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Enhancement of the Performance of Low-Efficiency HVAC
Filters Due to Continuous Unipolar Ion Emission
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and Sergey A. Grinshpun2
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2Center for Health-Related Aerosol Studies, Department of Environmental Health,
University of Cincinnati, Cincinnati, Ohio, USA

Our novel concept utilizing continuous emission of unipolar
ions, which has been recently proven to enhance the efficiency of
facepiece respirators, was applied to conventional HVAC filters.
Laboratory study demonstrated that the air ion emission in the
vicinity of a low-efficiency HVAC filter significantly improves its
performance. For example, the collection efficiency of two com-
mercial HVAC filters challenged with 1 µm PSL particles jumped
from 5–15% (measured with no ion emission) to 40–90% (when
the ion output rate was ∼1012 e−/sec). The enhancement effect de-
pends on the filter type and, generally, on the distance from the ion
emitter to the filter surface. The results were explained as follows.
The air ions with high mobility are deposited on the fibers form-
ing a macroscopic electric field, which shield out some incoming
unipolarly charged particles due to repelling forces. The field esti-
mate has shown that this explanation is feasible. The enhancement
effect seems to have a good potential to be employed in industrial
and residential ventilation systems as it enhances the aerosol col-
lection efficiency of a low-efficiency HVAC filter while not affecting
its pressure drop.

INTRODUCTION
Increasing public concerns regarding air quality in residen-

tial and non-residential buildings have necessitated the develop-
ment of efficient indoor aerosol filtration techniques. This topic
has recently received additional attention because of the threat
of bioterrorism. Reduction of human exposure to fine and ul-
trafine aerosol particles, including biological agents, in indoor
environments has been particularly recognized due to the health
effects associated with respirable particles of biological and non-
biological origin (American Lung Association 1997; Gammage
and Berven 1996; Institute of Medicine [IOM] 2000, 2004;
National Institute for Occupational Safety and Health [NIOSH]
2003; Spengler et al. 1993).
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Central heating, ventilation, and air-conditioning (HVAC) fil-
tration systems remain the main tool for controlling aerosol pol-
lutants in buildings. Commercially available HVAC filters repre-
sent a wide range of collection efficiencies for fine and ultrafine
particles. Some sophisticated high packing density fiber filters,
charged-fiber electret filters, and electrostatic precipitators can
provide the collection efficiency as high as 99% or greater for
respirable particles, including viruses, bacteria, as well as bac-
terial and fungal fragments. However, the majority of single-
family homes and large buildings are equipped with much less
expensive, low-packing-density fiber HVAC filters, which are
characterized by low collection efficiency that allows 70% to
almost 100% of particles in the above size range to penetrate
through the filter media. More efficient filters with high-packing
density often cause higher initial pressure drop, which may fur-
ther increase with the time of operation due to loading. Thus,
alternative techniques are needed that will allow decreasing the
aerosol particle penetration through low-efficiency HVAC filters
while not affecting their pressure drop.

Using of electret filters is becoming increasingly popular
to meet high efficiency and low pressure drop requirements.
Such filters are made of pre-charged fibers, which significantly
enhance the efficiency of particle removal due to electrostatic
mechanism. Various methods to produce charged fibers, includ-
ing electrostatic charging (Tsai et al. 2002), pre-treatment with
ionic surfactants (Yang and Lee 2005) and others are used; how-
ever, the electret filter lifetime is still very short compared to
conventional filters utilizing mechanical mechanisms of the par-
ticle removal such as diffusion, inertia and interception (Raynor
and Chae 2004). Some attempts have also been made to extend
the electret filters’ lifetime by varying the packing density along
the thickness of the media (Sae-lim et al. 2005). The authors
managed to quadruple the filter service life by packing the filter
loosely on the inlet side and progressively more densely towards
the outlet side (the ratio of packing densities was up to 7 times).

Our earlier studies (Lee et al. 2004a, b) revealed that the pro-
tection provided by a filtering facepiece respirator can be signif-
icantly enhanced due to unipolar air ionization in the vicinity of
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FIG. 1. Experimental setup.

the respirator. Based on this finding, we hypothesized that the
performance of low-efficiency HVAC filters could also be signif-
icantly improved if the unipolar ions are continuously emitted
near the filter surface. This hypothesis has been tested in the
present work through experimental and theoretical investiga-
tions undertaken with two commercially available, widely used
HVAC filters.

FIG. 2. Scanning Electron Microscope (SEM) images of filters used in experiments.

EXPERIMENTAL METHODS

Setup
The laboratory setup developed for this investigation is pre-

sented in Figure 1. The HEPA-filtered air, mixed with the chal-
lenge aerosol generated by a 3-jet Collison nebulizer (Model:
MRE 24/25, BGI Inc., Waltham, MA), entered the test aerosol
chamber—a 70 cm long open-loop cylindrical wind tunnel.
HVAC filter with an operational cross-section of 6 cm in diam-
eter was installed inside the wind-tunnel. Prior to each experi-
ment, the nebulizer was charged with monodisperse polystyrene
latex (PSL) spheres (Bangs Laboratories, Fishers, IN, USA) of a
specific diameter: 0.5, 0.8, 1.0, and 1.5 µm. To investigate the in-
fluence of air ionization on the filtration process, the negative air
ion emitter (Wein Products, Inc., Los Angeles, CA, USA) with
an output rate of ∼1012 e−/sec was continuously operated in the
aerosol chamber at different distances from the HVAC filter. The
aerosol concentration and particle size distribution upstream and
downstream of the test filter/ionizer were monitored by an op-
tical aerosol spectrometer (Model 1.108, Grimm Aerosol Tech-
nik, Ainring, Germany). The experiments were performed at a
relative humidity of 50–55% and air temperature of 22–24◦C
(measured by VelociCalc Plus, Model 8386, TSI, Inc., St. Paul,
MN, USA).

Filters
Two commercially available low-efficiency HVAC filters

made of polyester were tested. These materials were selected to
represent the deep filtration (Filter 1) and the surface filtration
(Filter 2)—two types, which are commonly used for industrial
and domestic applications. The Scanning Electron Microscope
(SEM) images presented in Figure 2 show their structure, fiber
orientation and packing arrangement. The scales of the main
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TABLE 1
Characteristics of the tested HVAC filter materials

Fiber Thickness, Packing
Filter size, µm mm density, % ε f Material

Filter 1 48 ± 13.1 20 ± 1.4 2.3 ± 0.24 ∼ 3 Polyester
Filter 2 22 ± 3.8 0.65 ± 0.04 11.5 ± 2.1 ∼ 3 Polyester

SEM pictures in Figure 2 are different. To enable a more con-
venient comparison, the inset on the photograph of Filter 1 is
presented in the same scale as the photograph of Filter 2.

The characteristics of these filters are summarized in Table 1.
The fiber sizes were determined by examining randomly sam-
pled fibers (20 per filter) using a polarising microscope (Model:
Zeiss Standard 25, Carl Zeiss, Germany) with a ×10 objective
lens and a graduated eyepiece. All fibers were considered to
be cylindrical, and the measurements were conducted at their
perfectly cylindrical regions. The thickness of the filters was
measured using two approaches, For Filter 1 that was as thick as
20 mm, it was sufficient to use a micrometer (ensuring minimal
deforming of the media). Filter 2 (much thinner) was character-
ized through microscopic measurements: a thin strip of the filter
was vertically secured on the stage and measured at different
points. To determine the overall packing density of the material
for each filter type, ten samples of the same size were weighed
on the analytical balance (Model: HR-202, A&D, Tokyo, Japan)
with the resolution of ±0.01 mg.

Procedure
A horizontal wind tunnel simulating an HVAC system was

designed and built out of a multi-layer paper material, to evalu-
ate the performance of commonly used low-efficiency HVAC fil-
ters. The wind tunnel grounded to minimize the effect of charged
walls. The tested filter was aligned vertically and clamped be-
tween two rings, with the airflow passing through the filter. A
challenge aerosol (6 L/min) was firstly mixed with a humidity-
controlled air (180 L/min) to create a concentration of approx-
imately 104 particles per liter, charge-equilibrated by an 85Kr
sealed source (Model: 3012, TSI Inc., St.Paul, MN, USA), en-
tered the test zone and passed through the HVAC filter at the face
velocity of 1.1 m/sec. Based on the size-selective aerosol con-
centration measurements conducted upstream and downstream
of the filter, the filter collection efficiency was determined for
each particle size as:

E(%) = Cout − Cin

Cout
× 100, [1]

where Cout and Cin are the concentrations of particles up- and
downstream of the filter, respectively, as measured by an optical
aerosol spectrometer. For each combination of the test filter and
the size of PSL particles, at least five replicate experiments were

performed. The pressure drop through the filter was measured
during each test using VelociCalc Plus multi-parameter meter
capable of monitoring a pressure difference of up to 2.5 kPa
with a resolution of 1 Pa.

The measurements were first performed with no ion emission
in the test zone. Then the negative air ion emitter was turned on
upstream of the filter. The tests were conducted with the emitter
located at four different distances to the filter ranging from 5
to 45 cm. The Air Ion Counter (AlphaLab Inc., Salt Lake City,
UT, USA) was deployed to assess the ion concentration in the
air at different distances from the ion emitter. The instrument
was placed in the wind tunnel to monitor the ion flux during
experiments and ensure that the system has reached equilibrium
(no further accumulation of charge on the walls of the tunnel
and filter). Prior to each experimental run, the zero aerosol con-
centration was verified by passing a HEPA-filtered air through
the aerosol chamber (with no air flow from the nebulizer).

THEORETICAL ANALYSIS
The filter efficiency was also calculated based on the single

fiber efficiency concept (Hinds 1999):

E = 1 − exp

(−4αη� H

πd f

)
, [2]

where α is the packing density, η� is the total single fiber ef-
ficiency, H is the filter thickness and d f is the fiber size. The
total single fiber efficiency was calculated according to the clas-
sic approach (Hinds 1999) as the sum of single fiber efficiencies
due to diffusion, inertia, electrostatic attraction, and interception
mechanisms.

In the case when the ionizer is switched off, particles have
essentially zero charge, and the electrostatic image force does
not contribute in the filter efficiency. When air ions are emitted,
the electrostatic term can be evaluated as (Hinds 1999):

ηq = 1.5

[
ε f − 1

ε f + 1
× q2

12π2µU0ε0dpd2
f

]1/2

, [3]

Here ε f is the relative permittivity of the fiber, εo is the permit-
tivity of the vacuum, µ is the air viscosity, U0 is the air velocity,
q is the charge on the particle and dp is the particle size. Then,
according to the classical theory of filtration, the term given
by Equation (3), should determine an enhancement of the filter
efficiency in our experiment, when the ionizer is switched on.

RESULTS
The air ion concentration in a close vicinity of the ion

emitter exceeded the upper limit of the Air Ion Counter (2 ×
106 ions/cm3). It decayed rather quickly in the wind tunnel with
increasing the distance between the ion source and the filter
surface beyond 20–30 cm. This suggests that the effect of ion
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FIG. 3. Filter efficiency (ionizer is switched off).

emission on the filter performance may be dependent on the dis-
tance between the filter and ionizer if this distance is sufficiently
long. Also, we observed considerable variability of the ion flux
during the first few seconds after commencement of each run,
but it quickly reached an equilibrium indicating that the process
had reached a steady state.

Figure 3 represents the background filter efficiency data when
the ionizer does not operate. Both the experimental and theoret-
ical results are plotted for each of the two tested filters. The
graphs show that the filter efficiencies for the particles of 0.5 to
1.5 µm are low. Even the more efficient Filter 1 collects <20%
of particles in this size range. The theoretical and experimental
data presented in Figure 3 demonstrate a good agreement.

When unipolar (negative) ions were emitted upstream of the
filter (at a distance of 5 cm), the measured collection efficiency
increased compared to the background levels, see Figure 4 versus
Figure 3 (experimental data). Both filters demonstrate a substan-
tial performance improvement (up to an order of magnitude) for

FIG. 4. Filter efficiency (ionizer operates at 5 cm from the filter face).

FIG. 5. Filter efficiency (ionizer operates at 15 cm from the filter face).

different particle sizes. In contrast to the experiment, the the-
ory does not predict considerable increase in the collection effi-
ciency even if the q-value in Equation (3) is postulated to be the
maximum possible charge acquired by an aerosol particle due
to diffusion charging. Such conclusion is based on the values of
20, 33, 47, and 62 elementary charges for particle sizes of 0.5,
0.8, 1.0, and 1.5 µm, respectively (Hinds 1999).

Figures 5, 6, and 7 representing the filter efficiencies mea-
sured with the ion emitted operated at 15, 25, and 45 cm from the
HVAC filter surface, respectively, demonstrate the same trend:
the ion emission in the vicinity of the filter enhances its per-
formance. Interestingly, according to the single factor ANOVA
test, there is no significant difference (p > 0.05) between the
filter efficiency values obtained with the air ion source placed at
distances of 5 and 15 cm from the filter. This conclusion made
for both tested filters can be attributed to very high concentration
of air ions in the vicinity to the filter, which occurred when the
emitter was relatively close to the filter surface. The efficiency

FIG. 6. Filter efficiency (ionizer operates at 25 cm from the filter face).
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FIG. 7. Filter efficiency (ionizer operates at 45 cm from the filter face).

enhancement is less pronounced (but still significant) when the
ion source is placed further upstream of the filter as the charge
near the filter surface decreases. As the distance increases to 25
cm and especially 45 cm, similar ANOVA tests start showing
significant dependence of the collection efficiency of both filters
on the distance (p < 0.05).

Also, a separate experiment has been undertaken to assess
the particle losses on the walls of the wind tunnel. To perform
the experiment, the filter was removed from the device and the
particle concentration was measured at the tunnel inlet and out-
let, respectively. This was done for the cases when the ionizer
was on and off. We found that the wall losses in the tunnel with
non-operating ionizer did not exceed 1% while they increased to
10–20% when the ionizer operated. No difference was observed
when the device was grounded versus non-grounded.

The pressure drop measured across Filter 1 was 82 Pa and
that across Filter 2 was 68 Pa for the air velocity used in the
experiments (1.1 m/s).

DISCUSSION
The data suggest that continuous emission of unipolar ions

in the vicinity of a low-efficiency HVAC considerably improve
its performance. The collection efficiency of both commercial
filters tested in this study with particles of 0.5–1.5 µm increased
by up to an order of magnitude due to air ionization. For example,
for 1 µm particles, the collection efficiency jumped from about
5–15% (measured with no ion emission) to about 40–90% (with
ion emission), depending on the distance from the ion emitter
to the filter surface and the filter type. The wall losses inside
the wind tunnel (assessed above) were not big enough to solely
explain this efficiency increase.

It is intriguing that the conventional filtration theory does not
predict such a sizable increase of the collection efficiency due
to ionization that was found experimentally (see Figure 4). The
above disagreement was attributed to the following mechanism.

The air ions having high mobility are captured by the fibers,
which creates a macroscopic electric field. The latter affects the
motion of charged incoming particles as well as the particle
motion inside the filter structure. Unipolarly charged particles,
which approach the filter surface, are affected by two forces act-
ing in opposite directions; drag and Coulomb’s repelling force.
The difference in these forces would cause some particle decel-
eration in the vicinity to the filter face. This deceleration depends
on several parameters.

The ion deposition onto a single fiber will continue as long as
the ion kinetic energy is sufficient to overcome repelling. Then,
equating the work of the electric field along the free molecular
path (a negative energy acquired by the ion) to the ion kinetic
energy, we obtain the maximum electric filed of the fiber, when
the deposition is still possible

Emax
fiber = 3 kB T

2 e0λ
, [4]

Here kB is the Boltzmann constant, T is the temperature, e0 is
the elementary charge, and λ is the free molecular path. The
electric field of the fiber can be expressed as

Efiber = τ

2πε0 R
, [5]

where τ is the fiber linear charge density and R is the fiber radius.
The field produced by the entire filter in the space between its
surface and chamber wall can be expressed as

Efilter = ρδ

2ε0
, [6]

where ρ is the average volume charge density in the system, and
δ is the filter thickness. The average charge density is related to
the fiber linear charge density and the packing density. It can be
expressed as

ρ = ατ

π R2
[7]

From Equations (5)–(7):

Efilter = αδ

R
Efiber. [8]

From Equation (4):

Emax
filter = αδ

R

3kB T

2e0λ
. [9]

The maximum possible filter field thus depends on the filter char-
acteristics. We estimated that under our experimental conditions,
Emax

filter ≈ 1.1 × 107 V/m for Filter 1 and Emax
filter ≈ 0.4 × 107 V/m

for Filter 2. Equating the electric force that repels the incoming
particles from the filter surface (e0NEmax

filter) to the drag force, the
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threshold number of elementary charges on the particle that is
needed to achieve these fields can be calculated as:

N = 3πµdpU0

e0 Emax
filterCC

, [10]

where CC is the Cunningham correction factor. In the particle
size range of 0.5 to 1.5 µm, it translates to about 40–150 elemen-
tary charges per particle on average for Filter 1 and about 100 to
400 for Filter 2. According to our estimates, the diffusion charg-
ing is not fully sufficient to generate the above levels given the
particle residence time in the system. At the same time, an addi-
tion of the field charging mechanism may allow the particles to
acquire the charge necessary to prevent them from reaching the
filter surface. To illustrate this, using the field charging theory
(Hinds 1999) we estimated the maximum possible number of
elementary charges acquired by the particle in the electric field
of the filter, which is expressed by Equation (10). At the particle
size of 1 µm, this number is about 2,800 for Filter 1 and about
1,000 for Filter 2, which exceeds the levels sufficient to prevent
the particles from reaching the filter. The differences between
the estimated and sufficient levels for Filter 1 is much greater
that that for Filter 2. Therefore, one would expect a greater
effect for Filter 1. Our experimental observation supports this
conclusion.

Obviously, as the incoming aerosol charged by air ions ex-
hibits a certain particle charge distribution and because the fiber
structure has a pronounced spatial variability, only a certain frac-
tion of particles will be shielded out; the others will enter the
filter structure and either deposit inside or penetrate through it.
We believe that the difference between the experimental and
theoretical values of the filter efficiency obtained in this study
represents the particles, which were shielded out upstream of the
filter by the repelling force. The above analysis demonstrates the
reason why this difference depends on the filter parameters and
the particle size as seen on Figures 4–7.

CONCLUSIONS
Laboratory tests demonstrated that continuous unipolar air

ion emission in the vicinity of a low-efficiency HVAC filter sig-
nificantly improves its performance while not affecting its pres-
sure drop. For example, the collection efficiency of two commer-
cial HVAC filters challenged with 1 µm PSL particles jumped

from about 5–15% (measured with no ion emission) to about
40–90% (when the ion output rate was ∼1012 e−/sec). The en-
hancement effect depends on the filter type and, generally, on
the distance from the ion emitter to the filter surface. The the-
oretical model accounting for the particle deposition on fibers
appeared to underestimate the effect because it does not consider
the possibility that some incoming particles may be shielded out
upstream of the filter due to repelling forces caused by unipolar
ions captured by the fibers. The findings of this study can be
used for improving the air cleaning efficiency of industrial and
residential ventilation and air conditioning systems.
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