
Contents lists available at ScienceDirect

Building and Environment

journal homepage: www.elsevier.com/locate/buildenv

Experimental study of a compact electrostatically assisted air coarse filter for
efficient particle removal: Synergistic particle charging and filter polarizing

Enze Tiana,b, Jinhan Moa,b,∗, Zhengwei Longc, Haiyun Luod, Yinping Zhanga,b

a Department of Building Science, Tsinghua University, Beijing 100084, China
b Beijing Key Laboratory of Indoor Air Quality Evaluation and Control, Beijing 100084, China
c Tianjin Key Laboratory of Indoor Air Environmental Quality Control, School of Environmental Science and Engineering, Tianjin University, Tianjin 300072, China
d Department of Electrical Engineering, Tsinghua University, Beijing 100084, China

A R T I C L E I N F O

Keywords:
Particle
Filtration
Low pressure drop
Long-term performance
Ozone

A B S T R A C T

Efficient particle removal technology with minimal pressure drop is urgently needed for both air purification and
energy conservation. We developed a compact electrostatically assisted air (cEAA) coarse filter, whose particle
removal performance is enhanced by the synergistic effect of a corona charging field and a polarizing field. We
investigated the influences of charging voltage (U), polarizing distance (dpl), effect of dielectric and geometric
characteristics of the filter material on fraction filtration efficiency of PM0.01∼5, net ozone production, pressure
drop and power dissipation of the cEAA coarse filter. Our experiments were performed in a ventilation duct
using ambient air particulate matter. We found an optimal U between the corona charging onset voltage and the
polarizing onset voltage that enhances particle filtration efficiency with nearly no net ozone production and low
energy consumption. Single pass filtration efficiency for 0.3 μm particles increased from 4% to 69% with U
varying from 0 to +9 kV (dpl=3.5 cm). We found that filter material of larger relative dielectric constant or
larger tortuosity yields higher filtration efficiencies. During a 458-h long-term operating period, the single pass
filtration efficiency of the cEAA coarse filter did not decrease but increased slightly, and the pressure drop grew
from 14.3 Pa to 31.5 Pa. We present a design strategy for a cEAA coarse filter with less than 30 Pa pressure drop
at 1m/s air velocity.

1. Introduction

In China and many other developing countries, ambient air has high
levels of particulate matter (PM). PM pollution not only affects the
performance and longevity of machines operating [1,2], but also is
associated with mortality of human beings [3–5]. Particle filtration
using high efficient particulate air (HEPA) filters or electrostatic pre-
cipitators (ESP), are widely used in ventilation systems to reduce am-
bient indoor particulate matter. HEPA filters are highly efficient but
have a relatively large pressure drop due to high packing densities
[6,7]. Due to particle loading, the pressure drop of HEPA increases over
time, which causes large energy consumption [8]. ESP has a relatively
small pressure drop but ESP units require large space and become in-
efficient once dust has accumulated [9–11]. Furthermore, ESP units
with short collecting plates do not efficiently capture ultrafine particles
[12]. Thus, both HEPA filters and ESP have limitations which limit their
lifespan in buildings' air filtration systems. The combination of elec-
trostatic effect and fabric filtration has been proposed as a promising
way to improve the particle filtration efficiency of low efficiency filters

without increasing their pressure drop [13–16].
There are two ways to combine the electrostatic effect with fabric

filtration: initially charging the filter fibers with an electret [1,17–19],
and continuously charging externally during operation [14–16]. For
initially charged electret filters, the electric charges on electrets dis-
sipate over time so that their efficiency decreases sharply during the
operating time [1,20]. For continuously charged filters, installing io-
nizers in front of a fibrous filter has been found to enhance the filtration
efficiency of a filter without increasing the pressure drop. However, the
filtration efficiency enhancement is below 8% for particles larger than
0.1 μm [13], and below 10% for particles smaller than 1 μm [16]. In
these ionizer studies, only particles were charged, so the filtration ef-
ficiency enhancement was limited [15].

In addition to only charging the particles, using an external electric
field to charge the filter medium promises to enhance the filtration
efficiency. Feng et al. [15] developed a pin-filter medium-plate device
to enhance the filter medium's filtration efficiency. The filtration effi-
ciency for particles of 0.4 μm is as high as 97% with applied voltage of
25 kV and a pin-filter distance of 100 cm at a face air velocity of 0.1m/
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s. However, such a low face air velocity is not practical for a ventilation
system. And since both particles and filter medium were charged in the
electric field between high voltage pins and grounded plate, it was
difficult to optimize the filtration efficiency by adjusting particle
charging and filter medium charging separately. Lee et al. [21] sepa-
rated the charging fields for particles and filter medium. They used a
two-stage electrostatically augmented air (EAA) filter to remove Ar-
izona road dust and tobacco smoke. The single pass filtration efficiency
for particles of 1.96 μm in mass median diameter rose from 70.0%
(conventional filter without high voltage charging) to 92.9% with the
two-stage charging. However, the pressure drop of the EAA filter was
around 156.9 Pa, relatively high for a ventilation system.

For the present study, we developed a compact electrostatically
assisted air (cEAA) coarse filter with high particle filtration efficiency
enhancement and a small pressure drop. This device differs from Lee's
[21] two-stage EAA filter in that only one electrode is connected to high
voltage supply. We also changed the structure of two grounded elec-
trodes to ensure that most of particles would deposit on the filter fibers
instead of the grounded plates. We used unfolded coarse filters with
extremely low initial efficiency (less than 10% for 0.3 μm particles)
rather than medium efficiency filters to ensure a small pressure drop for
the device. Our modifications, reduced the required space for the de-
vice. The purpose of this study was to experimentally evaluate these
influencing factors on the performance of cEAA coarse filters: charging
voltage (U), polarizing distance (dpl), dielectric and geometric char-
acteristics of the filter material. Based on experimental results, we
studied the synergistic effect of particle charging and filter polarizing
on filtration efficiency enhancement. We used scanning electron mi-
croscope (SEM) photographs to observe the fiber's geometric char-
acteristics and particle depositing differences between cEAA coarse
filters with different filter materials installed.

2. Methodology

2.1. cEAA coarse filter module

The configuration of the small-scale cEAA coarse filter module used
in this study is shown in Fig. 1. The module's envelope is polymethyl
methacrylate (PMMA). The ambient air is driven through the module in
this sequence: through a front metal screen (field electrode), corona
charging wires (charging electrode), a fabric filter, and a back metal
screen (field electrode). There are two zones in the cEAA coarse filter
module along the air flow pathway. The first consists of the charging
wires and the front metal screen, and is the charging zone. The strong
electric field intensity near the charging wires causes a coronal dis-
charge, which is commonly used to produce large quantities of ions
[10]. When particles flow through the charging zone, they collide with
and attach to the ions, thereby acquiring charges [22,23]. The second
zone consists of the charging wires and the back metal screen and is the
polarizing zone. The electric field in the polarizing zone builds up
through the dielectric fabric filter and polarizes it, such that the fibers
have untransferable charges on their surface [24,25]. Thus, the charged
particles are easily captured by polarized fibers owing to columbic force
or image force [26].

The charging electrode in the cEAA module consists of an array of
molybdenum wires of radius 0.01 cm and length 18 cm. The distance
between each wire is 2.7 cm and between the charging wire and the
parallel envelope is 2.9 cm. The distance between the charging wires
and the front metal screen (charging distance, dc) is 1.1 cm, and the
distance between the charging wires and the back metal screen (po-
larizing distance, dpl) is adjustable from 3.5 cm to 4.5 cm. The front
metal screen is made of a stainless steel plate that has evenly distributed
circular holes (1.5 cm in diameter) as shown in Fig. 1 (b). The back
metal screen is made of iron wires as shown in Fig. 1 (c). The charging
wires are connected to a 0 ∼ +10 kV adjustable high voltage direct
current (HVDC) power supply (P10, GENVOLT, China). We use positive

rather than negative discharging because of its lower ozone production
in the DC corona [27–29]. The front and back screens are both con-
nected to ground.

2.2. Theoretical analysis for cEAA coarse filters

For a charged particle and neutral dielectric cylindrical fiber in an
external electric field, the radial electrical force Fr is [30]:
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where Ee is the external electric field intensity, assumed to be perpen-
dicular to the center line of the fiber and to pass through the center of
the particle; qp is the particle's charge; εr is the relative dielectric con-
stant of the fiber; Df is the fiber diameter; and R is the distance between
the centerline of the cylindrical fiber and the center of the particle. The
larger the radial electrical force, the higher the filtration efficiency.

In previous research, the radial electrical force was enhanced by
increasing qp, and qp was increased by applying stronger charging field
intensity, or by using abundant ionizers [13,31,32]. Increasing charging
field intensity generally leads to an increase in loop current. Equation
(1) shows that increasing the polarizing field intensity (Ee) can also
enhance the radial electrical force but without increasing loop current.
When the loop current of the device grows, the energy consumption and
the ozone production increase. In our cEAA coarse filter, the corona
charging field intensity and the polarizing field intensity share the same
U (Fig. 1). Therefore, optimizing the synergy between the corona
charging field intensity and the polarizing field intensity is critical for
both maximizing the single-pass filtration efficiency and minimizing
ozone production.

For coronal discharging, Davies et al. [33,34] studied the corona
onset voltage between a positive charging wire and a grounded plate.
The structure of a cEAA filter (Fig. 1) is such that the grounded screens
are not plates but have holes in them. Since the corona conducts only
around the wire, we consider the wire-screen structure as a wire-plate
structure. The corona onset voltage (Vons) was calculated as [35,36]:
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where Vons (kV) is the corona onset voltage between the charging wires
and the front screen; r (cm) is the radius of the charging wire; dc (cm) is
the distance between the charging wires and the front screen; Eons (kV/
cm) is the corona onset field intensity, and E0 is the standard onset field
intensity, 31 kV/cm [33]; δ is the relative air density, which is a func-
tion of ambient air centigrade temperature (T) and atmosphere pressure
(p); h (g/m3) is the humidity ratio of ambient air; T0 and p0 are the
standard temperature (25 °C) and standard atmospheric pressure
(101.325 kPa), respectively.

Since the charging distance dc is shorter than the polarizing distance
dpl, the corona onset can only occur in the charging zone. However, dpl
may influence the corona charging field intensity, and therefore influ-
ence the charging process of a cEAA coarse filter device. Thus, we
supposed that there is a corona onset voltage for the polarizing zone,
and described the influence of dpl on the charging process by using Vons,

p, which was calculated as:
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2.3. Experimental design

The experimental setup was on the roof of a two-floor office
building in the Tsinghua university campus in Beijing, a site not prox-
imal to heavy traffic, cooking, or industrial sources of pollution. The
experiments were conducted in a 14 cm×24 cm ventilation duct (as
shown in Fig. 2) from March 17th to May 23rd, 2016 for initial per-
formance, and from November 18th to December 8th, 2016 for long-
term performance during Beijing haze period. Table 1 shows the
parameters for the 8 commercial coarse filters used in this study. Most
of the cEAA coarse filter materials are plastic polymer. They can be
cleaned by water washing (see in Supplementary Fig. A2 and Video B1)
and be re-used, which will save the material and reduce the ventilation
system's operating cost.

Supplementary video related to this article can be found at http://
dx.doi.org/10.1016/j.buildenv.2018.03.002

The air to be filtered was driven by a frequency alterable fan
through the cEAA coarse filter module at a face air velocity of 0.5m/s
or 1m/s. A monitor was set near the inlet of the air duct to record the
temperature and relative humidity of the tested air. A metal net was
installed before the fan to prevent hairs, bugs and other tiny things into
the system. The number concentrations of particles with diameters from
0.01 to 0.27 μm were measured by a scanning mobility particle sizers
(SMPS) (NanoScan 3910, TSI Inc. Shoreview, USA), and those from 0.3
to 5 μm were measured by an optical particle counter (Aerotrak 9306,
TSI Inc. Shoreview, USA). At the same time, a photometric ozone

analyzer (Model 205, 2B Tech. Boulder, USA) was used to measure the
net ozone production by the cEAA coarse filter. The pressure drop
across the cEAA coarse filter was measured by a differential pressure
meter (DP-CALC 5825, TSI Inc. Shoreview, USA). Scanning electron
microscope (SEM) photographs were taken to observe the fiber struc-
ture of different filters. The temperature and relative humidity of am-
bient air, and the mass concentration of ambient PM2.5 (particles with
aerodynamic diameter less than 2.5 μm) were recorded by a β-at-
tenuation mass concentration monitor (E-BAM, Met One Instruments,
Grants Pass, USA). We measured the concentration of ions using an air
ion counter (Model AIC, AlphaLAb Inc. USA). Due to the relatively big
size of the ion counter probe, it is difficult to insert it into the charging
zone. On another hand, ions after the charging wires would be pulled
by both filter medium and back screen electrode. Thus, we only mea-
sured the escaped ionic concentration at the downstream of the front
screen electrode and the charging wires without the filter or back
screen electrode installed.

2.4. Parameters for analyzing the performance of cEAA coarse filters

We measured single-pass filtration efficiency of 0.01–5 μm particles,
net ozone production, pressure drop and power dissipation to evaluate
the performance of the cEAA coarse filter. Single-pass filtration effi-
ciency of particles with a certain size was defined as:

Fig. 1. Structure of cEAA coarse filter module.
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where η(dPM) is single-pass filtration efficiency of particles with dia-
meter at dPM μm; Cup(dPM) and Cdown(dPM) (cm−3) are number con-
centrations of particles with diameter at dPM μm measured upstream
and downstream of the cEAA coarse filter module, respectively.

Net ozone production ΔMozone (mg/h) of the device was calculated
as:

= −ΔM Au C C ρ3.6 ( )ozone air up ozone down ozone ozone, , (7)

where A is the cross sectional area of 0.24×0.14m2; uair (m/s) is the
face air velocity across the filter medium; Cup, ozone and Cdown, ozone (ppb)
are ozone concentrations upstream and downstream of the cEAA coarse
filter module; ρozone is the ozone density of 1.96 kg/m3.

Power dissipation P was defined as:

= ⋅P U I (8)

where U (kV) is the charging voltage on the charging wires, and is re-
corded by the DC power supply; I (mA) is the loop current of the cEAA
coarse filter module. I is calculated as the electrical voltage (Ur) mea-
sured by a digital oscilloscope (TBS1102, Tektronix, China) divided by
a non-inductive resistance (RI) of 2 kΩ, as shown in Fig. 2.

In each test, the mean single-pass filtration efficiency and net ozone
production were calculated based on a 20-min measurement.

3. Results

The range of escaped ions from the charging zone was 0–33200
ions/cm3 varying with charging voltages, for which the data are shown
in Supplementary Table A1. All tests were carried out with ambient
aerosols as the loading particles. The influencing factors such as tem-
perature, specific humidity, and concentration distribution of ambient
particles varied with weather. However, all influencing factors were
stable in each set of tests. The size distributions of the loading particles
are shown in Supplementary Fig. A1.

3.1. Results for varying charging voltage and polarizing distance

Figs. 3–5 show the loop current and the single-pass filtration effi-
ciencies of Filter #1 for 0.01–5 μm particles with different U and dpl.
Table 2 shows the corona onset voltages and field intensities of the
cases in Fig. 5. The face air velocity through Filter #1 was 0.5 m/s, and
the pressure drop was a constant 66 Pa. The air temperature and spe-
cific humidity ranges were 24.1–30.2 °C and 3.9–7.0 g/kg, respectively,
and the mean mass concentration of ambient PM2.5 was 153.1 μg/m3.

Fig. 3 shows that the loop current of the cEAA coarse filter device
increases with increasing U and decreasing dpl. There is a critical U of
approximately +7 kV: at less than +7 kV, the loop current increased
slightly; but at greater than +7 kV, the loop current increased sig-
nificantly. For instance, when dpl is 4.5 cm, the loop current increased
from 0 to 1.0 μA at +7 kV, and up to 4.4 μA at +10 kV. When dpl is
3.5 cm, the loop current increased from 0 to 2.3 μA at +7 kV, and up to

Fig. 2. Schematic of experimental design.

Table 1
Characteristics of the tested filter materials.

Filter Fiber diameter, μm Thickness, mm Density, kg/m3 Porosity, % εra Materialb Packing structurec

#1 30 2.70 150 84.2 ∼2.35 PE /
#2 30 10.00 20 98.8 ∼3.4 PET Layered
#3 80 0.84 285 75.2 ∼4.0 Nylon 66 Layered
#4 15 0.50 120 95.3 4.0–5.0 Glass fiber Layered
#5 / 10.00 55 87.8 5.8–7.0 Activated carbon foam /
#6 30 15.00 13 99.2 ∼3.4 PET Layered
#7 30 20.00 12 99.3 ∼3.4 PET Layered
#8 30 10.00 19 98.9 ∼3.4 PET Tri-dimensional

a εr: relative dielectric constant.
b PE: polyester; PET: polyethylene terephthalate.
c Layered: filter fibers are packed in layers with no strong connection between fibers packed in different layers; Tri-dimensional: filter fibers in different layers are dimensionally tied

together.
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13.3 μA at +9 kV. As shown in Table 2, the corona onset voltages Vons

were between +6.7 and +7.0 kV, which meant the experimental data
of the U-I curve agreed with the theoretical values obtained with
Equation (2).

Fig. 4 shows that for a dpl of 4.5 cm, the single pass filtration effi-
ciency of 0.02–3 μm particles increased with increasing U, especially for
the 0.1–1 μm particles. Furthermore, there is also a critical U of ap-
proximately +7 kV: at less than +7 kV, the efficiencies increased
slightly, but at greater than +7 kV the efficiencies were significantly
enhanced. For instance, single pass filtration efficiencies for 0.3 μm
particles increased from 4% to 11% at +7 kV, and up to 62% at
+10 kV. However, while the cEAA coarse filter produced less than
0.1 mg/h ozone at U less than +10 kV, it produced 2.7 mg/h ozone at
+10 kV.

Fig. 5 shows that the shorter the dpl, the higher the filtration effi-
ciencies for particles except for 0.02 μm particles. At +7 kV, the single
pass filtration efficiency was not significantly enhanced by reducing dpl
from 4.5 cm to 3.5 cm, but when U was +9 kV, a shortened dpl sig-
nificantly increased efficiency. For instance, the single pass filtration
efficiency for 0.3 μm particles increased from 32% to 69% when dpl was
reduced from 4.5 cm to 3.5 cm. However, ozone production also

increased dramatically: the cEAA coarse filter produced 16.5mg/h
ozone when U was +9 kV and dpl was 3.5 cm, compared to ≤0.2 mg/h
ozone for other tests in Fig. 5.

3.2. Results for varying dielectric or filter geometric characteristics

Fig. 6 shows the influence of filter materials' relative dielectric
constant (εr) on the single pass filtration efficiency for 0.1–5 μm parti-
cles. The characteristics of four tested filter materials and the experi-
mental environmental parameters are described in Table 3. During this
set of tests, dpl was 3.5 cm and face air velocities were 1m/s. In Fig. 6,
the filtration efficiency increase (Δη) stands for the difference in fil-
tration efficiencies between filters charged at +9 kV and 0 kV. Fig. 5
shows that Δη increases with increasing relative dielectric constants.

PET filters (Filters #2, #6, #7 and #8) were chosen to study the
influence of thickness and packing structure on the performance of a
cEAA coarse filter. During this set of tests, dpl was 3.5 cm, and face air
velocities were 1m/s. Fig. 7 shows that increasing PET filter thickness
from 10 to 20mm (Filters #2 to #6 and #7) did not increase filtration
efficiencies for either PM0.1∼1 or PM1∼5. The negative values of fil-
tration efficiency for PM0.1∼1 might be explained by resuspension of
particles on the filter. Meanwhile, there was little difference in net
ozone production, pressure drop and power dissipation among Filters
#2, #6 and #7 (as shown in Table 3). However, Filter #8 with its tri-
dimensional structure (as shown in Fig. 10) achieved higher Δη than
Filter #2 with its layered structure for both PM0.01∼1 and PM1∼5, al-
though Filter #8 had an even lower initial filtration efficiency than
Filter #2.

3.3. Results for long-term performance

We observed particle chains [37] accumulated on the fiber surface
with a microscope (as shown in Fig. 8). The binding force between
particle chain and filter fiber, as well as between accumulated particles,
may be influenced by the polarizing field. Considering the overall
performances of cEAA filters, including high filtration efficiency, low
pressure drop, low power dissipation and low ozone production, we
chose Filter #8 to estimate the long-term performance of cEAA coarse
filter. During the operating period, U is controlled at +9 kV, dpl at
3.5 cm, and the face air velocity at 1m/s. The average temperature,
specific humidity and ambient PM2.5 mass concentration were 14.4 °C,
3.5 g/kg, and 114.6 μg/m3, respectively.

Fig. 9 shows the long-term single pass filtration efficiencies and

Fig. 3. Loop current of Filter #1 with the charging voltage from 0 to +10 kV (data is
shown in Supplementary Table A2).

Fig. 4. Single-pass filtration efficiencies of Filter #1 with charging voltage (U) from 0 to +10 kV and the polarizing distance 4.5 cm (data is shown in Supplementary Table A3). The error
bars in the figures are the standard deviations of 6 observations of the experiments.
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pressure drops of the cEAA coarse filter installed with Filter #8 for
0.01–1 μm and 1–5 μm particles. In the 458 h operating period, the
single pass filtration efficiency of cEAA coarse filter increased slightly.
The average filtration efficiencies of cEAA coarse filter for PM0.1∼1 and
PM1∼5 were 33% and 68%, respectively. The discharging process is
influenced by air temperature, specific humidity, particle concentration
and composition [10,38]. At the same time, particle distribution and
relative dielectric constant also influence the electrostatic force be-
tween particles and fibers [30]. Thus, the efficiencies varied with time

in Fig. 9. The pressure drop grew slightly from 14.3 Pa to 16.9 Pa in the
first 290 h, then grew up to 31.5 Pa after another 167 h. The loop cur-
rent was 18.2 μA in the initial stage and slightly varied during the
measurement, down to 17.9 μA after 458 h.

4. Discussion

4.1. Synergistic effect of corona charging and polarizing

The charging process of a cEAA coarse filter can be divided into
three stages by Vons and Vons,p. In the first stage, when the U is less than
Vons, both the charging and polarizing field intensities are weak and
have little enhancing effect on filtration efficiency. As shown in Table 2,
Vons and Vons,p are +7.0 kV and +9.1 kV when using Filter #1 with
dpl=4.5 cm. Thus, as shown in Fig. 4, the filtration efficiencies rise
slowly when U is less than Vons. In this stage, particles are seldom
charged and the enhancement of filtration efficiency only contributes to
strengthening the polarizing intensity. As shown in Fig. 5, shortening dpl

Fig. 5. Single-pass filtration efficiencies of Filter #1 with charging voltage (U) of +7 or +9 kV and the polarizing distance (dpl) of 3.5 or 4.5 cm (data is shown in Supplementary Table
A4). The error bars in the figures are the standard deviations of 6 observations of the experiments.

Table 2
Corona onset voltages and field intensities of the cases in Fig. 5.

U, kV dpl, cm Vons, kV Vons,p, kV Air temperature/Specific humidity

+9 3.5 +6.7 +8.4 23.6 °C/2.2 g/kg
+7 3.5 +6.8 +8.4 29.8 °C/4.0 g/kg
+9 4.5 +7.0 +9.1 27.1 °C/6.6 g/kg
+7 4.5 +7.0 +9.1 26.3 °C/6.7 g/kg

Fig. 6. Particle single pass efficiencies of four filter materials with different relative dielectric constants (εr) (data is shown in Supplementary Table A5). The error bars in the figures are
the standard deviations of 6 observations of the experiments.
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to enhance the polarizing field intensity does not increase filtration
efficiency, especially for< 1 μm particles. In the second stage, when U
is between Vons and Vons,p, the corona discharge starts and the dis-
charging current increases suddenly [33] so as to better charge the
particles. Thus, as shown in Fig. 5, particle filtration efficiency is ef-
fectively enhanced by increasing U or shortening dpl, both of which
strengthen the polarizing field. In the third stage, as the U increases
beyond Vons,p, the cEAA coarse filter produces large amounts of ozone
because of high voltage charging or intense micro-corona discharges in
the pores and gaps of the fiber layer [39], due to the lower-mobility
positive charges stored in the fiber layer [40]. Comparing U and Vons,p

in Table 2, only in the first case does U exceed the corresponding Vons,p,
so a large quantity of ozone (16.5 mg/h) was produced only in the first
case, whereas almost no ozone was produced in other three tests. Fur-
thermore, there was a relatively large energy consumption (0.12W) in
the first case, whereas energy consumption was less than 0.033W in the
other three tests.

In humans, ozone exposure to 80 ppb for 6.6 h can initiate an in-
flammatory reaction in the lung [41]. Ozone also reacts with certain
indoor chemical pollutants to generate secondary ultrafine particles,
which have been associated with adverse human health effects in-
cluding pulmonary and cardiovascular diseases [42]. Therefore, the

Table 3
Filter materials, net ozone production, pressure drop, power dissipation and experimental environmental parameters of tests to judge the influence of relative dielectric constants,
thickness and the packing structure of filter material on filtration efficiency.

Filter Net ozone production, mg/h Pressure drop, Pa Power dissipation, W Temperature/Specific humidity Average Ambient PM2.5, μg/m3

Influence of filter material relative dielectric constants
#2 0.2 17 0.03 26–27 °C/7.1–8.4 g/kg 65
#3 1.9 28 0.05 25–26 °C/8.5–8.9 g/kg 69
#4 6.2 22 0.38 24–25 °C/3.7 g/kg 32
#5 1.2 4 1.15 23–24 °C/2.8–3.0 g/kg 12
Influence of filter material thickness and packing structure
#2 0.2 17 0.03 26–27 °C/7.1–8.4 g/kg 88
#6 0 17 0.03 26–27 °C/8.4–8.7 g/kg 90
#7 0.5 17 0.04 26–27 °C/8.4–8.7 g/kg 65
#8 0 22 0.05 26–27 °C/8.4 g/kg 63

Fig. 7. Particle single pass filtration efficiencies of four PET filters with different thickness (H) or packing structure (L stands for layered structure; T stands for tri-dimensional structure)
(data is shown in Suppplementary Table A6). The error bars in the figures are the standard deviations of 6 observations of the experiments.

Fig. 8. Particle chains accumulated on the fiber surface.
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third stage should not be used in indoor air purification. The high en-
ergy consumption of the device in the third stage further suggest that it
not be used.

4.2. Influence of filter material on filtration efficiency

Equation (1) shows that both the filter material's dielectric and
geometric characteristics influence the filtration efficiency of a cEAA
coarse filter. As shown in Fig. 6, the filtration efficiency increase, Δη,
results from an increase in the relative dielectric constant. This is

because it is easier to generate filter fibers with inductive charges on
their surface, and particles are more likely to be captured by stronger
radial electric force (Fr). Thus, the filter material applied to a cEAA
coarse filter should have a relatively high dielectric constant.

In addition, as shown in Figs. 6 and 7, the packing structure of filter
materials is key to increasing filtration efficiency while keeping net
ozone production low. Fig. 10 shows the packing structures of two PET
filters. Fibers in filters with layered structure (Filters #2, #6 and #7)
have uniform diameters, while the fibers in Filter #8 with tri-dimen-
sional structure exhibited beads-on-string morphology (see the circles
in Fig. 10 (d)). The beads connect the fiber in multi-layers of the filter,
which results in a slightly larger pressure drop compared with those of
layered structure filters (as shown in Table 3). Meanwhile, the initial
filtration efficiency of Filter #8 is lower than that of Filter #2 with the
same thickness and packing density. This suggests that the pore sizes
and tortuosity of Filter #8 may be greater than those of Filter #2. We
suspect that electrostatically charged particles are more easily captured
in Filter #8's long air flow pathway (tortuosity) polarizing field.

4.3. Design strategy of cEAA coarse filter

In order to have high particle filtration efficiency, small pressure
drop and low energy consumption, a cEAA coarse filter should (1) use
coarse filter material of large relative dielectric constant and large
tortuosity, and (2) be charged at a voltage between Vons and Vons,p. Since
Vons and Vons,p vary with the air temperature and humidity for a given
set of dc and dpl, the maximal value of Vons and the minimal value of
Vons,p should be based on the anticipated range of air temperature and
humidity. To avoid high energy consumption or high ozone production,
U should be less than the minimal value of Vons,p. More experimental
studies are needed to characterize the quantitative relationships be-
tween filtration efficiency and these factors.

Fig. 9. Long-term filtration efficiencies and pressure drops of cEAA coarse filter installed
with Filter #8.

Fig. 10. Comparison of two types of PET filter.
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5. Conclusions

In this work, we developed a compact electrostatically assisted air
(cEAA) coarse filter, whose particle removal performance was enhanced
by the synergistic effect of a corona charging field and a polarizing
field. Differing from other high-efficiency filters, the cEAA coarse filter
is designed to turn low-efficiency filter material into high-efficiency
filter material without increasing its pressure drop, and in this way save
manufacturing cost and operating energy, as well as ensure efficient
airborne particle filtration. We found that single pass filtration effi-
ciency for 0.3 μm particles increased from 4% to 62% with U varying
from 0 to +10 kV (dpl=4.5 cm), and increased from 32% to 69% with
dpl reduced from 4.5 to 3.5 cm (U = +9 kV). We found that filter
material of larger relative dielectric constant or larger tortuosity
yielded higher filtration efficiencies. To the best of our knowledge, this
is the first attempt to increase the filtration efficiency for low pressure
drop (about 20 Pa) coarse filters using the synergistic effect of charging
fields and polarizing fields in real building conditions. During the 458 h
operating period, the single pass filtration efficiency of cEAA coarse
filter increased slightly, while the pressure drop grew slightly from
14.3 Pa to 16.9 Pa in the first 290 h, then grew up to 31.5 Pa after
another 167 h. The cEAA coarse filter will not only support high-effi-
ciency filtration, but also save energy consumption and the cost of
ventilation systems in commercial buildings.

Furthermore, the electrostatic collection efficiency depends on
particle charge and charge density on the fiber, in addition to filter
characteristics and filter velocity. The single fiber collection efficiency
due to coulomb force, image force and electrophoretic force could be
calculated before overall filter efficiency is determined. A theoretical
model of the filtration efficiency for cEAA coarse filters can be devel-
oped in the future based on the experimental data in this study.
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