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Abstract
Indoor air quality is one of the major concerns in the modern environment since urban residents spend 80–90% of their time 
staying indoors. Pollutant exposure could be relatively higher indoors due to the increased number of sources along with 
activities that cause re-suspension of pollutants back into the air stream. Several existing and emerging technologies for indoor 
particulate matter (PM) control are available; however, there is a lack of a comprehensive review of these technologies for 
the end-users. Therefore, current study presents a techno-commercial comparison of the existing indoor air pollution control 
technologies based on several metrics such as particle removal efficiency, cost-commercialization, energy consumption, 
and by-product emission. Additionally, recent advancements and applications of the aforementioned technologies in real 
indoor environments have also been reviewed. The study suggests that for efficient particle removal, either high-efficiency 
particulate air (HEPA) filters or ESP should be preferred. Likewise, for the removal of multiple pollutants like particles, 
gases and volatile organic compounds simultaneously, emerging technologies can be integrated with pre- or post-stages of 
conventional technologies. The cost performance index is lowest for HEPA filters and ESP, indicating that they provide a 
better value for money in terms of performance. Ionization based and emerging PM control technologies should be avoided 
in case of sensitive populations due to health concern associated with emission of hazardous by-products.
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1  Introduction

Over the past few decades, increased urbanization and indus-
trialization have drastically upgraded people’s lifestyles in 
developing countries (Tofful et al. 2021). While many may 
have benefited economically due to the increase in employ-
ment opportunities and technology-assisted operations, it 
has also increased the risk of exposure of the masses to poor-
quality air (Afshari et al. 2020; Mannan and Al-Ghamdi 
2021). Indoor air quality is of major concern in the modern 
environment among various aspects of air pollution. Most 
of the population living in urban areas spend 80–90% of 
their time in homes, workspaces and different conveyance 
means such as cars, buses trains etc. (Afshari et al. 2020, Pei 
et al. 2019., US EPA 2018). As these structures are gener-
ally congested, free air circulation is restricted due to space 
constraints in developing and populated countries (Guo et al. 
2019; Khandare et al. 2019; Pettit et al. 2017). Several air 
pollution exposure studies have reported two to five times 
higher concentrations of pollutants in the indoor environ-
ment and about twice as toxic as that of the typical outdoor 
pollutant concentration (US EPA 2018; Macintosh et al. 
2008; Wallace 2004).

Different indoor pollutants result in uncomfortable and 
unhealthy living conditions (Afshari et al. 2020; Altun and 
Kilic 2019; Chen et al. 2005; Tofful et al. 2021; Zhang et al. 
2011). Exposure to indoor pollutants may result in sick 
building syndrome (SBS) which consists of several health 
problems such as headache, nausea, dizziness, irritation of 
the eyes and mucous membrane. (Aydogan and Montoya 
2011; Cheek et al. 2020; Guieysse et al. 2008). Moreover, 
they may cause building related illness (BRI) and multiple 
chemical sensitivity (MCS) (Luengas et al. 2015; Tran et al. 
2020). Among different indoor pollutants, particulate matter 
(PM) is of special concern. Smaller size in the atmosphere 
and greater penetration capacity of PM make it more harm-
ful and toxic than gases (Manisalidis et al. 2020; Zhu et al. 
2021). Particles of very small and variable diameters can 
penetrate through the respiratory tract resulting in cardio-
vascular diseases, reproductive, central nervous system dys-
functions and respiratory diseases like pneumonia, chronic 
obstructive pulmonary disease (COPD) and lung cancer 
(Gawronska and Bakera 2014; Liu et al. 2022; Manisalidis 
et al. 2020; Tran et al. 2020; Wheeler et al. 2014). There-
fore, poor indoor air quality (IAQ) is ranked among the top 
five risks to human health by the US Environmental Protec-
tion Agency (EPA) (Gawronska and Bakera 2014; Guieysse 

et al. 2008). Source-apportionment studies have discovered 
that household biomass burning is the largest contributor to 
outdoor PM2.5 concentration in India (Venkataraman et al. 
2018).

Although PM concentration in both outdoor and indoor 
environments can be correlated most of the time, exposure 
will be higher indoors due to more number of indoor parti-
cle sources such as smoking, cooking, heating, candle and 
incense burning, use of electrical equipment like cloth dry-
ers, printers and electric ovens. In addition to that, human 
activities such as cleaning and movement cause re-suspen-
sion of particles back into the air stream that significantly 
increasing the exposure (Boedicker et al. 2021; Ibrahim et al. 
2021; Jeong et al. 2021; Molgaard et al. 2014; Tofful et al. 
2021; WHO 1998). Closed buildings provide some protec-
tion from outdoor coarse particles; however fine particles 
still enter through open doors and windows even when effi-
cient mechanical air conditioning systems are provided (Irga 
et al. 2017).

Indoor air quality can be improved by three approaches, 
namely source control, ventilation and control technologies. 
Source control is the most economical strategy; however, it 
is not always practicable due to several technical and finan-
cial constraints (Siegel 2015). Under such circumstances, 
ventilation that removes contaminated air away from occu-
pants is employed (Luengas et al. 2015; Wang et al. 2004). 
Nevertheless, ventilation is not suitable in situations where 
the outdoor particle concentration is higher and is usually 
costly due to heating or cooling requirements (Molgaard 
et al. 2014; Brager et al. 2011). Indoor control technologies 
operate by cleaning the contaminated indoor air either by 
physical means or by chemically converting contaminants 
into harmless byproducts (US EPA 2018). All of the afore-
mentioned approaches can be effectively inducted by inte-
grating them into air handling systems and can be used as 
portable units in specific indoor spaces having flexible times 
of operation (Chen et al. 2005; Hart et al. 2011).

Multiple reviews have already been done on indoor air 
quality for specific environments mainly focusing on the 
associated health effects and different monitoring methods. 
On the other hand, no significant reviews were focused on 
particularly indoor pollution control technologies (Saini 
et al. 2020a, b, 2021; Van Tran et al. 2020; Ye et al. 2017; 
Zhang et al. 2021; Zhuang et al. 2000). After a comprehen-
sive review done by Zhang et al. (2011) on different indoor 
control technologies, to date there was no critical compari-
son of different indoor pollution control technologies; thus 
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information seems widely scattered (Zhang et al. 2011). 
Amid this, since 2017, multiple review articles were con-
centrated on technologies like filtration, photocatalysis or 
botanical filtration (Bandehali et al. 2021; Beckman et al. 
2022; Martin et al. 2021; Han and Ruan 2020; Irga et al. 
2018; Kraakman et al. 2021; Li and Ma 2021; Liu et al. 
2017a, b; Tran et al. 2020). As multiple pollutants of dif-
ferent characteristics coexist in indoor environments, there 
is a need to study each of the pollutants independently to 
gain a better understanding. Therefore, current review article 
focused on mechanism of PM removal, factors influencing 
the removal mechanism and recent advancements as well as 
possible applications of different PM control technologies 
in real indoor environments. In addition, this article criti-
cally compares different indoor particle technologies like 
filtration, ESP, ionization, botanical filtration, non-thermal 
plasma, and photolysis based on their particle removal effi-
ciency, cost-commercialization, energy consumption and 
by-product formation. This will enable readers and users to 
select suitable technology for indoor applications. Relevant 
research papers on the domain of indoor PM pollution con-
trol were searched on Scopus, web of science, IEEE and 
google scholar based on related keywords. Contents were 
then integrated, and comparison of different technologies 
was done with help of analysis of previous experimental 
results and further calculations.

2 � Classification of Indoor Control 
Technologies

Irrespective of the origin of pollutants, it is required to miti-
gate and reduce air pollutants to achieve a healthier indoor 
environment (Irga et al. 2017). Indoor air pollution control 
is a hierarchy of three approaches, namely universally pre-
ferred source control, ventilation which dilutes pollutant 
concentration and indoor pollution control technologies to 
purify polluted air (Huang et al. 2016; Lee et al. 2020; Siegel 
2015).

2.1 � Source Control

Source control is the most economical and effective method 
to control PM emissions and involves elimination or reduc-
tion of various indoor pollution sources (Cheek et  al. 
2020; Tan and Zhang 2004). Source control includes judi-
cious product selection, modification or implementation of 
restrictions that eliminate or reduce emissions of harmful 
substances into indoor air (Levin 1992). Source control in 
indoor environments is usually achieved by the elimination 
of sources of pollution such as avoiding smoking, reduc-
ing high-strength activities in room and use of low emit-
ting products. Different emission reduction strategies like 

maintaining sanitation, reducing usage of solid fuels, sealing 
or encasement of sources, construction of buildings away 
from busy roads and periodic monitoring and control over 
different combustion devices like gas stoves can also be 
adopted (Bennett 2009; Pettit et al. 2017; Yu et al. 2009). 
Efficient source control requires a good understanding of 
emission processes, secondary reactions and availability 
of other useful data if any (such as manufacturer’s innova-
tive product development and architect’s building designs 
with least emitting products) (Levin 1992). Over the years 
modern sensors and monitors were developed and employed 
for automated indoor environment monitoring (Carminati 
et al. 2021; Demanega et al. 2021). However, sometimes to 
adapt source control, raw materials need to be altered and 
processes need to be modified. This can result in additional 
costs and other associated issues (Siegel 2015). Addition-
ally, whatever optimization one does at the sources, one or 
other air contaminants will be produced at the exhaust due 
to different pathways of their formation.

2.2 � Ventilation

Under circumstances when source control is not practica-
ble due to technical and financial constraints, ventilation or 
control technologies that tend to divert the contaminated 
air away from occupants are adapted (Luengas et al. 2015; 
Wang et al. 2004). Ventilation can supply clean air or remove 
PM-laden air from an indoor environment (ANSI 2019). 
Based on the force that initiates the flow of air, ventilation 
can be classified as either natural or mechanical. Natural 
ventilation, such as airflow through vents, window openings, 
hoods and wind towers is caused by pressure differences 
due to temperature gradient and wind flow (Mukhopadhyay 
et al. 2014; Russell et al. 2007). As the dependency on local 
meteorological and environmental conditions makes natu-
ral ventilation unpredictable and uncontrollable, mechanical 
ventilation provided by exhaust fans and ducts is usually 
preferred (Barger et al. 2011).

Particle removal efficiency in a ventilation system that 
depends on various factors such as the strategy of ventila-
tion, number of occupants, floor size, outdoor particle con-
centration, distribution in room, location as well as emission 
strength of source, integration with different systems like 
hoods and filtration, environmental factors like humidity and 
temperature in the indoor environment (ANSI 2019; Lu et al. 
2011; Nagy et al. 2019; Zhong et al. 2010). Ventilation was 
found effective in different real indoor environments like 
residences, classrooms, dental clinics, kitchens, historical 
buildings and offices (Bohanon and Zaatari 2020; Guo et al. 
2008; Kang et al. 2019; Nagy et al. 2019; Park et al. 2014; 
Ren et al. 2021; Singer et al. 2017). However, ventilation 
can increase energy usage in building and allows entry of 
pollutants from outdoors (Siegel 2015).
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It is important to understand the ventilation type and rate 
suitable for an application. For example, a ventilation rate 
above 4 air changes per hour would not be preferred in heat-
ing, ventilation and air conditioning (HVAC) applications 
as it adds energy requirements owing to heating and cooling 
(Lu et al. 2011; Molgaard et al. 2014). Ventilation can be 
made energy efficient by optimizing parameters like airflow, 
recirculation rate, fan power and heat recovery rate (Godish 
1996; Nagy et al. 2019). Mechanical ventilation could also 
generate noise and secondary pollutants (Lai et al. 2018). In 
summary, it can be seen that ventilation is difficult to exist 
as a single stand-alone unit and therefore, requires to be 
integrated with PM control technologies to achieve desired 
benefits. The third method, indoor air cleaning, is employ-
ing different physical and chemical technologies which are 
explained in detail along with their removal mechanism, 
factors impacting removal, application in different indoor 
environments as well along with their possible advantages 
and disadvantages in Sect. 3.

3 � Indoor Particulate Matter Control 
Technologies

Indoor pollution control technologies are methods that 
clean contaminated air by either physical means or chemi-
cally converting contaminants into harmless byproducts (US 
EPA 2018). Indoor air cleaners can be portable and inductive 
devices; the former is preferred in specific spaces having 
flexible time of operation like kitchen or fire space (Hart 
et al. 2011). On the other hand, inductive devices work for 
entire buildings and, therefore, are usually installed with an 
air handling system (Chen et al. 2005). Portable air purifiers 
have reduced risk of cross contamination between different 
rooms whereas inductive ones produce no noise (Afshari 
et al. 2020). Indoor control technology is broadly classified 
as existing and emerging control technologies based on its 
commercialization in the consumer market. Technologies 
such as photocatalysis and ozonation are not included in this 
review article as they are not very effective for removing 
particle pollutants.

3.1 � Existing Indoor Particle Control Technologies

Existing or conventional indoor air pollution control meth-
ods include mechanical filters, ionizers and electrostatic 
precipitators.

3.1.1 � Mechanical Filtration

Filtration involves the separation and removal of suspended 
particles from the indoor air stream utilizing a porous 
medium. Filtration can work by the following two principles: 

surface filtration and depth filtration. In the former method, 
particles of sizes greater than 10 µm are collected by trap-
ping them on the surface of the filter. In case of depth fil-
tration, collected deposits of particles having sizes lesser 
than 0.01 µm form a cake and that eventually starts trap-
ping more particles, thereby collecting particles through 
the surface as well as through the entire depth of the filter 
(Luengas et al. 2015). According to basic filtration theory, 
five mechanisms like inertial effect, interception, diffusion, 
electrostatic forces and gravitational settling are responsi-
ble for the removal of particles (Hinds 1998; Hung et al. 
2007; Liu et al. 2017a, b). The first two mechanisms, inertial 
impaction and particle interception remove particles larger 
than 1 µm, whereas smaller particles less than 0.1 µm are 
usually removed by diffusion. Due to higher mobility for 
intermediately sized particles between 0.1 and 1 µm they are 
not efficiently removed by any of the aforementioned mecha-
nisms (Offermann et al. 1985). Charged filters called electret 
filters can trap particles using mechanisms like electrostatic 
attraction and polarization. Particles can be captured effec-
tively using gravitational settling if their settling velocity is 
larger than the convective velocity of the flow through the 
filter, thus limited to large-sized or heavy particles (Colbeck 
and Lazaridis 2009).

Filtration is widely used in indoor environments due to 
its low cost, easy installation, and simplicity in operation 
(Komaladewi et al. 2018). Removal efficiency depends on 
factors like flow rate, particle characteristics, fiber character-
istics, and air flow pattern within the room (Bian et al. 2019; 
Chen et al. 2019; Irga et al. 2017; Ji et al. 2020; Ruan and 
Rim 2019). HEPA filters with removal efficiency of 99.99% 
for 0.3 µm size particles are widely preferred in many indoor 
spaces like theatres and hospitals (Liu et al. 2017a, b). As 
filtration efficiency is dependent on particle size, nano fibers 
in cabins were shown to be capable of reducing concentra-
tions of ultra-fine particles and black carbon from vehicular 
emission at relatively higher rates of removal of 88% and 
84%, respectively (Lee et al. 2015). Although there was a 
reduction in PM2.5 by about 70% with HEPA filtration unit, 
CO2 concentration was increased by 6 times due to inad-
equate air change rate in a classroom (Tong et al. 2020). 
Applicability of low-cost and low-efficiency filters in rural 
kitchens has been discussed in many research articles (Mac-
Intosh et al. 2009; Namara et al. 2017; Still et al. 2018; Ward 
et al. 2017). However, adoption of those filters on a broader 
scale requires considerations for cost, replacement, energy 
usage and provisions to maintain adequate air exchange rates 
capable of maintaining CO2 concentration within desirable 
limits. More details on applications of filtration and corre-
sponding removal efficiency in different environments are 
shown in Table 1.

Despite these advantages, mechanical filters get clogged 
resulting in increased pressure drop which incurs increased 
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energy consumption and thus needs to be replaced regularly 
in long run (Chen et al. 2020; Liu et al. 2017a, b; Zhao 
et al. 2013). As filtration needs regular maintenance and 
replacement, it is not applicable in high dust environments 
like railroads, tunnels, and also should be avoided in high 
temperature indoor applications due to chance of fire haz-
ards (Wen et al. 2015). Higher maintenance, reduced sus-
tainability and inefficiency in capturing gaseous pollutants 
are some other disadvantages of filtration (Pettit et al. 2017). 
Different structure-based and interaction-based approaches 
can be adopted to improve the performance of conventional 
filters. Structure-based modifications are done by varying 
morphology, hybridization techniques and stacking multiple 
layers on the surface. Interaction-based approach includes 
either providing charges to the filters as in electret filters 
or providing separate energy sources such as in ESP (Chen 
et al. 2020; Colbeck and Lazaridis 2009; Han et al. 2021). 
In summary, particle removal by filtration depends on sev-
eral factors such as particle characteristics in an air stream, 
filter properties, source strength, duration of operation and 
attributes of accessories like fan.

3.1.2 � Ionizers

Ionizers trap particulate matter by introducing differently 
charged ions into an indoor environment (Shiue et al. 2011; 
Zhang et al. 2020). Mechanism of PM capture by ionizer 
is illustrated in Fig. 1. Particles start acquiring these dif-
fused charges by ion–particle attachment mechanisms and 
get attracted to neutral particles thereby forming aggregates 
which get settled (Guo et al. 2019; Pushpawela et al. 2017). 
Additionally, electrostatic repelling forces and attraction 
between charged particles with different surfaces at ground 
potential like walls, furniture, tables, occupants, etc. cause 
particles to move towards them and eventually get deposited 
by either static electrification or image forces (Chen et al. 
2020; Grinshpun et al. 2005; Luengas et al. 2015; Push-
pawela et al. 2017; Shaughnessy et al. 1994). Ionizers can 
be classified as unipolar ionizers and bipolar ionizers based 
on polarity of emitted ions (Zeng et al. 2022).

Lee et  al. (2004) obtained an increase in particle 
removal efficiency for three tested ionizers with increased 
ion emission rate as well as with emission duration 
while insignificant influence was found with particle 
size (Lee et al. 2004). Particle removal by ionizer was 
found to be independent of polarity, dependent on ion 
emission rate and showed nearly insignificant influence 
with other parameters like particle size within a particu-
lar size range of 0.3–3 µm, particle characteristics and 
human body temperature (Grinshpun et al. 2005). Shiue 
et al. (2011) observed increased removal of PM when ion-
izer was placed near PM source and the highest removal 
efficiency was obtained at a height of about 60 cm from 
floor level (Shiue et al. 2011). Portable ionizers are usu-
ally preferred in confined areas with a high surface-to-
volume ratio like automobile cabins, flights, bathrooms, 
cellular offices, animal sheds and small residential areas 
as well as in applications where reduced noise nuisance 
is preferred (Agarwal et al. 2021; Grinshpun et al. 2005; 
Grabarczyk 2001; Lee et al. 2004; Shiue et al. 2011., Zhao 
et al. 2005). As flow rate is lower for ionizers due to the 
absence of fans, they are preferred in rooms where little 
mixing is required (Molgaard et al. 2014). Application 
of an ionizer reduced particle concentration of size range 
0.3–2.5 µm by two orders of magnitude in an office build-
ing (Grabarczyk 2001). Continuous operation of negative 
ion air purifier removed ultrafine particle concentration in 
clean room (Shiue et al. 2011). Vortex desktop stationary 
ionizer with ion production rate of 30*105 negative ions 
provided efficiency of about 90% in 5–6 min and 100% in 
10–12 min for PM sizes 0.3–3 µm (Grinshpun et al. 2005). 
Negative ionizer installed in ventilation duct provided cap-
ture efficiencies of 31.53% and 12.17% for bacterial spe-
cies Serratia marcescens, and Staphylococcus epidermidis, 
respectively (Zhou et al. 2018). Despite being widely used 
in indoor environments it has drawbacks such as charging 
of materials in the room, high ozone concentration, and 
soiling of different surfaces like tables, furniture and the 
human body (Offermann et al. 1985). In the worst case, 
this contamination can result in black wall effect (Gra-
barczyk 2001).

Unipolar 

Ionizer 

Deposition of charged 

particles to surface 

a b c

Fig. 1   Mechanism of PM capture by ioniser; a Diffusion of ions from ionizer to space, b PM-ion attachment, and c Deposition of charged parti-
cles to different surfaces
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3.1.3 � Electrostatic Precipitator (ESP)

Electrostatic precipitator (ESP) is a type of ionizer where 
ions are produced on application of high-voltage current 
at corona point. Although different designs of ESP are 
available, the simplest one is wire and plate ESP. Figure 2 
shows the schematic diagram of a typical wire and plate 
ESP. It consists of a discharge electrode which is con-
nected to high voltage power supply and the grounded 
collection plates. 

Detailed mechanism of PM capture in an ESP is illus-
trated in Fig. 3. With an increase in applied voltage above 
a threshold value, electrons get excited and ionize gas mol-
ecules in region of nonuniform electric field. Ionization 
of gas molecules produce a positive as well as negative 
ion which is indicated by (a) part of Fig. 3. Generated 
ions charge particles by either diffusion or field charg-
ing and will get attracted to grounded collection electrode 
by Coulomb force as indicated by (b) and (c) parts of 
Fig. 3, respectively (He and Wang 2018). ESPs is an in-
situ device having higher flow rates compared to ex-situ 
conventional ionizers due to the fans and collection plates 
in their design (Waring et al. 2008).

ESP is an effective technology as it provides higher par-
ticle removal efficiency with low power consumption (Altun 
and Kilic 2019). High collection efficiency of particles is 
due to low drag force and high electric force exerted on 
them (Wen et al. 2015). Low power consumption of ESP is 
attributed to low-pressure drop and current density (Altun 
and Kilic 2019; Parker 2016). Another advantage of ESP 
compared to filters is that plates of ESP could be cleaned 
by users themselves compared to filters which may require 
trained technicians (Chen et al. 2020).

Wallace (2004) obtained particle removal efficiency 
above 50% in all size ranges from an ESP installed in duct 
system. However, there was a reduction in efficiency after a 
few weeks of operation, which necessitated regular cleaning 
for effective removal of particles (Wallace 2004). ESP was 
looked at as a promising technology to reduce dust from 
swine farms, where there was an increased removal in farrow 
environment compared to a nursery environment owing to 
the differences in ventilation rate (Rosentrater 2003). Results 
from computational fluid dynamics (CFD) models suggested 
that the performance of ESP increased with increasing volt-
age and decreased with air velocity and these two param-
eters were not sensitive to each other (Manuzon 2012). More 

Fig. 2   Schematic diagram of 
wire and plate electrostatic 
precipitator (ESP)

Fig. 3   Different steps involved in PM capture by an ESP; a Ionisation, b particle charging, and c collection to grounded collecting plate
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details on the application of ESP in different indoor envi-
ronments, corresponding efficiency of removal and major 
influencing factors of removal are tabulated in Table 2.

Designed positive polarity two-stage ESP with 16 carbon 
fiber filter provided high CADR (> 12 m3 min−1 ) and lesser 
pressure drop for ultrafine particles suggesting its possible 
application in air conditioning devices which require higher 
volumetric air flow rate (Kim et al. 2013). ESPs can be used 
as either induct or stand-alone devices in mechanical ven-
tilation systems in residential buildings due to their high 
efficiencies and low pressure drop (Afshari et al. 2020; Hao 
et al. 2022). However, it is preferred more in large-scale 
applications than small-scale ones because of high flow 
rate in former (Oliveira and Guerra 2021). Usually, posi-
tive polarity and two-staged ESPs are preferred for indoor 
environments due to lower emission of ozone, larger area 
of collected electrode, quiet operation and application of 
low voltages (Afshari et al. 2020; Kim et al. 2013; Parker 
2016). An electrostatic precipitator is used when particles 
are to be cleaned by deposition such as in the smokestacks 
(Liu et al. 2017a, b; Zhuang et al. 2000). ESPs can be safely 
operated in high-temperature environment (Molgaard et al. 
2014). The collection efficiency of electrostatic precipitators 
depends on several parameters like charging efficiency, flow 
rate of air, collecting mechanisms, electrode geometries and 
particle properties (Chen et al. 2020; Offermann et al. 1985; 
Parker 2016; Sung et al. 2020; Zhuang et al. 2000; Wen et al. 
2015). Different aerosol properties such as concentration, 
size, morphology, particle density, resistivity and elemen-
tal composition should be considered while selecting ESP 
for a particular application (Manuzon 2012). Formation of 
ultrafine particles from ESP was reported due to sparking 
between corona wire and plate (Offermann et al. 1985). Lin 
et al. (2012) reported nanoparticle generation when operat-
ing temperature was increased above 37 °C and flow rate was 
maintained below 9 L min−1 . Increasing voltage to improve 

removal of particles below 20 nm was found to increase 
emission rate of ozone (Lin et al. 2012). Therefore, particle 
properties, design, geometric parameters and operating con-
ditions of ESP influence its efficiency of PM capture.

Major drawbacks of ESP include back corona, particle 
re-entrainment and less efficient removal of particles in the 
submicron range. Pre- or post-filters are usually employed 
in commercial ESPs due to their inefficiency to remove 
particles in all size ranges (Altun and Kilic 2019; Parker 
2016; Wen et al. 2015). Proper measures should be taken 
to avoid sparks due to high voltage supply (Afshari et al. 
2020; Zhu et al. 2021). Requirements for frequent cleaning, 
production of charged ions, ozone, oxides and secondary 
aerosol as by-products are major disadvantages of using ESP 
in indoor environment (Afshari et al. 2020; Lee et al. 2020; 
Tan and Zhang 2004). Additionally, initial cost is very high 
due to usage of high-voltage supplies (Parker 2016). Recent 
advancements such as ion spray ESP, guidance plated cov-
ered ESP and foam-covered ESP have helped in reducing 
drawbacks of conventional indoor ESP. Ion spray ESP with 
diffusion charging removes particles at a higher rate without 
any emission of ozone. Holes in the guidance plate collect 
particles at 20% higher efficiency than conventional ones 
for PM0.1. Foam-covered ESP reduces re-entrainment of 
particles, thereby providing collection efficiency of 99% for 
PM

0.3
,PM

0.5
andPM

0.7
 (Parker 2016; Sung et al. 2020; Kim 

et al. 2013; Wen et al. 2015). There is a scope for devel-
opment of air cleaners with high residence time and low 
gas velocity compared to industrial ones due to lesser area 
requirement in former which benefits from an economic per-
spective (Oliveira and Guerra 2021).

3.2 � Emerging Indoor Particle Control Technologies

Existing indoor control technologies have a lot of drawbacks 
such as regular mandatory replacements for mechanical 

Table 2   Application of ESP in indoor environment

NA not available

ESP Flow rate (m3 h−1) Efficiency of Particle 
removal

Application Conclusion References

Two stages flat plate 
with positive voltage

200–434 57–58% Reduction of particle 
concentration from 
cigarette smoke in 
residences

Sharp increase in total 
particle concentra-
tion during start of 
operation

Offermann et al. (1985)

Commercial ESP NA Total 
PM—89.4 ± 7.3%

Poultry farm Promising technology Manuzon (2012)

ESP NA Nursery PM
3
—36%

Farrow PM
3
—50%

Swine farms Difference in both 
rooms attributed to 
difference in ventila-
tion rate

Rosentrater (2003)

Induct ESP with volt-
age 6200 V

1908 Deposition rate by 2–3 
h−1 in all size ranges

Townhouse ESP lost its efficiency 
after few weeks

Wallace (2004)
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filters and production of by-products from ionizers and 
ESPs (Lee et al. 2020). Emerging technologies are con-
cepts that are still on lab scale and, therefore, are not widely 
commercialized. Different emerging technologies like UV 
photolysis, botanical filtration and non-thermal plasma are 
discussed below.

3.2.1 � UV Photolysis

Compared to other technologies mentioned in the study, UV 
photolysis does not capture indoor PM but deactivates bio-
aerosols, a category of indoor PM by utilizing high-energy 
ultraviolet (UV) radiation (Han et al. 2023). As this technol-
ogy is operated at standard room temperature and pressure, 
there is no need for additional equipment. The deactivation 
rate of bio aerosols is found to depend on factors like absorp-
tivity of target pollutant at the wavelength used, intensity 
of UV light source, concentration of pollutants in indoor 
environment, relative humidity and concentration of oxidant 
(UV) added. This technology is limited in use and usually 
used as pre-treatment technology due to possible emission 
of secondary pollutants like ozone as well as different toxic 
photoproducts, concerns of accidental exposure to UV rays 
and high energy consumption (Wang et al. 2009; Zhang et al. 
2011).

3.2.2 � Botanical Filtration

Botanical filtration is a novel idea for removal of indoor 
particles by using plants and microorganisms associated 
with them (Guieysse et al. 2008; Kim et al. 2018). Botanical 
filtration removes particles by two functional components, 
plant component and a growth substrate, which is packing 
media where plants are grown (Irga et al. 2017). Botanical 
filtration can be divided into potted plants and active walls 
based on equipment involved, direction of supply of contam-
inated air and means of water and nutrients supply (Ibrahim 
et al. 2018; Irga et al. 2017). Active wall is more efficient 
for indoor air treatment as it provides higher exchange of 
air thereby providing efficient pollutant removal (Soreanu 
et al. 2013).

In botanical filtration, particles are removed by physical 
mechanisms like diffusion, foliar interception, sedimenta-
tion, impaction across leaves by eddy currents (adsorption 
by anions around plant), precipitation or simply by substrate 
filtration (Irga et al. 2013; Lohr and Pearson-Mims 1996). 
Even though particles that remain on leaves for longer dura-
tion will be adsorbed and degraded by plants, process is 
dependent on different meteorological and environmental 
conditions (Gourdji 2018; Lohr and Pearson-Mims 1996). 
Micro morphological characteristics of leaves, flow rate of 
air and concentration and characteristics of particles affect 
the capture (Weerakkody et al. 2018). Leaf trait components 

like leaf size and shape, surface characteristics, hairs and sto-
mata were found to affect rate of particle removal (Gourdji 
2018; Leonard et al. 2016; Lohr and Pearson-Mims 1996; 
Weerakkody et al. 2018; Xu et al. 2019). Root structure of 
plant and properties of substrate are also found to affect 
the particle removal from botanical filters (Gawronska and 
Bakera 2014; Irga et al. 2017; Pettit et al. 2017).

Botanical filtration is a promising method as removal is 
achieved by plant material or microorganisms and not by 
chemicals or heat (Luengas et al. 2015; Parmar and Rao 
2008). The method can remediate wide range of pollutants 
like particles and VOCs at higher concentrations for longer 
time (Nowak et al. 2014). This method was found to modu-
late temperature and humidity, thereby providing a better 
microclimate and refreshing environment (Kraakman et al. 
2021; Liu et al. 2017a, b). This technology is best appli-
cable to indoor environment as it can be easily integrated 
along with HVAC and ventilation systems (Ibrahim et al. 
2019). It was also found to be a sustainable alternative to 
conventional methods of PM removal as it can reduce carbon 
footprint (Irga et al. 2017). Botanical bio-filter with species 
Spathiphyllum wallisii removed total cigarette-delivered sus-
pended particles by 34.4% (Morgan et al. 2022). Permana 
et al. (2022) highlighted that distance of pollutants from 
bio-filter as well as air flow patterns are to be considered for 
the in situ application of bio-filtration (Permana et al. 2022). 
Some examples of practical biological systems are Junglefly 
breathing walls, Lend Lease Headquarters and another at a 
classroom in China and more details are provided in Table 3 
(Liu et al. 2017a, b). This method has provided an efficiency 
of 53.53% for total suspended particles, 15.99% for PM

10
 

and 48% for PM
2.5

 operating at a flow rate of 11.25 L s−1 in 
Junglefly breathing walls (Irga et al. 2017). Indoor bio-filter 
provided removal efficiency of 54.5% and 65.32% for PM

10
 

and PM
2.5,

 respectively, for aromatic incense-derived parti-
cles (Irga et al. 2017).

Despite several advantages of botanical filtration, it is 
associated with certain issues such as inefficiency in mate-
rial recovery, release of secondary wastes like dust and 
microorganisms, emission of biogenic VOCs which result 
in secondary organic aerosol (SOA) formation, high depend-
ency on residence time, moisture and maintenance require-
ments (Ibrahim et al. 2018; Luengas et al. 2015; Parmar and 
Rao, 2009). Plant characteristics like removal and tolerance 
potential have to be considered while selecting suitable plant 
species for removal of specific pollutants (Guieysse et al. 
2008). Another drawback is availability of lesser data on the 
effectiveness of this system under real-scale applications or 
full-scale ventilation methods. A study based on pull down 
results showed that 5 plants per square meter (680 plants 
per house) are required for efficient pollutant removal which 
does not seem a practical option. There is no quantitative 
evaluation available that supports that single potted plants 
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can reduce pollutant concentration (Soreanu et al. 2013). 
The method is still in chamber studies due to lack of knowl-
edge of underlying mechanisms of removal. Therefore, 
botanical filtration does not seem to be a practical option 
for reducing pollutants from different indoor environments 
like residential and commercial buildings (Chen et al. 2005; 
Kraakman et al. 2021; Soreanu et al. 2013; Wolverton and 
Wolverton 1993). In future, it could be applicable in both 
traditional as well as sustainable buildings due to their char-
acteristics like low energy consumption, usage of alternative 
energy sources and water recycling capabilities (Soreanu 
et al. 2013). Overall, better understanding of substrate type, 
operating conditions and mechanism of particle removal are 
necessary for revealing ultimate potential of method.

3.2.3 � Non‑thermal Plasma (NTP)

Non-thermal plasma (NTP) is the process of removal of 
particles by application of high voltage (Bahri et al. 2016; 
Chen et al. 2005; Luengas et al. 2015; Vandenbroucke et al. 
2011). Once applied field exceeds threshold value, ionized 
gas, called non-thermal plasma, constituting different neu-
trals, ions, radicals, electrons and UV photons is produced 
(Brandenburg et al. 2014; Daniels 2002). Different energy 
transfer mechanism happening inside a plasma reactor are 
illustrated in Fig. 4.

Process happening inside a plasma reactor can be classi-
fied as primary and secondary based on time scale for which 

it is happening. The time scale of primary process is 10−8 
s and that of secondary process is 10−3s. Electrons, being 
lighter in mass, get accelerated easily and, therefore, gain 
temperature at faster rate. Energetic electrons ionise, excite 
and dissociate gas molecules producing chemically active 
species such as atomic oxygen, hydroxyl radical and ozone 
(Kim 2004). Produced primary and secondary active species 
oxidise pollutants and consequently converting into desira-
ble products like CO2 and H2O (Fan et al. 2009; Hernandez-
Diaz et al. 2021; Brandenburg et al. 2011).

Even though NTP can be produced by different methods, 
pulsed corona is the most suitable for indoor applications 
due to its high efficiency in removing PM2.5, lower energy 
consumption and lower production of ozone as by-product 
(Bahri et al. 2016; Daniels 2002; Hernandez-Diaz et al. 
2021).

Performance of NTP is dependent on humidity, initial 
concentration of pollutants, flow rate of air stream, reactants 
and involved pathways (Bahri et al. 2016; Bo et al. 2007; 
Hernández-Díaz et al. 2021; Kim 2004). This method can 
be applied to sustainable and energy efficient buildings as 
it is cost effective, works in room conditions and is efficient 
for low concentration levels as compared to thermal plasma 
(Kim 2004; Zhang et al. 2011). Additionally, there would not 
be any deposition of particles on surfaces compared to other 
particle removal methods (Daniels 2002). Even though this 
method provides high particle efficiency, its applicability 
in indoor environment is questionable due to poor energy 

Table 3   Application of biofiltration in indoor environment

TSP total suspended particles

Bio filter Flow rate 
(m3 ��−1)

Efficiency Application Conclusion Reference

Commercial 
active living 
wall filter

3.6 TSP—53.35 ± 9.73%
PM

10
—53.51 ± 15.99%

PM
2.5

—48.21 ± 14.71%

Commercial Dependence of efficiency with air flow rate Irga et al. (2017)

Active green wall 283.53 TSP—72.5% Residential building Higher particle removal efficiency of active 
wall compared to potted system due to com-
bined removal by plants and substrate

Pettit et al. (2019)
Active green wall 320 TSP—42.6% School classroom

Primary process 

Ioniza�on 

Excita�on 

Dissocia�on 

Primary process 

Ioniza�on 

Excita�on 

Dissocia�on 

Secondary process 

Recombina�on 

Radical reac�on 

Charge transfer Desirable 
products like 
H₂O and CO₂

Fig. 4   Mechanism of PM removal by non-thermal plasma (Adapted from Kim 2004)



Aerosol Science and Engineering	

1 3

efficiency and generation of hazardous by-products like O3, 
NOx and CO (Bahri et al. 2016). All these aspects of NTP 
make the method impractical for indoor environment. This 
technology can be applied for special purposes where filtra-
tion is not applicable or particles are emitted intermittently, 
wherein NTP can dampen pollutant peaks and decrease 
the time that particles are suspended in the air before it 
gets decayed. Despite its drawbacks, there was substantial 
increase in use of NTP in last couple of years in generators 
in air processing in HVAC, air processing units like AHU 
(air handling units) and duct networks of purely commercial 
grounds. NTPs have been tested only on lab scale and lack 
scientific support for their performance ( Hernández-Díaz 
et al. 2021).

4 � Comparison of Different Technologies

Different performance metrics like single pass removal effi-
ciency (SPRE) and clean air delivery rate (CADR) have been 
developed so that inter and intra performance comparison 
between different air cleaners are made possible (Afshari 
et al. 2020; Chen et al. 2005; Irga et al. 2017; Kim et al. 
2018; Liu et al. 2017a, b; Offermann et al. 1985; US EPA 
2018; Zhang et al. 2011). Even though the primary function 
of air cleaners is removal of pollutants, secondary functions 
like cost, energy consumption and by-product emission 
would impact long-term usage (Siegel 2015). Performance 
of particle removal, cost-commercialization, energy con-
sumption and production of harmful by-products are the 
key factors that determine the selection of an air cleaner for 
a particular application. As only old papers have experimen-
tally compared different control technologies, results from 
individual recent studies focussing on a particular technol-
ogy have been also considered for the comparison purpose.

4.1 � Performance in Removal of Particles

4.1.1 � Reduction in Concentration of Targeted Pollutant

Although it is preferable to consider all performance met-
rics, CADR which is the product of SPRE and flow rate of 
air is found to be the best representative metric in a real 
conditions. This is because  it considers the efficiency of 
filter, and mixing characteristics of space such as short-
circuiting (re-entrainment of cleaned air from outlet back 
to inlet of air purifier without  mixing in space) and also it 
is independent of the test environment unlike other metrics 
such as air cleaning factor (ACF) (Shaughnessy and Sextro 
2006; Waring et al. 2008). Additionally, it considers flow 
rate which is an alternative parameter for efficiency for opti-
mised performance but  less bounded compared to efficiency 
(Siegel 2015).

Zhao et al. (2005) compared CADR for particle removal 
in size range 12.6–514 nm and found that it was highest 
for HEPA filter (324 m3 h−1 ) followed by ESP (284 m3 
h−1 ). Ionizers were found to be least effective (35 m3 h−1 ). 
Better performance of both HEPA and ESP as compared 
to ionizers of comparable cost may be due to employment 
of fans in their design (Zhao et al. 2005). Similar results 
were obtained by Shaughnessy et al. (1994) for particles 
from tobacco smoke and Molgaard et al. (2014) for particles 
in sizes from 0.029 to 2.8 µm in designed emission room 
(Molgaard et al. 2014; Shaughnessy et al. 1994). For capture 
of ultrafine particles HEPA, ESP as well as electret filters 
performed efficiently (60–498 m3h−1) and ionizers provided 
mediocre performance of removal (8–18 m3h−1) . Emerging 
control technologies like photolysis provided nearly zero or 
no removal for ultrafine particles (Sultan et al. 2011). As 
most emerging technologies work by oxidation techniques 
for deactivation of bio-aerosols they must be integrated with 
some additional capture systems. Compared to pleated panel 
filter F5, the electrostatic precipitator filter (EPF) was 68% 
more effective for submicron particles (0.3–1 µm) removal in 
office building which could be due to increased face velocity 
attributed to lesser pressure drop in the latter (Zuraimi and 
Tham 2009). However, efficiency of electret filters is found 
to decrease with usage in comparison to mechanical filters 
as charges weaken due to charge decay (Chen et al. 2020). 
Fewer comparative studies were performed on electret filters 
and other standalone technologies as they are used mostly 
in duct devices. Particle deposition was found to be 2 h−1 
for ESP and 2–3 h−1 for fibrous mechanical filter; however, 
performance of ESP reduced after a week which signifies 
need for regular maintenance (Wallace 2004). Waring et al. 
(2008) obtained an efficiency of 60% for HEPA in particle 
size range less than 200 nm which was unexpected for HEPA 
as they usually have removal efficiency of 99.97% for most 
size ranges. Reduced efficiency could be due to bypass of air 
that travels around filter or in device itself or due to short cir-
cuiting attributed to inadequate mixing (Waring et al. 2008). 
Electret filter has shown a reduced efficiency of removal 
because of low flow rate due to the gap which was a design 
feature rather than a manufacturing defect (Offermann et al. 
1985). Efficiency of deactivation by photolysis process was 
reduced due to fouling and with reduced dose of radiation 
(First et al. 2007). Deposition of siloxane from consumer 
products was found to reduce efficiency in ESP by forma-
tion of amorphous silicon-oxide deposits which made the 
corona generation non uniform (Davidson and McKinney 
1998). These indicate that design, maintenance and oper-
ating conditions play an important role in performance of 
PM removal by air cleaners. Although efficiency of particle 
removal is usually in range of 0–100%, it can be greater than 
100% for electrostatic air cleaners as they even remove par-
ticles outside of the device by removal of charged particles 
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to different surfaces (Waring et al. 2008). Likewise, removal 
efficiency can be negative if particle formation is more pro-
nounced than particle removal either by secondary reaction 
or by shredding in an air cleaner (Siegel 2015).

4.1.2 � Removal of Multiple Pollutants

Emerging standalone technologies like non-thermal plasma 
and botanical filtration are found to remove multiple indoor 
pollutants like particles, gas, and VOC simultaneously 
(Zhang et al. 2011).

4.2 � Commercialization and Cost

4.2.1 � Commercialization

The air purifier market in India has grown from barely 
anything to more than 150 crore rupees in the past couple 
of years due to the rise in market and sales attributed to 
increased awareness of indoor air quality (Hart et al. 2011). 
Limited information is available to consumers other than 
general claims by manufacturers and only fewer studies are 
accepting or rejecting the claims (Afshari et al. 2020; Gra-
barczyk 2001; Offermann et al. 1985). Ionization technolo-
gies and filtration consist of 67.5% of major shares in con-
sumer markets in developed countries like France, Europe, 
Japan and USA (Luengas et al. 2015). ESPs are preferred 
over HEPA filters, due to lesser maintenance charges as only 
cleaning of collector plates is required rather than changing 
filters (Chen et al. 2020). A survey suggests that ionizers are 
used for 1% of homes in USA which can be due to reduced 
noise nuisance as fans are not operating (Zhao et al. 2005). 
Emerging technologies like photolysis are not widely com-
mercialized, whereas NTP and botanical filtration are still on 
lab scale due to the lack of evidence on mechanism of par-
ticle removal. They are used only as pre- or post-treatment 
methods with conventional technologies.

4.2.2 � Cost

Cost of an air cleaner includes initial cost, maintenance 
cost (filter replacement and associated labour charges) and 
energy cost. Costs incurred for different standalone models 
of air cleaners working under technologies like filtration, 
electrostatic precipitation and ionization designed for large 
room sizes in India were determined and compared based 
on cost performance index. Maintenance requirements of 
standalone models were calculated based on specifications 
by manufacturer even though they can vary widely based 
on pollution load, operational settings and environmental 
conditions. Initial cost, air flow rate, CADR and power con-
sumption of air cleaners were reported by manufacturer as 
product details. Labour cost is taken nil for all tested models 

as manufactures have specified that replacement or cleaning 
can be done by customers themselves. Other costs included 
costs related to repairing works of different parts of air 
purifiers. Average cost of maintenance plans from reputed 
companies is assumed to be ₹1400 per month. As CADR 
labelled by manufacturer on air purifier is at max air flow, 
energy charges were calculated for 12 h continuous opera-
tion in a day throughout year operating at highest fan speed 
(US EPA 2018). Average energy charges in India (i.e. ₹ 
5.36 per kWh) were used for calculation. Cost performance 
index was calculated for 5 years as done by Sultan et al. 
(2011) and was used to determine trade-offs between cost 
and performance (Sultan et al. 2011). Performance index 
was standardized based on standard room volume which is 
62.3 m3 (AHAM 2006).

As illustrated in Table 4, cost performance index was low-
est for HEPA and ESP suggesting that they provide better 
value for money in terms of performance. Similar results 
were reported in a study performed by Sultan et al. (2011), 
wherein HEPA and ESP provided better performance in 
ultrafine particle removal as compared to ionizers (Sultan 
et al. 2011). However, the study lacked understanding of 
influence of each technology as different purifiers working 
on hybrid technology (integration of different technologies) 
available markets were only considered.

4.3 � Energy Consumption

Energy consumption is an important parameter when con-
sidering performance of air cleaners in the long run and 
is dependent on energy consumed for air cleaning and air 
movement devices like fans (Siegel 2015; Wen et al. 2015). 
In the case of portable air cleaners air movement as well 
as air cleaning happen simultaneously whereas for induct 
air cleaners, the calculation is complex and indirect due to 
varaiability in the design and operational characteristics of 
fan and motor. Moreover, sufficient data on their efficacies 
are not available (Siegel 2015). The energy consumptions 
by existing technologies like filtration and ESP are moderate 
as compared to emerging technologies but are higher than 
ionizers due to the usage of fans as airflow rate and electrical 
power drawn correlate with each other (Waring et al. 2008). 
Energy consumption was found to be medium to higher for 
emerging technologies like non-thermal plasma and photoly-
sis. Botanical filtration, on the other hand, is found to have 
low power requirements (Luengas et al. 2015). Molgaard 
et al. (2014) obtained energy consumption of 0.1–1.5 kWh 
for HEPA filters, 0.6 kWh for ESP and 0 kWh for ionizer 
respectively in chosen test room setting (Molgaard et al. 
2014). Pressure drop also influences energy consumption, 
which is higher for mechanical filters than ESP attributed to 
increased obstructions in airflow due to the mesh structure 
of mechanical filters as compared to parallel arrangement 
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of plate electrodes in direction of airflow in ESPs (Han and 
Ruan 2020; Wen et al. 2015). Moreover, particles start to 
accumulate over time, causing pressure drop and necessi-
tating the fan to consume more power to maintain the same 
air flow rate (Wen et al. 2015). Electret filters have lesser 
pressure drop than fibrous filters due to their lighter packing 
attributed to differences in mechanism of removal. Unlike 
ESP, electret filters do not require electric power to con-
tinuously charge particles (Verto 1980). As efficiency and 
pressure drop is not always linear in a non-industrial envi-
ronment to provide trade-offs between both energy efficiency 
can be calculated by either key energy performance (kep) 
or wattage method (Montgomery et al. 2012; Wen et al. 
2015). Wen et al. (2015) obtained that tested ESPs were 
having kep value about 9 times that of fibrous electret filter 
with MERV-12 (minimum efficiency reporting value) due 
to reduced pressure drop and high removal efficiency for 
0.3 µm in the former. This suggests that filters need to be 
replaced by ESP in HVAC systems for reduced energy con-
sumption. In summary, energy consumed from an air purifier 
depends on system power consumption, characteristics of 
fan and pressure drop in the system.

4.4 � Production of by‑Products from Particle Indoor 
Control Technologies

Even though the primary function of an air cleaner is to 
remove contaminants, different control technologies can act 
as pollutant sources by producing by-products (Siegel 2015).

4.4.1 � Formation of Ozone

Different indoor control technologies were found to produce 
hazardous ozone either intentionally or as by-product dur-
ing their operation (Britigan et al. 2006). Ozonizers produce 
ozone intentionally to decontaminate or deodorise indoor 
air. ESPs, ionizers, NTP and photolysis produce ozone as 
by-products (Siegel 2015). Ozone is produced either by pho-
tochemical mechanism (as in UV-photolysis) or from corona 
discharge mechanism (as in ESPs) (Afshari et al. 2020; Guo 
et al. 2019). Being highly toxic gas and due to its oxidiz-
ing power ozone is hazardous to human health and initiates 
formation of hazardous pollutants like secondary aerosols, 
oxygenated gases, carbonyls and free radicals (Britigan et al. 
2006; Zhao et al. 2005; Guo et al. 2019). Recent innovative 
designs like triboelectric nanogenerator, and ozone removal 
unit equipped with Mn-Fe catalyst were found to capture 
ozone from automobile exhausts as well as from many 
indoor environments (He and Wang 2018; Xu et al. 2018). 
Barkjohn et al. (2020) could not find any influence of opera-
tion of air cleaner on ozone concentration that could be due 
to lesser concentration of pollutant in tested space or lower 
detection limit of O3 of instrument used (Barkjohn et al. 

2020). Different air cleaners are found to emit ozone at a 
particular rate (termed ozone emission rate (OER). Emitted 
ozone can undergo loss either due to chemical decomposi-
tion to different surfaces or physical removal by ventilation. 
Thus, it is required to calculate steady state concentration 
of ozone (Siegel 2015; Guo et al. 2019). Calculated value 
of steady concentration as per Eq. (1) is compared with 8 h 
average ozone concentration of 0.1 mg m−1 (Guo et al. 2019) 
as follows:

where Eozone is ozone emission rate; T is the lifetime of ozone 
taken as 20 min in calculation; V is volume of room and the 
conversion factor for 25 °C temperature and 1 atm pressure 
is taken as 118 (Schwarzenegger 2008; Mang et al. 2009). 
Table 5 illustrates steady-state concentration of ozone from 
different indoor air cleaners in different volumes of rooms. 
Even though considered particle removal technologies pro-
duced less ozone than ozoniser, they are still a concern for 
health as some of the tested air cleaners are found to emit 1.7 
times more ozone than claimed by manufacturers (Britigan 
et al. 2006). Even though the ozone concentration was under 
limit for most of the air cleaners, they still produce a health 
concern as many studies are done in test environments that 
don't cover all conditions of the real environment. Induct air 
cleaners showed higher steady ozone concentration as they 
work mostly on ionization technologies (Guo et al. 2019). 
Photolysis showed higher ozone concentration in both the 
studies signifying the need to restrict it in indoor environ-
ments (Britigan et al. 2006; Phllips and Jakobe 2006). When 
other values remained the same, period of operation, setting 
and floor area are found to influence steady ozone concen-
tration (Britigan et al. 2006). Even though Niu et al. (2001) 
tested both ionizers in same volume, operational time and 
other settings, there was a significant difference in ozone 
emission rates. This could be due to air flow or difference in 
designs of wire/pin or plate arrangements (Niu et al. 2001). 
HEPA filters are found to have zero ozone emission (War-
ing et al. 2008). Ozone emission rate of ESPs depends on 
current, polarity, humidity, temperature and characteristics 
of wire (Boelter and Davidson 1997). Even though multi-
ple studies have listed ozone as a by-product of NTP, many 
stand-alone experimental results are not available in indoor 
environments (Diaz et al. 2021). Study done on NTP appli-
cation in diesel exhaust signifies that negative correlation 
exists between particle removal and produced ozone (Babaie 
et al. 2015). However, no correlation was found between rate 
of particle removal and ozone emission for ESPs and ion-
izers. ESPs produced ozone at 3.8 mg h−1 and ionizers pro-
duced at 3.3–4.3 mg h−1 respectively thus indicating that the 
processes of ionisation and ozone formation are independent 

(1)

Steady ozone concentrationOzoneSS (ppm) =
Eozone

(

mgh−1
)

T(min)

118V
(

m3
) ,
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of each other (Chen et al. 2005; Zhao et al. 2005). Properly 
designed models of photolysis, ionizer and ESP based air 
purifiers with a reduced period of operation and adequate 
cleaning, as well as periodic maintenance, are found to 
decrease ozone emission rates (Guo et al. 2008; Niu et al. 
2001). Concentration of steady state ozone in a room where 
such ionization based air cleaners are in operation can also 
be reduced either by providing ventilation or by reducing 
usage of ozone reactive compounds (Britigan et al. 2006).

4.4.2 � Emission of Other by‑Products

Along with ozone, several other by-products are produced 
from different particle control technologies. Table 6 illus-
trates some of the by-products produced by each indoor air 
cleaning technology. Emerging control technologies like 

photolysis, NTP and botanical filtration produce multiple 
by-products simultaneously which questions their appli-
cability in a real indoor environment (Zhang et al. 2011). 
Clogging of filters can cause formation of bio-aerosols 
and emission of biogenic volatile organic compounds from 
botanical filtration can aid generation of PM in ultrafine 
and finer size ranges (from 4.61 to 157 nm) in presence of 
ozone (Sidheswaran et al. 2013; Waring et al. 2008). Simi-
larly, ESP was found to act as an additional particle source 
when produced ozone reacts with unsaturated VOCs such 
as limonene (Alshawa et al. 2007). Offermann et al. (1985) 
observed an increase in particle concentration in size range 
of 0.01–0.05 µm from ESP which is attributed to electric arc-
ing or sparking between corona wire and plate (Offermann 
et al. 1985; Shaughnessy et al. 1994). In the literature, few 
studies have studied the generation of VOCs and NOx from 

Table 5   Emission of ozone from different air cleaners

S. no Technology Design characteristics Ozone emis-
sion rate (mg 
h−1)

Volume of 
room (m3)

Steady ozone 
concentration (mg/
m3)

Remarks References

1 ESP 1 Low setting; measured 
velocity-0.7 m s−1 ; flow 
rate-0.0096 m3 s−1

0.5 20 0.025 Under limit Jakober and Phillips 
(2008)

2 ESP 2 Power consumption— 
102.2 W and air flow 
rate— 850 m3 h−1

3.8 50 0.025 Under limit Waring et al. (2008)

3 ESP 3 Small spaced rooms; 
Power less than 1 kW

0.17 5.9 0.010 Under limit Britigan et al. (2006)

4 Photolysis 1 Designed for specific 
spaces like car

0.74 1.4 0.176 Not in limit Britigan et al. (2006)

5 Photolysis 2 Continuous mode; veloc-
ity—1.13 m s−1 ; Flow 
rate— 0.0092 m3 s−1

88 20 1.464 Not in limit Phllips and Jakobe 
(2006)

6 Ioniser 1 Wire/pin or plate model; 
Test chamber

2.757 6.4 0.143 Not in limit Niu et al. (2001)

7 Ioniser 2 Wire/pin or plate model 
test chamber

0.056 6.4 0.003 Under limit Niu et al. (2001)

8 Ioniser 3 Pressure difference 
greater than 1 Pa at 30 
m3 hr−1

4 11 0.121 Not in limit Zhao et al. (2005)

9 Ioniser 4 Power consumption-8.4 
W; Air flow rate-51 
m3 h−1

3.3 50 0.022 Under limit Waring et al. (2008)

10 Ioniser 5 Power consumption-4.9 
W; Air flow rate < 30 
m3 h−1

4.3 50 0.029 Under limit Waring et al. (2008)

11 Induct ESP cleaner 1 Closed loop chamber 20 6.62 1.005 Not in limit Guo et al. (2019)
12 Induct ESP 2 Dimension of col-

lection plate- 
62 cm × 41 cm × 13 cm 
and an ionizing voltage 
of 6.2 kV

51.3 340 0.050 Under limit Poppendieck et al. 
(2014)

13 HEPA Air flow rate—640 m3 
h−1

0 11 0 Limit Zhao et al. (2005)

14 Ozoniser Used as a reference 132 27.1 1.621 Reference
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different indoor PM capture technologies. Zeng et al. (2022) 
have studied by-product emission from a commercial in duct 
bipolar ionisation devices. Oxygenated VOCs like acetone, 
toluene and ethanol were emitted from these technologies 
due to different chemical reactions happening between ioni-
sation and PM removal resulting in production of uncharged 
neutral molecules which are difficult to be removed (Zeng 
et al. 2022). Additionally, different studies have proved the 
fact that increased emission of NOx as by-product could 
hinder the emission of O3 in ionisation-based technologies 
as pathways involved and factors affecting formation such 
as residence time, applied voltage and polarity for the for-
mation of both gases are different (Yagi and Tanaka 1979). 
Proper design and maintenance of air cleaners determine 
whether they act as source of pollutants or sink of particles 
(Siegel 2015).

5 � Summary and Recommendations 
for Future Research

Indoor air quality is one of the major concerns in the 
modern environment as people spend 80–90% time 
inside. Due to highly sealed modern buildings (that are 
intended to provide efficient thermal comforts), mul-
tiple pollutants like particulate matter (PM), gases and 
VOC that are produced indoors tend to coexist in indoor 
environment. Among all the indoor air pollutants, PM is 
seen to have major health impacts. Even though different 
existing indoor particle control technologies are avail-
able in the market and emerging control technologies 
are available on lab scale, selection of technology for a 
particular application was rarely documented. With the 
help of further calculations, the study critically analysed 
different technologies and compared them based on par-
ticle removal, cost-commercialization, energy consump-
tion and by-product formation. Study also provided an 
overview of previous studies in respect of mechanism, 
influencing factors, recent advancements, and different 
applications in a real indoor environment. This techno-
commercial comparison will benefit customers in the 

selection of cleaning technology suited for a particular 
requirement. For example, if the requirement of consumer 
is to reduce a targeted pollutant, highly efficient particle 
removal technologies such as HEPA filters and ESP can 
be safely adapted. Emerging technologies like botanical 
filtration and NTP are found to remove multiple pollut-
ants like particles, gases and VOCs simultaneously. How-
ever, they should be used in pre- and post-phases as no 
sufficient data is available for their practical application. 
By comparing cost performance index, ESP and HEPA 
provided best value for money in terms of performance 
compared to other conventional technologies. This study 
signifies the need for proper design, maintenance and oper-
ational conditions so that air cleaner should not act as a 
source than sink of the pollutants. Additionally, none of 
the technologies can remove all pollutants and some even 
emit by-products; therefore, air purifiers cannot replace 
source control or ventilation but can supplement them. 
Considering the applications, high efficiency particulate 
air (HEPA) filters and electrostatic precipitators (ESPs) 
can be preferred for highly efficient particle removal from 
indoor environments of the places like hospitals and den-
tal clinics. Likewise, when multiple pollutants are present 
like smoking rooms, space heaters or kitchens one can 
go for emerging technologies. ESP is an economical and 
low-maintenance option in sustainable and energy efficient 
applications like public buildings and can be incorporated 
with heating ventilation and air conditioning (HVAC) for 
domestic applications such as homes and offices as well 
as commercial applications due to their high volumetric 
airflow rate. ESPs are also suitable for high-temperature 
environments and in air conditioning devices where a high 
airflow rate per volume is required. However, they are not 
efficient in removing particles of all sizes, therefore they 
are required to be integrated with pre or post filters. Simi-
larly, as most emerging PM control technologies work on 
oxidation technique, they need to be integrated with sepa-
rate PM capture systems. As ionizers remove particles by 
emitting different ions, they work better in confined places 
with a high surface to volume ratios such as automobile 
cabins, flights, bathrooms, cellular offices, animal sheds, 

Table 6   By-products produced 
from different technologies of 
indoor air cleaning

Technology Byproduct References

Fiberglass media filters Bioaerosols, VOCs like formaldehyde, sensory 
and odorous pollutants

Sidheswaran et al. (2013)

ESP Ozone, ultrafine particles Zhao et al. (2005)
Ionizer O3, ultrafine particles Waring et al. (2008)
Photolysis O3, VOCs like formaldehyde Zhao et al. (2013)
Nonthermal plasma O3, NOx

 , CO, different VOCs like acetalde-
hyde and formaldehyde

Chen et al. (2005)

Biofiltration Dust, microorganisms, humidity, VOCs Wang et al. (2004)
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and small residential areas. As ionizers, ESPs and UV pho-
tolysis cleaners are found to produce toxic by-products, 
they should be avoided in case of applications related to 
sensitive populations like asthmatics, elderly, and children.

In the future, researchers can look into development of 
an index that signifies overall performance of air cleaners in 
terms of particle removal, cost-commercialization, energy 
consumption and by-product emission. This is a novel idea as 
trade-off has been previously done only between efficiency 
and cost as well as between efficiency and pressure drop. 
There is paucity of experimental studies on indoor control 
technologies. Further research in this direction may provide 
a qualitative clarification for negative reviews received by 
different available models of indoor air purifiers on their less 
efficient performances as compared to the promised claims 
by manufactures. By-product formation from air cleaners 
is poorly studied and is very essential as they can be even 
more toxic than targeted pollutants. Therefore, it is required 
to have a standard rating system that makes consumers aware 
of the extent of emission of harmful by-products from air 
cleaners. The mechanism of ultrafine particle formation 
from ESPs is still not completely clear and consideration of 
that may explain operating conditions to be maintained for 
the reduction of ultrafine particle emission. Additionally, 
studies can be done on integration of different technologies 
that could remove or remediate ozone with ozone produc-
ing air purifiers for reduced exposure. Further research on 
mechanism of removal, conditions causing the formation of 
by-products and innovative methods to reduce energy con-
sumption could help in scaling up emerging technologies to 
a commercial scal.
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