to what was obtained for air-ﬁring at pH 5.4. A lower slurry pH would likely increase the limestone dissolution rate further, but also reduce the SO2 absorption/ desulfurization degree.20 The buﬀering properties of a 10 mM adipic acid solution caused an increased pH in the absorber and thereby a higher degree of desulfurization, but no eﬀect on the residual limestone concentration could be seen at pH 5.4 in the presence of an oxyfuel ﬂue gas stream. This is most likely due to the highly sensitive limestone dissolution rate above pH 5.25.5 in the presence of high levels of CO2,1113 but it needs to be veriﬁed by detailed modeling of the wet FGD pilot plant at oxy-fuel conditions. Apart from the changes described above for the wet FGD operation, other initiatives such as external oxidation or a reduced oxidation air ﬂow, or measures to increase the desulfurization degree, may prove necessary to obtain a CO2 product of a purity suitable for transport and storage. This may also inﬂuence the wet FGD plant performance in terms of concentration of
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