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 14
 
 ABSTRACT
 
 15
 
 To achieve ultra-low emission (ULE) standards, wet electrostatic precipitators
 
 16
 
 (WESP) installed at the downstream of wet flue gas desulfurization (WFGD) have
 
 17
 
 been widely used in Chinese coal-fired power plants (CFPPs). We conducted a
 
 18
 
 comprehensive field test study at four 300 MW level ULE CFPPs, to explore the
 
 19
 
 impact of wet clean processing (WFGD & WESP) on emission characteristics of three
 
 20
 
 size fractions of PM (PM2.5, PM10-2.5, and PM>10) and their ionic compositions. All
 
 21
 
 these CFPPs are installed with limestone-based/magnesium-based WFGD and
 
 22
 
 followed by WESP as the end control device. Our results indicate that particle size
 
 23
 
 distribution, mass concentration of PM and ionic compositions in flue gas change
 
 24
 
 significantly after passing WFGD and WESP. PM mass concentrations through
 
 25
 
 WFGD are significantly affected by the relative strength between de-sulfur slurry
 
 26
 
 scouring and flue gas carrying effects. Concentrations of ions in PM increase greatly
 
 27
 
 after passing WFGD, especially, SO42- in PM2.5, PM10-2.5, and PM>10 increase on
 
 28
 
 average by about 1.4, 3.9, and 8.3 times, respectively. However, WESP before the
 
 29
 
 stack can effectively reduce final PM emissions and their major ionic compositions.
 
 30
 
 Furthermore, emission factors (kg/t-coal) of PM for different combinations of air
 
 31
 
 pollution control devices are presented and discussed.
 
 32 33 34
 
 Key Words: size-segregated PM; ionic compositions; ULE CFPPs; wet flue gas
 
 35
 
 desulfurization; wet electrostatic precipitators.
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 INTRODUCTION
 
 37
 
 During the past two decades, rapid growth of industrialization and urbanization
 
 38
 
 has led to a huge volume of fossil fuel combustion in developing countries.1,2
 
 39
 
 Frequent haze events surrounding the Eastern and Central areas of China have
 
 40
 
 attracted considerable concerns from the public and Chinese government due to
 
 41
 
 adverse impacts on air quality, human health and climate change.3-6 Previous studies
 
 42
 
 indicate that coal-ﬁred ﬂue gas represents one major source of primary air pollutants
 
 43
 
 (sulfur dioxide (SO2), nitrogen oxides (NOx), ﬁne particulate matter (PM2.5,
 
 44
 
 aerodynamic diameter less than 2.5 μm), etc.) and thus contributes to haze and
 
 45
 
 ground-level O3 formation.7-11 In China, coal is mainly used to generate electricity;
 
 46
 
 these coal-fired power plants (CFPPs) emit large amounts of PM2.5, SO2 and NOx to
 
 47
 
 the environment.7,12-14 Hence, CFPPs are a key regulatory source category of air
 
 48
 
 pollution control in China. On December 2, 2015, the Chinese government issued the
 
 49
 
 “Reformation and Upgrading Action Plan for Coal Energy Conservation and Emission
 
 50
 
 Reduction (2014-2020)” to meet the ultra-low emission (ULE) standards and energy
 
 51
 
 conservation by 2020.15 The updated ULE national contaminant emission standard
 
 52
 
 ceilings for NOx (10 through the virtual impactor. Three particle sizes are collected
 
 201
 
 on three quartz filters (Pall Corp. USA), respectively. The virtual impactor has some
 
 202
 
 advantages for field measurement in CFPPs: (i) the highly satisfactory performance
 
 203
 
 for PM2.5 mass concentrations and separation efﬁciency within the investigated range
 
 204
 
 of mass concentrations and ambient conditions;48 (ii) collection efﬁciency curve meets
 
 205
 
 the requirement of ISO 13271, 2012; (iii) smaller diameter (74 mm) of this cylindrical
 
 206
 
 virtual impactor can meet the size of most sampling port of industrial sources in
 
 207
 
 China.49 The following points are essential to ensure the quality of sampling process.
 
 208
 
 Firstly, during the process of placing the impactor into and out of the flue duct, the
 
 209
 
 sampling nozzle must be opposite to the flue direction, and not touch the flange wall
 
 210
 
 strictly to avoid dust pollution. Secondly, put the impactor in the flue duct for 15-20
 
 211
 
 minutes to make the temperature close to the flue gas temperature before sampling so as
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 212
 
 to avoid condensation of water vapors on the filters. Thirdly, to obtain enough mass for
 
 213
 
 chemical analysis, sampling time period for PM is at least 90 minutes at each sampling
 
 214
 
 position. Additional detailed information on operating two-stage virtual impactor can
 
 215
 
 be seen in the studies by Jiang et al. (2014)47 and Wada et al. (2016)48. During the tests,
 
 216
 
 all PM samples were collected simultaneously for three times at both the inlet and
 
 217
 
 outlet of WFGD and WESP. For all the four tested CFPPs, sampling flow rates of PM2.5,
 
 218
 
 PM10-2.5, and PM>10 are at ranges of 1.58-2.05, 2.25-2.44, and 19.53-21.92 L/min, with
 
 219
 
 the corresponding total sampled volume are at ranges of 142-185, 203-220, and
 
 220
 
 1758-1973 L, respectively.
 
 221
 
 Ionic Compositions of PM Analysis
 
 222
 
 All quartz filters were pre-baked at 450℃ for 4 hours to eliminate organic
 
 223
 
 compounds prior to sampling. Then the calcined filters were placed in a constant
 
 224
 
 temperature (25℃) and humidity (50%) system for 48 hours in order to conduct
 
 225
 
 gravimetric analysis before and after sampling. After weighing, filters are stored in a
 
 226
 
 refrigerator at -4℃ temperature.
 
 227
 
 Two square centimeters of each quartz ﬁlter were ultrasonically extracted for 40
 
 228
 
 min using 4 mL distilled de-ionized water. Then the solution was drawn into a 5 mL
 
 229
 
 syringe, filtered by a 0.45 μm syringe filter, and injected into a polymeric vial.
 
 230
 
 Processed samples are analyzed by an ion-chromatograph (Dionex ICS-2000, Thermo
 
 231
 
 Fisher Scientiﬁc Inc., USA). The analytical ionic species include four anions (Cl-, F-,
 
 232
 
 NO3-, and SO42-) and five cations (K+, Ca2+, Na+, Mg2+, and NH4+). The detection limits
 
 233
 
 of ions are 0.01-0.1 μg mL−1 for anions with a relative standard deviation (RSD)10 mass concentrations change greatly when ﬂue
 
 293
 
 gas passes through WFGD scrubbers and WESP. For P-1 & 2, the effect of WFGD on
 
 294
 
 size-segregated mass concentrations is similar, with increases for PM2.5 (14% and
 
 295
 
 197%), PM10-2.5 (42% and 122%), and PM>10 (3% and 245%) through WFGD
 
 296
 
 scrubbers. Li et al. (2017)29 reported that PM2.5 increased by about 56.3%
 
 297
 
 (4.7%-119%) after WFGD process. However, mass concentrations of size-segregated
 
 298
 
 PM maintain the same decreasing tendency (decreased by 9%-73%) with that of
 
 299
 
 PMtotal from inlet to outlet of magnesium-based WFGD for P-3 & 4. For the four tested
 
 300
 
 CFPPs, proportion of total ions in particles presents an increasing trend, while the mass
 
 301
 
 concentrations of PM increase or decrease through WFGD depending on different
 
 302
 
 plants and the installed APCDs (as presented in Figure 2).
 
 303
 
 For WESP, PM does not accumulate on collection electrodes due to water film
 
 304
 
 scrubbing, and this mitigates particle re-entrainment. As shown in Figure 2, WESP
 
 305
 
 plays an important role in reducing PM emissions. Mass concentrations of PM2.5,
 
 306
 
 PM10-2.5, and PM>10 decreased on average by 59% (range 17%-83%), 64% (range
 
 307
 
 44%-83%) and 45% (range 12%-70%) through WESP, respectively. For P-1, high ash
 
 308
 
 content in feed coal may affect the removal efficiency of WESP and final PM
 
 309
 
 emission concentration. The PM2.5 capture efﬁciencies of WESP studied by Zhang et
 
 310
 
 al. (2016),42 Zhao and Zhou (2016),43 Sui et al. (2016),44 and Liu et al. (2017)45 were
 
 311
 
 57%, 35%-80%, 75% and 81%, respectively. Notably, removal efficiencies of WESP
 
 312
 
 in this study and previous studies differed greatly from those reported by Jeong et al.
 
 313
 
 (2013)46 and Chang et al. (2011)39, which showed more than 95% removal efﬁciency
 
 314
 
 based on the mass of PM2.5 and sulfuric acid mist. However, the results of Jeong et al.
 
 315
 
 (2013)46 and Chang et al. (2011)39 were obtained on bench-scale tests and a
 
 316
 
 design-based patented system, respectively, which may achieve better removal
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 317
 
 performance since the operation conditions of actual WESP are much more
 
 318
 
 complicated and poorer than the experimental simulated flue gas. WFGD-inlet WFGD-outlet WESP-outlet WFGD-inlet WFGD-outlet WESP-outlet WFGD-inlet WFGD-outlet WESP-outlet
 
 16
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 Figure 2. Particulate mass concentrations of PM2.5, PM10-2.5, PM>10 at WFGD & WESP inlet and outlet for the four tested CFPPs
 
 322
 
 Particle size distributions from CFPPs have been examined in several studies.54-58
 
 323
 
 Zhao et al. (2010)59 developed an emission factor database of Chinese CFPPs based on
 
 324
 
 field measurements and reference data investigations. They pointed out that the
 
 325
 
 uncertainties of PM emission factors (EFs) generally increased from coarse to PM2.5.
 
 326
 
 Nevertheless, in these previous studies, the results on the impact of wet ESP on PM are
 
 327
 
 deficient because WESP application is still quite limited in China’s CFPPs before the
 
 328
 
 initiation of ULE retrofit in 2014.
 
 329
 
 Particle size distributions of PM mass concentrations through WFGD and WESP
 
 330
 
 processes are presented in Figure 3. In general, PM>10 accounts for the majority mass
 
 331
 
 percentage of PMtotal in flue gas, followed by PM10-2.5, and PM2.5. The proportions of
 
 332
 
 PM>10 in PMtotal increase on average from 45% to 60% through WFGD and WESP. For
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 333
 
 P-2 & 4, the proportion of PM10-2.5 effectively reduces with a slight change of PM2.5.
 
 334
 
 The average proportion of PM2.5 in PMtotal for four tested plants is about 15% with the
 
 335
 
 range (10%-26%) from WFGD-inlet to WESP-outlet. The mass ratios of PM2.5,
 
 336
 
 PM10-2.5, PM>10 at inlet of WFGD, and outlet of WFGD and WESP are 1/2.7/3.0,
 
 337
 
 1/2.0/2.8, and 1/1.9/4.4, respectively. Size fractions of PM2.5, PM10-2.5, PM>10
 
 338
 
 percentage at outlet of FF/ESP are also presented in Figure 3 reported by Goodarzi et
 
 339
 
 al. (2006)54 and Yi et al. (2008)57 for the purpose of comparison. Goodarzi et al.
 
 340
 
 (2006)54 conducted a field study following U.S. EPA Method 201A for three CFPPs in
 
 341
 
 Canada, and reported that 29%-44% of emitted particles are PM>10 at the outlet of ESP,
 
 342
 
 which are similar to the percentage range of PM>10 (34%-55%) at WFGD inlet in this
 
 343
 
 study. For P-2 installed with FF, the percentages of three particle size fractions are
 
 344
 
 10% for PM2.5, 55% for PM10-2.5, and 35% for PM>10 at WFGD-inlet (FF-outlet) in
 
 345
 
 this study, similar to those reported by Yi et al. (2008),57 while the corresponding
 
 346
 
 percentages are 9%, 62% and 29%, respectively. Lu et al. (2010)58 showed that PM2.5
 
 347
 
 and PM10 mass concentrations are 3.1 ± 1.7 mg/Nm3 and 14.7 ± 9.9 mg/Nm3, and the
 
 348
 
 corresponding proportions of PM emissions are approximately 10% and 50% at
 
 349
 
 WFGD inlet, respectively. P-1
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 351 352 353
 
 Figure 3. Percentages of particulate size (PM2.5, PM10-2.5, PM>10) at WFGD & WESP inlet and outlet in this study and those at FF-outlet/ESP-outlet of previous studies by Goodarzi et al. (2006)54 and Yi et al. (2008)57
 
 354
 
 Characteristics of Ionic Compositions at Inlet and Outlet of WFGD & WESP
 
 355
 
 Ionic species mass concentrations at WFGD & WESP inlet and outlet for the four
 
 356
 
 tested plants are illustrated in Figure 4. In general, total mass concentrations of ionic
 
 357
 
 compositions increase after WFGD processing and decrease through WESP before
 
 358
 
 finally emitting from the stack. Through WFGD, mass concentration of total ions
 
 359
 
 increases. Whether PM mass concentration increases or decreases depends on the
 
 360
 
 relative strength of scouring and carrying effects in different plants. Based on the field
 
 361
 
 test results of this study, flue gas entrains new particles with more ionic content after
 
 362
 
 WFGD. Significant increase of sulfate in three size-segregated PM may reflect that
 
 363
 
 increasing of sulfate in coarse particles indicates droplets carried out of the WFGD by
 
 364
 
 the flue gas and increasing of sulfate in fine particles indicates new particle formation
 
 365
 
 and growth events. Pan et al. (2016)20 also reported that desulfurization slurry
 
 366
 
 characteristics were closely related to the concentration and size distribution of ﬁne
 
 367
 
 particles after desulfurization.
 
 368
 
 Sulfuric acid mist aerosols are primarily formed in the WFGD process, due to
 
 369
 
 simultaneous heat and mass transfer and subsequent homogeneous nucleation.40,41
 
 370
 
 New particles of CaSO4 may be generated after limestone-based desulfurization
 
 371
 
 process.20 Saarnio et al. (2014)30 found that some ionic compounds increased in the
 
 372
 
 FGD process. According to the field measurement results of this study, regardless if it
 
 373
 
 is limestone-based or magnesium-based WFGD, SO42- is dominant anion in all the
 
 374
 
 four tested CFPPs, whose concentration in PM2.5, PM10-2.5, and PM>10 increases by 1.4
 
 375
 
 (0.9-1.9), 3.9 (0.5-11.5), and 8.3 (0.4-25.6) times through WFGD, respectively. Li et
 
 376
 
 al. (2017)29 also found concentration of SO42- in PM2.5 increased by 2.7 times on
 
 377
 
 average from 0.16 to 0.45 mg/Nm3, which are similar to our study (0.18-0.42
 
 378
 
 mg/Nm3). However, the effects of limestone-based and magnesium-based WFGD on
 
 379
 
 ionic compositions are mainly responsible for changes of Ca2+ and Mg2+. Mass
 
 380
 
 concentrations of Ca2+ and Mg2+ increase significantly and become the dominant
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 381
 
 cation after limestone-based and magnesium-based WFGD. Through limestone-based
 
 382
 
 WFGD, the mass concentrations of Ca2+ increase on average by 0.2, 1.8, and 6.9
 
 383
 
 times for PM2.5, PM10-2.5, and PM>10, respectively. Through magnesium-based WFGD,
 
 384
 
 mass concentrations of Mg2+ in PM2.5, PM10-2.5, and PM>10 are 12.1, 6.1, and 10.4
 
 385
 
 times that at WFGD-inlet, respectively. Larger increase of Mg2+ concentrations than
 
 386
 
 Ca2+ concentrations is likely due to the relative high solubility of magnesium sulfate
 
 387
 
 than calcium sulfate. The calcium sulfate and magnesium sulfate mainly distribute in
 
 388
 
 larger particles after WFGD. Ca2+ and Mg2+ from the dissolution of limestone and
 
 389
 
 ripening slurry of MgO are primary constituents of slurry. Mass concentrations of
 
 390
 
 Mg2+, Na+, and K+ in PM after limestone-based WFGD are slightly higher than those
 
 391
 
 at WFGD-inlet, which are likely due to impurities in limestone absorbent.19 However,
 
 392
 
 the small amount of Ca2+ at the magnesium-based WFGD-inlet likely come from the
 
 393
 
 feed coal which decreases slightly through the magnesium-based WFGD.
 
 394
 
 Meanwhile, signiﬁcantly high NH4+ concentrations in PM were observed at
 
 395
 
 WFGD outlet, which mainly coming from the slipped NH3 through the upstream SCR.
 
 396
 
 To achieve a higher efﬁciency of NOx removal for CFPPs in China, excessive NH3 is
 
 397
 
 injected into flue gas to improve the NH3/NOx ratio. The extra NH3 escaped from
 
 398
 
 SCR converter can be absorbed effectively into gypsum slurry in a WFGD system due
 
 399
 
 to high solubility of NH3 in water. In addition, WFGD inlet temperatures are typically
 
 400
 
 at the range of 110-150℃, and 40-60℃ at outlet of WFGD. Through WFGD system,
 
 401
 
 flue gas temperature affects the amount of water evaporating, the volatile NH4+ and
 
 402
 
 gaseous NH4+ salts can condense onto the particle surface or dissolve in droplets.29
 
 403
 
 Then the entrainment and evaporation of desulfurization liquid leads to a dramatic
 
 404
 
 increase of NH4+ in the soluble-ion compositions of PM. Therefore, concentrations of
 
 405
 
 NH4+ after the desulfurization system largely depend on the amount of slipped NH3
 
 406
 
 from SCR system. For all four tested CFPPs, concentrations of NH4+ in PM2.5,
 
 407
 
 PM10-2.5 and PM>10 increase on average by 15.1, 7.9, and 5.3 times through the WFGD
 
 408
 
 system, respectively. Therefore, maintaining appropriate NH3/NOx ratio and reducing
 
 409
 
 NH3 slip rate are crucial for reducing final NH4+ emissions from CFPPs. The above
 
 410
 
 analysis of major ionic species in particles, provides further evidences that new
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 411
 
 particles in flue gas after WFGD are mainly from the entrainment of re-circulated
 
 412
 
 slurry, WFGD still dominates the capture of SO2 with the removal efficiency of
 
 413
 
 99.1%-99.6%.
 
 414
 
 At inlet of WFGD, concentration of F- is relatively high, which releases
 
 415
 
 primarily as HF from feed coal fired.60,61 F- can be removed effectively by
 
 416
 
 desulfurization system because the hydrofluoric acid contained in the flue gas is easily
 
 417
 
 dissolved in the aqueous phase of the sprayed droplets of limestone/magnesium slurry.
 
 418
 
 Several studies have shown that HF in WFGD may form CaF2, and Al-F species may
 
 419
 
 be formed (typically represented by CaAlF3(OH)2-CaF2, NaMgAlF6H2O, and other
 
 420
 
 compounds).19,51,62-64 These compounds can coat the surfaces of limestone particles
 
 421
 
 and consequently cause a decrease of the reactivity of limestone.63,64 Therefore, some
 
 422
 
 additives can be used to optimize SO2 removal efﬁciency and reduce the
 
 423
 
 concentration of F- in WFGD-gypsum.
 
 424
 
 In WESP, the contents of ions in PM decreased by the collection and removal of
 
 425
 
 solid and liquid aerosols, which can reduce the sulfate emissions in PM. Sub-micron
 
 426
 
 particles and acid mist can be collected by WESP very efﬁciently.65-66 In this study,
 
 427
 
 ionic compositions in PM2.5, PM10-2.5, and PM>10 decreased by 55%, 63%, and 55% on
 
 428
 
 average after WESP treatment. WESP exhibited good removal performance for SO42-,
 
 429
 
 with average removal rate of 62% (12%-91%). Meanwhile, the corresponding
 
 430
 
 removal efficiency on average for the main cations including Ca2+, Mg2+, NH4+, and
 
 431
 
 K+ was 64%, 54%, 44%, and 50%, respectively. These results indicate that WESP can
 
 432
 
 reduce the final stack PM emissions with main ionic compositions concentration
 
 433
 
 reduction.
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 Figure 4. Ionic species mass concentrations at WFGD & WESP inlet and outlet for the four tested plants
 
 437
 
 EFs of PM2.5, PM10, and PMtotal at Inlet and Outlet of WFGD & WESP
 
 W
 
 W
 
 438
 
 EFs of PM (kg/t-coal) are key parameters for “bottom-up” calculation of
 
 439
 
 particulate emissions from CFPPs, and need to keep being updated along with the
 
 440
 
 evolution of installed APCDs in CFPPs. EFs in this study are calculated based on the
 
 441
 
 measured concentrations of PM, daily reports on total flue gas volume and coal
 
 442
 
 consumption of the four tested CFPPs. Average EFs of PM2.5, PM10, and PMtotal based
 
 443
 
 on different combinations of APCDs in this study and combined other studies are
 
 444
 
 summarized in Table 4. Average EFs of PM2.5, PM10, and PMtotal in this study at
 
 445
 
 WESP-outlet based on FF/ESP + WFGD + WESP are 0.009/0.018 kg/t-coal,
 
 446
 
 0.030/0.056 kg/t-coal, and 0.081/0.130 kg/t-coal, respectively. In addition, we
 
 447
 
 compare the EFs before and after WFGD of different studies. EFs after FF of P-2 and
 
 448
 
 those described by Zhao et al. (2010)59 are all lower than EFs after ESP, because FF
 
 449
 
 normally shows high dust removal performance. EFs after FF of P-2 in this study are
 
 450
 
 lower than those after bag-house studied by Yi et al. (2008)57 and calculated by EPA
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 451
 
 AP-42 may depend on the constant upgrading of APCDs. EFs described by Zhao et al.
 
 452
 
 (2010)59 are all based on ash content in coal; if the EFs after FF are estimated based
 
 453
 
 on ash content (23%) in P-2, then those of PM2.5, PM10, and PMtotal after FF are 0.044
 
 454
 
 kg/t-coal, 0.079 kg/t-coal, and 0.098 kg/t-coal, respectively, which are similar to our
 
 455
 
 results of P-2. However, the EFs (after ESP+WFGD) investigated by Zhao et al.
 
 456
 
 (2010)59 are higher than those in this study, based on the ash content range
 
 457
 
 (23.30%-34.96%) for four tested CFPPs. In addition, PM2.5 EFs after ESP and ESP +
 
 458
 
 WFGD are 0.032-0.035 kg/t-coal and 0.033-0.042 kg/t-coal for four different capacity
 
 459
 
 units studied by Xu et al. (2017),67 which are within the range of our results
 
 460
 
 (0.025-0.200 kg/t-coal after ESP and 0.029-0.093 kg/t-coal after ESP+WFGD).
 
 461
 
 Divergence of EFs among different studies can be explained by many factors, such as
 
 462
 
 boiler configuration, coal type and compositions, removal performance, the
 
 463
 
 combination of APCDs, and equipment upgrades under the ULE retrofit requirements,
 
 464
 
 as well as the field measurement errors introduced by different instruments and
 
 465
 
 operators.
 
 466
 
 Table 4. Emission factors (kg/t-coal) of different particle sizes from different studies Studies
 
 After APCDs
 
 PM2.5
 
 PM10
 
 PMtotal
 
 FF
 
 0.008
 
 0.052
 
 0.080
 
 ESP
 
 0.090 (0.025-0.200)
 
 0.249 (0.113-0.488)
 
 0.478 (0.218-0.953)
 
 FF+WFGD
 
 0.025
 
 0.127
 
 0.211
 
 ESP+WFGD
 
 0.054 (0.029-0.093)
 
 0.141 (0.098-0.153)
 
 0.282 (0.195-0.355)
 
 FF+WFGD+WESP
 
 0.009
 
 0.030
 
 0.081
 
 ESP+WFGD+WESP
 
 0.018 (0.013-0.024)
 
 0.056 (0.022-0.093)
 
 0.130 (0.067-0.215)
 
 0.015
 
 0.12
 
 0.17
 
 0.09
 
 0.19
 
 0.28
 
 FF
 
 0.0019Aa
 
 0.0034A
 
 0.0042A
 
 ESP
 
 0.032A
 
 0.065A
 
 0.094A
 
 ESP+WFGD
 
 0.0147A
 
 0.0210A
 
 0.0231A
 
 Xu et al.
 
 ESP
 
 0.032-0.035
 
 -
 
 -
 
 (2016)67
 
 ESP+WFGD
 
 0.033-0.042
 
 -
 
 -
 
 This study
 
 Yi et al. (2008)57
 
 Bag-house
 
 EPA AP-42 Zhao et al. (2010)59
 
 467
 
 Note: a A is the ash content, in percent, of the coal as ﬁred in CFPPs.
 
 468
 
 IMPLICATIONS
 
 ACS Paragon Plus Environment
 
 Environmental Science & Technology
 
 469
 
 To investigate the influence of the combination of WFGD and WESP on PM
 
 470
 
 emission characteristics and its ionic compositions, field tests were performed at four
 
 471
 
 ULE CFPPs in China in this study. Our results showed that most of retrofitted CFPPs
 
 472
 
 can achieve ULE requirments although one of them may not meet the ULE standard
 
 473
 
 of PMtotal (
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