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A B S T R A C T   

Airborne transmissions of infectious disease (e.g. SARS-CoV-2) in indoor environments may induce serious threat 
to public health. Air purification devices are necessary to remove and/or inactivate airborne biological species 
from indoor air environment. Corona discharge in an electrostatic precipitator is capable of removing particulate 
matter and disinfecting biological aerosols to act as electrostatic disinfector (ESD). The ions generated by ESD 
can effectively inactivate bacteria/viruses. However, the available research rarely investigated disinfection effect 
of ESD, and it is urgent to develop quantitative ESD design methods for building mechanical ventilation appli
cations. This study developed an integrated numerical model to simulate disinfection performance of ESD. The 
numerical model considers the ionized electric field, electrohydrodynamic flow, and biological disinfection. The 
model prediction was validated with the experimental data (E. coli): Good agreement was observed. The vali
dated model then was used to study the influences of essential design parameters (e.g. voltage, inlet velocity) of 
ESD on disinfection efficiency. The effects of modeling of electrophoretic force and EHD (electrohydrodynamic) 
flow patterns on disinfection efficiency and computing time were also analyzed. The disinfection efficiency of 
well-designed ESD (with space charge density of 3.6 × 10− 06 C/m3) could be as high as 100%. Compared with 
HEPA, ESD could save 99% of energy consumed by HEPA without sacrificing disinfection efficiency.   

1. Introduction 

Airborne transmissions of infectious disease in indoor environment 
may induce serious threat to public health [1,2]. For example, the out
breaks of corona-virus disease 2019 (COVID-19) have yet caused 
immeasurable losses to the whole world [3–7]. Aerosol transmission of 
SARS-CoV-2 (severe acute respiratory syndrome corona-virus 2) path
ogens has been proven as an important pathway [8]). Recent studies 
have shown that there is a potential infection risk of airborne trans
mission of diseases in poorly ventilated indoor environments [9–12]. In 
order to control airborne transmission of diseases in indoor environ
ment, developments of advanced and energy efficient air cleaning de
vices are urgently needed [8]. The system must be efficient in term of 
purification and energy, and does not generate any by-products [13,14]. 
In respect of the health associations of airborne biological species, there 
is a huge demand for high-efficient disinfection/purification 

technologies for indoor environment application [8,15,16]. 
Air purification system has been recognized to be an effective 

approach in indoor air pollutant control [17,18]. The widely used air 
cleaning types include fibrous particulate matter filter, gaseous 
adsorption filter, photo-catalytic device and ESP (electrostatic precipi
tator) [19–22]. For the removal of particles or biological aerosols, 
fibrous filter (e.g. High efficiency particulate air filter, HEPA) has been 
widely utilized and proven to be very effective. When filtration effi
ciency is close to 100%, the pressure drop and energy consumption of 
fibrous filter is very high [23,24], which limits its engineering applica
tions. In order to overcome the disadvantage of fibrous filter, ESP and 
electrostatic assisted air filter draws more and more attentions [23,24]. 

A typical air purification method such as ESP has double functions: 
physical removal and biological disinfection [25]. In ESP, particles are 
charged in ionized electric field and move to collection plates driven by 
Coulomb force, which is so-called physical removal mechanism [26]. 
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Besides, the ions generated by corona discharge would inactivate bac
teria and other microorganisms [27]. Earlier experimental work re
ported that airborne biological aerosols can be effectively disinfected 
when they are exposed to surrounding ions [15,27,28]. When ESP is 
designed to control biological pollutant, it is called ESD (Electrostatic 
disinfector), as show in Fig. 1. As opposed to commercial ion emitter 
[27], ESD generates higher ion concentration, which may result in 
higher disinfection efficiency. Numerous studies develop ESP design/
optimization methods toward particle removal and dust precipitation 
[26]. However, the disinfection effects of ESD are rarely considered in 
the current literature, and relevant quantitative design method is lack
ing. The differences between ESP and ESD simulations/designs include 
usage aim and physical field. The ESD inactivates the biological aerosol 
rather than removing them (Fig. 1). For common particulate matter 
removal, the aim of ESP is to efficiently capture particles onto collection 
plates [26]. developed ESP model to simulate ionized electric field, 
particle charging, motion and removal. For ESD modeling, the biological 
disinfection model should be incorporated with the available ESP model 
(including electric field and particle motion/capture). If biological 
disinfection effects are not considered in ESD design and biological 
aerosols are regarded as common particles, the overall performance of 
ESD will be underestimated, resulting in lower designed airflow rate and 
higher energy consumption. Therefore, it is necessary to develop an 
integrated numerical model (including corona discharge, turbulent air 
flow and biological particle concentration) to predict the disinfection 
performance of ESD reliably and accurately. 

This current study proposed a numerical method to simulate disin
fection performance of ESD and optimize design parameters. Overall 
ESD performance were considered, including disinfection efficiency, 
energy consumption and generation of secondary pollution. Firstly, 
experimental disinfection efficiency data from published literature was 
adopted to validate the numerical model. The validated model was then 
utilized to investigate the influence of critical parameters (e.g. applied 
voltage, inlet velocity) on disinfection efficiency of a typical ESD 
configuration with single discharge wire and multiple wires. The effects 
of EHD (electrohydrodynamic) flow and electrophoretic force on simu
lation results were also discussed. How to save computing time in ESD 
simulation was also analyzed. Based on simulation results, an optimal 
ESD configuration with multiple discharge wires was proposed. Finally, 
the optimal ESD was compared with the widely used HEPA (High effi
ciency particulate air filter), based on removal/disinfection efficiency, 
energy consumption and secondary pollution, to show its overall per
formances and advantages. 

2. Methodology 

2.1. Numerical method 

This section described numerical model, which was utilized in 
modeling of ionized electric field, airflow and inactivation of biological 
species in ESD. 

The single specie model was adopted to simulate corona discharge in 
ESD [29,30]. The main outputs included distributions of electric po
tential and space charge density (ion concentration). In single specie 
model, the ionization layer around discharge electrode was neglected, 
which was quite different from the multiple species corona discharge 
model [29,31]. The ions with the same polarity as the applied voltage 
were released from discharge electrode and moved towards grounded 
plates. Since electric migration velocity of ion was much higher than 
typical velocity of airflow, the effects of air motion on the ion concen
tration distribution could be ignored [29]. Equations (1) and (2) were 
used to simulate the electric potential and space charge density, 
respectively. 

∇2V = −
ρ
ε0

(1)  

∇ ⋅
(

ki E→ρ
)
= 0 (2)  

where E→ is the electric field intensity vector (V/m), ρ is the space charge 
density (C/m3), V is the electric potential (V), ε0 is the air permittivity 
(F/m), ki is the ion mobility (m2/Vs). 

EHD (Electrohydrodynamic) flows were governed by continuity 
equation (3) and well-known Navier-Stokes equation (4) [31]. The 
electric body force generated by corona discharge was incorporated into 
the Navier-Stokes equation, as momentum source term. All the numer
ical simulations were carried out at steady-state conditions. 

∇ ⋅ U→= 0 (3)  

ρa

[(
U→ ⋅∇

)
U→
]
= − ∇p+ μ∇2 U→+ E→ρ (4)  

where ρa is the air density (kg/m3), t is the physical time (s), U→ is the air 
velocity (m/s), E→ is the electric field strength (V/m), ρ is the space 
charge density (C/m3), p is the pressure (Pa) and μ is the air viscosity (Pa 
× s). The E→ρ represents Coulomb force acting as the electric body force 
for air flow in ESD. 

Once the ionized electric field and air flow field were obtained, 
Equation (5) was used to simulate biological species distribution and 
disinfection efficiency of ESD [27]. 

∂Ci

∂t
+∇⋅[( u→+ vs)Ci] = ∇⋅

[(
D+ εp

)
∇Ci

]
− AρCi (5)  

where Ci is the activated biological particle number concentration 
(#/m3), vsi is the particle settling velocity (m/s), u is the air velocity (m/ 
s), t is the physical time (s), D is the Brownian diffusion coefficient (m2/ 
s), εp is the particle eddy diffusivity (m2/s), ρ is the space charge density 
(C/m3), and A is the disinfection coefficient (susceptibility) due to ion 
disinfection (m3/(C × s)). 

2.2. Case description 

Four cases were established in the current study. Case-1&2 were 
validation cases. Case-3-4 were conducted to investigate the effects of 
key parameters (e.g. applied voltage, inlet velocity and disinfection 
coefficient of ESD) on disinfection efficiency. In Case-3&4, single-wire 

Fig. 1. Utilizing electrostatic disinfector (ESD) to inactivate airborne bacteria/ 
virus in indoor environments. 
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and multiple wires were respectively adopted in ESD design. Then the 
overall performance of ESD and commonly used HEPA were compared/ 
evaluated, including disinfection efficiency, by-product generation 
(ozone) and energy consumption. Regarding their geometry character
istics, two dimensional geometries were adopted in all the cases (Case 
1–4). 

Fig. 2 shows the geometries of two experimental cases (Case-1&2) 
from literature, which were used for model validation [27]. The 
dimension of the ventilation duct was 0.2 m × 0.2 m × 5.0 m. The 
diameter of the ion generator (cylinder shape) was 0.03804 m, and its 
length was 0.18 m (Y). In Case-1 and Case-2, one and two ion generators 
were placed in the ventilation duct, respectively. The high voltage de
vice was used to generate ions with high concentration. The ions could 
react with biological pollutant (e.g. respiratory viruses), resulting in 
relatively high disinfection efficiency. In experiments/simulations, the 
inlet air velocity was fixed as 3.5 m/s. Detailed information about 
related boundary conditions could be find in Ref. [27]. 

Detailed information of experimental measurements of Case-1&2 
can be found in literature [27], and only brief description was presented 
in the current study. A modular galvanized steel duct-work system was 
designed and fabricated. An air ionization equipment (102C, Plasma Air 
International) was installed in the duct. The pathogens were atomized 
and aerosolized by a 24-jet nebulizer (Collision Nebulizer, BGI). The 
Gram-negative bacilli Escherichia coli (E. coli, ATCC 10536) was selected 
in literature to test the disinfection efficiency of the ion generator. Two 
single-stage viable Andersen cascade impactors (N6, Thermo Scientific) 
with compressed air pump were used to sample the airborne microbial 
concentration. In experiments, the disinfection efficiency (eff) was 
determined by equation (6), where CFUup and CFUdown are the colony 
forming units of E. coli from up/downstream locations of air cleaner (air 
ionization equipment). Incubation method was used to determine the 
CFU values. 

eff = 1 − CFUdown
/

CFUup (6) 

In order to investigate the influences of different key parameters (e.g. 
applied voltage, inlet velocity, disinfection coefficient) on disinfection 
efficiency, a typical configuration of ESD with single wire with the 
dimension of 600 mm by 100 mm was adopted, as shown in Fig. 3 [32]. 
The wires (with cylindrical shape) were adopted in Case-3, and the 
radius of discharge wire was 0.5 mm. In numerical simulations, the 
ranges of applied voltage (to wire) and inlet air velocity were 20–29 kV 
and 1–5 m/s, respectively. 

Case-4 was established to investigate the influences of different 
design parameters on disinfection efficiency of a typical ESD with 
multiple discharge wires [20]. Fig. 4 shows that the length and width of 
ESD was 500 mm and 67 mm, respectively. The wires (with cylindrical 
shape) were adopted in Case-4, and the radius of discharge wire was 0.1 
mm. In numerical simulations, the ranges of applied voltage (to wire) 
and inlet air velocity were 6.5–8.5 kV and 1–5 m/s, respectively. 

Table 1 summaries the information of various simulation cases. 

Cases-1&2 were conducted for model validation. Case-3 was conducted 
to investigate the influences of key parameters (applied voltage, inlet 
velocity and disinfection coefficient) on disinfection efficiency of ESD 
with single wire. The effects of two physical mechanisms were also 
analyzed: EHD (electrohydrodynamic) flow and electrophoretic effect. 
Further simulations were then carried to study the impact of wire 
numbers on the system performance. Finally, the performance of ESD 
was compared with the performance of widely used HEPA, from the 
perspectives of disinfection efficiency, energy consumption and sec
ondary pollution generation. 

In Case 1&2 (validation cases), the Gram-negative bacilli Escherichia 
coli (ATCC 10536) was selected to test the ion disinfection efficiency 
[27]. In Case 1&2, the disinfection coefficient “A” (3 × 10− 11 (m3/(C ×
s))) value was determined by experimental data and trial-and-error 
approach [27]. In Case 3&4, the influences of different “A” values on 
disinfection efficiency was investigated, and its range was (3 × 10− 11 

(m3/(C × s))) to (3 × 10− 15 (m3/(C × s))). 

2.3. Mesh strategy and boundary conditions 

The COMSOL platform was adopted to simulate the multiple physics 
fields, including corona discharge, turbulent air flow and biological 
particle concentration. All the numerical cases adopted the same 
boundary conditions and meshing strategy. For simplicity, Case-3 was 
selected as an example to illustrate the settings of boundary conditions 
and mesh distribution, as shown by Fig. 5. The triangular meshes were 
used, and total element number was 12416. Mesh independence test was 
conducted to ensure reliability. Local meshing refinement was used 

Fig. 2. The geometries of validation cases: Case-1 with one ion generator, Case- 
2 with two ion generators. 

Fig. 3. The geometries of Case-3: typical ESD with singe-wire to plate 
configuration. 

Fig. 4. The geometries of Case-4: typical ESD with multiple-wires to plate 
configuration. 

Table 1 
Case summary for the ESD simulations.  

Case. 
No 

ESD pattern Case purpose 

Case- 
1&2 

Ion generator Numerical model validation 

Case-3 Single discharge 
wire 

The influences of key parameters (applied voltage, 
inlet velocity and disinfection coefficient) on 
disinfection efficiency of ESD 
The influences of physical mechanisms (EHD flow 
and electrophoretic force effect) on disinfection 
efficiency of ESD 

Case-4 Multiple 
discharge wires 

The influences of key parameters (applied voltage, 
inlet velocity and disinfection coefficient) on 
disinfection efficiency of ESD  
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around the discharge wires. The problem of the corona discharge 
modeling was governed by two partial differential equations with un
known electric potential and space charge density. The boundary con
ditions for the electric potential were straightforward: a given applied 
voltage (VP) on the discharge wires (or ion generators) and zero po
tential on the grounded plates. The Kaptzov hypothesis was used to 
calculate the boundary value of space charge density over the discharge 
wires [26]. The boundary conditions for the airflow were also 
straightforward: two grounded plates and the wire surface acted as 
stationary walls. The “Velocity Inlet” and “Pressure Outlet” types in 
COMSOL was respectively adopted for inlet and outlet of the ESD. For 
biological particle concentration, the dimensional inlet particle con
centration (1 × 1004 (#/m3)) was defined in each case, and “Outflow” 
type was applied for ESD channel outlet. The boundary conditions of 
“ion generator” in Case-1&2 were the same to those of “discharge wire” 
in Case-3&4. Table 2 summarizes the boundary condition information in 
various cases. 

3. Results 

3.1. Cases-1&2: Model validation 

Fig. 6 compares the simulated and experimental disinfection effi
ciency of ion devices. The disinfection efficiency of Case-2 was higher 
than that of Case-1, due to more ion generators in ventilation duct. For 
Case-1, the simulated and experimental efficiency were 35% and 40%, 
respectively; while for Case-2, the simulated and experimental efficiency 
were 58% and 51%, respectively. This shows that the relative model 
discrepancies of Case-1 and Case-2 were 12.5% and 13.7%, respectively. 
The relative discrepancy was defined as the ratio of difference between 
simulated and experimental efficiency to the value of experimental ef
ficiency. The results indicate that there was a reasonably good agree
ment between the model prediction and the experiment. However, some 
discrepancies between numerical and experimental results can be 
observed. The discrepancies can be attributed to two aspects: simulation 
and experiment. Firstly, air turbulence modeling in ESD may bring some 
errors of disinfection efficiency. Air turbulence significantly influenced 
airborne biological particle motion and disinfection performance of 
ESD. However, accurate modeling of air turbulence is quite challenging 
[33]. Secondly, the experiments of ion disinfection was quite complex, 
and some measurement uncertainties may exist [27]. Therefore, the 
errors of air turbulence modeling and experimental measurement may 
lead to some discrepancies. 

In the validation cases, the disinfection coefficient “A” (as described 
in Equation (5), so-called susceptibility) was considered as 3 × 10− 11 

(m3/(C × s)). The “A” value depended on microorganism types and 
other environmental factors (e.g. relative humidity, temperature, etc.). 

This coefficient cannot be directly predicted or modeled: It was deter
mined by a trial-and-error approach based on experimental efficiency 
[27]. In the following cases, the influences of disinfection coefficient on 
disinfection efficiency of ESD were investigated. The range of 3 × 10− 15 

to 3 × 10− 11 (m3/(C × s)) was adopted in Cases-3&4. 

3.2. Case-3: The influences of design parameters for ESD with single wire 

The current study investigated the influences of key parameters 
(applied voltage, inlet velocity and disinfection coefficient) on disin
fection efficiency of ESD. Besides, the effects of EHD flow pattern and 
electrophoretic force on disinfection efficiency were also analyzed. 

3.2.1. The voltage-current (V–I) characteristics 
Fig. 7 shows the numerically simulated results of voltage-current 

(V–I) characteristics in Case-3. Higher applied voltage results in 
higher discharged current value. In Case-3, the influences of applied 
voltage (20–29 kV) on disinfection efficiency of ESD were investigated. 
Therefore, the V–I curve with this wide range of applied voltage was 
obtained by utilizing numerical simulations. 

Fig. 5. Boundary conditions and mesh distribution in Case-3.  

Table 2 
Boundary conditions for the ESD simulation (VP is applied voltage on discharge 
wires).   

Electric potential (V) Airflow field 

Inlet ∂V/∂n = 0  Velocity inlet 
Outlet ∂V/∂n = 0  Pressure outlet 
Discharge wire V = Vp  No-slip sidewall 
Grounded plate V = 0  No-slip sidewall  

Fig. 6. Comparison of simulated and measured disinfection efficiency of vali
dation cases from previous literature [27], Case-1: one ion generator; Case-2: 
two generators. 

Fig. 7. The voltage-current (V–I) relationship of Case-3: numerical results.  
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3.2.2. The influences of applied voltage and average electric field strength 
on disinfection efficiency 

Fig. 8 mainly describes the influences of average electric field 
strength (ESD domain) and applied voltage on disinfection efficiency of 
ESD with different inlet velocity and disinfection coefficient (A). If inlet 
velocity (1 m/s) was relatively low and A value (3 × 10− 11 (m3/(C × s))) 
was high enough, disinfection efficiency kept as 100%, as shown in 
Fig. 8. If A value decreased to 3 × 10− 13 (m3/(C × s)), disinfection ef
ficiency increased with applied voltage. Higher applied voltage gener
ated intenser ionized electric field and higher ion concentration, 
resulting in increase of disinfection efficiency. If applied voltage was 
high enough (higher than 28 kV, and lower than breakdown voltage), 
the disinfection efficiency was close to 100%, as shown in Fig. 8. For 
extremely low value of A (e.g., 3 × 10− 15 (m3/(C × s))), the disinfection 
efficiency was lower than 20%. Disinfection efficiency of ESD was sen
sitive to applied voltage and electric field strength. In practical appli
cations, adjustment of applied voltage was an effective way to control 
disinfection performance. 

Numerical results of ionized electric field were the base of simula
tions of air flow and biological disinfection. Fig. 9 shows the spatial 
distributions of electric potential and space charge density in ESD 
channel with applied voltage of 29 kV. The dimensionless forms were 
adopted, and V0 and ρ0 were 25 kV and 1.6 × 10− 05 C/m3, respectively. 
Obvious gradients were observed in the region near discharge wire. 

Fig. 10 shows the spatial distributions of biological species concen
tration in ESD channel. The figure shows for applied voltage of 27 kV, 
almost all of the biological species were inactivated in the zones up
stream of discharge wire. For the spatial zone near discharge wire, 
disinfection effect and concentration gradient of active biological spe
cies was obvious due to higher local ion concentration. The overall 
disinfection efficiency was close to 100%, as shown in Fig. 10(a). For the 
ESD with extreme low voltage (20 kV), nearly 40% of the active bio
logical species escaped from the ESD channel, as shown in Fig. 10(b). 

3.2.3. The influences of inlet velocity on disinfection efficiency 
Fig. 11 shows that disinfection efficiency was sensitive to inlet air 

velocity. The range of inlet air velocity was 1–5 m/s. The disinfection 
efficiency of ESD was negatively correlated with the inlet air velocity. As 
the airflow increased, the residence time, ion dose and disinfection ef
ficiency decreased. For the case (applied voltage: 29 kV; A: 3 × 10− 13 

(m3/(C × s))) in Fig. 11, ion disinfection efficiency was close to 100% 
because of high ion concentration. When applied voltage was adjusted to 
20 kV, disinfection efficiency of ESD decreased as one may expect. For 
the case with relatively low value of A (3 × 10− 15 (m3/(C × s))), 
disinfection efficiency was below 20%. If applied voltage and disinfec
tion coefficient were not high enough, disinfection efficiency of ESD 
obviously varied with inlet velocity/ventilation rate. For the case with 
the smaller values of applied voltage and disinfection coefficient 
(applied voltage: 20 kV; disinfection coefficient (A): 3 × 10− 15 (m3/(C ×
s))), the disinfection efficiency of ESD was close to zero. In order to 
obviously investigate the effects of inlet velocity on disinfection per
formance, the applied voltage was adjusted to 22 kV, as shown by 
Fig. 11. 

3.2.4. The influences of EHD flow pattern on disinfection efficiency 
The current study also investigated the influences of electro

hydrodynamic (EHD) flow patterns on the disinfection efficiency of ESD. 
The electrohydrodynamic (EHD) flow was caused by corona discharge, 
which is a common phenomenon in air cleaning devices. The physical 
mechanism of EHD was based on interaction between ions and air 
molecules. In ESD, ions were generated due to gas ionization and moved 
to the ground plates driven by Coulomb force. The movement of ions 
was obstructed by very high frequency collisions with air molecules, 
resulting in momentum transfer from ions to air molecules. The 
Coulomb force acting on ions became electric body force on air mole
cules [34]. The electric body force may significantly modify the airflow 
pattern and generate EHD flow, as described by Equation (4). 

Fig. 8. The influences of average electric field strength/applied voltage on 
disinfection efficiency of ESD with single wire (Case-3): (a) inlet velocity: 1 m/ 
s; disinfection coefficient (A): 3 × 10− 11 (m3/(C × s)); (b) inlet velocity: 3 m/s; 
disinfection coefficient (A): 3 × 10− 13 (m3/(C × s)); (c) inlet velocity: 5 m/s; 
disinfection coefficient (A): 3 × 10− 13 (m3/(C × s)); (d) inlet velocity: 1 m/s; 
disinfection coefficient (A): 3 × 10− 15 (m3/(C × s)). 

Fig. 9. Simulated distributions of space charge density (ρ) and electric poten
tial (V) in Case-3 with applied voltage of 29 kV. 

Fig. 10. The influences of applied voltage on active biological species con
centrations (Case-3; inlet velocity: 5 m/s; disinfection coefficient (A): 3 × 10− 15 

(m3/(C × s))): (a) applied voltage: 27 kV; (b) applied voltage: 20 kV. 
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For channel flow without corona discharge, the airflow streamlines 
were parallel approximately. Once corona discharge occurred, intense 
turbulence and complex EHD vortexes existed. In ESD, the electric body 
force may intensify fluid deformation (including stretching, shearing 
and whirling) and generate EHD vortexes. The electric body force and 
air inertia jointly determined EHD flow pattern. Higher applied voltage 
and lower inlet air velocity could generate an intense EHD flow. Fig. 12 
shows the EHD flow streamlines in ESD with different inlet velocity 
magnitudes. When inlet air velocity was higher than 1 m/s, parallel flow 
streamlines were observed. Air inertia suppressed electric body force, 
and obvious EHD vortexes were not observed. In order to comprehen
sively understand the effects of inlet air velocities on EHD flow patterns, 
inlet air velocity magnitudes were changed to be lower than 1 m/s. 
When inlet air velocity was 0.5 m/s, only two EHD vortexes near the 
grounded plates were generated. If inlet air velocity was decreased to 
0.2 m/s, four big EHD vortexes were observed in ESD domain. If inlet air 
velocity was lower than 1 m/s, the effects of electric body force sup
pressed air inertia, resulting in generation of obvious vortexes in Fig. 12. 
When inlet air velocity was changed from 0.5 m/s to 0.2 m/s, more EHD 
vortexes were generated due to that the EHD effect was negatively 
correlated with inlet air velocity [32]. 

Fig. 13 compares the simulated disinfection efficiency with/without 
the consideration of EHD flow. For the cases “without EHD”, only 
electric body force term was removed from Equation (4) and other terms 
remained the same. The results show that if inlet velocity was 0.2 m/s, 
the disinfection efficiency discrepancy (with/without EHD) was about 
10%. Once inlet velocity was adjusted to 0.5 m/s, the influences of EHD 

flow on disinfection efficiency could be ignored. 
Fig. 14 compares active biological species concentrations for the case 

with inlet air velocity of 0.2 m/s. Complex EHD flow pattern signifi
cantly modified distributions of biological species. When inlet air ve
locity of ESD device was higher than 1 m/s, the effects of EHD flow on 
the disinfection performance could be ignored. 

3.2.5. The influences of electrophoretic effect on disinfection efficiency 
In the previous study focusing on numerical simulation of ion inac

tivation, the influences of electrophoretic effect on disinfection effi
ciency were not considered due to high air inertia [27]. In ionized 
electric field, electric body force acted on charged particles and dragged 
them move along electric field line. When electric migration velocity 
(determined by electric body force) was relatively high, electrophoretic 
effect became one of the dominant factors in disinfection simulation. In 
ESD channel, air inertia and ionization intensity jointly determined 
electrophoretic effect. Higher inlet velocity led to higher air inertia in 
ESD. If inlet air velocity was high enough, charged particles moved 
along air streamlines and the effect of electric body force could be 
ignored, as described by Ref. [32]. In order to quantitatively investigate 
the impacts of electrophoretic effect on disinfection efficiency, 
Lagrangian model, together with particle charging model and disinfec
tion model, were utilized to model particle dynamics and disinfection in 
Case-3 [20,27,35]. 

Fig. 15 shows the impacts of electrophoretic effect on disinfection 
efficiency of ESD with single discharge wire (Case-3, as shown in Fig. 3). 
The electrophoretic effect in this case was strongest among different 
cases, because of its highest applied voltage (29 kV) and lowest inlet 
velocity (1 m/s). If the electrophoretic effect was not considered, 
disinfection efficiency varied from 16.5% to 18.1%, as shown in Fig. 15. 
For other cases with higher inlet velocity and lower applied voltage, the 
discrepancy will become smaller. 

Both of the numerical models developed by the current study and the 
previous literature [28] were capable of simulating ionized electric field, 
air flow field, biological particle motion/disinfection. However, in the 
previous research [28], the electrophoretic force (applied to particles) 
was ignored, and the EHD effects were not described. In the current 
study, the electrophoretic force was incorporated into numerical 
models, and the effects of electrophoretic force and EHD flow pattern on 
ion disinfection efficiency were considered and well analyzed. Overall, 
the current study further improves the original model utilized by pub
lished literature [28]. 

3.2.6. Analysis of CFD computing time (Case-3) 
One of the main purposes of the current study was to investigate the 

influences of EHD flow patterns/electrophoretic force on disinfection 
efficiency of ESD. If the influences of EHD/electrophoretic force are 
ignorable, the EHD and electrophoretic effects can not be considered in 
numerical design of ESD, resulting in saving some computing time. 

The effects of EHD flow on the disinfection performance could be 
ignored for ESD cases with relatively higher inlet air velocity (e.g. 1 m/ 
s), as described in “3.2.4 The influences of EHD flow pattern on disin
fection efficiency”. Once EHD flow (collision of ion and neutral air) was 
not considered, electric body force term could be removed from 

Fig. 11. The influences of inlet air velocity on disinfection efficiency of ESD 
with single wire (Case-3): (a) applied voltage: 29 kV; disinfection coefficient 
(A): 3 × 10− 13 (m3/(C × s)); (b) applied voltage: 20 kV; disinfection coefficient 
(A): 3 × 10− 13 (m3/(C × s)); (c) applied voltage: 29 kV; disinfection coefficient 
(A): 3 × 10− 15 (m3/(C × s)); (d) applied voltage: 22 kV; disinfection coefficient 
(A): 3 × 10− 15 (m3/(C × s)). 

Fig. 12. The influences of inlet air velocity magnitudes on EHD flow pattern in ESD: (a) applied voltage: 29 kV; inlet velocity: 5.0 m/s; (b) applied voltage: 29 kV; 
inlet velocity: 1.0 m/s; (c) applied voltage: 29 kV; inlet velocity: 0.5 m/s; (b) applied voltage: 29 kV; inlet velocity: 0.2 m/s. 
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equation (4), resulting in saving approximately 20% of computing time 
consumed by EHD flow modeling. 

Based on the simulation results from literature [32] and analysis of 
the current study, the electrophoretic effect could be ignored for ESD 
cases with relatively higher inlet air velocity (e.g. 1 m/s). When the 
electrophoretic effect was not considered, Eulerian model (Equation (5)) 
can be directly utilized to simulate biological aerosol motion in ESD. The 

current research also utilized Lagrangian-based integrated model 
(Lagrangian model together with particle charging and disinfection 
models) to simulate ion disinfection processes. Compared with 
Lagrangian-based integrated model, Eulerian model could save 
approximately 50% of the computing time (Case-3). 

3.3. Case-4: The influences of design parameters for ESD with multiple 
wires 

In Case-3 with typical ESD configuration, a series of simulations were 
conducted to reveal the quantitative mechanism between some key 
parameters and disinfection efficiency. In order to further improve ESD 
performance, an ESD with multiple-wires was proposed based on liter
ature [20]. 

3.3.1. The voltage-current (V–I) characteristics 
For Case-(1–3), the relevant literature had not provide experimental 

V–I (voltage-current) relationship curves. For Case-4, the previous study 
provided experimentally measured V–I characteristics [20]. We utilized 
numerical models to simulate this V–I curve and obtained agreement 
between modeled and measured results, as shown in Fig. 16. The V–I 
characteristics of ESD was determined by many factors, including elec
trode characteristics (material, number, shape, and diameter), applied 
voltage, distance between electrodes et al. [36]. This current study 
compares discharged current of Case-3 and Case-4 with the similar 
values of average electric field strength (Case-3: 83 kV/m, (29 kV); 

Fig. 13. The influences of EHD flow pattern on disinfection efficiency of ESD with single wire (Case-3): (a) applied voltage: 29 kV; inlet velocity: 0.2 m/s; (b) applied 
voltage: 29 kV; inlet velocity: 0.5 m/s. 

Fig. 14. The influences of EHD flow pattern on biological pollutant concen
trations (Case-3; applied voltage: 29 kV; inlet velocity: 0.2 m/s; disinfection 
coefficient (A): 7 × 10− 15 (m3/(C × s))): (a) EHD effect was considered in 
simulation; (b) EHD effect was not considered in simulation. 

Fig. 15. The influences of electrophoretic effect on disinfection efficiency of 
ESD with single wire (Case-3), inlet velocity was 1 m/s; applied voltage was 29 
kV; disinfection coefficient (A): 3 × 10− 15 (m3/(C × s)). 

Fig. 16. The voltage-current (V–I) relationship of Case-4: numerical and 
experimental results. 
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Case-4: 107 kV/m, (8.5 kV)). Numerical results indicate that the current 
value of Case-3 (862 μA) was much higher than that of Case-4 (126 μA), 
although the average electric field strength of Case-3 was higher. 

Fig. 17 shows the distributions of dimensionless space charge density 
and electric potential in ESD channels with multiple wires. The V0 and 
ρ0 were 8 kV and 1.4 × 10− 05 (C/m3), respectively. Both V and ρ values 
decreased from discharge wire to collection plates. Fig. 17 also indicates 
that spatial distributions of ionized electric field were periodic. For 
ionized electric field simulations, it was possible to reduce computing 
cost by conducting numerical simulation of only one periodic part, as 
described by Fig. 17. In periodic modeling, the boundaries (dotted lines 
in Fig. 17) between two periodic parts can be regarded as “Zero- 
Gradient” types [30]. The simulated results of one periodic part can be 
directly copied to other periodic regions. In future, we will investigate 
how to properly use periodic modeling to reduce computing time. 

3.3.2. The influences of applied voltage and inlet velocity on disinfection 
efficiency 

Fig. 18 shows the spatial distributions of active biological species 
concentration in ESD channel with multiple discharge wires. The 
applied voltage was 6.5 kV, and disinfection coefficient was 3 × 10− 13 

(m3/(C × s)). The C0 in dimensionless form was 1 × 1004 (#/m3). Most 
of biological species were inactivated before reaching the outlet. 
Compared to Case-3 with relatively high voltage (e.g. 29 kV), the ESD 
with multiple discharge wires could still have high disinfection effi
ciency (close to 100%) with lower applied voltage (e.g. 6.5 kV). 
Therefore, ESD design configuration with multiple wires was recom
mended for air disinfection application. 

Fig. 19 shows the influences of applied voltage and average electric 
field strength (ESD domain) on disinfection efficiency of Case-4. If 
disinfection coefficient “A” was 3 × 10− 11 (m3/(C × s)), disinfection 
efficiency was 100% for cases with applied voltage of 6.5/8.5 kV. If the 
“A” value decreased to 3 × 10− 13 (m3/(C × s)), disinfection efficiency 
(applied voltage of 6.5 kV) decreased to 96.7%. Similar to the results in 
Case-3, disinfection performance of ESD were sensitive to applied 

voltage, electric field strength and disinfection coefficient. In practical 
operation process, applied voltage was a very effective variable in pu
rification system control. Although the average electric field strength of 
Case-4 (applied voltage of 6.5 kV) was smaller than those of Case-3 
(22–29 kV), its disinfection efficiency was not low (close to 100%). In 
ESD, ion disinfection efficiency was determined by many factors, 
including ion concentration, electric field strength, discharge wire 
shape, biological aerosol type, residence time et al. Therefore, stronger 
electric field does not necessarily produce high disinfection efficiency. 

Fig. 20 shows the influences of inlet air velocity on disinfection ef
ficiency of Case-4. When applied voltage was set as 6.5 kV, disinfection 
efficiency obviously decreased with increase of inlet velocity, which was 
similar to the results of Case-3. The values of disinfection efficiency 
varied from 96.74% to 49.66%, as shown in Fig. 20(a). If applied voltage 
was increased to 8.5 kV, disinfection efficiency was close to 100% 
(higher than 99%). The values of ion disinfection efficiency (8.5 kV) for 
inlet velocities of 3 m/s and 5 m/s were 100% and 99.7%, respectively. 

3.3.3. Analysis of CFD computing time (Case-4) 
For Case-4 with relatively low inlet velocity (1 m/s) and high applied 

voltage (8.5 kV), the effects of EHD flow and electrophoretic force were 
relatively stronger. Based on numerical simulations of Case-4 (inlet ve
locity of 1 m/s, applied voltage of 8.5 kV), the simulated disinfection 
efficiency discrepancy (with/without EHD and electrophoretic force) 
was lower than 1% and the effects of these two physical phenomenons 
were ignorable. Similar to Case-3, the influences of EHD/electrophoretic 
force can not be considered in Case-4, resulting in saving some 
computing time (18% of computing time consumed by EHD flow 
modeling, and 45% of computing time consumed by Lagrangian-based 
integrated model). 

3.3.4. Analysis of ozone generation 
The current study also investigated ozone generation of ESD. Equa

tion (7) was used to calculate the differences (ΔCozone) of ozone con
centrations between inlet and outlet of ESD. The key parameter Mozone 
(ozone generation rate) was determined by applied voltage and 
discharge current value [37]. The structure of ESD with multiple wires 
(Case-4) was the same to the devices in our previous study [20], and the 
experimental results from this literature could be directly utilized to 
obtain the Mozone value. Table 3 shows the influences of applied voltage 
and inlet air velocity on ΔCozone (net ozone concentration) in Case-4. Net 

Fig. 17. Simulated distributions of space charge density (ρ) and electric po
tential (V) in Case-4 with applied voltage of 8.5 kV. 

Fig. 18. Simulated distributions of biological pollutant concentrations (Case- 
4), inlet velocity: 1 m/s; applied voltage: 6.5 kV; disinfection coefficient (A): 3 
× 10− 13 (m3/(C × s)). 

Fig. 19. The influences of electric field strength/applied voltage on disinfection 
efficiency of ESD with multiple wires (Case-4, inlet velocity was 1 m/s). 
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ozone concentration was negatively related with inlet air velocity due to 
the dilution effect. If applied voltage decreased from 8.5 kV to 6.5 kV, 
ΔCozone decreased by approximately 40%. 

ΔCozone =Cout
ozone − Cin

ozone = Mozone
/

Qair (7)  

where Cin
ozone and Cout

ozone are the ozone concentration (ppb) of inlet or 
outlet of ESD, respectively. Qair is the air flow rate (m3/s), Mozone is the 
ozone generation rate of ESD (ppb × m3/s). 

4. Discussion 

4.1. Comparison between optimized ESD and HEPA 

In order to illustrate the advantages of ESD with multiple wires, the 
widely used HEPA was adopted for comparison. The influential design 
parameters of fibrous pleated filter were mean fiber diameter (df, μm), 
mean packing density (α), filter thickness (Z, um). Based on the previous 
literature [16], the design parameters of HEPA were summarized as 
follows: (df: 1.6 μm; α: 0.076; Z: 800 μm). The filtration velocity was 
0.06 m/s, and the corresponding pressure drop of HEPA was 343 Pa. The 
energy consumption of ESD and HEPA was quantitatively evaluated in 
this section. In comparison, the same operation conditions were adop
ted: inlet velocity was 1 m/s, air flow rate was 1 m3/s, the targeted 
section area was 1 m2, and the disinfection coefficient “A” was 3 × 10− 13 

(m3/(C × s)). For the calculation of energy consumption of ESD, the high 
voltage generator and fan (mechanical energy loss) was considered, as 
shown by equation (8). The simulated results of discharge current value 
and pressure drop of ESD were utilized to calculated total energy 
consumption. 

W =WHV + WFan = VI + PQ (8)  

where W (W) was the total energy consumption of ESD, WHV (W) and 
WFan (W) were respectively energy consumption of high voltage 
generator and fan, V (V) and I (A) were respectively applied voltage and 
discharge current value of high voltage generator, P (Pa) and Q (m3/s) 
were respectively pressure loss and airflow rate value of ESD. For 
example (V = 6500 (V); I = 0.0005046 (A); P = 0.12 (Pa); Q = 1 (m3/s)), 
the total energy consumption of ESD was 3.4 (W). 

Table 4 compares energy consumption and ozone generation of 

HEPA and ESD in Case-4. The ESD with applied voltage of 6.5 kV could 
save 99% of energy consumed by HEPA without sacrificing disinfection 
efficiency. If applied voltage increased to 8.5 kV, ESD could save 68% of 
energy consumed by HEPA. Ozone generation in Table 4 means the 
differences (ΔCozone, net ozone concentration) of ozone concentrations 
between inlet and outlet of ESD. Although small amount of ozone was 
released, the ozone concentrations were lower than the critical values in 
standards [38]. Overall, one of the most attractive advantages of ESD 
was energy saving. The disadvantages included ozone generation and 
larger installation space. 

4.2. Comparison between EEAF and HEPA 

Our previous study concluded that particle removal efficiency of the 
ESD with multiple wires (Case-4) was lower than 20% [20]. In order to 
improve its particle removal efficiency, ESD with five discharge wires 
were refitted to electrostatic enhanced air filtration system (EEAF). 
Fig. 21 shows the structure of EEAF, which consists of ESD zone and 
pleated fibrous filter in series. Charged particles escaping from ESD 
could be easily captured by pleated fibrous filter medium [20]. In our 
current study, the ESD zone of EEAF was the same to the design of Case-4 
(five discharge wires, applied voltage of 6.5 kV, as shown in Fig. 4). The 
fibrous filter zone of EEAF was designed based on [39]. The 
middle-efficient fibrous filter was utilized: average fiber size was 10 μm, 
solidity ratio was 0.1, filter thickness was 2 mm [39]. External electro
static field (without ionization) was added across filter medium [40], 
and electric intensity in filter medium was 1.2 × 10+06 (V/m). Based on 
the mathematical models from our previous study [39], filter efficiency 

Fig. 20. The influences of inlet air velocity on disinfection efficiency of ESD with multiple discharge wires (Case-4): (a) applied voltage: 6.5 kV, disinfection co
efficient (A): 3 × 10− 13 (m3/(C × s)); (b) applied voltage: 8.5 kV, disinfection coefficient (A): 3 × 10− 13 (m3/(C × s)). 

Table 3 
The influences of applied voltage and inlet air velocity on ΔCozone in Case-4.   

Applied voltage: 6.5 kV Applied voltage: 8.5 kV 

Inlet air velocity: 1 m/s 8.0 ppb 14.0 ppb 
Inlet air velocity: 3 m/s 2.7 ppb 4.7 ppb 
Inlet air velocity: 5 m/s 1.6 ppb 2.8 ppb  

Table 4 
Comparisons of ESD and HEPA based on energy consumption and ozone gen
eration, from the perspectives of airborne disinfection.  

Device Type ESD (6.5 kV) ESD (8.5 kV) HEPA 

Energy Consumption (W) 3.4 109.2 343 
Ozone generation (ppb) 8 14 0 
Disinfection efficiency (%) >96.7% >99.9% 0 
PM removal efficiency (%) <10% <10% >99.9%  

Fig. 21. Geometry of EEAF (electrostatic enhanced air filtration) systems with 
pleated filter medium, “HV” means high voltage generator. 
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and energy consumption of EEAF were also simulated and obtained. All 
of the filtration mechanisms of fibrous filter were considered in the 
models, including diffusion, interception, impaction and electrostatic 
force. When inlet air velocity was 1 m/s, filtration efficiency (EEAF, 
removal efficiency of size-dependent particle number concentration) of 
particles sizing from 0.1 to 2.5 μm was close to 100%. Table 5 compares 
energy consumption and ozone generation of EEAF and HEPA. EEAF 
could save 87.9% of energy consumed by HEPA without sacrificing 
particle removal efficiency. 

4.3. Disinfection performance of ESD towards control of SARS-CoV-2 
laden aerosols 

ESD proposed in the current study had potential to effectively 
disinfect and control airborne aerosols containing SARS-CoV-2. How
ever, it was quite difficult to quantitatively evaluate SARS-CoV-2 
disinfection performance of ESD system due to lack of relevant experi
mental data. The key parameter “A” (disinfection coefficient) should be 
determined by experimental measurements. In the future works, the 
SARS-CoV-2 disinfection experiments should be conducted to accurately 
obtain “A” value. Based on the actual “A” value, ESD system could be 
optimized towards efficient control of SARS-CoV-2. If the “A” value of 
SARS-CoV-2 aerosols is very low and disinfection efficiency of ESD is not 
satisfied, the EEAF (as shown in Fig. 21) could be utilized for SARS-CoV- 
2 control in HVAC (Heating, Ventilation and Air Conditioning) system. 
The fibrous filter in EEAF can high-efficiently remove SARS-CoV-2 
aerosols. Besides, the fibrous filter in EEAF is exposure to continuous 
ion emissions, and the active biological species deposited on filter can be 
effectively inactivated by ions [41]. 

4.4. Determination of inlet velocity of ESD 

In the current study, the inlet air velocity of ESD (1–5 m/s) was lower 
than the limit value of ventilation duct air velocity (8 m/s, for public and 
residential buildings), which is specified in Chinese standards 
(GB 50736, 2012) [42]. In engineering applications, inlet air velocity of 
ESD should be optimized by numerical model, rather than directly 
determined based on standards/specification. In ESD design, the opti
mized inlet air velocity magnitude depended on disinfection coefficient 
(A) and installation space. If the “A” value was low, larger cross section 
and longer length of ESD were necessary to ensure residence time and 
disinfection efficiency. 

The disinfection efficiency of ESD is very sensitive to inlet air ve
locity (residence time). For the VAV (Variable Air Volume) air- 
conditioning system (Du et al., 2016) [43], regulation of ventilation 
rate may reduce ESD efficiency. The effects of air velocity variation on 
disinfection efficiency of ESD should be considered in VAV system 
design. 

4.5. Limitations 

In order to overcome the disadvantages of traditional air filtration 
system, ESP and electrostatic assisted air filter draws more and more 
attentions [44]. Many advanced types of electrostatic assisted air 
filtration systems were developed [23,24,45], including two-stage ESP, 

electrostatics assisted metal foam coarse filter, ESP with dielectric 
coatings et al. The experimental results indicated that these newly 
developed systems can reduce energy consumption without sacrificing 
filtration efficiency. These electrostatic assisted air filtration systems 
may be capable of high-efficiently disinfecting airborne species due to 
ion generation. It is necessary to evaluate these systems from the per
spectives of disinfection efficiency and energy consumption. However, 
the numerical models developed in the current study could not 
completely predict the complex multiple physical fields (e.g. foam filter) 
in these newly developed electrostatic filtration systems. In future, 
complete experiments will be conducted to evaluate disinfection per
formance of various electrostatic assisted air filtration systems. Besides, 
numerical models will be improved to be capable of reasonably/accur
ately predicting the ion disinfection efficiency of different electrostatic 
filtration systems. 

In ESD, the ions and ozone can simultaneously have disinfection 
effects on airborne biological aerosols (WS/T 367–2012) [46]. Previous 
literature [28] and our current study only investigated the ion disin
fection, and the ozone disinfection was not considered. In previous 
literature [28], the measured ozone concentration was relatively low 
(65 ppb), and the biological disinfection effect of ozone was not taken 
into consideration. Some standards specified that the effective ozone 
concentration (from the perspective of airborne disinfection) should be 
larger than 10 ppm (10000 ppb) (WS/T 367–2012) [46]. For the nu
merical design method only focusing on ion disinfection, the optimal 
design pattern of ESD was relatively safe towards engineering applica
tion due to that the ozone disinfection effect was ignored. Although the 
relatively low ozone concentration (such as 65 ppb) may have minor 
disinfection effect, it is still necessary to investigate the ozone disin
fection efficiency of ESD/ion generator. In future, the experimental 
methods (developed by previous literature [27] should be redesigned to 
determine the disinfection efficiency/effect of ozone alone. Besides, the 
new numerical models should be developed to predict ozone generation 
and ozone disinfection effect in ESD based on the models proposed by 
our current study and literature [47]. 

In this current simulation study, the size of biological particle 
(Escherichia coli, a type of bacteria) was 1 μm, which was described in the 
published literature [27]. However, some types of bacteria/viruses may 
be nano-sized. For the nano-particles (particle size is very small, in the 
nm class), the Brownian force, air drag force (significantly influenced by 
Cunningham coefficient) and particle charging characteristics are quite 
different from those of larger particles [48]. Besides, the nano-class 
particles can be removed from the collection plates of ESD due to vari
ations in drag force, resulting in particle resuspension and 
secondary-pollution. The phenomenon of resuspension of nano-class 
particles was also found in indoor environment [49]. Therefore, the 
effects of particle sizes (from nm class to μm class) on disinfection effi
ciency of ESD will be investigated in future study. 

5. Conclusions 

The current study proposed a numerical model to simulate ion 
disinfection efficiency of airborne biological species in ESD. After vali
dation, numerical model was adopted to investigate the influences of 
key parameters (applied voltage, inlet velocity and disinfection coeffi
cient) on disinfection efficiency of ESD with single/multiple wires. Then 
the ESD was compared with traditionally utilized fibrous filter. Based on 
results, the following conclusions are drawn.  

• For ESD, applied voltage, average electric field strength (ESD 
domain) and inlet velocity had significant influences on disinfection 
efficiency. Applied voltage was an essential controllable variable in 
HVAC operations. 

• For ESD with relatively high inlet air velocity (e.g. 1 m/s), the in
fluences of electrophoretic force effect and EHD flow pattern on ion 

Table 5 
Comparisons of EEAF and HEPA based on energy consumption and ozone gen
eration, from the perspectives of airborne disinfection and particulate matter 
(PM) removal.  

Device Type EEAF (6.5 kV) EEAF (8.5 kV) HEPA 

Energy Consumption (W) 41.4 147.2 343 
Ozone generation (ppb) 8 14 0 
Disinfection efficiency (%) >96.7% >99.9% 0 
PM removal efficiency (%) >99.9% >99.9% >99.9%  
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disinfection efficiency could be ignored due to high air inertia, 
resulting in saving some computing time.  

• The ESD (applied voltage: 6.5 kV; inlet velocity: 1 m/s; ESD channel 
length: 0.5 m; ESD channel width: 0.067 m; five wires in ESD 
channel) could activate 100% of the incoming airborne biological 
species. Compared with widely used HEPA, the ESD could save 99% 
of energy consumed by HEPA without sacrificing removal/disinfec
tion efficiency.  

• Currently, the disinfection coefficient “A” was determined based on 
experimental data. In future, it is necessary to develop a method (e.g. 
mathematical model or database) to calculate the “A” value without 
preliminary experiments. 
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