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Abstract: In the midst of the COVID-19 pandemic, new requirements for clean air supply are
introduced for heating, ventilation, and air conditioning (HVAC) systems. One way for HVAC
systems to efficiently remove airborne viruses is by filtering them. Unlike disposable filters that
require repeated purchases of consumables, the electrostatic precipitator (ESP) is an alternative option
without the drawback of reduced dust collection efficiency in high-efficiency particulate air (HEPA)
filters due to dust buildup. The majority of viruses have a diameter ranging from 0.1 µm to 5 µm.
This study proposed a two-stage ESP, which charged airborne viruses and particles via positive
electrode ionization wire and collected them on a collecting plate with high voltage. Numerical
simulations were conducted and revealed a continuous decrease in collection efficiencies between
0.1 µm and 0.5 µm, followed by a consistent increase from 0.5 µm to 1 µm. For particles larger
than 1 µm, collection efficiencies exceeding 90% were easily achieved with the equipment used in
this study. Previous studies have demonstrated that the collection efficiency of suspended particles
is influenced by both the ESP voltage and turbulent flow at this stage. To improve the collection
efficiency of aerosols ranging from 0.1 µm to 1 µm, this study used a multi-objective genetic algorithm
(MOGA) in combination with numerical simulations to obtain the optimal parameter combination
of ionization voltage and flow speed. The particle collection performance of the ESP was examined
under the Japan Electrical Manufacturers’ Association (JEMA) standards and showed consistent
collection performance throughout the experiment. Moreover, after its design was optimized, the
precipitator collected aerosols ranging from 0.1 µm to 3 µm, demonstrating an efficiency of over
95%. With such high collection efficiency, the proposed ESP can effectively filter airborne particles as
efficiently as an N95 respirator, eliminating the need to wear a mask in a building and preventing the
spread of droplet infectious diseases such as COVID-19 (0.08 µm–0.16 µm).

Keywords: electrostatic precipitator (ESP); multi-physical simulation model; droplet infectious
disease; multi-objective genetic algorithm (MOGA)

1. Introduction

The rapid spread of COVID-19 around the world early in 2020 has led to new issues
on air quality. The World Health Organization (WHO) argues that the risk of infection
with COVID-19 can increase in crowded, poorly ventilated spaces, and aerosols containing
bacteria and viruses enter the body through the respiratory system [1].

COVID-19—transmitt ed through droplets—can float up to 6 feet (Approximately
183 cm) in the air and then spread, when it is attached to the aerosols exhaled along with
droplets by an infected person or to those suspended in the air, according to the U.S.
Centers for Disease Control and Prevention (CDC). To prevent the inhalation of aerosols
with COVID-19, it is important to improve the ventilation of indoor spaces [2], and for
buildings, this can be achieved by introducing heating, ventilation, and air conditioning
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(HVAC). Yet, an HVAC system that serves an entire building must be rigorously designed,
lest it facilitates the spread of COVID-19.

As the COVID-19 pandemic continues to persist, people are increasingly focused on
filtering bacteria and viruses from the air. Many HVAC systems available in the commercial
air purifier market use high-efficiency particulate absorbing (HEPA) filters to remove
sources of infection in the air, and such filters, made of nonwoven fabrics, are designed to
eliminate the fine particulates in the air and trap airborne bacteria and aerosols. HVAC
systems can also be equipped with an ultraviolet germicidal lamp or ozone generator to
improve their sterilization performance. However, because a HEPA filter captures particles
through fabric pores, the pores are susceptible to being blocked by trapped particles, which
can lead to increased pressure drops and weaker ventilation performance—thus making it
necessary to replace the filter frequently.

As various industries and urban areas continue to emit increasing amounts of ultrafine
particles, which are more likely to penetrate the lungs due to their size, equipment such
as electrostatic precipitators (ESPs) is a good filtration method for removing nanoscale
aerosols. This issue has been extensively discussed by De et al. [3] and others. The ESP
collects dust through Coulomb’s law and the Van der Waals force, which allow it to charge
suspended particles in the air and adsorb them onto oppositely charged collection plates.
Therefore, this device can not only collect dust effectively [4], but it can also facilitate
ventilation by inducing small pressure drops [5,6]. Electrostatic precipitation involves
eliminating aerosols suspended in the air; it can achieve sterilization by ionization and
electroporation to halt the spread of bacteria or viruses.

However, the ESP technology used in the past has been controversial since it produces
ozone with a pungent odor. This is because the advanced discharge process can cause a
portion of the oxygen in the air to decompose into unstable oxygen atoms, which then
combine with oxygen molecules to form ozone and thus can cause health hazards when
ozone is at excess levels [5,7]. Harnessing the rapid advancement of technology, recent
studies have shown that to improve the ozone problem in electrostatic dust collection,
positive corona needles can be used for discharge to produce ozone levels lower than
those produced by negative corona, thereby addressing ozone concerns associated with
electrostatic dust collection [5,8]. Therefore, this study used the multi-objective genetic
algorithm (MOGA) in conjunction with COMSOL Multiphysics to analyze how the ESP
can effectively collect dust and suppress bacteria while meeting safe ozone production
levels (below 0.06 ppm/h). A numerical model was created for a two-stage ESP in which
the device’s flow and electric fields were simulated through COMSOL Multiphysics and its
aerosol collection efficiency was analyzed. By controlling the air flow velocity and varying
the voltage to generate different levels of electric field strength, the ability of the ESP to
capture airborne bacteria in the air was investigated.

The model’s reliability was determined on the basis of the experimental results. The
positive corona discharges from the ESP were examined in order to identify the optimal
combination of air flow velocity and electric fields.

2. Working Principles of the ESP

An ESP electrically charges particles in the air by causing them to collide with ionized
gases. This way, the statically charged particles are attracted to a collecting plate and subse-
quently removed. Particles can be charged and collected simultaneously, as Arif et al. [9]
have demonstrated with their model, in which particles are charged negatively—the whole
process is performed through a one-stage ESP (Figure 1). The one-stage ESP consists of
two sets of electrodes, with discharging electrodes installed between two collecting plates.
The flowing air serves as the medium between the electrodes, so that when high-voltage
power is fed to the precipitator, air molecules are ionized, producing abundant free electrons
and ions, and airborne particles collide with the electrons, which then attach themselves
to the particles and charge them. Moreover, the charged particles carry ions with the
same polarity because of the polarity of the discharging electrodes, and they shift toward
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the collecting plates, which have opposite polarities. To improve the collection efficiency
of airborne particles in the one-stage ESP, where ionization and collection sections share
electric fields, many studies have proposed increasing the voltage of charging electrodes to
intensify the electric fields [10–13].
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Figure 1. One-stage ESP: The corona discharge causes ionized gas molecules to collide with the
particles, which are subsequently negatively charged and attracted toward the positive, grounded
collection plates by Coulomb force.

The present study demonstrated a positively charged two-stage ESP, whose mecha-
nism is shown in Figure 2. Between the 1970s and 1980s, Masuda et al. proposed an ESP
that consisted of charging and collecting sections, a design intended to achieve higher
collection performance [14,15]. Within this precipitator, the particles first pass through the
ionization section (which has a positively charged ionization wire). Then the ionization
wire generates point discharges, inducing collisions between ionized gas molecules and
particles in the air and causing the particles to carry positive electric charges. So, when
air currents that carry particles with positive electric charges pass through a collecting
section formed by high voltage differences, the particles are attracted to a negative electrode
collector through the Coulomb force. Such a design allows the two-stage ESP to collect
more dust than its one-stage equivalent.
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Figure 2. Two-stage ESP: The particles were positively charged by passing through the positively
charged ionization wire, and are attracted to a negative electrode collector through the Coulomb force.

2.1. ESP Sterilization through Particle Collection

Sterilization refers to a process whereby the growth of microbes is prevented or
inhibited. Based on this rationale, the spread of viruses, which prey on the cells of living
hosts, can be halted if their host dies or when the droplets or aerosols carrying the viruses
are removed. Thus, in this study, collecting plates were used to capture aerosols and
sterilization was performed through both electroporation and ionization.

Airborne bacteria or particles that carry bacteria are themselves electrically charged.
They can alternatively be charged when passing through the charging section of an ESP; in
this case, they shift along with air currents to the collecting section and attach themselves to
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the collecting plates after positive and negative electric charges attract each other through
the Coulomb force.

Li and Gopalakrishnan [16] performed Langevin Dynamics simulations and experi-
ments to examine the relationships between the shapes (spheres, aggregates, and cylinders)
and diffusion charging of bioaerosols, and they proposed models describing the collisions
and Coulomb interactions between arbitrary-shaped particles, neutral particles, and ions,
and calculating the bipolar and unipolar charge distributions of spherical and non-spherical
particles.

Considering the charged nature of bioaerosols, as well as the effects of bacteria and
virus sizes on the ESP collection efficiency [10,17–19], we presented a summary of the sizes
of different microbes (See Tables 1 and 2), on the basis of an electron microscopic atlas of
clinical microbes published by the Centers for Disease Control in Taiwan.

Table 1. Viruses by type [17,20].

Type Viruses

Name Coronavirus Human metapneumovirus Influenza B
virus

Influenza A Virus
(H1N1, 3N2)

Characteristics 80–160 nm, enveloped 156–300 nm, enveloped

80–120 nm, enveloped, has
a polymorphic appearance
and appears in a spherical

or tubular shape

3.0–20 µm.

Causes mild upper
respiratory tract

infections or severe
acute respiratory

syndrome (SARS).

Causes upper and lower
respiratory tract infections and
cold symptoms. Children and

older adults with weaker
immunity are liable to pneumonia
or other severe illnesses if infected.

Spreads fast by air. People
with weak immunity are
liable to pneumonia or
other severe illnesses

if infected.

Transmitted by
droplets.

Positive single-strand
RNA virus Negative single-strand RNA virus

Covers the nucleoprotein
and transcriptases of

the RNA

As Tables 1 and 2 suggest, the viruses and bacteria that can be transmitted by air have
a size of 0.1 µm–5.0 µm. This size range was used as a parameter for simulations performed
with COMSOL Multiphysics to estimate the proposed ESP’s efficiency in collecting aerosols.

2.2. Sterilization by Electroporation

Electroporation occurs when an electric field is applied to a cell and tiny pores sub-
sequently form on the cell’s membrane because of changes in electric potential. Electro-
poration can be either reversible or irreversible. Reversible electroporation causes the
external electric field to close, allowing cells to return to the closure state and thus survive.
With regard to irreversible electroporation, cells perish because permanent pores form
on them or the cells themselves take too much time to close, thus exposing the matters
within the cells. Phospholipids, which consist of hydrophobic chains and hydrophilic
headgroups, are an integral part of membranes. This is because when the external electric
field induces a transmembrane potential to exceed 1 V [21] the hydrophilic headgroups
are attracted by dipoles within the field and oscillate along the normal direction—so that
the lipid bilayer is compressed, sags, and recovers after sagging, which in turn creates
hydrophobic pores aligned by hydrophobic chains [22]. The whole process is illustrated
in Figure 3. In (Figure 3A) Lipids spontaneously form a bilayer, i.e., a sheetlike structure
two molecules thick, with the nonpolar tails oriented inward and the polar heads pointing
outward. (Figure 3B,C) The formation of pores happens and the stabilization of the pores is
based on the transition from the hydrophobic to the hydrophilic pore form. (Figure 3D)
The pores then become discernible and separated at membrane voltages above 500 mV.
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Table 2. Bacteria by type [20].

Type Bacterium

Name Bordetella pertussis Staphylococcus aureus Escherichia coli (E. coli) Legionella pneumophila

Charact-
eristics

0.1–0.5 µm in diameter,
0.5–2.0 µm in length,
Brevibacteria, has a

bacterial capsule

0.5–1.0 µm in diameter 1.5–3.0 µm in diameter 2.0.–5.0 µm in diameter,
has no bacterial capsule

A bacterial respiratory tract
disease that has humans as
the only host and spreads

by air or droplets.

A hospital-acquired
bacterium with an

aerodynamic diameter of
0.7–0.8 µm.

Spreads by water have an
aerodynamic diameter of

0.78 µm.

Causes Legionnaires’
disease, leading to

inflammation in the lungs.

Name Neisseria meningitidis Pseudomonas aeruginosa Streptococcus pneumoniae Mycobacterium tuberculosis

Charact-
eristics

0.5–1.0 µm,
has no bacterial

capsule, spherical

0.5–1.0 µm in diameter and
2.0–5.0 µm in length, has

no endospore and has
one flagellum.

0.4–1.2 µm in diameter,
has a bacterial capsule

0.2–0.6 µm in diameter and
1–10 µm in length, has a
shape resembling a short

spherical rod or long chain.

Spreads by droplets
Grown in moist

environments, spreads by
different media.

Spreads by air, droplets,
dust, or by droplet nuclei.Sustainability 2023, 15, 8432 6 of 27 
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Figure 3. Sterilization through the ESP: A sufficiently strong electric field is applied perpendicularly
to the bilayer. The main molecular constituents of every cell membrane are the lipids. Each of them
has a polar (hydrophilic) and a nonpolar (hydrophobic) part [21]. The process of sterilization involves
the transition of lipids from their normal arrangement (A) to the formation of pores (B) and eventually
membrane rupture (C), followed by stabilization (D).

Kotnik et al. argued that to achieve a transmembrane potential between the cell
radius and the external electric field, the shorter the radius is, the stronger the field will
become [23]. Moreover, if an electric field is applied to nonspherical cells, the pointed parts
of the cells are more subject than the flat parts to electroporation.

When an ESP generates corona discharges—with the reactive oxygen species produced
by the surrounding air—positive ions are attracted to the negative electric charges carried
by cell surfaces, causing the charges to be repositioned, leading to changes in the structure
of cell membranes, and thus killing bacteria [24].

2.3. ESP’s Role in Preventing the Spread of Airborne Viruses

As Figure 4 shows, the ESP sterilizes the virus by capturing the aerosols that carry it or
killing the host. Since viruses need to reproduce within the host cells, the ESP can perform
electroporation or ionization to kill their host cells, preventing them from surviving on
their own. This apparatus uses either process to eliminate aerosols that carry viruses.

2.4. Factors Influencing the Dust Collection Efficiency of ESPs

The ESP technology captures particles suspended in the air by utilizing an electric field
to generate a magnetic field and charge the particles. The flow field, electric field, and parti-
cle size of the suspended particles play important roles in the ESP dust collection efficiency.
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Numerous studies have discussed the dust collection efficiency of ESPs by varying
the internal voltage and particle size, or by increasing the number of channels to improve
particle charging rates. Generally, when the voltage is increased, the magnitude of the
electric field strength increases, resulting in a lower capture rate for larger particles than for
smaller particles. However, when the charged particle diameter is less than 1 µm, diffusion
charging becomes the main charging method. Although Brownian diffusion causes particle
fluctuation, it does not affect the main direction of particle motion. The ion migration rate
decreases with increasing particle size, and although the charging efficiency improves with
increasing particle size, it may theoretically lead to a decrease in the overall capture rate.

Regarding the discussion on flow rate and dust collection efficiency, previous studies
have shown that assuming a constant air flow velocity, the larger the particle size is,
the more charge is accumulated on the particles, and the higher the collection efficiency.
However, when the air flow velocity increases, particles are more likely to penetrate the
ESP [6,8,18].

In recent years, there has been a thorough analysis of the effects of electrode polarity,
flow rate, applied voltage, and particle size on particle charging and the electrostatic
field [19,25]. It has been concluded that ESP dust collection efficiency is affected by particle
size, electric field strength, and flow field velocity. The stronger the electric field is, the
greater the particle-charging effect, the stronger the Coulomb force, and the higher the
collection rate. The higher the flow rate, the more easily particles penetrate the ESP. Particle-
charging methods are divided into diffusion charging for particles under 0.2 µm, field
charging for particles exceeding 1 µm, and mixed charging for particles between 0.2 µm
and 1 µm. The larger the particles, the greater the charging effect, the more easily particles
are driven by the Coulomb force towards the collection plate and adsorbed, resulting in a
higher collection rate with increasing particle sizes.

2.5. Simulation of Particle Movement Trajectories

Multi-field-coupled numerical simulation aids in presenting the complex features and
advantages and disadvantages of a system. It presents a simulation of particle motion
trajectories (which cannot be observed by the naked eye) and the inter-particle force effects.
This way, the effects of relevant parameters on the system and the mechanism of particle
operation can be analyzed.

Long and Yao [26] compared nine particle-charging models to determine model con-
vergence time and accuracy and analyzed numerical results against experimental data. It
was later argued that the 1996 Lawless [27] model was most suitable for predicting the
internal particle charging state of ESPs.

Farnoosh et al. [28] employed the finite element method (FEM), the flux-corrected (FC)
transport method, and the finite volume method (FVM) to establish a numerical method
and simulation program for simulating particle motion trajectories under static electric
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fields and turbulent flow fields during corona discharge. They used the CFD simulation
software FLUENT to perform simulations and calculated gas flow rates using the k-ε
turbulence model, the Reynolds-averaged Navier-Stokes equations (RANS), and coupled
electric field and charge transport equations. The motion trajectories of particles with
diameters of 1 µm, 5 µm, 10 µm, and 50 µm were calculated using the Lagrangian approach,
and the ESP’s internal dust collection efficiency was analyzed. The simulation results,
compared with past experimental results, all indicated that electrohydrodynamics (EHD)
had a small effect on particles with a diameter larger than 1 µm and that the flow field was
mainly influenced by the main air flow velocity of 1 m/s. After an overall analysis of the
dust collection rate, EHD can be ignored.

Kasdi [29] performed numerical modeling COMSOL Multiphysics to compare different
experimental results in order to enhance the ESP dust collection efficiency; the author also
investigated the effects of corona current, current density, and voltage on ESP dust collection.
The author concluded that increasing the number of discharge electrodes can improve the
ESP dust collection efficiency and using the predicted results from COMSOL Multiphysics
can shorten research time, with the simulation results in agreement with experimental data.

Xiong et al. [6] simulated the internal flow field, electric field, and particle tracking in
ESPs using COMSOL Multiphysics, and verified the model with experiments. They argued
that the force on the particles can be ignored compared with the effects of drag force and
electrostatic force, and they showed that as flow velocity remains constant, larger particles
are more easily captured. Although particle accumulation does not affect the flow field, it
weakens the electric field, and as the flow velocity increases, the particle trajectories show a
tendency to overflow from the collection zone.

Zhang et al. [30] established a numerical simulation method to study the internal
airflow, corona discharge, and particle charging in ESPs in order to improve collection
efficiency, and their comparison between particle trajectory simulation with Particle Image
Velocimetry (PIV) showed that particle trajectories follow the same motion law. In the
electric field, particles move along parabolic trajectories to the collection plate. With the
addition of magnetic confinement force, the pattern of particle movement is observed to
prolong the residence time of particles in ESPs.

Ito et al. [31] simulated the charged particle trajectory in an ESP, calculated the particle
charging rate using the principle of electric field charging and diffusion charging, and
compared the results against PIV. The results showed that the electric potential in the ESP
increased with the particle movement speed.

Clack [32] used COMSOL Multiphysics to simulate uniform particle settling in an
ESP and analyzed several geometric and average particle size parameters. Particle sizes
of 20 µm, 50 µm, and 100 µm were used as parameters, and governing equations for each
physical quantity were proposed in the study.

Zhou et al. [33] developed a COMSOL Multiphysics numerical model of an ESP to
investigate the effects of different geometric collector plates on the ESP’s electric field, ion
wind, and collection efficiency. The model was validated with experimental data from
the literature.

Kılıç et al. [34] investigated the collection efficiency of a wire-plate single-stage ESP
for particle sizes ranging from 0.02 µm to 10 µm. Fluent was used to study and discuss the
effects of the distance between different charging and collecting electrodes, inlet velocity
of the mainstream flow, and particle size on the particle collection efficiency and ESP
performance. Since the simulated particle size is comparable to that of this study, it can be
used as a reference for comparison.

Fattah et al. [35] provided a review of the literature related to optimizing the perfor-
mance of single-stage and multi-stage ESPs by altering various design parameters and
assessing their impact on different performance metrics. The review also investigated the
correlation between EHD flow and precipitation performance.

Based on the CFD simulations used in various previous articles related to ESP, we
have compiled the governing equations used in Table 3.
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Table 3. Governing equations used in previous studies for the COMSOL Multiphysics simulation of electrostatic precipitation.

Article 2016,
Kasdi [29]

2018,
Xiong et al. [6]

2020,
Ito [31]

2020,
Clack [32]

2021,
Zhou et al. [33]

Dimensions 2D 2D 2D 2D 2D

Number of ionization lines 1–5 90 1–10 3 3

Ionization line
diameter(mm)

0.4, 0.8 2 0.26 1 2

Distance between
ionization lines(mm)

40, 60, 80 50 15 500 200

Length of dust
collection plate(m)

0.77 0.51 0.05 2 0.6

Distance between dust
collection plates(m)

0.1 0.04 0.03 0.3 0.2

Type of electrostatic
dust collection 1 step 2 steps 1 step 1 step 1 step

Fluid flow module - turbulent (spf) turbulent (spf) turbulent (spf) turbulent (spf)

Flow field - k− ε (Low Re) k−ω - k− ε
Flow velocity (m/s) - 1.0, 2.5 1 0.75, 1.55, 3 0.1

Electric field module - static electricity (es) - static electricity (es) static electricity (es)

Electrode electric field Peek’s law - - - Peek’s law

Static
Poisson’s equation - Poisson’s equation Poisson’s equation Poisson’s equation

Current continuity equation - Current continuity equation Current continuity equation Current continuity equation

Particle trajectory

- Kuhn-Han correction factor - Kuhn-Han correction factor -

- - - Lagrangian function Lagrangian function

- Newton’s Second Law Newton’s Second Law - Newton’s Second Law

Charging mechanism - Cochet, 1961 - Electric Field Charging Lawless, 1996

Mesh element - - 1,300,000 25,000 10,000–27,000

Ion migration rate (m2/Vs) 0.00018 0.00021 0.000169 - 0.00016
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3. Experimental and Simulation Setup
3.1. Experimental Setup

This study employed an ESP that performs two-stage positive charging. The device
was tested according to JEMA standards, and its ozone emissions and air-borne virus
elimination performance were evaluated using particles of the size of E. coli, as stipulated in
the standard. Subsequently, the ESP’s collection efficiency for particles of different sizes was
verified using a digital model. In the JEMA test environment, experiments were conducted
using particles in the range of 0.3 µm–1.0 µm, and the results were compared with the
simulation results of the digital model to validate its accuracy.

This ESP device measures 270.3 mm in length, 170.3 mm in height, 96.8 mm in width,
and weighs 1.15 kg. At an airflow rate of 120 m3/h, the pressure drop was 4 Pa, and
the input voltage was AC 110 V. The internal piezoelectric power supply generated high
voltage output, providing positive pole voltages ranging from 4.7 kV to 6.5 kV and negative
pole voltages ranging from 3.1 kV to 4.5 kV. Figure 5 presents an overview of the ESP used
in this study.
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Figure 5. The ESP prototype used in the present study.

The ESP’s effective area is highlighted in red in the right portion of Figure 5, with a
cross-sectional area of 228.76 cm2. The charging section employs a tungsten wire (with a
diameter of 0.12 mm) as the positive ionization electrode, with input voltages of 5.0 kV and
6.5 kV. The discharge is formed by corona discharge between the charging section and the
grounded negative electrode. The dust collection section consists of 19 positive plates with
input voltages of 3.0 kV and 3.2 kV, and 18 grounded negative plates, which are arranged in
an interleaved manner. Plates of the same polarity are connected by stainless steel columns
and separated at a distance of 0.7 cm. Due to the interleaved arrangement of positive and
negative plates, each pair of plates with the opposite polarity is separated at a distance of
0.35 cm.
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Due to the limitations of our research facility, the microbiological experiments under
JEMA standards were conducted by the Kitasato Research Center for Environmental Science
in Japan. All other experiments were conducted following the guidelines of ISO/IEC
Guide 98-6: 2021. The expanded uncertainties were calculated, encompassing both the
Type B standard uncertainties and the Type A standard uncertainties associated with the
experimental measurements, with an expansion factor of 2 and a confidence level of 95%.

3.1.1. JEMA Standard

An experiment was conducted on the basis of the standards established in July 2011 by
the Japan Electrical Manufacturers’ Association (JEMA) for the performance of air cleaners
designed to eliminate airborne viruses [36].

Taking into account the WHO’s guidelines and the regulations of managing pathogens
safely that are set forth by the Japanese National Institute of Infectious Disease, we
conducted a JEMA microbe experiment in which E. coli bacteriophages with a size of
0.02 µm–0.2 µm were used, an E. coli bacteriophage-containing liquid was sprayed in a
space of 20 m3–32 m3, and an ESP was used to collect the bacteriophages.

In the experiment, the indoor temperature was set to 296.15 ± 5 K and the initial
relative humidity to 50± 10%, a mixer fan was used, and the bacteriophages were captured
by a collector placed in the middle of a side wall 120 cm above the floor. The setup of the
experiment is illustrated in Figure 6.
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Figure 6. Setup of the JEMA experiment.

Figure 7 describes the procedure for the JEMA experiment. A vaporizer was used
to spray 1 mL of E. coli bacteriophage-containing liquid within a space of 25 m3 at a flow
speed of 1.94 m/s, in order to sterilize the E. coli bacteriophage and Influenza A virus H1N1.
The whole sterilization experiment lasted for 15 min. To begin with, the mixer fan ran for
2 min, the collector was used to collect the E. coli bacteriophages (at the experimental time
of 0 s), and the ESP was activated following the collection process to sample around 10 L
of the indoor air for 2 min. The sampling process lasted for 15 min for the experimental
(with the ESP) and control (without the ESP) groups, respectively. The collector contained
a 20 mL solution of sodium sulfite (Na2S2O3) with a concentration of 0.015%.

After the sampling process was completed, the liquids collected by the collectors
respectively set up for the experimental and control groups were diluted by a culture
medium (prepared with deionized water) at a ratio of 1 to 10 and used as the sample
liquids, which were subsequently left at a temperature of 308.15 ± 1 K for 10 min–20 min
to culture E. coli bacteriophages. The liquids were then added with soft Nutrient Broth at
318.15 K, filled into the lower layer of the square culture medium, and cultivated in a petri
dish placed upside down for 24 h at 308.15 ± 1 K.
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3.1.2. Ozone Generation Standard

This test was conducted at an authorized laboratory in accordance with the CNS
60335-2-65 standard, which specifies the requirements for air-cleaning appliances [37].
(CNS 60335-2-65 is a national industrial standard introduced by the Taiwanese government;
it is established based on the international standard IEC 60335-2-65.). Under this standard,
the test was conducted in a 2.5 m × 3.5 m × 3.0 m space without any opening on all
sides—and with the walls covered by polyethylene sheets, an air cleaner placed 750 mm
above the floor in the center of the test setting, the ambient temperature maintained at
298.15 K, and the relative humidity at 50%. Moreover, after the air cleaner operated for
24 consecutive hours, the ozone sampling opening was placed 500 mm from an air outlet
to collect samples. The initial ozone concentration measured before the cleaner’s operation
was subtracted from the highest measurement; the ozone concentration should not exceed
5 × 10−6 mL/min after this 24-h test came to an end.

3.2. Simulation Setup

To explore the influence of the flow and electric fields and the sizes of collected particles
on the collection efficiency of the ESP’s charging and collecting sections, a two-dimensional
numerical model was created taking into account flow speed, the electric field, the charging
of particles, and the motions of particles by force. The assumptions for the simulation are
described as follows:

• Simulation base on Cartesian coordinates;
• Steady flow and electric fields;
• Time-dependent particle trajectory;
• No slip condition between the wall and the fluid;
• The ambient temperature remains at 298.15 K and the reference air pressure is 1 atm

(1.01 × 105 pa).
• A review of studies on sterilization through ESPs suggested that:
• E. coli carries negative electric charges when it is spread by air [38];
• when the transmembrane potential of the E. coli cells exceeds 1 V, the cells are killed

by electroporation [38,39];
• viruses and bacteria can be attached to bioaerosols [39–41].

On the basis of these assumptions, the present study analyzed the ESP’s collection
efficiency and sterilization performance by considering an electroporation process that
arises from dramatic changes in electric potential [38,39]—which occur when bioaerosols
carrying viruses and bacteria are collected [41,42] or when the ESP absorbs airborne E. coli
that carries negative electric charges [38].

The simulation parameters were based on the setup of the JEMA experiment. These
parameters are described in Table 4.
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Table 4. Definitions of simulation parameters.

Parameter JEMA Experiment

Flow speed (m/s) 1.94

Voltage of the ionization wire (kV) 6.5

Voltage of positively charged collecting plates (kV) 3.2

Bacteria E. coli bacteriophages, Influenza A virus (H1N1)

Particle size (µm) 0.02–0.2

Figure 8 depicts COMSOL 2D model of a cross-section extracted from the physical
model with a height of 35 mm and depth of 100 mm, as shown in the amber-colored section
of the figure. The charging section in this portion covers two sets of ionization wires and
three negative plates, while the collecting section covers interlaced positive and negative
collecting plates. This model was used to simulate the collection efficiency of the ESP.
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In the 2D model of the section, air enters from the left side of the ESP and exits from the
right side. The fully-developed flow is defined as the boundary condition for the air inlet,
with the average flow speed used as a parameter; and pressure is defined as the boundary
condition for the air outlet, with the addition of normal flows and the suppression of
reverse flows serving as pressure conditions.

The ESP proposed in this study comprised a charging section in the front and a collect-
ing section in the back. The charging section served as the positive pole when the ionization
wire induced high potential and high voltage. The wire interweaved between the upper
and lower parts of a negative plate for ground connection to create voltage differences,
thereby generating point discharges that in turn would charge particles. The collecting
section consisted of a positive late with low potential and high voltage overlapping with a
negative plate.

3.2.1. Mathematical Model

The one-way low Reynolds K-epsilon (k-ε) turbulence model (single-phase fluid, spf),
which is a built-in module of COMSOL Multiphysics, was used to perform a more accurate
analysis of the fluids near the walls and core. The fluids were described through equations
for the conservation of mass, momentum, and energy, and additional boundary conditions
were defined for the inlet and outlet. Then the RANS equations were adopted to describe
the turbulent region within the ESP and the viscous sublayer and transition layer of the
walls, with no-slip boundary conditions defined for the walls and the fluid field.

The Poisson’s equation and the current continuity equation were both used to compute
the electric field and charge density during a corona discharge. The corona discharge
module—which is a physical built-in module COMSOL Multiphysics—was used to couple
the following multi-physics modules: space-charge density coupling (SCDC), potential
coupling (PC), and the electrode (EL). The initial strength of the corona field was computed
on the basis of Peek’s law.

Particles were released at the inlet of the COMSOL model. Meanwhile, considering
that the particle-tracing module of COMSOL Multiphysics specifies the particle size as an
additional variable, the trajectories of particles within the ESP can be altered by the flow
field, resistance, and the force of gravity, and the particle concentration is not high enough
to affect flows, this study computed the trajectories of one-way coupled particles within the
flow field. The resistance equation, which was coupled with Stokes’ law and the dilution
effect, was corrected using the Cunningham correction factor.

1. Electric field

The corona discharge follows the law of conservation of charge and is calculated using
Poisson’s equation to determine the movement of charges. The constant flow of charges is
described by the continuity equation of current to solve for the electric field at the tip of the
ESP.

• The law of conservation of charge is expressed as:

∇·J = 0, (1)

J = ZqµiρqE + ρu, (2)

ε0∇2V = −ρq, (3)

• The current continuity equation in an electric field is expressed as:

µi

(
ρq

2

ε0
−∇V·∇ρq

)
+∇ρq·u = 0, (4)

The space charge density ρq is calculated using the Lagrangian method to verify the
potential in the model.
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• The Poisson’s equation is used as the boundary condition to calculate the normal
component of the electrostatic field at the ESP electrode. The boundary condition
formula is given as:

n·E = E0, (5)

where E0 represents the electric field of the electrode and is expressed in the unit of V/m.

• The electric field at the discharge electrode is calculated using Peek’s law, which is
expressed as:

E0 = Ecδ

(
1 +

Cr√
δrc

)
, (6)

2. Flow field

During the simulation, the fluid mechanics is calculated using the governing equations:
the mass conservation equation, the momentum conservation equation, and the energy
conservation equation.

• Continuity Equation

∂ui

∂xi
= 0, (7)

• Momentum Equation

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= ρgi −

∂p
∂xi

+
∂

∂xj

[
(µ+ µt)

(
∂ui

∂xj
+

∂uj

∂xi

)]
, (8)

The two equations above are expressed in terms of the spatial coordinate x, with
subscripts i and j denoting the components in a Cartesian coordinate system. The terms
u, t, ρ, g, p, µ, and µt represent fluid velocity, time, density, gravity, pressure, molecular
dynamic viscosity, and turbulent dynamic viscosity, respectively.

• Energy Equation

ui
∂T
∂xi

+
∂

∂xi

[
(λ+ λt)

(
∂T
∂xi

)]
= 0, (9)

where T, λ, and λt represent temperature, molecular conductivity, and turbulent conductiv-
ity, respectively.

In the process of electrostatic precipitation, the airflow carries particles in the air, and
after being charged by a high-voltage electric field, the particles are adsorbed onto the
collecting plate due to the Coulomb force of the electric field. Therefore, in the present
study, the COMSOL Multiphysics module accounted for the fluid flow, electric field, and
particle tracking in the flow field.

The Reynolds number (Re) is used to determine the laminar or turbulent flow for the air
purifier tested, and it is defined as follows:

Re =
ρul
µ

=
uD
vk

=
QD

vkAC
, (10)

• The Reynolds number ranged from 5512 to 7438. This suggested that the ESP flow in
this study was turbulent. The compressibility of the fluid can be determined by the
Mach number (M), which is calculated using the following formula:

M =
us

u
, (11)

If the Mach number of the flow field is greater than 0.3, the fluid cannot be compressed
due to insufficient pressure, and the density of the fluid remains constant with changes in
pressure, indicating an incompressible flow field.

3. Particle tracking in the flow field
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• Particle motion in the flow field follows Newton’s second law, and the particle po-
sitions are determined using a second-order equation for vector components, as
expressed by the following formula:

dq
dt

= vp, (12)

d
dt
(
mpvp

)
= Ft, (13)

• The motion of particles in the flow field is influenced by drag force, electric field force,
and the interaction between particles and the fluid, which can be calculated based
on particle mass, density, and diameter. The equation for the particle trajectory is
expressed as follows:

d
(
mpvp

)
dt

= FD + FE
dq
dt

= vp, (14)

• When the fluid medium is continuous, incompressible, and viscous, Stokes’ Law
can be used to represent the drag force generated by particles in the fluid motion or
the force exerted by the fluid on stationary particles. Under low-Reynolds-number
conditions, if the particle velocity is greater than the fluid velocity, the drag force on
the particle increases, and the rarefaction effects must be considered for small particle
radii. The drag force is expressed as follows:

FD =
1
τpS

mp
(
u− vp

)dq
dt

= vp, (15)

τp =
4ρpd2

p

3µCDRer

dq
dt

= vp, (16)

The electric force (FE) acting on particles is related to the charge accumulated on the
particles. The formula is expressed as follows:

FE = eZE
dq
dt

= vp, (17)

The accumulated charge on a single particle (Z) is calculated using the Lawless charg-
ing model in this study.

3.2.2. Boundary Conditions

When using simulation software to find solutions, one should consider the quality
of the grid during its construction and define boundary conditions. Failure to satisfy
boundary conditions will directly affect the convergence of a numerical method. Table 5
lists the boundary conditions provided by the COMSOL Multiphysics module for solving
partial differential equations.

Table 5. Boundary conditions.

Gas Flow Velocity
(m/s)

Gas Temperature
(K)

Gas Pressure (Pa)
Gas Density(

kg/m3) Gas Viscosity
Coefficient (Pa·s)

Gas Dielectric
Constant(

C2/
(
N·m2))

0.5–1.95 298.15 101,325 1.184 1.319× 10−5 1 [29,30]

Positive Electrode
Dust Collecting

Plate Voltage
(kV)

Positive Electrode
Dust Collecting

Plate Voltage
(kV)

Particle Diameter
(µm)

Particle Density(
kg/m3) Particle Viscosity

Coefficient
(Pa·s)

Particle Dielectric
Constant(

C2/
(
N·m2))

5.0, 6.5 3.0, 3.2 0.3–1.2 3900 [33] 1.319× 10−5 2.5 [9,26]
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The gas temperature was set to 298.15 K, considering the JEMA laboratory’s tempera-
ture standard of 296.15 ± 5 K. The environmental pressure at the surface was set to 1 atm
(1.01 × 105 pa).

The high voltage input to the ESP was set to 5.0 kV and 6.5 kV, while the correspond-
ing low voltage input was set to 3.0 kV and 3.2 kV. These parameters were used when
comparing the ESP collection efficiency at different input voltages. The particle size was
specified based on the sizes of bacteria and viruses [17,20], and particles’ density, viscosity,
and dielectric constant were all defined based on [19].

3.3. Design Optimization
3.3.1. Multi-Objective Genetic Algorithm (MOGA)

The intent of multi-objective optimization is to find all possible trade-offs between
multiple objective functions, which may be conflicting. Engineering problems require opti-
mizing objectives and constraints that may conflict with each other. Unlike single-objective
optimization problems, the solution to multi-objective optimization problems is a set of
solutions called the “Pareto-optimal solutions.” The multi-objective purpose functions can
be represented by the following equation, which includes multiple objective parameters:

Maximize/minimize

F(x) = {f1(x), f2(x), · · · , fn(x)}, (18)

Subject to constraints

Gi(x) = 0, i = 1, · · · , m (19)

Hj(x) ≤ 0, j = 1, · · · , m (20)

The functions F(x), G(x), and H(x) represent the objective function, equality, and in-
equality constraints, respectively; n is the number of objectives; x is an n-dimensional vector.
The Genetic Algorithm (GA) is a randomized search method based on natural selection and
genetic mechanisms. The algorithm involves genes, which are the variables to be optimized,
and chromosomes, which represent the solution to the problem. It searches for the best
solution from a population of chromosomes to achieve the optimization objective. Its advan-
tages include handling multiple designs simultaneously and obtaining acceptable solutions
between the constraints, as these solutions are chosen through probabilistic selection.

The algorithm begins by creating a random initial population and then performs fitness
evaluation, selection, crossover, and mutation. If the standards are not met, the algorithm
returns to the initial population. Ultimately, the algorithm obtains Pareto solutions.

3.3.2. Multi-Objective Function and Constraints

The MOGA optimization was performed to achieve the design objectives while ad-
hering to constraints. In this study, the “gamultiobj” function in MATLAB (a variant of
NSGA-II) was utilized as a solver based on the MOGA to find the best solution in analysis.
Specifically, MATLAB was used to obtain the execution results from COMSOL within the
constraints and to perform an analysis. The objective of this study was to obtain the optimal
dust collection efficiency while maintaining the voltage and air flow velocity under some
limitations of ozone generation. A central composite design (CCD) was employed to gener-
ate experimental design (DOE) points and perform simulation under constraints. Based
on the study by Deb et al. [43] and our own experience from past laboratory research [44],
we were able to achieve convergence by setting the maximum allowable Pareto percentage
and convergence stability percentage to 95 and 0.00002, respectively.

Previous studies have suggested that higher input voltage and lower flow speed
can lead to higher collection efficiency. Yet, the application of an ESP should take into
account the apparatus’s efficiency in purifying its immediate environment and the ozone
generated during a point discharge. The MOGA was therefore used to determine the
optimal combination of flow speed and voltage [45,46]. To avoid breaching the indoor
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ozone limits defined under the Indoor Air Quality Act in Taiwan, the voltage was restricted
to 5 kV to 7 kV and the flow speed to 0.3 m/s–2.7 m/s, in which case the purification
process would only take a moderate amount time to complete.

The Handbook of Electrostatic Processes states that because particles of different sizes
are charged in different ways, they differ in theoretical migration velocity when charged at
a uniform voltage [47]. Moreover, Zhu et al. [19] reported that with the air flow velocity
staying at 1 m/s and the voltage at 8 kV, the amount of charge on particles decreased as
their sizes grew from 0.1µm to 1.0 µm; thus, larger particle sizes mean lower amounts of
charge on particles. However, Pirhadi et al. [18] examined the ESP collection efficiency
in experiments that involved particles of 0.015µm–2.5 µm, three flow volumes (50 lpm,
75 lpm, and 100 lpm), three flow speeds (0.73 m/s,1.1 m/s, and 1.46 m/s), and a voltage
of +12 kV, and compared both predicted and experimental results—observed that the
collection efficiency was the lowest for particles of 0.1 µm–0.2 µm, at which they reached
the lowest theoretical migration velocity. The authors added that the efficiency decreased
as particles of 0.01µm–0.1 µm grew in size, and the efficiency increased with the particles
of 0.2 µm–2.5 µm. Given this rationale, the present study used the MOGA to determine
the optimal parameters for the average collection efficiency for particles of 0.1 µm–5.0 µm;
doing so would prevent the collection efficiency from varying wildly in the presence of
particles of different sizes. Figure 9 describes the MOGA used in this study.
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4. Results and Discussions
4.1. Standard Test Results

The initial ozone concentration measured before the cleaner’s operation was subtracted
from the highest measurement; the ozone concentration should not exceed 5 × 10−6 mL/min.

The ESP prototype used in this study met the requirements specified in a test report
published by Japan Air Cleaning Association [48]. The ESP produced only 0.01 mg/m3–
0.02 mg/m3 of ozone (equivalent to 0.005 ppm–0.01 ppm), far lower than the amount of
ozone in nature (Table 6). This apparatus met the Taiwanese Environmental Protection
Administration’s indoor air quality standard of 0.06 ppm/h [49], but it failed to enable
ozone sterilization (for which the ozone concentration must be higher than 0.01 ppm) and
was thus excluded from consideration for performing this sterilization process.

Table 6. Results of an ozone generation test on the ESP prototype.

Ultraviolet Absorption Ozone Concentration Meter: 1006AHJ

Wind volume: Qw(
m3/min

) Ozone concentration (ppm) Amount of ozone
generated: qo (mL/min)Upstream: O1 Downstream: O2 Difference

2.0 0.0004 0.0142 2.0 0.0004

The amount of ozone generated qo was determined using the equation for ozone
concentration, which is expressed as:

qo = (O2 −O1)×Qw, (21)

Considering that sterilization entails preventing or inhibiting the growth of microbes,
collecting plates were used in this study to capture aerosols and sterilization was performed
by electroporation and ionization.

The ESP prototype designed for this study was experimentally proved to have pro-
duced ozone in amounts far lower than that in the natural air. Since the ESP did no damage
to the human body, we examined how well it could collect aerosols under the JEMA stan-
dards. For the JEMA experiment, the ESP was used to collect E. coli bacteriophages of
0.02 µm–0.2 µm from a sprayed liquid.

Figure 10 describes the results of the JEMA experiment. Compared with natural
attenuation (the control group), the ESP reduced the number of airborne viruses by at least
90% after it operated for around 3 min and by 99% after it ran for 5 min. In particular, when
the experiment reached the 15th min, the number of airborne viruses showed a negligible
decrease under the natural attenuation condition, but with the ESP, it decreased to below
the minimum level measured.

4.2. Validating Experimental and Simulation Results

Numerical simulation was performed to investigate the physical changes in the ve-
locity field, electric field, and particle size with respect to dust collection and antibacterial
effects in the ESP. To determine the accuracy of the simulation process, the simulation
results were compared with experimental data on dust collection. The input voltage was
set to 5.0 kV and 3.0 kV, and the airflow rate during the experiment ranged from 70 m3/h
to 170 m3/h, which was equivalent to a air flow velocity of 0.60 m/s to 1.46 m/s. Dust with
particle sizes of 0.3 µm–0.5 µm, 0.5 µm–1.0 µm, and over 1.0 µm were collected, as shown
in Figure 11, where the dots represent the experimental data and the dashed lines represent
the simulated values.



Sustainability 2023, 15, 8432 19 of 26

Sustainability 2023, 15, 8432 19 of 27 
 

The ESP prototype used in this study met the requirements specified in a test report 

published by Japan Air Cleaning Association [48]. The ESP produced only 0.01 mg/m3–

0.02 mg/m3 of ozone (equivalent to 0.005 ppm–0.01 ppm), far lower than the amount of 

ozone in nature (Table 6). This apparatus met the Taiwanese Environmental Protection 

Administration’s indoor air quality standard of 0.06 ppm/h [49], but it failed to enable 

ozone sterilization (for which the ozone concentration must be higher than 0.01 ppm) and 

was thus excluded from consideration for performing this sterilization process. 

Table 6. Results of an ozone generation test on the ESP prototype. 

Ultraviolet Absorption Ozone Concentration Meter: 1006AHJ 

Wind volume: 𝑄𝑤 

(m3/min) 

Ozone concentration (ppm) Amount of ozone 

generated: 𝑞𝑜 

(mL/min) 
Upstream: 𝑂1 Downstream: 𝑂2 Difference 

2.0 0.0004 0.0142 2.0 0.0004 

The amount of ozone generated 𝑞𝑜 was determined using the equation for ozone 

concentration, which is expressed as: 

𝑞𝑜 = (𝑂2 − 𝑂1) × 𝑄𝑤 ,  (21) 

Considering that sterilization entails preventing or inhibiting the growth of microbes, 

collecting plates were used in this study to capture aerosols and sterilization was 

performed by electroporation and ionization. 

The ESP prototype designed for this study was experimentally proved to have 

produced ozone in amounts far lower than that in the natural air. Since the ESP did no 

damage to the human body, we examined how well it could collect aerosols under the 

JEMA standards. For the JEMA experiment, the ESP was used to collect E. coli 

bacteriophages of 0.02μm–0.2 μm from a sprayed liquid. 

Figure 10 describes the results of the JEMA experiment. Compared with natural 

attenuation (the control group), the ESP reduced the number of airborne viruses by at least 

90% after it operated for around 3 min and by 99% after it ran for 5 min. In particular, 

when the experiment reached the 15th min, the number of airborne viruses showed a 

negligible decrease under the natural attenuation condition, but with the ESP, it decreased 

to below the minimum level measured. 

 

Figure 10. Results of a JEMA experiment on collecting airborne viruses. (by the Kitasato Research 

Center for Environmental Science in Japan under report number “2020_038”). 

Figure 10. Results of a JEMA experiment on collecting airborne viruses. (by the Kitasato Research
Center for Environmental Science in Japan under report number “2020_038”).

Sustainability 2023, 15, 8432 20 of 27 
 

4.2. Validating Experimental and Simulation Results 

Numerical simulation was performed to investigate the physical changes in the 

velocity field, electric field, and particle size with respect to dust collection and 

antibacterial effects in the ESP. To determine the accuracy of the simulation process, the 

simulation results were compared with experimental data on dust collection. The input 

voltage was set to 5.0 kV and 3.0 kV, and the airflow rate during the experiment ranged 

from 70 m3/h to 170 m3/h, which was equivalent to a air flow velocity of 0.60 m/s to 1.46 

m/s. Dust with particle sizes of 0.3μm–0.5 μm, 0.5 μm–1.0 μm, and over 1.0 μm were 

collected, as shown in Figure 11, where the dots represent the experimental data and the 

dashed lines represent the simulated values. 

Comparing the simulation results against the experimental data on dust collection, it 

is worth noting that the model used in this study did not consider the effect of electro-

hydro dynamics (EHD). However, H. Lei et al. [50] pointed out that particles with a 

diameter smaller than 0.1 μm are greatly affected by EHD when the particles move in 

turbulent flow fields. Therefore, our simulation results suggested that when the particle 

size was 0.3μm–0.5 μm, the collection efficiency was relatively close to the experimental 

data. And among all the three particle sizes examined, the efficiency was the highest. This 

finding is consistent with [17,18]. As for particle sizes above 1 μm, the simulation results 

were not fully in line with the experimental data due to the neglect of EHD, but they 

showed the same trend. Consistent with previous studies [8,10,24,49], the results indicated 

that as particle size increases with dust collection efficiency, while higher air flow velocity 

leads to lower collection efficiency. 

Overall, when the particle size was 0.3 μm–1.0 μm, dust collection efficiency 

increased with the particle size. However, increasing air flow velocity caused the dust 

collection rate to decrease constantly. The optimal dust collection rate for all three particle 

size ranges was achieved at an airflow rate of 70 m3/h (0.60 m/s), while the lowest dust 

collection rate was observed at an airflow rate of 170 m3/h (1.46 m/s). Furthermore, the 

dust collection rate for the smallest particle size range (0.3μm–0.5 μm) was found to be 

most subject to changes in air flow velocity. 

 

Figure 11. Comparison of model simulation results against experimental data on dust collection. 

4.3. ESP Optimization Results 

Based on the experimental results above, numerical simulation was performed to 

optimize the design of the ESP. Following the optimization process, the ESP achieved a 

collection efficiency of over 95%, protecting people in a building against COVID-19 and 

other droplet-transmitted diseases as effectively as an N95 respirator and thus allowing 

them to walk around without having to wear a mask. 

0.6 0.8 1.0 1.2 1.4 1.6

89

90

91

92

93

94

95

96

97

98

99

C
o

ll
ec

ti
o

n
 e

ff
ic

ie
n

cy
(%

)

Air Velocity (m/s)

 Simulation – above 1.0μm

 Simulation – 0.5-1.0μm

 Simulation – 0.3-0.5μm

 Experiment –above 1.0μm

 Experiment – 0.5-1.0μm

 Experiment – 0.3-0.5μm

Figure 11. Comparison of model simulation results against experimental data on dust collection.

Comparing the simulation results against the experimental data on dust collection, it is
worth noting that the model used in this study did not consider the effect of electro-hydro
dynamics (EHD). However, H. Lei et al. [50] pointed out that particles with a diameter
smaller than 0.1 µm are greatly affected by EHD when the particles move in turbulent
flow fields. Therefore, our simulation results suggested that when the particle size was
0.3µm–0.5 µm, the collection efficiency was relatively close to the experimental data. And
among all the three particle sizes examined, the efficiency was the highest. This finding
is consistent with [17,18]. As for particle sizes above 1 µm, the simulation results were
not fully in line with the experimental data due to the neglect of EHD, but they showed
the same trend. Consistent with previous studies [8,10,24,49], the results indicated that as
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particle size increases with dust collection efficiency, while higher air flow velocity leads to
lower collection efficiency.

Overall, when the particle size was 0.3 µm–1.0 µm, dust collection efficiency increased
with the particle size. However, increasing air flow velocity caused the dust collection rate
to decrease constantly. The optimal dust collection rate for all three particle size ranges
was achieved at an airflow rate of 70 m3/h (0.60 m/s), while the lowest dust collection rate
was observed at an airflow rate of 170 m3/h (1.46 m/s). Furthermore, the dust collection
rate for the smallest particle size range (0.3 µm–0.5 µm) was found to be most subject to
changes in air flow velocity.

4.3. ESP Optimization Results

Based on the experimental results above, numerical simulation was performed to
optimize the design of the ESP. Following the optimization process, the ESP achieved a
collection efficiency of over 95%, protecting people in a building against COVID-19 and
other droplet-transmitted diseases as effectively as an N95 respirator and thus allowing
them to walk around without having to wear a mask.

To examine the influence of the flow and electric fields and the sizes of collected
particles on the collection efficiency of the ESP’s charging and collecting sections, COMSOL
Multiphysics® was used to create a two-dimensional numerical model taking into account
flow speed, the electric field, the charging of particles, and the motions of particles by force.

After Reynolds and Mach numbers were determined, the flow field was defined as an
incompressible turbulent flow field. Two wind volumes set for the simulation experiment
were 120 m3/h and 160 m3/h, equivalent to an average flow speed of 1.46 m/s and 1.94 m/s,
respectively. The normal flow speed for the air inlet was specified using the aforementioned
parameters. The atmospheric pressure of the air outlet was set to 1 atm (1.01 × 105 pa).
The Reynolds-averaged Navier-Stokes (RANS) equations were used to determine the ESP’s
efficiency of capturing charged bacteria as flow speed varied.

Figure 12 describes the simulated ESP collection efficiency across different combina-
tions of flow speed and voltage levels. The results of the four simulations are summarized
as follows:

1. When the particle size was 0.1µm–5.0 µm and the flow speed increased from 1.46 m/s
to 1.94 m/s, the ESP’s average collection efficiency decreased by 12.7% at a voltage of
5 kV and 4.1% at 6.5 kV.

2. When the particle size was 0.1µm–5.0 µm and the voltage in the ESP increased from
5 kV to 6.5 kV, the ESP’s average collection efficiency increased by 2.7% at a flow
speed of 1.46 m/s and 11.3% at 1.94 m/s.

3. When the particle size increased from 0.1 µm to 0.3 µm at a uniform flow speed and
a 5 kV voltage, the ESP’s collection efficiency decreased by 7.8% at a flow speed of
1.46 m/s and 30.2% at 1.94 m/s.

4. When the particle size increased from 0.3 µm to 5.0 µm at a uniform flow speed and
a 5 kV voltage, the ESP’s collection efficiency increased by 10.6% at a flow speed of
1.46 m/s and 32.1% at 1.94 m/s.

5. When the particle size increased from 0.1 µm to 0.3 µm at a uniform flow speed and a
6.5 kV voltage, the ESP’s collection efficiency decreased by 0.9% at a flow speed of
1.46 m/s and 17.4% at 1.94 m/s.

6. When the particle size increased from 0.3 µm to 5.0 µm at a uniform flow speed and
a 6.5 kV voltage, the ESP’s collection efficiency increased by 3.4% at a flow speed of
1.46 m/s and by 19.7% at 1.94 m/s.
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Figure 12. ESP collection efficiency for particles of 0.1 µm–5 µm at different voltages and flow speeds.

For the model with a flow speed of 1.46 m/s and high voltages of 6.5 kV and 3.2 kV,
the collection efficiency was the highest across all conditions, ranging from 96.3% to 99.7%,
and it showed the least variation even when the particle size changed. By contrast, for
a model with the same flow speed but low voltages of 5.0 kV and 3.0 kV, the collection
efficiency was 88.8–99.4%, a difference of 0.3–7.5% from the aforementioned model.

The model with a flow speed of 1.94 m/s and the same high voltages showed a collec-
tion efficiency of 79.8–99.5%, ranking third among all the models. The lowest collection
efficiency, at 63.9–95.9%, was found in the model with a flow speed of 1.94 m/s and low
voltages of 5.0 kV and 3.0 kV, and the efficiency exhibited the most pronounced variations
as the particle size changed.

These results indicated that when the flow speed increased from 1.46 m/s to 1.94 m/s
at a uniform voltage, particles had their stay time shortened in the ESP and did not sustain
adequate collision with positive charges. This in turn led to decreases both in the amount
of charge on the particles and the collection efficiency.

Across all four simulation models, the collection efficiency was at its lowest for parti-
cles of 0.3 µm. This finding agreed with an observation made by Ning et al. in 2008: that the
collection efficiency for particles of 0.1 µm–0.3 µm declines because their theoretical migra-
tion velocities decrease as their sizes increase [17]. For particles of 0.1 µm–0.2 µm, which
underwent diffusion charging, and those of 0.3 µm, which underwent mixed charging, the
collection efficiency decreased as the particle size increased. Moreover, as the flow speed
increased, the collection efficiency showed further decreases at a uniform voltage and with
larger particles. For particles of 0.3 µm–1.0 µm, which were charged by the electric field,
the collection efficiency increased with the particle size. As the flow speed increased, the
collection efficiency showed further increases at a uniform voltage and with larger particles.

The MOGA yielded the optimal parameter combination for simulation: a flow speed
of 0.7 m/s–0.8 m/s and a voltage of 6.5 kV–6.7 kV, in which case the collection efficiency
averaged up to 98.4% (Figure 13) and showed stable changes on the whole (Figure 14).
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Figure 14. ESP collection efficiency under the optimal condition: at a 0.7 m/s flow speed and a 6.7 kV.

5. Conclusions and Future Directions of Research

In this study, a COMSOL Multiphysics numerical model was created to simulate an
ESP collecting bacteria under JEMA standards and analyze the flow field coupling with
the ESP. The RANS equations and a low Reynolds k-ε turbulence model were used to
build flow field models; a finite element method was adopted to calculate the electric
field and charge density; and the Lagrange multiplier was employed to model particle
trajectories. The numerical model’s reliability was established on the basis of the results of
a JEMA experiment.

After the optimal flow speed/voltage combination was determined through the
MOGA, the collection efficiency was higher in the JEMA experiment even with higher
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flow speed—which indicated that high voltages and the varying sizes of H1N1 particles
released were the main factors affecting the results of the experiment. Specifically, in the
JEMA experiment the ESP killed particles of 0.02 µm–0.2 µm upon their entry; its collection
efficiency improved for those of 1.5 µm–20 µm as their sizes increased. Moreover, when
the flow speed was altered to increase the amount of time that the bioaerosols took to pass
through the ESP, they either were attracted through static electricity onto the collecting
plates or had their bacteria killed by electroporation—a process that can be utilized to
prevent the transmission of droplet infectious diseases.

Although raising the input voltage can improve the ESP collection efficiency, this
also leads to more ozone generated. Thus, the voltage should not be raised, so that the
amount of ozone generated during point discharges can remain within the safe limits. We
recommended applying reasonable levels of voltage. Indeed, through the MOGA and nu-
merical simulation, we showed that the collection efficiency for particles of 0.1 µm–5.0 µm
increased by 3.7–5.1% on average in the JEMA experiment, when a low voltage of 6.7 kV
was applied and the flow speed decreased to 0.7 m/s. Under such conditions, the collection
efficiency improved by 8.4–17.4% for particles of 0.3 µm and even reached over 95% for
particles of all sizes. In brief, taking into account low flow speed and reasonable levels of
voltage can be the most effective way to optimize the ESP design.

Other approaches to optimize the ESP design can include the proposed two-stage ESP
with a positive voltage. This precipitator generates ozone in amounts equivalent to that
in the natural air. It also applies the Coulomb force to collect aerosols and bacteria in the
air, thereby preventing their spread. Moreover, with a collection efficiency of over 95%,
the ESP filters airborne particles as effectively as an N95 respirator, allowing people in a
building to walk around without having to wear a mask.
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Nomenclature

AC Cross-sectional area
(
m2)

CD Drag Coefficient
Cr Empirical Constant
D hydraulic diameter of the pipe (m),
dp Particle Diameter (m)
E Electric Field Strength (V/m)
E0 Electric Field of the Electrode (V/m)
Ec Critical Breakdown Electric Field (V/m)
e Elementary Charge of an Electron

(
4.8× 10−08, C

)
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FD Drag Force Acting on the Particle
(
kg·m/s2)

FE Electric Field Force Acting on the Particle
(
kg·m/s2)

Ft Force Acting on the Particle (N)
J Current Density

(
A/m2)

l Characteristic Length (m)
M Mach Number
mp Particle Mass (kg)
Q Volumetric Flow Rate

(
m3/s

)
q Particle Position (m)
Re Reynolds Number

Rer Relative Reynolds Number (Rer =
ρp‖u−v‖dp

µ )

rc Electrode Radius (m)

S Resistance Correction Coefficient (S = 1 + Kn(C1 + C2exp
[
− C3

Kn

]
)

T Temperature (K)
t Time (s)
g Gravity

(
m/s2)

p Pressure (Pa)
u Flow Velocity (m/s)
us Velocity (m/s)
vp Particle Velocity(m/s)
V Electric Potential (V)
Z Net Charge on a Single Particle
Zq Charge Number
δ Air Density (kg/m3)
λ Molecular Conductivity
λt Turbulent Conductivity
ε0 Vacuum Permittivity (C/(V·m))
µ Dynamic Viscosity of Fluid (Pa·s)
µi Ion Mobility

(
m2

V·s

)
µt Turbulent Dynamic Viscosity
ρ Density of Fluid (kg/m3)

ρp Particle Density (kg/m3)

ρq Space Charge Density (C/m3)

vk Kinematic Viscosity (m2/s)
τp Particle Relaxation Time (s)
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