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ABSTRACT 

 
Wet electrostatic precipitator (WESP) is a reliable alternative to realize the ultra-low emission 

of particulate matter from coal-fired power plants. This work proposes to develop a compact 
particle collector by integrating a WESP and an inertia mist eliminator (IME). The particle collection 
efficiency and charging characteristics of the WESP were analyzed to determine the potential for 
compact design. Results show that the WESP was easy to achieve a collection efficiency of 95% 
for both pin and wire electrodes. Particle charging can still be guaranteed with short WESP length 
and high voltage, indicating the particle charging was sensitive to electrical parameters. Charges 
carried by the escaping particles acted as a bridge between the WESP and the IME. The collision 
enhanced by particle charging can lead to an improvement in overall efficiency and charge loss. 
The particle charge loss of the particle sized 7.29 µm was 22.6% and 29.4% for the one and two 
stage IME, which coincided with the efficiency enhancement of WESP. The collection efficiency 
significantly decreased as the WESP size decreased, but the collection efficiency can be enhanced 
by the combination with IME. The 6-wire WESP enhanced by one-stage IME can be considered 
the optimal combination because the WESP size can be shorten by 40% while maintaining a similar 
efficiency. The research findings are beneficial for the retrofit of air pollution control devices in 
limited space. 
 
Keywords: Particulate matter, Ultra-low emission, Wet electrostatic precipitator, Mist eliminator, 
Device retrofit 
 

1 INTRODUCTION 
 

The pollutants of sulfur dioxide, nitrogen oxides, particulate matter (PM) discharged from 
energy utilization and conversion processes are crucial for the severe air pollution in recent years 
(Gao et al., 2018; Jiang et al., 2021; Ye et al., 2020). Recently, much attention is paid to particulate 
pollution because of the popularity of the PM2.5 concept (particle with diameter less than 
2.5 micrometers) (Chen et al., 2019). Therefore, the PM emission standards become strict around 
the world. In China, the PM in flue gases from coal-fired power plants and steel sintering is 
required lower than 5 mg m–3 according to the latest ultralow emission standard (Cui et al., 2018; 
Yang et al., 2021). 

Various dust removal technologies based on inertia, filterable, and electrostatic mechanisms 
have been developed to eliminate the PM emission. Low-low temperature electrostatic precipitator 
(LLTESP), electrostatic fabric filter (EFF), and wet electrostatic precipitator (WESP) are applied to 
realize the PM ultra-low emission (Li et al., 2019; Yang et al., 2019). The PM emission concentration 
can be reduced below 10 mg m–3 with LLTESPs and EFFs and even below 5 mg m–3 with the further 
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assistance of highly efficient demisters equipped at the wet flue gas desulfurization tower (WFGD) 
(Huang et al., 2020). However, the stability of ultralow emission under such conditions strongly 
depends on the demister performance (Liang et al., 2020). WESP is typically arranged at downstream 
of the WFGD to remove the slurry droplets, fly ashes, and acid mists with an overall efficiency 
> 90% (Zheng et al., 2019). However, additional installation space is needed to install WESP and 
thus WESPs are suitable for new units or existing units but with adequate retrofit space (Xu et al., 
2016). Notably, the application scope of WESP can be broadened if the WESP size can be reduced.  

Generally, the WESP size can be reduced if the collection efficiency can be guaranteed with a 
small size. Agglomeration methods, including electrical agglomeration (Chang et al., 2017), acoustic 
agglomeration (Zhou et al., 2016), turbulence agglomeration (Shuangchen et al., 2016), and chemical 
agglomeration (Liu et al., 2016), have been developed to improve particle collection efficiency by 
enlarging particle size. Although these technologies can enhance the particle collection without 
additional space, the whole control system can be very complicated. Moreover, they are mainly 
proven promising in laboratory research, and few are put into use in practical applications. Previously, 
our research group developed a combined WESP by integrating a pre-charger with a conventional 
WESP (Yang et al., 2018a). The specific collection area of the combined WESP could be reduced 
by 22.7% with a similar collection efficiency. However, this improvement still cannot fulfill the 
compact requirement for WESP installation in limited space. Fortunately, the WESP itself, according 
to the previous results, can be treated as a charger as well because the escaping particle carried 
a high number of charges (Yang et al., 2018b). 

The interaction characteristics between particle and wall surface were different for charged 
and neutral particles (Li and Marshall, 2007). The particle precipitation condition on the wall 
surface may be changed after partricle charging (Krupa et al., 2019). Some researchers attempted 
to take advantage of this property to improve the inertial separation efficiency, thereby developing 
the electrostatic cyclone (Wang et al., 2020). The cyclone dust collector is not suitable for combination 
with WESP. Nevertheless, the plate-type mist eliminator also uses inertia to achieve the collision 
and capture of particles on plates in applications (Song and Hu, 2017). It benefits from the flat 
plate structure with a small overall size (thickness), which can satisfy the compact requirement. 
However, the feasibility of the combination of the two and the optimal combination is still not 
understood. 

Aiming at the compact design of WESP, we propose to integrate the WESP with an inertia mist 
eliminator (IME) to make full use of the charging property of escaping particles. The performance 
of the WESP was analyzed to determine the potential for compact design. The charge amount 
carried by escaping particles was investigated under various operating voltage and charging time. 
Then, the particle collection efficiency and charge loss were analyzed under different combinations of 
WESP and IME. Finally, the collection performance under different WESP sizes and IME combinations 
was evaluated, and the optimal combination scheme was determined as a consequence. 

 

2 EXPERIMENTAL METHODS 
 
As exhibited in Fig. 1, a schematic of the gas purification system was established for evaluating 

particle collection performance of the WESP, IME, and their combinations. The WESP and IME 
were arranged after a WFGD tower. The sub-sections (including a air fan, a particle feeder, and 
WFGD) ahead of the WESP simulate the wet flue gas contaminated with fine particles. A vibratory 
particle feeder was used to disperse particles with a stable feeding rate, and the test particle was 
collected from the ash hopper in a coal-fired power station. Detailed information has been 
introduced in previous work (Yang et al., 2017). The overall gas flow rate was controlled within 
96–132 m–3 h, corresponding to a residence time of 1.18–1.62 s. 

The WESP was horizontally arranged with a 120 mm × 300 mm cross-section and a 1200 mm 
length. Discharge electrodes were placed in the center of the WESP channel, and thus the 
electrode-plate space was 60 mm. Initially, the WESP was configured with 10 electrodes with an 
interval of 100 mm. Two types of electrodes, including wire and pin electrodes, were investigated. 
The latter was further classified into vertical and parallel configurations, labeled as pin-v and pin-
p, according to the direction between the pin and gas flow. The geometries schematic of the pin 
electrode have been introduced in the previous work (Yang et al., 2017). When the electrode  
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Fig. 1. Schematic of the gas purification system. 

 
number was reduced, the effective length of WESP was shortened as well. The discharge electrode 
was connected with a high-frequency power source with a frequency of 20 kHz. In this study, the 
power source supplied a operation voltage in the range of 10–30 kV. As shown in the dotted 
section in Fig. 1, an inertia mist eliminator was installed at the outlet of the WESP to inhibit the 
escape of mist droplets. The mist were originated from the droplet entrainment of spraying in 
WFGD and WESP, respectively. The droplet entrainment of the former cannot be avoided since 
WFGD operated continuously. By contrast, the droplet entrainment of WESP can be minimized 
because the spraying in WESP worked intermittently. In this study, the inertia mist eliminator 
was designed with a deflection plate type. The curvature of the bend in the streamline is of vital 
importance to the mist impaction probability on the plate surface. Therefore, the geometry of 
the mist eliminator was modified through flow field simulation, and the geometry details are 
shown in Fig. 2(a). Moreover, the inertia mist eliminator can be doubled into two-stage structure 
to further improve its performance. The geometry details and photos of the two-stage IME are 
shown in Figs. 2(b) and 2(c), respectively. 

The particle concentration was continuously monitored with an electrostatic low-pressure 
impactor (ELPI+, Dekati Ltd., Finland). The ELPI+ works on the principle of aerodynamics impact 
and induced current to classify particle size and number concentration. Its work process has been 
introduced more than once in previous work, so more detailed information can be found in those 
papers (Yang et al., 2020a). The flue gas can be sampled both from the outlet and inlet of the WESP 
by switching the sampling pipe. Since the WESP operated under wet flue gas conditions, the 
humid sampling gas may lead to the charger's unfavorable insulation deterioration in the ELPI+. 
The sampled flue gas was diluted by an ejection diluter (Diluter DI-1000, Dekati Ltd., Finland) with 
a ratio of 8 to avoid the insulation deterioration. The sampled flow rate after dilution was 
10 L min–1 in total. Particles were charged to known charge amounts in the charger of the ELPI+. 
The charged particle can subsequently induce a current in the impactors of the ELPI+. The current 
signals were detected to calculate particle concentration. Fig. 3 shows the size distribution of the 
tested particle obtained by the ELPI+. 

All tests followed a similar procedure to evaluate the particle collection performance: 
(1) Operating and stabilizing the gas purification system; (2) Measuring the particle concentration 
at the inlet; (3) Measuring the particle concentration or charge amount at the outlet; (4) Switching 
test conditions and repeating (1)–(3). All tests were carried out when the particle concentration 
fluctuated within ±5%. The particle collection efficiency was calculated with concentration data 
averaged over one minute, as shown in Eq. (1). 

 

( )1 100%o ic cη = − ×   (1) 

 
where η is the collection efficiency (%), oc  and ic  represent the averaged particle concentration 
(mg m–3) at the outlet and inlet of the WESP, respectively. 

The particle charge amount can be converted from the signal of the induced current of ELPI+ 
with Eq. (2). Note that the pre-charger of ELPI+ should be turned off to ensure all particle charges 
were obtained from the WESP. 
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Fig. 2. Geometries schematic of (a) one-stage IME, (b) two-stage IME, and (c) photos of two-stage 
IME. 

 

 
Fig. 3. Size distribution of the tested particle. 

 

iIn
Q N e

=
× ×

 (2) 

 
where n is the particle charge amount, Ii is the grade induced current of ELPI+ with charger off (A), 
N is the grade particle number concentration (cm–3), Q is the sampling flow rate (cm3 s–1), and e 
is the elementary charge (1.602 × 10–19 C). Here, the unit “C” is short for coulombs. 

 

3 RESULTS AND DISCUSSION 
 

3.1 Performance of the WESP 
Prior to developing a novel particle collector, the performance of the WESP was evaluated in 

terms of discharge characteristics and collection efficiency. The I–V curves of different discharge 
electrodes are shown in Fig. 4(a). The I–V curves of all electrodes showed similar nonlinear 
tendencies. Compared with the wire electrode, the pin electrode of both vertical and parallel 
configurations presented higher coron intensity under the same operating voltage. Moreover, 
the corona current of the vertical configuration was higher than that of the parallel configuration 
under the same operating voltage. The pin electrode has lots of sharp surfaces, which are beneficial  
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Fig. 4. Overall performance of (a) I-V characteristics and (b) collection efficiencies of various 
electrodes. 
 
for corona discharge to occur at low voltages, according to Peek’s formula (Yang et al., 2018c). 
The distance between the electrode edge and plate surface was reduced when the electrode 
configuration changed from pin-p to pin-v. The electric field strength increased as the distance 
decreased at a given operating voltage. Different discharge characteristics can lead to the difference 
in collection efficiency, and the collection efficiencies of different electrodes are shown in Fig. 4(b). 
As expected, the collection efficiency of the pin electrode was higher than the wire electrode, 
especially in the low voltage ranges. The phenomenon can be attributed to that the ion density 
generated by corona discharge was low, which was not sufficient for particle charging (Yang et al., 
2018c). When the operating voltage increased above 24 kV, the efficiency difference of the wire 
and pin electrode became small. However, the efficiency difference of pin electrode with different 
configurations was not as evident as the current difference. The pin-v configuration provided 
higher corona currents and stronger electric fields than the pin-p configuration, while each pin 
only covered one side of the discharge channel. By contrast, the pin of the pin-p configuration 
exerted the impacts on both sides. Namely, although the discharge density was a little lower, the 
pin-p configuration could cover more space than the pin-v one.  

Although the overall collection efficiency was high, there were still some particles escaping 
from the WESP. The size distributions of escaping particles under various operating voltages are 
illustrated in Fig. 5(a). The tested particles showed a bimodal size distribution, with two peaks 
around 0.13 µm and 1.75 µm. The number concentration decreased dramatically but kept a similar 
size distribution with the increasing voltage. Given the inlet as a baseline, the size distribution can  
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Fig. 5. (a) The size distribution, (b) penetration ratio of escaping particles under various operating 
voltage. 

 

be converted into the penetration ratio, as shown in Fig. 5(b). The penetration ratio decreased 
with increasing voltage, whereas it reached a maximum around 0.38 µm under all voltages. This 
can be ascribed to the minimal particle electrical mobility in this size range (Mizuno, 2000). 
However, particles around this range account for little proportion in the overall mass concentration. 
Even though the maximum penetration ratio was 0.37 at the voltage of 30 kV, the mass-based 
collection efficiency of all electrodes was above 95%. Therefore, the WESP is easy to achieve very 
low emissions. This satisfactory performance provides the potential for developing a compact 
particle collector. 

 
3.2 Charges Carried by the Escaping Particles 

Insides a WESP, particles were electrically charged after passing through the ionic field and 
electric field. Most of the charged particles were separated from the flue gas, but some particles 
may still escape from the WESP, as discussed above. The escaping particles carried some charges 
(Huang and Chen, 2002). The charge amount of the escaping particle can be even higher than 
that of the collected ones because the former resided a long time and were close to the discharge 
electrode (Yang et al., 2020b). The charging characteristics of the escaping particles are fundamental 
for the coupling of WESP between other devices. The charge amounts carried by the escaping 
particles were investigated under various operating voltage and charging time. 

 
3.2.1 Effect of operating voltage 

The charge distribution of the escaping particle under different operating voltages is shown in  
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Fig. 6. Charge amount carried by grade particles under various operating voltages, (a) absolute 
charge amount, (b) relative charge amount. 

 
Fig. 6(a) as a function of particle size. As discussed above, the pin-v electrode configuration was 
more beneficial for particle charging. Thus the charge amounts obtained in the subsequent 
investigations were all in this configuration. The results indicated that the charge amount 
increased by several orders with particle size, especially when the particle diameter exceeded 
1.0 µm. Theoretically, the particle charging process is dominated by diffusion and field charging 
(Mizuno, 2000). Fig. 6(a) illustrated that the diffusion charging was the dominant factor of particle 
charging for particles < 0.1 µm, while the field charging dominated particle charging for particles 
> 1.0 µm. The charge amount was positively affected by the operating voltage. The maximum 
number of elementary charges for particle-sized 7.29 µm was as high as 8428 when the operating 
voltage increased to 32 kV. The data obtained under a voltage of 10 kV was set as a baseline (q0) 
to understand the enhancement by increasing voltage. Fig. 6(b) indicated that the enhancement 
amplitude (q/q0) increased with the increasing voltage. Moreover, coarse particles were more 
sensitive to the operating voltage than fine particles. As the operating voltage increased, the ion 
density and electric field strength increased simultaneously, which mainly contributed to the 
diffusion and field charging, respectively (Lu et al., 2016; Mizuno, 2000). Therefore, the increase 
in particle charge was mainly attributed to the enhancement of field charging with the increasing 
voltage. Additionally, it can also be concluded that high operating voltage should be guaranteed 
when developing a miniaturized WESP. 

 
3.2.2 Effect of charging time 

Theoretically, the charging of submicron particles is more affected by diffusion charging than 
micron particles (Mizuno, 2000). The charge distribution of the escaping particle under various  
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Fig. 7. Charge amount carried by grade particles under various charging time, (a) absolute charge 
amount, (b) relative charge amount. 

 
charging time is shown in Fig. 7 as a function of particle size. In practical applications, the 
residence time of flue gas in the WESP is only over one second. Thus the charging time varied in 
the range of 1.18–1.62 s in this section. It had been expected to improve the particle charge 
amount by increasing the charging time. However, the particle charging curves at various charging 
time almost coincided, as shown in Fig. 7(a). The enhancement amplitude only fluctuated within 
narrow range, according to Fig. 7(b) (the data obtained t = 1.08 s set as a baseline). The fluctuation 
can even be reasonably considered an experimental error when compared to the data in Fig. 6(b). 
The results indicated that the particle charging was hardly influenced by charging time in such a 
small time variation. This provided the potential to develop a compact particle collector with 
short electric field length from another perspective. 

 
3.3 Combination of WESP and IME 

The above research was carried out with the mist eliminator disassembled, excluding the 
contribution of demister to the particle collection. The efficiency data of WESP alone was set as 
a baseline, and the collection performance of WESP with IME installed was further evaluated. 
Fig. 8(a) compares the three cases of WESP alone, WESP + one-stage IME, and WESP + two-stage 
IME. As can be seen, the particle collection efficiency was improved after using the IME. Compared 
with one-stage IME, the collection efficiency of WESP + two-stage IME could be further increased 
to 98.9%. At the same time, the charged particle lost charges after impacting through the IME. As 
shown in Fig. 8(b), the charge loss was 22.6% and 29.4% for the particle sized 7.29 µm for the 
one-stage IME and two-stage IME, coinciding with the efficiency enhancement for WESP.  
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Fig. 8. Performance enhanced by one and two-stage IME, (a) collection efficiency, (b) particle 
charge amount. 

 
In the WESP, the particle collection is primarily driven by the electric force, while it is inertial 

impaction contributing to the particle capture in the IME alone. Fig. 9 provides a schematic of the 
connection between the WESP and IME, which can be analyzed from three aspects. Firstly, the 
IME surface facing the discharge electrode can act as an additional collection plate of the WESP. 
Secondly, particles passing through the WESP will incident in a different direction to the mist 
eliminator, which can change the impaction efficiency (Bernardo et al., 2006). Finally, the impaction 
efficiency can be improved when external electric fields act on the particles. For the impaction of 
neutral particles, the capture is primarily driven by inertia and interception (Li et al., 2011). In 
contrast, the dielectrophoretic force can exert long-range interaction between particles or between 
each particle and the cylinder for the impaction of polarized particles. Therefore, charged particles 
can be attracted by dielectrophoretic force over a specific range in space (Li et al., 2011). After 
impaction, some particles may be captured while some may reflect and still escape. It can be sure 
that the charge may transfer from the charged particle to the deflection plate during the 
impaction process (Chen et al., 2014), and Fig. 8(b) can support this analysis as evidence. This 
result confirms that the combination of WESP and IME for compact designing is possible. 

 
3.4 Potential of Compact Designing 

Typically, the particle emission concentration can be reduced below 20 mg m–3 after passing 
through dry ESPs or FFs, which satisfies the Chinese national emission standard of air pollutants 
for thermal power plants (GB-13223-2011). With the application of WESP, a more stringent 
ultralow emission level lower than 5 mg m–3 can be achieved since the WESP is easy to achieve a 
collection efficiency of > 95%. Therefore, it is possible to develop a more compact particle 
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Fig. 9. A schematic of the connection between the WESP and IME. 

 
collector by reducing the WESP size. In the laboratory, the overall dimensions of the WESP are 
generally fixed, but the effective size can be reduced by removing some electrode wires away. 
The collection performance of the WESP and IME with various combinations was evaluated under 
different voltages, as exhibited in Fig. 10(a). The results were further compared in respect with 
maximum efficiency and specific collection area under the maximum voltage, as exhibited in 
Fig. 10(b). In this section, the WESP was operated under 3 × 60 L min–1 continuous spraying conditions 
to better reflect the working conditions, thereby lowering the maximum voltage.  

As can be seen, the maximum efficiency of 6-wire, 8-wire, and 10-wire WESP was 88.3%, 88.6%, 
and 98.5%, repectively. Compared with the 10-wire WESP, 8 and 6 wires meant the effective 
length or specific collection area of WESP decreased by 20% and 40%. Significantly, the particle 
collection efficiency was improved when the IME was installed after the length-reduced WESP 
(6-wire WESP + IME). The collection efficiency of 6-wire WESP enhanced by IME can be even 
higher than 8-wire WESP alone, ranking the second order in all test cases. Considering both the 
economy and the performance, the 6-wire WESP + IME can be regarded the optimal combination 
because it maintained a balance between the size and efficiency. Compared with the 10-wire 
WESP, the WESP size can be shorten by 40% while maintaining a similar efficiency. 

Although the IME may increase the system resistance, it can significantly reduce the installation 
space while ensuring collection efficiency. Meanwhile, the combination of WESP with one-stage 
IME can maintain a better resistance-efficiency balance than that with two-stage IME. Therefore, 
the development of a compact particle collector was in terms of one-stage IME. In addition to 
horizontal WESP, the integration of IME is suitable for vertically configured WESP as well. The 
vertical WESP is usually installed at the top of WFGD. It can be challenging for the device installation 
and safety when the total height of WFGD and WESP is too high. Therefore, the development of 
compact vertical WESP also can be beneficial for the PM ultra-low emission reconstruction in 
cases with insufficient installation space. 

 
4 CONCLUSIONS 

 
The development of compact particle collector is of great significance for the PM ultra-low 

emission in existing units with inadequate retrofit space. In this study, a WESP was designed to 
achieve a collection efficiency of 95%, and the efficiency can be further improve to 98.9% after 
intergrating a IME. The escaping particles through the WESP carried some amounts of charges, 
which acted as connection between the WESP and IME. The charged particle lost its charges after 
impacting through the IME. The particle charge loss of the particle-sized 7.29 µm was 22.6% and 
29.4% for the one-stage IME and two-stage IME, coinciding with the efficiency enhancement for 
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Fig. 10. Particle collection efficiency of WESP with various wires and IME, (a) under different 
voltages and (b) under maximum voltage. 

 
WESP. Through the IME’s enhancement, the WESP size can be reduced to 6 wires while maintaining 
a collection efficiency higher than that of 8-wire WESP alone. Compared with full size WESP, the 
6-wire WESP intergrated with one-stage IME can shorten the WESP size by 40% while maintaining 
an efficiency higher than 95%. In this study, the 6-wire WESP + IME combination can be considered 
the optimal combination due to its excellent size-efficiency balance.  
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