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The inﬂux of ambient particulate matter (PM) to the indoor environment has threatened human health due to its
adverse impacts on respiratory, cardiovascular, and neurological systems. Consequently, PM removal devices
with high eﬃciency and low cost like electrostatic precipitator (ESP) are essential for a healthy and sustainable
indoor environment. Traditional two-staged ESP includes particle charging and collection part. In this study, we
innovated the collection part by coating the repelling electrodes with dielectric ﬁlms. Four performance inﬂuencing parameters were examined: the voltage diﬀerence (Vc) and distance (dc) between the repelling and
collecting electrodes, and both the dielectric material and thickness (de). The new ESP achieved its best performance when coated with PET (de =60 μm) at dc =3 mm. The breakdown voltage was promoted from −4 kV
(without dielectric ﬁlm) to −9 kV, and PM removal eﬃciency was enhanced from 60 % to 92 %. The new ESP
had low net ozone production (3–5 ppb), low pressure drop (10–13 Pa), and low energy consumption (18 W/
m2), making it an eco-friendly device. Running continuously for one week, the new ESP maintained a single-pass
PM removal eﬃciency of around 90 %, notwithstanding changes in ambient air temperature and relative humidity.

1. Introduction
China and many other developing countries suﬀer from severe
ambient particulate matter (PM) pollution, which can result in respiratory, cardiovascular and genetic diseases, and increased mortality
(Cao et al., 2017; Fiordelisi et al., 2017; Martins & Carrilho da Graça,
2018; Zhang, Mo, & Weschler Charles, 2013). In the most recent research, PM can even contribute to permanent brain damage. According
to a survey of 998 women, aged 73–87 (Younan et al., 2019), women in
their 70 s and 80 s who were exposed to higher levels of PM experienced greater declines in memory and more Alzheimer's-like brain
atrophy than their counterparts who breathed cleaner air. Moreover,
outdoor PM can easily enter the indoor environment through mechanical or natural ventilation and penetration (Ai & Mak, 2015; Liu &
Zhang, 2018; Ren, Liu, Cao, & Hou, 2017; Ruan & Rim, 2019), and thus
poses a threat to human health. Considering that people spend 90 % of
their lifetime indoors (Klepeis et al., 2001), it is important to reduce PM
exposure for creating a sustainable indoor environment. In particular,
the rapid development of non-residential buildings and the accompanying requirements for high-quality indoor environment creates
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demand for eﬃcient PM removal. For example, in China, new public
building ﬂoorspace is being constructed at a rate of 540 million m2 per
year (National Bureau of Statistics of China, 2018). Therefore, it is of
great importance to reduce the amount of outdoor PM entering the
indoor environment via ventilation (Zhou, Deng, Wu, & Cao, 2017).
Among PM removal technologies, high-eﬃciency particulate air
(HEPA) ﬁlters and electrostatic precipitators (ESP) are used in the
building environment (Feng, Long, & Yu, 2016; Liu et al., 2017; Siegel,
2016; Zhang et al., 2011). HEPA ﬁlters are highly eﬃcient for capturing
particles with widely varying diameters, but their large air resistance
causes substantial energy consumption (Tian, Mo, Long, Luo, & Zhang,
2018) and considerable noise (Grainge, 2007). When driving a HEPA
ﬁlter, the fan may consume up to 30 % of the HVAC system’s total
energy consumption in public buildings (Braun et al., 2016; Kavanaugh,
2000). Therefore, more energy-eﬃcient technology for PM removal is
needed. An ESP has a lower pressure drop and does not require the
periodic replacement needed by HEPA ﬁlters (Mizuno, 2000). These
properties make ESP an aﬀordable and low-maintenance choice for
public buildings. However, traditional ESP usually has low removal
eﬃciencies for sub-micro PM (Howard-Reed, Wallace, & Emmerich,
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electrodes were fully covered, with no metal part being exposed to the
air. Made by 3D printing, the resin framework of the module allowed
attachment of the electrodes and thus control of the gap distance between electrodes (dc) by 3 mm or 6 mm. Pictures of all the actual
modules are shown in Fig. A1 in Appendix A. These modules were
connected to a 0–30 kV adjustable high voltage direct current HVDC
power supply (73030 N, GENVOLT, China) during the experiments.

2003). After PM accumulates on the collecting electrodes of an ESP,
particle repulsion and electrical breakdowns frequently occur, further
reducing the PM removal eﬃciency and creating safety concerns
(Mizuno, 2000). Such low eﬃciency and potential safety risks indicate
that traditional ESP needs to be improved as a sustainable technology
for PM removal.
To reduce the breakdown risks and increase the PM removal eﬃciency of ESP, researchers modiﬁed the ESP structure by adding dielectric layers on ESP’s collecting electrodes. Kim, Han, Kim, Oda, &
Won (2013), Kim, Han, Kim, and Yoa (2010) proposed an ESP with
collecting electrodes made of non-metallic materials. However, its removal eﬃciency for PM0.3 declined from 90 % to 50 % after a 2-h
operation. After charged particles accumulate on the non-metallic collecting electrodes, the ions cannot be transported to the ground as
quickly as with the traditional metal collecting electrodes (Xiong, Lin,
Zhang, Chen, & Zhao, 2018). As a result, subsequently charged particles
in the airﬂow will be repulsed by the charged particles still occupying
the collecting electrodes, which results in a decrease of the PM removal
eﬃciency. Yun, Min, and Seo (2013) proposed a polymer-arrayed collector (PAC) to achieve a higher particle removal eﬃciency than traditional ESP. Each electrode layer in the PAC was composed of three
layers: polyethylene terephthalate (PET) ﬁlm, conductive ink, and PET
ﬁlm. The negatively charged particles were captured by the odd-numbered conductive layers (collecting electrodes), which were connected
to high positive voltage. The single-pass removal eﬃciency of 0.3 μm
KCl PM reached 90 % at 1 m/s face air velocity. Nevertheless, its removal eﬃciency decreased quickly due to particle repulsion as explained above. Another technology, called intense ﬁeld dielectric (IFD)
air ﬁlter, has a similar structure and the same shortcoming as the PAC.
IFD’s PM removal eﬃciency was reported to decrease from over 95 % to
85 % after a half-month continuous operation (Ren & Liu, 2019). Kang,
Li, Wang, and Yu (2016) proposed an improved ESP by employing
polyaniline/polypropylene as the collecting electrodes. Nonetheless,
they still did not overcome the deﬁciency of non-metallic collecting
electrodes: particle repulsion. To conclude, most of the proposed ESPs
with dielectric coating were designed to coat their collecting electrodes
with non-metallic materials, which exhibited rapid drops in removal
eﬃciency after only a short period of operation.
In this study, we developed an improved ESP for eﬃcient ambient
PM removal. The essential diﬀerence from the previous studies is that
we coated the repelling electrodes (connected to high voltage) with
dielectric ﬁlm rather than the collecting electrodes (connected to the
ground). Instead, we leave the collecting electrodes metallic. In this
way, the charges on the accumulated PM can be transported to the
ground through the collecting electrodes without repulsion, while the
ESP can still maintain the advantage of implementing non-metallic
electrodes. The purpose of this study was to experimentally evaluate the
inﬂuencing parameters on single-pass removal eﬃciency and breakdown voltage of this new ESP. The inﬂuencing parameters include the
voltage diﬀerence (Vc) and the distance (dc, controlled by 3D printing)
between the repelling and collecting electrodes, the type of dielectric
ﬁlm, and its thickness (de). We used four commercially available dielectric ﬁlms made of polyethylene (PE), polyethylene terephthalate
(PET) and polyvinyl chloride (PVC).

2.2. Experimental design
The experimental setup was on the roof of a two-ﬂoor oﬃce
building on the university campus, a site not proximal to heavy traﬃc,
cooking, or industrial sources of pollution. The testing air duct is made
of acrylic with a width of 22 cm, a height of 30 cm, and a length of 120
cm. The schematic of the experimental setup is shown in Fig. 2.
The ambient air driven by a fan at a face velocity of 1.6 m/s was
initially ﬁltered by a metal net, which prevents larger material from
entering the air duct. Then a pin-hole discharger charged the ambient
PM by corona discharge. The pins were 1.5 cm long, and the diameter
of the circular holes was 4 cm. The charging voltage applied to the pins
was −10 kV. A temperature and relative humidity sensor was placed at
the exhaust of the air duct. The number concentrations of PM with
0.3–5 μm diameter were measured by an optical particle counter
(Aerotrak 9306, TSI Inc., Shoreview, USA). The air contamination
condition during these experiments was 1000–1,000,000 pcs/L (dPM =
0.3–0.5 μm), 100–80,000 pcs/L (dPM = 0.5–1 μm), 10–9000 pcs/L dPM
= 1–2 μm), and < 100 pcs/L (dPM = 2–5 μm). The concentration of the
generated ozone was measured by a photometric ozone analyzer
(Model 205, 2B Tech., Boulder, USA). The pressure drop across the
whole device was measured by a diﬀerential pressure meter (DP-CALC
5825, TSI Inc., Shoreview, USA). We also measured the applied voltage
to the charging pins (Ucharge) and the loop current of the charging zone
(Icharge) by connecting one of the multimeter’s probes to the charging
pins and the other to the perforated metal plate. In the same way, we
measured the applied voltage to the repelling electrode (Ucollect) and the
loop current of the collecting electrode (Icollect) by connecting one probe
to the repelling electrode and the other to the collecting electrode. The
power dissipation was equal to Ucharge × Icharge + Ucollect × Icollect. We
measured the voltage and current before and after each test. The voltage was set as 12 V and the current was around 106 mA for the
charging part, and both voltage and current remained quite steady
under diﬀerent circumstances. For the collection part, the voltage was
an adjustable variable in our study, but the current was always around
0 mA, so the power dissipation of the collection part is negligible.
2.3. Parameters for the performance of improved ESP
We measured the single-pass removal eﬃciencies of 0.3–5 μm PM,
net ozone production, pressure drop, and power dissipation to evaluate
the performance of the improved ESP, similar to Tian’s study (2018).
The single-pass removal eﬃciency of PM with a certain size was deﬁned
as:

η (dPM) =

2. Methods and experiment

Cup (dPM) − Cdown (dPM )
Cup (dPM )

=1−

Cdown (dPM )
Cup (dPM )

(1)

where η(dPM) is single-pass removal eﬃciency of PM with the diameter
at dPM μm; Cup(dPM) and Cdown(dPM) are number concentrations of
particles with the diameter at dPM μm measured upstream and downstream of the improved ESP, respectively.
Net ozone production ΔCozone of the device was deﬁned as downstream concentration minus upstream concentration. The environmental parameters, such as air temperature, relative humidity, and
concentration distribution of ambient particles, varied with weather.
All these environmental parameters were relatively stable in each set of
tests except in the long-term performance experiment.

2.1. Collecting module with its repelling electrodes covered with dielectric
ﬁlms
The structure of the collecting module is shown in Fig. 1. This
module is comprised of several sets of paired parallel electrodes with
high voltage applied to the repelling electrodes, which also functioned
as capacitors in series. Both repelling and collecting electrodes were
made of aluminum. The repelling electrodes were coated with 4 types
of dielectric ﬁlms, respectively, as shown in Table 1. All the repelling
2
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Fig. 1. Structure of ESP collecting module with repelling electrodes covered with dielectric ﬁlms.

μm PM when voltages between repelling and collecting electrodes (Vc)
is −3 kV and the electrode distance (dc) is 3 mm or 6 mm. The removal
eﬃciency for 0.3–0.5 μm PM is usually the lowest, so we chose the
eﬃciency of this size range as the representative single-pass removal
eﬃciency in this study. Fig. 4 shows the changes in single-pass removal
eﬃciencies for 0.3–0.5 μm PM when Vc ranged from −1 kV to −10 kV.
The air temperature and relative humidity in the tests ranged from 26
to 30 °C and 22–27 %, respectively. The net ozone production was 3–5
ppb under all conditions. The pressure drop was 10–13 Pa and was
relatively stable during the entire experiment.
The single-pass removal eﬃciency for 0.3–0.5 μm PM increased
from 22 % to 62 % when dc decreased from 6 mm to 3 mm (Fig. 3).
Similar eﬃciency increases were also observed for the larger PM. This
result was expected as the decrease of electrode distance will increase
the strength of the electric ﬁeld between every pair of repelling and
collecting electrode. In Fig. 4, with rising Vc, the single-pass removal
eﬃciency for 0.3–0.5 μm PM increased when dc was both 3 mm and 6
mm. When dc was 3 mm and de was 0 mm, the collecting module of ESP

Table 1
Characteristics of the tested dielectric ﬁlms.
No.

Material*

Thickness, μm

εr**

Dielectric
strength, kV/mm

Surface
resistance, Ohms

#1
#2
#3
#4

PE
PET
PET
PVC

60
60
120
60

2.7–2.8
3.0–4.0
3.0–4.0
3.0–5.0

18.9–160
15–20
15–20
14–20

3.04
1.46
1.46
1.10

×
×
×
×

109
109
109
109

* PE: polyethylene; PET: polyethylene terephthalate; PVC: polyvinyl
chloride.
** εr: relative dielectric constant.

3. Results
3.1. Inﬂuence of electrode distance and collecting voltage
Fig. 3 shows the module’s single-pass removal eﬃciencies for 0.3–5

Fig. 2. Schematic of the experimental setup.
3
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Fig. 3. Single-pass removal eﬃciency for 0.3–5 μm PM at collecting electrode
distance (dc) of 3 or 6 mm, voltages diﬀerence between electrodes (Vc) of -3 kV
and no dielectric ﬁlm. The error bars in the ﬁgure are the standard deviations
for 6 experimental observations.

Fig. 5. Single-pass removal eﬃciency for 0.3–0.5 μm PM and breakdown voltage under diﬀerent conditions. Bars represent the breakdown voltage, and dot
lines represent single-pass removal eﬃciency. “6 mm-PET-60 μm” means
electrode distance (dc) is 6 mm, the coating ﬁlm is made of PET with a thickness
(de) of 60 μm. The same naming method applies to other modules with diﬀerent
electrode distance and coating materials.

Single-pass removal eﬃciencies and breakdown voltages were
tested with diﬀerent combinations of electrode distance (dc), the materials of dielectric ﬁlms, and the coating thickness (de). Fig. 5 shows
that PET ﬁlm had the best ability to bear high Vc compared with PE and
PVC, and thus enabled the collecting module to achieve the highest
single-pass removal eﬃciency of 92 % for 0.3–0.5 μm PM. Increasing
the ﬁlm thickness from 60 μm to 120 μm increased neither the PM
removal eﬃciency nor the breakdown voltage of the collecting module.
As shown in Fig. 6, we compared the two conditions: PET ﬁlm (de
=60 μm) covered (1) repelling electrodes and (2) collecting electrodes
separately under the condition of Vc = −7.5 kV, dc =3 mm, de (PET)
=60 μm (achieving the highest removal eﬃciency as shown in Fig. 5).
For the collecting module with repelling electrodes coated with PET
ﬁlm, the single-pass removal eﬃciency for 0.3–0.5 μm PM is signiﬁcantly higher than that with coated collecting electrodes. Moreover,
coated repelling electrodes contributed to a relatively steady eﬃciency
during a continuous 24-h operation, whereas coating the collecting
electrodes exhibited rapidly declining eﬃciency, as expected. This result further supported that coating repelling electrodes can increase the
single-pass removal eﬃciency for ﬁne particles compared to coating

Fig. 4. Single-pass removal eﬃciencies for 0.3–0.5 μm PM at electrode distance
(dc) of 3 or 6 mm, with or without PET ﬁlm. The thickness of the PET ﬁlm (de)
was 60 μm. The half hollow points indicate that the collector module broke
down at the corresponding voltage (as shown in Appendix B). Breakdown
voltage was determined in at least three independent experiments.

broke down at −4 kV (see the video showing the breakdown in Appendix B), whereas when dc was 6 mm and de was 0 mm, it broke down
at a higher voltage at −6 kV. We noticed that net ozone production did
not rise as the voltage increased but remained at 3–5 ppb. This was due
to ozone primarily being generated by the corona discharger before the
breakdown occurred, therefore increasing the voltage on the repelling
electrodes had limited inﬂuence on the ozone generation.
3.2. Inﬂuence of electric and geometric characters of dielectric ﬁlms
Fig. 4 also shows the single-pass removal eﬃciency for 0.3–0.5 μm
PM after repelling electrodes were coated with PET ﬁlm (de =60 μm).
The use of PET ﬁlm elevated the breakdown voltage from −4 kV to −9
kV when dc was 3 mm, and from −6 kV to −10 kV when dc was 6 mm.
When dc was 3 mm and Vc was −7.5 kV, the single-pass removal eﬃciency for 0.3–0.5 μm PM rose from 60 % to 92 % with the PET ﬁlm
coating. The same trend was observed when dc was 6 mm. These results
indicated that adding dielectric ﬁlm on the repelling electrode enhanced the ability of ESP’s collecting module to bear high voltage, and
furthermore, increased its PM removal eﬃciency by increasing the intensity of the electrical ﬁeld between electrodes.

Fig. 6. One-day single pass removal eﬃciency for 0.3–0.5 μm PM when repelling electrodes were coated with PET ﬁlm (thickness de =60 μm) at dc =3
mm.
4
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4.2. Practical implications and limitations
There are three practical implications regarding this newly developed ESP collecting module. First, it has been demonstrated in this
study that coating the repelling electrodes with the dielectric ﬁlm will
enhance the PM single-pass removal eﬃciency and its long-term performance compared to coating the collecting electrodes. This discovery
suggests a fundamentally diﬀerent method of manufacturing ESP collecting modules with a dielectric coating. Second, the choice of dielectric material can be the key factor that inﬂuences the PM single-pass
removal eﬃciency, and both dielectric strength and relative dielectric
constant play an important role in regulating the performance of this
collecting module. However, the speciﬁc inﬂuence of these two factors
and other material properties, including conductivity, structure, and
porosity, remains to be investigated in future work. It is also noteworthy that numerical modeling may be applied to aid a deeper understanding of the mechanism of this newly developed ESP. It not only
assists the optimization of ESP design, but also reduces the labor and
time required for actual experiments. This ESP opens a new route for
conducting numerical modeling with the integration of various dielectric materials. However, it is challenging to simulate the inﬂuences
of dielectric materials on the electrostatic ﬁeld and on the particle deposition to the collection part. Finally, the results in this study imply
that this novel ESP can achieve good performance with limited production costs and energy consumption. The materials used for the
collecting module were cheap and easy to obtain, and the manufacturing process was not complicated, which makes its commercial
production economically feasible and also contributes to a more sustainable society.

Fig. 7. One-week performance of the improved ESP under the condition of
collecting voltage Vc = −7.5 kV, electrode distance dc =3 mm, and ﬁlm
thickness de (PET) =60 μm. Temperature and relative humidity (RH) of the
loading ambient air were recorded. The face air velocity across the ESP was
controlled at 1.6 m/s.

collecting electrodes.
3.3. Long-term performance
We further tested the one-week performance of the ESP under the
condition of Vc = −7.5 kV, dc =3 mm, de (PET) =60 μm. The air
velocity was controlled at 1.6 m/s. As shown in Fig. 7, the single-pass
removal eﬃciency for 0.3–3 μm PM maintained at an average value of
90 % and did not show a signiﬁcant decline even though the air temperature and relative humidity changed. The net ozone production remained around 4 ppb. The power consumption of the whole ESP (including this newly designed collecting module and the corona
generator) remained around 18 W/m2. The number of concentrations of
PM with 0.3–5 μm varied from 1 to 1000,000 pcs/L during the longterm experiment see Fig. A2 in Appendix A).

5. Conclusions
In this study, we developed a new collecting module in an ESP with
its repelling electrodes coated with dielectric ﬁlm. We found that its
single-pass removal eﬃciency is higher than the ESP with its collecting
electrodes coated. The new module with 60 μm-thick PET ﬁlm and 3
mm electrode distance exhibited the best performance in this study. In
that case, the single-pass removal eﬃciency for 0.3–0.5 μm PM was 92
% at a collecting voltage of −7.5 kV. Long-term performance results
showed the eﬃciency for 0.3–0.5 μm PM remained around 90 % during
continuous operation for an entire week.
The newly designed ESP collecting module has the following advantages: (1) The single-pass removal eﬃciency for PM, most notably
for sub-micro particles, was greater than or equal to 90 %, while it
maintained a low pressure drop of 10–13 Pa and low energy consumption of 18 W/m2. (2) The module elevated the breakdown voltage
and therefore ameliorated safety concerns. (3) The entire device had
low net ozone production of 3–5 ppb. This newly designed ESP can be
eﬃciently used both in residential and public buildings to safeguard the
indoor environment from severe outdoor PM pollution.

4. Discussion
4.1. Electrical performance of the ﬁlm
To elucidate the theoretical foundation of the results, we used dielectric constant and dielectric strength to evaluate the breakdown
voltage of dielectric materials (Blok & LeGrand, 1969). As we described
above, the collecting module can be considered as capacitors in series.
Without the insertion of any dielectric material between the electrodes,
the breakdown voltage of the capacitor will be limited by the dielectric
strength of air (1–3 kV/mm). The breakdown will happen even more
quickly when PM accumulates on the collecting electrodes to form
“tips” or “layers” that can reduce the space between electrodes
(Hayashi et al., 2009). Covering repelling electrodes with dielectric
ﬁlms will create an additional dielectric layer within the capacitor,
which will increase the voltage applied to the ﬁlm while decreasing the
voltage applied to the air. A lower relative dielectric constant will result
in a higher voltage drop over the ﬁlm, causing the ﬁlm to more easily
reach its breakdown voltage. Meanwhile, the dielectric ﬁlm, with a
much higher relative dielectric strength than air (see Table 1) on one
electrode, will increase the ability of the module to bear high voltage.
The combined inﬂuence of dielectric strength and dielectric constant
may explain why PET ﬁlm, with a medium dielectric constant and
strength among the three tested ﬁlms, outperformed other dielectric
materials. Such observations provided a tentative guideline for
choosing dielectric materials as a coating on the repelling electrodes.
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