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Abstract

:

A wet electrostatic precipitator (WESP) is typically installed downstream of wet flue gas desulfurization (WFGD) to remove fine particles and sulfuric acid mists from flue gases in coal-fired power plants. The emission reduction characteristics of multiple pollutants and the energy consumption data of 214 sets of WESPs (94 sets of metal plate WESPs, 111 sets of conductive Fiber Reinforced Plastic WESPs, and 9 sets of flexible plate WESPs) were tested and analyzed, and the results showed that: WESPs had a high removal efficiency on PM, PM2.5, SO3, droplets and Hg, and mostly concentrated in ≥75%, ≥70%, ≥60%, ≥70% and ≥40%, respectively. The outlet pollutant concentrations were mostly concentrated in ≤5 mg/m3, ≤3 mg/m3, ≤5 mg/m3, ≤15 mg/m3 and ≤5 μg/m3, respectively. Specific power consumption and specific water consumption were concentrated in the range of 0.5~2.5 × 10−4 kWh/m3 and ≤10 × 10−6 t/m3. The correlation analysis of multiple pollutant’s removal performance was studied and the quantitative evaluation index requirements of high efficiency WESPs were determined in this paper. The high efficiency indexes of WESPs, such as PM emission concentration, SO3 emission concentration, PM removal efficiency, SO3 removal efficiency, pressure drop, air leakage rate and specific power consumption, were ≤2.50 mg/m3, ≤2.50 mg/m3, ≥90%, ≥85%, ≤200 Pa, ≤0.5% and ≤1.3 × 10−4 kWh/m3, respectively. The high efficiency indexes of specific water consumption for metal plate WESPs and FRP WESPs were ≤2.50 and ≤0.66 × 10−6 t/m3, respectively. This study can provide valuable reference for the following energy conservation and efficiency improvement of ultra-low emission units.






Keywords:


energy efficiency; pollutant removal; wet electrostatic precipitator (WESP); ultra-low emission; high performance index












1. Introduction


Wet electrostatic precipitators (WESPs) are typically installed downstream of wet flue gas desulfurization (WFGD) to remove fine particles and sulfuric acid mists from flue gases [1,2,3,4,5]. WFGD can efficiently remove SO2 and collaboratively remove part of PM, but its ability to remove fine particles and unconventional pollutants is limited [6]. Jens et al. [7], who measured the dust removal performance of WESPs by an ELPI (Electrical Low Pressure Impactor), SMPS (Scanning Mobility Particle Sizers), membrane filtration and other test methods, found that the minimum particulate matter emission concentration could reach less than 1 mg/m3. Xu et al. [8], who carried out field measurements on two sets of WESPs equipped for 300 MW coal-fired units, found that the removal efficiency of PM2.5 and SO3 were, respectively, in the range of 79.71–90.23% and 52.03–59.09%. Pan et al. [9], who studied the SO3 emission reduction in WESPs experimentally, found that the SO3 removal efficiency of WESP systems was mainly from 30 to 65% and the fractional removal efficiency for aerosols from 0.1 to 1 μm had a distinct decrease; furthermore, the removal process was promoted with an operating voltage increase and the inlet concentration of sulfuric acid aerosols decreases. Yang et al. [10], who studied the SO3 emission reduction and efficiency improvement methods of WESPs experimentally, found that the SO3 removal efficiency could be increased from 90.3% to 95.8% through pre-charge and to 97.8% through pre-charge and condensation. Nevertheless, the current publications on WESPs mainly focus on the improvements of the pollutant removal performance, without involving energy efficiency characteristics. Generally, the higher the high-voltage power supply parameters, the greater the energy consumption and the higher the efficiency of electric dust removal [11,12,13]. In this work, pollutant-removal performance and the energy efficiency characteristics of WESPs were investigated, analyzed and evaluated, which can provide reference for future energy saving and efficiency improvement.




2. Materials and Methods


2.1. Research Object


WESPs have three forms, namely, metal plate WESPs, conductive Fiber Reinforced Plastics (FRP) WESPs and flexible plate WESPs. In this work, these three types of WESP in typical coal-fired power plants of China are taken as the research object. The unit capacity and flue gas volume flow statistics of different WESPs are shown in Figure 1. The unit capacity of metal plate WESPs ranges from 50 MW to 1030 MW, and the flue gas volume flow ranges from 3.3 × 105 to 4.3 × 106 m3/h, with the average data of 1.8 × 106 m3/h, and an average flue gas volume flow of a 300 MW class, 600 MW class and 1000 MW class for metal plate WESPs are 1.2 × 106, 2.3 × 106 and 3.0 × 106 m3/h, respectively. The unit capacity of conductive FRP WESPs ranges from 75 MW to 1000 MW, and the flue gas volume flow ranges from 4.8 × 105 to 3.3 × 106 m3/h, with the average data of 1.7 × 106 m3/h, and an average flue gas volume flow of 300 MW class, 600 MW class and 1000 MW class for conductive FRP WESPs are 1.4 × 106, 2.6 × 106 and 3.1 × 106 m3/h, respectively. The unit capacity of flexible plate WESPs ranges from 150 MW to 660 MW, and the flue gas volume flow ranges from 9.0 × 105 to 2.6 × 106 m3/h, with the average data of 1.6 × 106 m3/h, and an average flue gas volume flow of 300 MW class 600 MW class for flexible plate WESPs are 1.2 × 106 and 2.4 × 106 m3/h, respectively.




2.2. Test Methods


According to relevant requirements of actual engineering and technical agreement, and reference to relevant product standards [14,15,16,17] of WESPs, the following items needed to be tested during the performance assessment of WESPs, such as the main pollutants of particulate matter (PM), PM2.5 (PM with the aerodynamic diameters of ≤2.5 μm), SO3, droplets, mercury (Hg), etc.



Schematic diagram of PM sampling procedure is shown in Figure 2a. Large flow sampler (filter cartridge) or integrated sampling head (filter membrane) can be used for low concentration PM sampling. In the case of using large flow sampler as the PM sampling device, sampling method was decided in accordance with GB/T 13931-2017 [18], ISO 12141-2002 [19] and GB/T 15187-2017 [20], and the test instruments being used were Laoying 3012H-D (Maximum flow rate is 100 L/min, Accuracy ≤±2.5% Full Scal), Zhongrui ZR-3260 (Maximum flow rate is 80 L/min, Error range ≤±5% Full Scal), Tianhong TH-880W (Maximum flow rate is 60 L/min, Accuracy ≤±2.5% Full Scal) and so on. In the case of using integrated sampling head as PM sampling device, sampling method was decided in accordance with HJ 836-2017 [21] and DB37/T 2706-2015 [22], and the test instruments being used were Laoying 3012H-D-type sampler and Laoying 1085B-type integrated sampling head. Furthermore, in order to ensure the accuracy of low concentration test data, blank test was carried out at the inlet and outlet of WESP [23,24] during the test experiment, with a result that the blank test value did not exceed 10% of the limit of PM concentration and the weight gain of particles collected by the filter cartridge (membrane) was more than 5 times the positive mass deviation of the blank sample. The detection limit of this test method is 1.0 mg/m3 if the sampling volume is 1 m3.



Schematic diagram of PM2.5 sampling procedure is shown in Figure 2b. The gravimetric method decided in accordance with ISO 23210:2009 [25] and DL/T 1520-2016 [26] was used for PM2.5 sampling at the inlet and outlet of WESP, and the test instrument being used was Dekati® PM10 Impactor. This impactor is designed to be divided into three stages [27] with the purpose to collect particles ≥10 μm, 2.5~10 μm and 1~2.5 μm, respectively, and filter membrane installed after the last stage is aimed to collect particles ≤1 μm. During sampling period, the sampling tube and the impactors were heated to 120 °C due to the high humidity flue gas [28,29]. The detection limit of this test method is 0.150 mg/m3 if the sampling volume is 2 m3.



A schematic diagram of SO3 sampling procedure is shown in Figure 2c. Controlled condensation method [30] decided in accordance with GB/T 21508-2008 [31], DL/T 998-2006 [32] and DL/T 1990-2019 [33] was used for SO3 sampling at the inlet and outlet of WESP. In view of the fact that it is difficult for conventional condenser pipe to capture SO3 fully [34,35], the main parameters of condenser pipe used for SO3 sampling were uniformly designed as following, the inner diameter of outer tube was 60 mm, the inner diameter of inner tube was 4 mm, the inner tube ring diameter was 18 mm, the inner tube ring distance was 15 mm and the extension length of inner tube was longer than 2400 mm. The detection limit of this test method is 0.30 mg/m3 if the sampling volume is 0.5 m3.



Schematic diagram of droplet sampling procedure is shown in Figure 2d, and the sampling method was decided in accordance with GB/T 21508-2008 [31]. The value difference of the mass after sampling and after fully drying was the total amount of droplets captured by the trap. Meanwhile, the concentration of magnesium ions in the slurry of WFGD was analyzed in order to correct the amount of condensate water in flue gas. Laoying 3012H-D, Zhongrui ZR-3260 or Tianhong TH-880W was used as air extraction equipment.



Schematic diagram of Hg sampling procedure is shown in Figure 2e. EPA 30B standard method [36] was used for Hg sampling at the inlet and outlet of WESP, and the test instruments being used were Tianhong XC-260, Zhongrui ZR-3700A and so on. As the sampling result, when the Hg mass concentration in flue gas was more than 1 μg/m3, the total Hg in the penetration section did not exceed 10% of that in the absorption section, and when the Hg mass concentration in flue gas was less than 1 μg/m3, the total Hg content in the penetration section did not exceed 20% of that in the absorption section. The detection limit of this test method is 0.1 μg/m3 if the sampling volume is 10 L.



The WESP performance was assessed by pollutant collection efficiency (ηi) given by:


   η i  =    M   i 1    ×  M  i 2      M  i 1     × 100  



(1)




where ηi represents the pollutant collection efficiency (%), Mi1 and Mi2 are the pollutant mass flow rates (mg/s) at the inlet and outlet of WESP, respectively.



According to GB/T 40505 [37] requirements, when the pollutant removal efficiency is tested, the test items of WESP inlet and outlet flue should be consistent, and the unit should run stably under BMCR (Boiler Maximum Continue Rate) load, the WESP operating condition meets the design requirements.





3. Results


3.1. Pollutant-Removal Performance


3.1.1. PM and PM2.5


The statistical results of PM emission concentration and removal efficiency are shown in Figure 3a and Figure 3b, respectively. The outlet PM concentration of the WESP is concentrated in the range of 1~10 mg/m3, and the PM removal efficiency is concentrated in the range of 75~90%. The PM removal performance is different between different types of WESP. For metal plate WESPs applied to different coal-fired power plants, the outlet PM concentration is in the range of 0.41~16.20 mg/m3, with an average of 4.41 mg/m3, and PM concentration ≤5 mg/m3 accounted for 77.7%, PM concentration ≤2.5 mg/m3 accounted for 23.4%. The PM removal efficiency of metal plate WESPs is in the range of 45.70~95.72%, with an average of 83.49%, and PM removal efficiency ≥75% accounted for 84.0%, PM removal efficiency ≥90% accounted for 25.9%. For FRP WESPs, the outlet PM concentration is in the range of 1.10~9.40 mg/m3, with an average of 3.92 mg/m3, and PM concentration ≤5 mg/m3 accounted for 83.5%, PM concentration ≤2.5 mg/m3 accounted for 19.3%. PM removal efficiency of FRP WESP is in the range of 56.10~96.12%, with an average of 81.89%, and PM removal efficiency ≥75% accounted for 82.2%, PM removal efficiency ≥90% accounted for 17.8%. For flexible plate WESPs, the outlet PM concentration is in the range of 1.61~13.93 mg/m3, with an average of 7.74 mg/m3, and the proportion of PM concentration ≤5 mg/m3 is 33.3%, PM concentration ≤2.5 mg/m3 accounted for 22.2%. PM removal efficiency of flexible plate WESPs is in the range of 64.10~81.62%, with an average of 76.53%, and PM removal efficiency ≥5% accounted for 66.7%, PM removal efficiency is not more than 90%. Generally, a metal plate WESP could achieve a lower PM emission concentration than other forms of WESP because a continuous spray mechanism which could strengthen the agglomeration and migration of particles by charged drops in wet electric fields [38,39,40] was adopted. From the overall data distribution of three types of WESP, the proportion of PM emission ≤2.5 mg/m3 and PM removal efficiency ≥90% are 20.3% and 19.4%, respectively.



The statistical results of PM2.5 emission concentration and removal efficiency are shown in Figure 4a and Figure 4b, respectively. The PM2.5 removal efficiency is concentrated in the range of 70~90%. The PM2.5 removal performance is different between different types of WESP. For metal plate WESPs applied to different coal-fired power plants, the outlet PM2.5 concentration is 0.27~9.2 mg/m3, with an average value of 2.15 mg/m3, and PM2.5 concentration ≤3 mg/m3 accounted for 74.1%, PM2.5 concentration ≤0.5 mg/m3 accounted for 33.3%. The PM2.5 removal efficiency of metal plate WESPs is 30.05~91.62%, with an average value of 80.70%, and PM2.5 removal efficiency ≥70% accounted for 96.0%, PM2.5 removal efficiency ≥88% accounted for 24.0%. For FRP WESPs, the outlet PM2.5 concentration is 0.15~3.80 mg/m3, with an average value of 1.49 mg/m3, and the proportion of PM2.5 concentration ≤3 mg/m3 is 93.2%, PM2.5 concentration ≤0.5 mg/m3 accounted for 11.4%. The PM2.5 removal efficiency of FRP WESPs is 58.33~93.07%, with an average value of 82.40%, and PM2.5 removal efficiency ≥70% accounted for 95.3%, PM2.5 removal efficiency ≥88% accounted for 22.7%. For flexible plate WESPs, the outlet PM2.5 concentration is 0.46~6.27 mg/m3, with an average value of 3.22 mg/m3, and the proportion of PM2.5 concentration ≤5 mg/m3 is 33.3%, PM2.5 concentration ≤0.5 mg/m3 accounted for 16.7%. The PM2.5 removal efficiency of flexible plate WESPs is 28.70~68.00%, with an average value of 58.68%, and PM2.5 removal efficiency ≥70% accounted for 16.7%, PM2.5 removal efficiency is not more than 88%. Generally, because of the following factors which could affect the particle removal performance [36], such as the deformation and shaking easily caused by a weak mechanical strength and high flue gas velocity, the difficulty in pole spacing warranty, the poor electric field stability and the low operation voltage, a flexible plate WESP has a slightly lower PM2.5 removal efficiency than metal plate WESPs and FRP WESPs. From the overall data distribution of the three types of WESP, the proportion of PM2.5 emission ≤0.5 mg/m3 and PM2.5 removal efficiency ≥88% are 19.5% and 21.6%, respectively.




3.1.2. Non-Conventional Pollutant


Statistical results of SO3 emission concentration and removal efficiency are shown in Figure 5a and Figure 5b, respectively. The SO3 concentration and removal efficiency are concentrated in the range of 1~5 mg/m3 and 60~85%, respectively. The SO3 removal performance was different between different types of WESP. For metal plate WESPs applied to different coal-fired power plants, the outlet SO3 concentration is 0.11~14.02 mg/m3, with an average value of 4.58 mg/m3, and SO3 concentration ≤5 mg/m3 accounted for 61.7%, SO3 concentration ≤2.5 mg/m3 accounted for 20.0%. The SO3 removal efficiency is 28.12~88.25%, with an average value of 72.08%, and SO3 removal efficiency ≥70% accounted for 59.0%, SO3 removal efficiency ≥85% accounted for 15.4%. For FRP WESPs, the outlet SO3 concentration is 0.27~12.20 mg/m3, with an average value of 4.17 mg/m3, and SO3 concentration ≤5 mg/m3 accounted for 77.9%, SO3 concentration ≤2.5 mg/m3 accounted for 28.6%. The SO3 removal efficiency was 40.91~92.02%, with an average value of 75.45%, and SO3 removal efficiency ≥70% accounted for 72.3%, SO3 removal efficiency ≥85% accounted for 23.1%. For flexible plate WESPs, the outlet SO3 concentration is 5.40~8.30 mg/m3, with an average value of 6.84 mg/m3, and SO3 concentration is not more than 5 mg/m3. The SO3 removal efficiency was 64.70~76.00%, with an average value of 70.35%. From the overall data distribution of the three types of WESP, the proportion of SO3 emission ≤2.5 mg/m3 and SO3 removal efficiency ≥85% are 23.9% and 19.8%, respectively.



Statistical results of droplet’s emission concentrations and removal efficiency are shown in Figure 6a and Figure 6b, respectively. The droplet’s removal efficiency was concentrated in the range of 70~85%. The droplet’s removal performance is different between different types of WESPs. For metal plate WESPs applied to different coal-fired power plants, the outlet droplet’s concentration is 2.2~34.11 mg/m3, with an average value of 13.67 mg/m3, and droplet’s concentration ≤10 mg/m3 accounted for 39.5%, droplet’s concentration ≤5 mg/m3 accounted for 15.8%. The droplet’s removal efficiency is 8.20~87.70%, with an average value of 73.97%, and droplet’s removal efficiency ≥70% accounted for 82.4%, droplet’s removal efficiency ≥82% accounted for 20.6%. For FRP WESPs, the outlet droplet’s concentration ranged from 0.30 mg/m3 to 38.60 mg/m3, with an average value of 11.35 mg/m3, and droplet’s concentration ≤10 mg/m3 accounted for 49.5%, droplet’s concentration ≤5 mg/m3 accounted for 20.9%. and the droplet’s removal efficiency ranged from 43.75% to 96.20%, with an average value of 74.07%, and droplet’s removal efficiency ≥70% accounted for 81.3%, droplet’s removal efficiency ≥82% accounted for 21.9%. For flexible pate WESPs, the outlet droplet’s concentration is 6.70, 4.32 mg/m3, respectively, and the droplet’s removal efficiency is 75.20% and 74.20%. From the overall data distribution of the three types of WESP, the proportion of droplet’s emission ≤5 mg/m3 and droplet’s removal efficiency ≥82% is 18.9% and 21.0%, respectively.



Statistical results of Hg emission concentration and removal efficiency are shown in Figure 7a,b. For metal plate WESPs applied to different coal-fired power plants, the outlet Hg concentration is 0.12~15.10 μg/m3, with an average value of 3.10 μg/m3 which is much lower than the Hg emission standard of China (30 μg/m3), and Hg concentration ≤2 μg/m3 accounted for 62.5%, Hg concentration ≤0.2 μg/m3 accounted for 12.5%. The Hg removal efficiency is 32.20~85.83%, with an average value of 63.67%, and Hg removal efficiency ≥60% accounted for 56.3%, Hg removal efficiency ≥80% accounted for 12.5%. For FRP WESP, the outlet Hg concentration ranged from 0.04 to 3.30 μg/m3, with an average value of 1.05 μg/m3, and Hg concentration ≤2 μg/m3 accounted for 76.5%, Hg concentration ≤0.2 μg/m3 accounted for 23.5%. The Hg removal efficiency is 41.90~89.22%, with an average value of 75.45%, and Hg removal efficiency ≥60% accounted for 82.4%, Hg removal efficiency ≥80% accounted for 23.5%. From the overall data distribution of the three types of WESP, the proportion of Hg emission ≤0.2 μg /m3 and Hg removal efficiency ≥80% are 18.9% and 21.2%, respectively.




3.1.3. Correlation Analyses of Multiple Pollutant Removal Performance


Correlation analyses of the multiple pollutant removal performance of WESPs are shown in Figure 8. The correlations between different pollutant outlet concentrations and different removal efficiencies are shown in the lower left lateral and upper right lateral, respectively, and the correlation analyses of the outlet concentration and removal efficiency of PM2.5, SO3, droplets and Hg are shown in the diagonal. As shown in the figure, there is a certain positive correlation between the removal performance of different pollutants, and the positive correlation between each pollutant and PM2.5 is the most obvious, which means that, for WESPs, the better the dust removal performance is, the higher the SO3, droplets and Hg removal efficiency will be. In terms of the dust removal mechanism, which is different from the conventional dry electrostatic precipitator as the collecting electrode is covered by water membrane in WESP, there is no secondary dust caused by shaking and fine particle emissions are avoided effectively. The technical bottleneck of fine particle charge in the conventional dry electrostatic precipitator is broken by the WESP with the help of continuous or intermittent water spraying in the electric field which could strengthen charging and agglomeration, and the PM2.5 removal efficiency of the WESP can reach more than 70%. The collision and agglomeration of droplets and fine particles could further improve the fine particle removal efficiency of WESPs because SO3 is more likely to condense into sulfuric acid aerosol when small droplets or particles are used as condensation nuclei, and more likely to further grow together with them. In actual operation, as the non-continuous spray method is widely used in FRP WESPs and flexible plate WESPs [41], the outlet droplet concentration of these two types of WESP is generally lower than that of metal plate WESPs, and FRP WESPs could achieve a higher SO3 removal efficiency because its power parameter could raise to a higher level. As most of the Hg in flue gas is particulate mercury and divalent mercury in particles and droplets [42,43], and the smaller the particles are, the larger the specific surface area will be, the Hg content of 0.01 μm particles increased by 7 orders of magnitude, compared with 10 μm particles [44]. In actual operation, the FRP WESP could achieve a lower Hg emission concentration than metal plate WESPs because of the non-continuous spray method and higher power parameter mentioned above. An internal mechanism analysis of multi-pollutant removal is shown in Figure 9.





3.2. Performance Indexes


The statistical results of the pressure drop and air leakage rate are shown in Figure 10 and Figure 11. For metal plate WESPs applied to different coal-fired power plants, the pressure drop is 125~1251 Pa, with an average value of 296 Pa, and pressure drop ≤200 Pa accounted for 49.3%, pressure drop ≤150 Pa accounted for 16.4%. The air leakage rate is 0.14~1.65%, with an average value of 0.81%, and air leakage rate ≤1% accounted for 69.4%, air leakage rate ≤0.5% accounted for 27.8%. For FRP WESPs, the pressure drop is 67~1186 Pa, with an average value of 270 Pa, and pressure drop ≤200 Pa accounted for 38.8%, pressure drop ≤150 Pa accounted for 24.3%. The air leakage rate is 0.11~1.88%, with an average value of 0.85%, and air leakage rate ≤1% accounted for 66.7%, air leakage rate ≤0.5% accounted for 21.2%. For flexible plate WESPs, the pressure drop is 100~846 Pa, with an average value of 308 Pa, and pressure drop ≤200 Pa accounted for 50.0%, pressure drop ≤150 Pa accounted for 37.5%. The air leakage rate is 0.80~1.67%, with an average value of 1.20%, and air leakage rate ≤1% accounted for 25.0%, air leakage rate is not less than 0.5%. From the overall data distribution of the three types of WESP, the pressure drop ≤200 Pa and pressure drop ≤150 Pa are 43.3% and 21.9%, respectively. The air leakage rate of WESPs ≤0.5% is 23.3%. It is worth noting that a WESP with a pressure drop over 1000 Pa is designed and measured with WFGD integrated.




3.3. Energy-Efficiency Characteristics


In order to evaluate the energy efficiency and material consumption of WESPs, the specific power consumption of a high-voltage power supply and the specific water consumption of WESPs were calculated according to the following equation [45]:


    λ   e   =     E   h     Q    



(2)






    λ   w   =   W   Q    



(3)




where λe and λw, respectively, denote the specific power consumption (kWh/m3) of a high-voltage power supply and specific water consumption (t/m3). Eh and W, respectively, denote the power consumption (kWh/h) and water consumption (t/h).



The statistical results of the specific power consumption are shown in Figure 12, in which the values are concentrated in the range of 0.5~2.5 × 10−4 kWh/m3, and with the average value of 1.65 × 10−4 kWh/m3. The specific power consumption of metal plate WESPs, FRP WESPs and flexible plate WESPs in different coal-fired power plants is 0.39~3.34, 0.74~3.38 and 0.89~2.02 × 10−4 kWh/m3, with an average value of 1.54, 1.77 and 1.38 × 10−4 kWh/m3, respectively. The specific power consumption of the three types of WESP ≤1.3 × 10−4 kWh/m3 are 30.0%, 14.3% and 33.3%, respectively. As shown in the following pictures, the difference in the power consumption index between the three types of WESP is very small, and from the overall data distribution of the three types of WESP, the specific power consumption of WESP ≤1.3 × 10−4 kWh/m3 is 21.9%.



The statistical results of the specific water consumption are shown in Figure 13, in which the values are concentrated in the range of ≤10 × 10−6 t/m3, with the average value of 4.98 × 10−6 kWh/m3. The specific water consumption of metal plate WESPs and FRP WESPs in different coal-fired power plants is 0.60~30.62 and 0.14~9.38 × 10−6 t/m3, with an average value of 7.44 and 1.48 × 10−6 t/m3, respectively. In actual operation, as the continuous spray method was widely used in metal plate WESPs, its water consumption is significantly higher than FRP WESPs. The specific water consumption of metal plate WESPs ≤2.5 × 10−6 t/m3 and the specific water consumption of FRP plate WESPs ≤0.66 × 10−6 t/m3 is 23.5% and 22.7%, respectively.





4. Discussion


The research and development task of China standard “Technical requirements of high efficiency air pollution control equipment for assessment—Part 6: Wet electrostatic precipitator” is being devloped by the author’s team. According to the classification requirements of GB/T 33017.1 [46], the number of high efficiency WESPs should account for 20% of the total number of WESPs in the industry. On the basis of the above data analysis, the quantitative evaluation index requirements of high efficiency WESPs, determined as Table 1, has been released and implemented in 2022 officially. Only the more widely used metal plate WESPs and FRP WESPs and more easily obtained indicators are specified here. Since the removal efficiency of droplets and Hg is not specified in most WESP projects, which is difficult to test, these indexes are not specified in the high efficiency standard. It is worth noting that the pressure drop power consumption has been considered in the calculation of the WESP power consumption, and, generally speaking, the higher the pressure drop, the larger the dust collection area and the better the PM removal performance, so the pressure drop index of high efficiency WESPs is relaxed to 200 Pa.



To prove the advanced nature of the above WESP indicators further, the comparison between this standard and the WESP indicators stipulated in China’s current national standard and professional standard is shown in Table 2. The promulgation and implementation of this standard is conducive to promoting WESPs to move towards a more efficient and energy-saving direction.




5. Conclusions


(1) A WESP could realize a high removal efficiency on PM, PM2.5, SO3, droplets and Hg, mostly concentrated ≥75%, ≥70%, ≥60%, ≥70% and ≥40%, respectively. The emission concentrations of PM, PM2.5, SO3, droplets and Hg at the outlet of the WESP are mainly concentrated ≤5 mg/m3, ≤3 mg/m3, ≤5 mg/m3, ≤15 mg/m3 and ≤5 μg/m3, respectively. The pollutant removal efficiency is slightly different between different types of WESP. FRP WESPs could realize a higher removal efficiency on PM2.5 and SO3 than metal plate WESPs because of its discontinuous spraying, which could help the operating power parameters raise higher.



(2) The specific power consumption and specific water consumption are concentrated in the range of 0.5~2.5 × 10−4 kWh/m3 and ≤10 × 10−6 t/m3, respectively. And all of these above are positively correlated with the mass flow removal of PM and SO3.



(3) The quantitative evaluation index requirements of high efficiency WESPs have been determined, released and implemented in 2022 officially. The high efficiency index of WESPs, such as PM emission concentration, SO3 emission concentration, PM removal efficiency, SO3 removal efficiency, pressure drop, air leakage rate and specific power consumption, are ≤2.50 mg/m3, ≤2.50 mg/m3, ≥90%, ≥85%, ≤200 Pa, ≤0.5% and ≤1.3 × 10−4 kWh/m3, respectively. The high efficiency index of the specific water consumption for Metal plate WESPs and FRP WESPs is ≤2.50 and ≤0.66 × 10−6 t/m3, respectively.
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Figure 1. Unit capacity and flue gas volume flow statistics of different types of WESP. (a) Metal plate WESP; (b) conductive FRP WESP; (c) flexible plate WESP. 
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Figure 2. Schematic diagram of pollutants sampling procedure. (a) PM sampling procedure; (b) PM2.5 sampling procedure; (c) SO3 sampling procedure; (d) droplet sampling procedure; (e) Hg sampling procedure. 
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Figure 3. PM removal performance. (a) Statistical results of PM emission concentration; (b) statistical results of PM removal efficiency. 
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Figure 4. PM2.5 removal performance. (a) Statistical results of PM2.5 emission concentration; (b) statistical results of PM2.5 removal efficiency. 
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Figure 5. SO3 removal performance. (a) Statistical results of SO3 emission concentration; (b) statistical results of SO3 removal efficiency. 
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Figure 6. Droplet’s removal performance. (a) Statistical results of droplet’s emission concentration; (b) statistical results of droplet’s removal efficiency. 
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Figure 7. Hg removal performance. (a) Statistical results of Hg emission concentration; (b) statistical results of Hg removal efficiency. 
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Figure 8. Correlation analysis of removal performance of WESP for multiple pollutants. 
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Figure 9. Internal mechanism analysis of multi-pollutant removal [44]. 
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Figure 10. Statistical results of pressure drop. 
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Figure 11. Statistical results of air leakage rate. 
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Figure 12. Statistical results of specific power consumption. 
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Figure 13. Statistical results of specific water consumption. 
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Table 1. The quantitative evaluation index requirements of high efficiency WESPs.
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First Level Index

	
Second Level Index

	
Unit

	
Evaluation of Requirements




	
Metal Plate WESP

	
FRP WESP






	
Environmental index

	
PM emission concentration

	
mg/m3

	
≤2.5




	
SO3 emission concentration

	
mg/m3

	
≤2.5




	
Technical performance index

	
PM removal efficiency

	
%

	
≥90




	
SO3 removal efficiency

	
%

	
≥85




	
Pressure drop

	
Pa

	
≤200




	
Air leakage rate

	
%

	
≤0.5




	
Energy consumption index

	
Specific power consumption

	
10−4 kWh/m3

	
≤1.3




	
Specific water consumption

	
10−6 t/m3

	
≤2.50

	
≤0.66











 





Table 2. Comparison of evaluation indexes.
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Contrast Item

	
Unit

	
Standards and Indicators

	
Advanced Index






	
PM emission concentration

	
mg/m3

	
GB/T 40514-2021

	
Meet the design requirements

	
≤2.5




	
DL/T 514-2017

	
Reach the guaranteed value stipulated in the contract




	
HJ 2053-2018

	
≤10, can be less than 5




	
JB/T 12593-2016

	
Meet the design requirements




	
JB/T 13556-2018

	
≤10




	
SO3 emission concentration

	
mg/m3

	
GB/T 40514-2021

	
not specified

	
≤2.5




	
DL/T 514-2017




	
HJ 2053-2018




	
JB/T 12593-2016




	
JB/T 13556-2018




	
PM removal efficiency

	
%

	
GB/T 40514-2021

	
≥70%, can reach more than 90%

	
≥90%




	
DL/T 514-2017

	
Reach the guaranteed value stipulated in the contract




	
HJ 2053-2018

	
70~90%




	
JB/T 12593-2016

	
not specified




	
JB/T 13556-2018

	
not specified




	
SO3 removal efficiency

	
%

	
GB/T 40514-2021

	
It should not be less than 60%

	
≥85%




	
DL/T 514-2017

	
not specified




	
HJ 2053-2018

	
not specified




	
JB/T 12593-2016

	
not specified




	
JB/T 13556-2018

	
not specified




	
Pressure drop

	
Pa

	
GB/T 40514-2021

	
≤250 Pa

	
≤200




	
DL/T 514-2017

	
Reach the guaranteed value stipulated in the contract, and ≤250 Pa if not stipulated in the contract




	
HJ 2053-2018

	
≤250 (Plate type)

≤300 (Tubular type)




	
JB/T 12593-2016

	
≤250




	
JB/T 13556-2018

	
≤300




	
Air leakage rate

	
%

	
GB/T 40514-2021

	
≤1%

	
≤0.5%




	
DL/T 514-2017

	
Reach the guaranteed value stipulated in the contract, and ≤2.5% if not stipulated in the contract




	
HJ 2053-2018

	
≤1% (Plate type)

≤2% (Tubular type)




	
JB/T 12593-2016

	
≤2%




	
JB/T 13556-2018

	
≤2%




	
Specific power consumption

	
10−4 kWh/m3

	
GB/T 40514-2021

	
not specified

	
≤1.3




	
DL/T 514-2017




	
HJ 2053-2018




	
JB/T 12593-2016




	
JB/T 13556-2018




	
Specific water consumption

	
10−6 t/m3

	
GB/T 40514-2021

	
not specified

	
≤2.50

(Metal plate WESP

≤0.66

(FRP WESP)




	
DL/T 514-2017




	
HJ 2053-2018




	
JB/T 12593-2016




	
JB/T 13556-2018
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