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 Catalytic Seawater Flue Gas Desulfurization Process: An Experimental Pilot Plant Study F. VIDAL B.,* P. OLLERO, F . J . G U T I EÄ R R E Z O R T I Z , A N D A. VILLANUEVA Department of Chemical and Environmental Engineering, University of Seville, Camino de los Descubrimientos s/n, 41092 Seville, Spain
 
 In previous articles by the authors on seawater S(IV) oxidation kinetics, a significant catalytic effect was demonstrated by means of a commercially available activated carbon. The aims of this study carried out at pilot plant scale were to assess the use of high-efficiency structured packing and to validate the positive results obtained previously in laboratory studies. A comparison between a packed tower and a spray column was made by maintaining the same desulfurization efficiency. A 47% reduction in seawater flow can be obtained with a packed tower. This option seems to be more economical, with a reduction in operation costs of least of 33%. With the appropriate activated carbon, it is possible to reach a greater oxidation rate at a low pH level than by operating conventionally at a high pH level without a catalyst. A preliminary technical and financial comparison between the advanced seawater desulfurization process (equipped with a packed tower and a catalytic oxidation plant) and the conventional process (spray tower and noncatalytic oxidation) was carried out.
 
 Introduction Energy conversion today is based largely on the burning of fossil fuels, of which coal and oil contain a large amount of sulfur. During combustion, sulfur is released into the atmosphere as SO2. To a large extent, the SO2 is subsequently converted into SO3 and H2SO4, resulting in acid rain. Legislation on SO2 emissions was introduced in the early 1970s in the U.S.A., Japan, and Europe, and now many countries have followed suit (1, 2). Over the years, the allowed SO2 emission levels have been lowered, thereby necessitating increased efficiency in desulfurization plants. In the United States, Phase II of the Acid Rain SO2 Reduction Program, established under Title IV of the Clean Air Act Amendments of 1990, which took effect in the year 2000, tightened the annual emissions limits imposed on large, higher emitting plants and also set restrictions on smaller, cleaner plants fired by coal, oil, and gas, encompassing over 2000 units in all. The program affects existing utility units serving generators with an output capacity greater than 25 MW and all new utility units. Consequently, some power plants have to use FGD technologies. With respect to European Union regulations, the revised Large Combustion Plants Directive (LCPD, 2001/80/EC) * Corresponding author phone: (+34)954487222; fax: (+34)954461775; e-mail: [email protected]. 7114
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 applies to combustion plants with a thermal input greater than 50 MW, irrespective of the type of fuel used (solid, liquid, or gaseous). For new coal-fired plants with an input capacity higher than 100 MW, the SO2 emission limit of 200 mg/Nm3 (O2 content 6%) is applied. For existing plants with a thermal input greater than 500 MW, this limit value is 400 mg/Nm3. Therefore, all European Union States will have to significantly reduce the sulfur dioxide emissions before January 2008. Flue gas desulfurization (FGD) using limestone is the most widely used process, but for coastal power plants, FGD using seawater is a technologically simpler process. Bromley (3), Tokerud (4), and Radojevic (5) made important contributions to the development of the seawater FGD technology, ranging from introducing fundamental physicochemical principles, to sorting out technical and financial questions. Tilly et al. (6) did a comparative study of four different FGD processes (Spray-Dryer, Wet Limestone, Wellman Lord, and Seawater Scrubbing) for a Scottish coastal power plant and concluded that, with one possible area of concern, seawater technology was BPEO, i.e., the Best Practicable Environmental Option. The two main advantages of seawater scrubbing are the following: (i) An alkaline absorbent (Ca(OH)2, CaCO3) is not necessary since the seawater itself is alkaline (pH = 8.1-8.3) and readily available in coastal utility plants. (ii) The effluent water treatment plant required is much simpler (an oxidation pool). However, this simple process has two main drawbacks: (i) the amount of seawater required and (ii) the large space requirements for the effluent treatment plant. Both factors are partially related to each other and to the oxidation rate from S(IV) to S(VI). Vidal and Ollero (7), in a laboratory scale study, determined the oxidation kinetics of S(IV) in seawater. They concluded that it is necessary to raise the pH to 6 to reach a high oxidation rate. That requires diluting the scrubber effluent with a large amount of fresh seawater. However, this implies a larger oxidation pool. In a later study, Vidal et al. (8), using similar laboratory reactor tests, demonstrated the significant catalytic effect of a commercially available activated carbon, which raised the oxidation rate at pH ) 4 to similar values at pH ) 6 for the noncatalytic oxidation. The dependence of the kinetic constant on the amount of catalyst, particle size, temperature, and pH was obtained. The aim of the present study was to assess, at pilot plant scale, an advanced seawater FGD system comprising an absorption tower filled with high-efficiency structured packing and a catalytic (activated carbon) oxidation plant. With the results obtained, a preliminary technical and financial comparison between the advanced process and the conventional process (spray tower and noncatalytic oxidation) was carried out.
 
 Experimental Equipment and Methodology The pilot plant (Figure 1) is located in the Department of Chemical and Environmental Engineering at the University of Seville. The system consists of three main units: a boiler to produce real flue gas, an absorption tower, and an aeration tank. The fundamental guidelines for designing the pilot plant were as follows: (i) The plant size was chosen in accordance with the required amount of seawater, which must be transported 180 km in road tankers from Algeciras Bay. (ii) High efficiency structured packing was used in the absorption tower. (iii) The oxidation tank was designed taking into account the kinetics results achieved in previous lab scale experimental studies (7, 8). 10.1021/es0706899 CCC: $37.00
 
  2007 American Chemical Society Published on Web 09/19/2007
 
 FIGURE 1. Pilot plant flow diagram. This plant can process up to 300 Nm3/h of flue gas from a hot water pyrotubular boiler, which burns diesel doped with carbon disulfide (CS2) to achieve the desired SO2 concentration (2850 up to 7150 mg/Nm3). The flue gas composition can be seen in Table S1 of the Supporting Information. Figure 1 shows the piping and instrumentation (P&I) diagram of the pilot plant. Part of the flue gas generated in the boiler is bypassed and mixed with the desulfurized gas. An ID fan forces the gas through the chimney. A valve located in the bypass line controls the gas flow rate through the absorber. Before entering the absorption tower (borosilicate glass; 150 mm inside diameter; 3.235 m total height; A-1), the flue gas is cooled in the quench (Q-1) by means of direct contact with seawater fed from the indoor storage tank (T2). Seawater from the outdoor storage tank (T-1) is pumped to the top of the tower and is sprayed over the structured packing (MellaPak 500X; stainless steel AISI 316L; 1.11 + 1.11 m packed height; Figure S1 of the Supporting Information) by means of a liquid distributor. The packed tower discharges the seawater through a liquid seal into the oxidation tank (1580 L; double blade Stirrer; T-3), where more seawater is added to raise the pH level. Air is sparged into the tank to oxidize the S(IV) to S(VI), reducing the chemical oxygen demand (COD) and restoring the dissolved oxygen concentration in the seawater. To minimize the transport of seawater to the pilot plant, the used seawater is regenerated in a closed loop (T-4). The pH level is restored by means of a control system that injects sodium hydroxide (T-5) to compensate for the acidification effect of SO2 absorption and oxidation. To oxidize the remaining sulfite and to restore dissolved oxygen concentration to the saturation level, a second aeration system was installed. Finally, the sulfate produced was precipitated daily after finalizing the plant operation to prevent its accumulation. This operation was carried out by adding a calculated amount of barium chloride, which reacts with the ion sulfate, precipitating barium sulfate. pH and dissolved oxygen concentration were measured continuously. Daily samples to check S(IV), S(VI), Cl, and Na seawater composition were
 
 taken. Less than 5% variation in seawater natural contents were ever found. Furthermore, every new operation day we worked initially with the same reference conditions to check the SO2 removal efficiency. Since ion chloride concentration can have a catalytic effect on seawater S(IV) oxidation kinetics (9) and increase the absorption efficiency (10), a significant increase in its concentration is not permissible. Therefore, new seawater was used every 200 h of operation. Figure S2 of the Supporting Information shows some pictures of the finished installation. The pilot plant is fully instrumented (Figure 1) with wet and dry temperature sensors, flow rate and pressure measurement devices, pH and dissolved oxygen sensors, and an SO2 analyzer with three measuring probes located at the pilotplant inlet, after the desulfurization units, and downstream at the pilot-plant outlet. The signals from these sensors are processed by a data acquisition system provided with SCADA software. Thus, it is possible to operate the seawater plant with different values for the L/G ratios, SO2 concentration in the flue gas, pH at the aeration basin, and superficial gas velocities throughout the absorption tower. Seawater samples taken at regular time intervals were analyzed using an adaptation of West and Gaeke’s procedure described by Vidal and Ollero (7).
 
 Results and Discussion To achieve the proposed objectives an experimental program was designed in which the pilot plant operation conditions were changed. Due to the characteristics of the process, desulfurization and oxidation systems are independent. Taking into account this fact, the designed experimental program comprised two different sets of tests, one for the absorber and another for the oxidation tank. The operation in the pilot plant took 16 h each day. Desulfurization System. The absorber tests were divided into three main groups taking into account the SO2 concentration in the flue gas (medium and high levels) and the packing height of the absorption tower. The gas flow was fixed at 100 Nm3/h, while the liquid-gas ratio (L/G) was varied between 4 and 12 L/Nm3 in groups 1 and 2 and between VOL. 41, NO. 20, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 TABLE 1. Experiments Carried out To Obtain the Removal Efficiency of the Pilot Plant Absorption Tower
 
 test PP-D1 PP-D2 PP-D3 PP-D4 PP-D5 PP-D6 PP-D7 PP-D8 PP-D9 PP-D10 PP-D11 PP-D12 PP-D13 PP-D14 PP-D15 PP-D16 PP-D17 PP-D18 PP-D19 PP-D20 PP-D21 PP-D22 PP-D23 PP-D24
 
 CSO2, outlet mg/Nm3
 
 desulfurization yield (D.Y.), %
 
 Group 1 2963 2980 3000 3017 3037 3037 3037 3023 3006
 
 614 100 111 9 20 9 14 14 9
 
 79.3 96.6 96.3 99.7 99.3 99.7 99.5 99.5 99.7
 
 4 4.2 6.1 6.1 6.1 8.1 8.1 8.2 10 10 12.2 12.3
 
 Group 2 6314 6623 6934 7243 7554 7866 8014 8163 8314 8266 8217 8169
 
 2286 2966 1809 1591 1391 974 594 634 194 134 26 26
 
 63.8 55.2 73.9 78.0 81.6 87.6 92.6 92.2 97.7 98.4 99.7 99.7
 
 10.2 12.2 15.1
 
 Group 3 7143 7334 6086
 
 1226 677 237
 
 82.8 90.8 96.1
 
 packing height, m
 
 L/G, L/Nm3
 
 2.22
 
 4.1 6.2 6.2 8.1 8.1 10.2 10.2 12.1 12.2
 
 2.22
 
 1.11
 
 CSO2, inlet mg/Nm3
 
 FIGURE 2. Influence of L/G and CSO2 on the absorption effectiveness of the pilot plant.
 
 FIGURE 3. N0G and H0G versus L/G.
 
 10 and 15 L/Nm3 in group 3, in order to obtain different desulfurization efficiencies. The experimental conditions and the results obtained for each test are shown in Table 1. Figure 2 shows the SO2 removal efficiency versus the L/G ratio. Comparing the results obtained with 2.22 m of structured packing but with different SO2 inputs, it is clear that the desulfurization yield is smaller at high SO2 levels. This means that the liquid film resistance is limiting at least at high SO2 concentrations. Figure S3 of the Supporting Information explicitly illustrates this effect, showing the required L/G ratios needed to reach 90, 95, 99, and 99.9% removal efficiencies at high and medium SO2 levels. It is worth noting that the ratios obtained are quite a bit lower than those required for conventional spray towers. A real FGD spray tower that processes a rather low SO2 concentration gas (2000 mg/Nm3) requires an L/G ) 12.3 to reach a 97.85% efficiency. With a packed tower similar to the one used in these tests, only an L/G ) 6.5 would be necessary, which means a 47% reduction in seawater flow. As expected, halving the height of the packing significantly reduces the removal efficiency that can be reached at each L/G ratio. Figure S4 of the Supporting Information shows that to obtain the same efficiency with half the packing height, the L/G ratio has to be increased by more than 50%. Assuming that the pH is high enough to maintain a negligible SO2 back pressure along the absorption tower the number of overall gas transfer units would be
 
 NOG ) ln(yin/yout)
 
 (1)
 
 This equation can be written in terms of desulfurization yield as
 
 D.Y. ) 1 - (yout/yin) ) 1 - e(-NOG)
 
 (2)
 
 Assuming, as it is usual, a potential dependence of NOG on the L/G ratio, we have obtained a simple empirical model for each Z- CSO2 case. They are included in Figure 2. 7116
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 It is interesting to calculate the height of an overall gas transfer unit as it is a measure of the packed bed efficiency to remove SO2:
 
 HOG ) Z/NOG
 
 (3)
 
 Figure 3 shows the values of NOG and HOG for the three groups of tests, calculated using the simple empirical models mentioned above. It is remarkable that the calculated values of HOG for groups 2 and 3 carried out with the same SO2 inlet concentration (7000 mg/Nm3) are almost identical but higher than the values corresponding to the case of low SO2 inlet concentration (3000 mg/Nm3). This means that the packed bed is less efficient at high SO2 concentrations. Taken into account that HOG can be expressed as
 
 HOG )
 
 G/S KGa
 
 (4)
 
 and that the overall mass transfer coefficient is
 
 HSO2 1 1 ) + KGa kGa kLaE
 
 (5)
 
 is clear that the average mass transfer enhancement factor E should be lower at high SO2 concentrations. When the amount of total dissolved sulfite (SO2, HSO3-, SO32-) is high, the seawater alkalinity is not high enough to give a good enhancement factor, and the liquid-phase mass transfer resistance rises. This result shows that the assumption of negligible liquid film resistance or negligible SO2 back pressure is questionable at high SO2 inlet concentrations. Comparison of the Variable Operation Costs. A comparison of the variable operation costs for a packed tower and a spray column was made by assuming the same desulfurization efficiency for treating a gas with a low SO2 content (2000 mg/Nm3). For the packed tower, the performance of
 
 TABLE 2. Oxidation Tests Carried out in the Pilot Plant DAC, mm
 
 CO2, mg/L
 
 kS(IV) or kAC 105, s-1
 
 kS(IV) or kAC 105, -1 s (25 °C)
 
 test
 
 pH
 
 T, °C
 
 WAC, g/L
 
 PP-O1 PP-O2 PP-O3 PP-O4 PP-O5 PP-O6 PP-O7 PP-O8 PP-O9 PP-O10 PP-O11 PP-O12 PP-O13
 
 2.5 2.8 3.6 3.7 4.0 4.0 4.0 4.0 4.1 6.1 6.1 6.2 8.1
 
 37.1 43.3 34.4 35.7 35.0 38.4 38.9 41.7 35.2 34.3 43.2 36.2 41.8
 
 Noncatalytic Tests 3.7 3.4 5.6 2.6 3.9 1.7 4.1 1.3 4.6 3.5 0.6 3.7 4.1
 
 4.7 14.0 32.9 34.5 70.9 65.2 71.3 35.4 77.0 1871.1 2798.0 2387.0 1412.8
 
 3.0 7.0 22.7 22.7 47.9 38.8 41.7 18.7 51.6 1299.1 1397.9 1542.4 742.4
 
 PP-O14 PP-O15 PP-O16 PP-O17 PP-O18 PP-O19 PP-O20 PP-O21 PP-O22 PP-O23 PP-O24 PP-O25 PP-O26 PP-O27 PP-O28 PP-O29 PP-O30 PP-O31
 
 2.7 2.8 3.0 3.0 3.0 4.0 4.0 4.0 4.0 4.0 4.1 2.8 4.0 4.0 2.4 2.5 4.0 4.0
 
 32.0 34.8 34.8 36.6 37.8 34.1 36.0 36.5 36.6 38.2 36.6 35.7 35.0 35.9 35.1 33.0 32.8 34.0
 
 Catalytic Tests 7 1.2 4.3 7 1.2 4.4 7 1.2 5.1 7 1.2 4.4 7 1.2 0.7 7 1.2 4.3 7 1.2 2.3 7 1.2 2.1 7 1.2 2.5 7 1.2 2.3 7 1.2 1.6 7 1.7 4.0 7 1.7 4.2 7 1.7 1.5 14 1.7 1.8 14 1.7 2.0 14 1.7 0.9 14 1.7 0.4
 
 13.6 19.8 37.6 53.6 61.2 374.7 626.7 637.2 785.4 643.7 1003.1 75.1 706.0 676.1 121.5 91.7 674.7 756.8
 
 6.7 7.4 14.0 16.8 17.1 149.8 208.3 201.8 246.4 173.2 314.7 25.7 258.5 226.9 44.1 40.8 306.4 305.5
 
 the pilot packed tower was used. For the spray column, real data from a thermal power station were considered. As we have already pointed out, using a packed tower yields a 47% reduction in the seawater flow needed in the FGD plant. However, although packed beds have a greater pressure drop, the reduction in the L/G ratio causes the pressure drop to be similar for both columns (800 Pa for the spray tower and 757 Pa for the packed tower). Using the simple variable costs estimation model developed by Gutie´rrez et al. (11), the pumping cost and the ID fan cost for the packed tower are, respectively, 0.0225 and 0.0128 euros/h, assuming a gas flow rate of 100 Nm3/h. For the same conditions, those costs for the spray column are 0.0390 and 0.0140 euros/h. Although these costs do not include such important aspects as seawater costs (higher for spray towers) or capital costs (higher for packed towers), they illustrate the differences in cost between both types of absorbers. In terms of tonnes of SO2 removed, the packed tower and the spray column cost 60.1 and 90.3 euros/tonne, respectively. Thus, it seems clear that a packed tower is the preferred option for seawater FGD. Making a similar comparison for an FGD plant that treats a gas with a higher SO2 content (5720 mg/Nm3), the costs would be 26.2 and 40.1 euros/tonne of SO2 removed for the packed tower and the spray column, respectively. Oxidation System. To validate the good results obtained previously (7, 8) at a larger scale, 31 tests (Table 2) were carried out at different pH levels in the oxidation tank (2.58.1). Thirteen were carried out without a catalyst, and 18 were done using the same activated carbon as in the laboratory scale study, with different amounts and sizes of catalyst particles.
 
 TABLE 3. Catalytic Oxidation Tests Carried out in the Laboratory Scale Reactor test
 
 pH
 
 T, °C
 
 WAC, g/L
 
 DAC, mm
 
 AC-1 kAC-1 105, s-1
 
 AC-2 kAC-2 105, s-1
 
 L1 L2 L3 L4
 
 4 4 4 4
 
 25 25 25 25
 
 1 7 15 30
 
 1.705 1.705 1.705 0.065
 
 27.0 158.3 283.0 1701.3
 
 175.0 1205.0 1636.5
 
 Noncatalytic Oxidation. Knowing that oxidation kinetic equation is first order with respect to S(IV) (7) and considering a perfect mixed reactor, the kinetic constant (kS(IV)) was calculated from the S(IV) mass balance: inlet outlet LCS(IV) ) LCS(IV) + V(-rS(IV))
 
 ks(IV) )
 
 (
 
 (6)
 
 )
 
 outlet inlet L CS(IV) - CS(IV) V Coutlet S(IV)
 
 (7)
 
 The tank temperature varied between 34 and 43 °C from one test to another test because the temperature was not controlled. Thus, to compare the kinetic constants, a reference temperature of 25 °C was selected, and the experimental data were recalculated using the activation energy obtained in the laboratory tests (7). The dependence of kS(IV) on the pH agrees well with the results obtained in the laboratory study (Figure S5 of the Supporting Information). The kinetic constant increases as the pH level rises to an approximate value of 6. For pH values greater than this, the kinetic constant decreases. Catalytic Oxidation. The pilot plant catalytic tests were performed using the same commercial activated carbon used in the previous lab scale study (8), which was introduced in baskets fixed to the oxidation tank walls. Table 2 shows the results obtained in these experiments. The tests were carried out at different pH values (2.4-4.1), two amounts of activated carbon (7 and 14 g/L) and two different particles sizes (1.2 and 1.7 mm). The kinetic constant dependence on pH obtained is similar to that observed in previous lab-scale tests, that is, there is a higher oxidation rate when the pH level rises (Figure S6 of the Supporting Information). The important catalytic effect of using activated carbon as a catalyst can be observed in Figure S7 of the Supporting Information, where tests without a catalyst (WC) and with 7 g/L of activated carbon are compared. Catalytic Oxidation with Different Activated Carbons. Because of the different activated carbon properties found in the literature (12), we decided to study, at laboratory scale, the catalytic behavior of a different commercial activated carbon (AC-2) and to compare its activities with AC-1, which was used in the previous lab-scale study (8) and in the present pilot plant work. Table S2 of the Supporting Information shows the main properties of both activated carbons. Three different laboratory-scale tests (L1-L3 in Table 3) were carried out, corresponding to three amounts of activated carbon (1, 7, and 15 g/L) and a particle diameter of 1.705 mm, following the same experimental procedure described by Vidal et al. (8). To obtain a similar reaction rate, the last test included in Table 3 was performed with the former AC-1 catalyst but with a greater amount (30 g/L) and finely grounded (0.065 mm). The results show that the catalytic effect of activated carbon AC-2 is much higher than that of AC-1 in spite of its lower BET area. A reasonable explanation for this behavior is the higher metal content of AC-2. The catalytic oxidation of S(IV) in water solutions has been widely studied. As early as 1972, Bromley (3) pointed to manganese, iron, and copper VOL. 41, NO. 20, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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 TABLE 4. Preliminary Comparison between the Advanced and the Conventional Seawater Desulfurization Processes process
 
 FIGURE 4. Comparison of the catalytic and noncatalytic oxidation using two different commercial activated carbons. as possible catalysts for the oxidation of S(IV) in seawater. Later, several authors (13-17) studied the catalytic effect of metallic cations, mainly manganese, iron, copper, and cobalt, in the oxidation of S(IV) in water solutions. Figure 4 compares, at laboratory scale, the catalytic and noncatalytic oxidation. It can be seen that it is possible to reach a greater oxidation rate at a low pH level (4) using activated carbon rather than operating conventionally, i.e., at a high pH level (6) without a catalyst. Although it depends on the design of the catalytic oxidation pool (fixed bed, fluidized bed, entrained flow), large catalytic particles are usually preferable to smaller ones provided that their catalytic activities are great enough. Figure 4 shows that 1.7 mm activated carbon AC-2 provides the same catalytic effect as pulverized AC-1. Verification of the Zero Partial Order in O2. Given the discrepancies found in the literature with respect to the reaction order for dissolved oxygen (7, 18), we decided to test this point again in the experiments at pilot plant scale. Figure S8 of the Supporting Information shows the results obtained in experiments carried out at different dissolved oxygen concentrations. Analyzing these results, it is possible to confirm that S(IV) oxidation is independent of the dissolved oxygen concentration in seawater. Industrial Application. Once we demonstrated the high absorption rate of the structured packing used (Figure 2) and showed that the oxidation plant can be operated at pH ) 4 using activated carbon as a catalyst with the same (or a greater) oxidation rate as at pH ) 6 without a catalyst (Figure 4), it was possible to carry out a preliminary comparison between the advanced seawater desulfurization process and the conventional process. A rigorous evaluation of this new technology would make a large technical and economic comparative study necessary, which was outside the scope of the present study. This evaluation was done using data from a 500 MWth (2 groups of 250) thermal power station that burns coal with a low sulfur content (1% w/w) and uses seawater in condenser and desulfurization units (Table 4). Absorption Tower. The estimated SO2 emission is 2000 mg/Nm3. In agreement with the actual European Union legislation [LCPD, 2001/80/EC] for combustion plants whose thermal input is equal to or greater than 300 MWth, an SO2 emission limit value of 200 mg/Nm3 (O2 content 6%) is applied for new plants. Therefore, the minimum required desulfurization yield is 90%. It was mentioned previously that a conventional spray tower achieves a yield of 97.85%, with L/G ) 12.3 L/Nm3. However, the structured packing tower achieves the same desulfurization yield with L/G ) 6.5 L/Nm3. This means 47% less seawater is necessary to pump to the absorption tower. As was pointed out, the utilization of a packed column results in a 30% reduction in the production costs (without counting the investment costs). 7118
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 power, MWth gas flow, Nm3/h CSO2 FGD inlet, mg/Nm3 treated gas, % heat exchange units CSO2 tower outlet, mg/Nm3 tower D.Y., % CSO2 FGD outlet, mg/Nm3 global FGD D.Y., % L/G, L/Nm3 seawater flow (tower), m3/h
 
 conventional
 
 advanced
 
 2 × 250 2 × 250 000 2000 92.4 heat exchanger + reheater 43 97.85 192 90.4 12.3 6.5 2 × 3075 2 × 1625
 
 Seawater Treatment Plant oxidation noncatalytic pH seawater flow (oxidation), m3/h oxidation residence time, min oxidation plant volume, m3
 
 catalytic (AC-1)
 
 6 2 × 8672 15 2 × 2168
 
 4 2 × 3363 15 2 × 841
 
 Oxidation Plant. The amount of seawater required to raise the pH level of the tower effluent to 4 (advanced process with activated carbon) is 61% less than for the conventional process (to raise the pH level to 6). This means a similar volume reduction in the oxidation plant and an estimated saving of 25% in terms of capital costs. The associated reduction in space is also very important, particularly with regard to the retrofitting of existing power plants. The use of activated carbon as a catalyst requires additional capital and results in a rise in operating costs, but these are not greater than the estimated savings. It is important to emphasize that the proposed process would be even more beneficial if a fuel with higher sulfur content were used. It would be even more favorable if a better catalyst was employed (for example AC-2) and/or the oxidation was carried out at a lower pH (smaller plant volume using a greater amount of catalyst).
 
 Nomenclature AC
 
 activated carbon
 
 BET
 
 specific surface (Brunauer, Emmer, and Teller method)
 
 BPEO
 
 Best Practicable Environmental Option
 
 CO2
 
 measured dissolved O2 concentration in the seawater (mol/L)
 
 CSO2
 
 SO2 concentration in the flue gas (mg/Nm3)
 
 CS(IV)
 
 S(IV) concentration in the seawater (mol/L)
 
 DAC
 
 average size of catalyst particles (mm)
 
 D.Y.
 
 desulfurization yield (%)
 
 E
 
 mass transfer enhancement factor
 
 FGD
 
 Flue Gas Desulfurization
 
 G
 
 gas flow rate (Nm3/h)
 
 HOG
 
 height of overall mass gas transfer units
 
 HSO2
 
 Henry’s constant
 
 ID
 
 induced draft
 
 kGa
 
 volumetric gas-phase mass transfer coefficient
 
 KGa
 
 volumetric overall mass transfer coefficient
 
 kLa
 
 volumetric liquid-phase mass transfer coefficient
 
 kS(IV)
 
 noncatalytic kinetic constant (s-1)
 
 kAC
 
 catalytic kinetic constant (with activated carbon) (s-1)
 
 L
 
 seawater flow rate (tower or oxidation tank) (L/ h)
 
 n.a.
 
 nonanalyzed
 
 NOG
 
 number of overall mass transfer units
 
 (-rS(IV))
 
 S(IV) oxidation rate (mol/L s)
 
 S
 
 tower cross sectional area
 
 S(IV)
 
 SO32-, HSO3-, and H2SO3 chemical elements
 
 S(VI)
 
 SO42-, HSO4-, and H2SO4 chemical elements
 
 V
 
 tank volume (L)
 
 WAC
 
 catalyst per unit volume (gcat/L)
 
 yin
 
 inlet gas-phase SO2 molar fraction
 
 yout
 
 outlet gas-phase SO2 molar fraction
 
 Z
 
 packed height
 
 Acknowledgments This study was carried out as part of a research project financed by the European Coal and Steel Community and by Endesa.
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