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ABOUT CABA 
The Continental Automated Buildings Association (CABA) is an international not-
for-profit industry association, founded in 1988, and dedicated to the advancement 
of intelligent home and intelligent building technologies. The organization is 
supported by an international membership of over 380 organizations involved in 
the design, manufacture, installation and retailing of products relating to “Internet 
of Things, M2M, home automation and intelligent buildings.” Public organizations, 
including utilities and government are also members. CABA's mandate includes 
providing its members with networking and market research opportunities. CABA 
also encourages the development of industry standards and protocols, and leads 
cross-industry initiatives. CABA's collaborative research scope evolved and 
expanded into the CABA Research Program, which is directed by the CABA Board 
of Directors. The CABA Research Program's scope includes white papers and multi-
client market research in both the Intelligent Buildings and Connected Home 
sectors. 35TUwww.caba.org 

ABOUT CABA’S INTELLIGENT BUILDINGS COUNCIL (IBC) 
The CABA Intelligent Buildings Council works to strengthen the large building 
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Council was established in 2001 by CABA to specifically review opportunities, take 
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generation of intelligent building technologies and incorporate a holistic approach 
that optimizes building performance and savings. 35TUwww.caba.org/ibcU35T  
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ABSTRACT 

Maintaining a “smart” and safe building is challenging, especially so given the 
increased focus on chemical and biological contaminants. Poor building 
maintenance leads not only to loss of employee productivity, but also health- and 
hygiene-related issues. A variety of factors may be at play, including poor indoor 
air quality, inadequate ventilation, and even, potentially, chemical and biological 
contaminants. Minimizing the impact and promoting healthier conditions can be 
achieved by removing any of these contaminants present in the air or on surfaces 
or used in the building materials: volatile organic compounds, microbes (viruses, 
bacteria, molds, etc.) and other industrial chemicals. In recent years, there has 
been a renewed interest in the use of air ionizers to control biological (bacteria and 
fungi/mold) and chemical contaminants. This white paper reports on the results of 
experiments undertaken to assess the effects of negative and positive ion 
concentrations utilizing various ionizers (plasma technology) and their effects on 
building contaminants, as described above. Treatment with the bipolar ionization 
has shown a reduction in airborne S. aureus concentration of approximately 
99.87% after 180 minutes.  
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INTRODUCTION  

Air, water, food, and shelter are essential for the survival of human beings. These 
basic needs have changed little since time immemorial. But in the 21st century, the 
pace of engineering and communication breakthroughs in areas such as 
telecommunications, energy management systems, security systems, office 
automation systems, local area networks, and video conferencing has 
revolutionized the relationship among structures, systems, services, and building 
occupancy management in ways previously unimaginable. These advances all speak 
to the development of “smart buildings” for assets and occupants, equipped with 
automated processes to control operations. HVAC, illumination, thermal comfort, 
air quality, physical security, and sanitation are among the areas that can be 
improved. Various electronic devices, sensors, actuators, microchips, etc. work in 
tandem to collect the data to improve reliability and performance, reduce 
operational costs, optimize spaces for occupants, and minimize environmental 
impacts. 

Modern smart buildings have several advantages, including opportunities to 
optimize the cost of owning and operating a building. At the same time, cyber 
security and the appropriate functioning and monitoring of equipment/devices 
utilizing automation is challenging and has its limitations. Furthermore, most of 
these buildings are energy tight, with ventilation that is controlled mechanically —
a contributing factor in potential building health and hygiene risks. To address 
these concerns, we investigate the effectiveness of using bipolar ionization (BPI) in 
the smart building. Through BPI, positive and negative ions are simultaneously 
generated by decomposing gaseous molecules (air) using a high energy source.  

According to the EPA, indoor pollutant levels can be up to 100 times higher than 
outdoor pollutant levels. The EPA’s Science Advisory Board (SAB) has consistently 
ranked indoor air pollution as among the top five environmental risks to public 
health, especially over the last few decades (U.S. EPA report, 1989). Indoor air 
pollution depends on multiple influences. There are both macro and micro 
environmental determinants, for example, and one of the key micro-determinants 
is building characteristics. Having a sound design and construction is integral to 
any safe and healthy building. Its structural, functional, and mechanical stability is 
there to safeguard the occupants. At the same time, this aspect alone may not be 
sufficient to ensure the best possible indoor environment quality or air quality 
(IEQ/IAQ). Several factors are identified that can affect occupant well-being either 
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directly or indirectly. These factors include, but are not limited to, heating, 
ventilation, air conditioning, and occupants’ activities. Use of equipment and 
machinery, use of cleaners/disinfectants/pesticides, flooring, furniture, carpeting, 
cooking, and other building related activities can adversely impact IEQ/IAQ. All 
these aspects are pivotal in responding to IEQ/IAQ-related issues. It has been 
reported that people spend more than 90% of their time indoors and are exposed to 
a variety of indoor air pollutants as they progress through a succession of 
microenvironments over their daily activities (US EPA/400/1-89/001C). Occupants’ 
quality of life, well-being, and productivity can also be directly linked to the 
existing indoor air quality (Samet and Spengler, 2003). Moreover, various 
epidemiological studies suggest that indoor contaminants, including airborne dust, 
bioaerosols and aeroallergens are potential agents for poor indoor air quality, 
which can be a significant risk factor for respiratory sickness or other building-
related illness. (Alejandro Moreno-Rangel et al., 2020; Vinh Van Tran et al., 2020; 
Alessandra Cincinelli and Tania Martellini, 2017; Rui Pitarma et. al., 2017; Krassi 
Rumchev et al., 2017). Other leading factors that can contribute to increased indoor 
air pollution include outdoor air quality, smoking, gas stoves, cleaning activities, 
dampness and water damage, pest infestation, rodent activities and proximity to 
major roadways, manufacturing and industrial activities (Manisalidis et al., 2020; 
Butz et al. 2011; Vette et al., 2013; Hansel et al. 2008; Matsui et al., 2008).  

The development of product and building standards requires targets for acceptable 
indoor concentrations of air pollutants for better indoor air quality and public 
health. Some researchers have identified the presence of approximately 900 
contaminants from a variety of sources in and around indoor environments 
(Kubba, 2012). Particulate matters (fine and ultra-fine particles), chemical 
contaminants (smoke, biofuels combustion, carbon dioxide, carbon monoxide, 
nitrogen oxide, pesticides, formaldehyde, volatile organic compounds, plastic 
compounds, and others), biological contaminants (viruses, bacteria, mold/fungi, 
allergens, endotoxin, mycotoxin, and others) are examples of common indoor 
pollutants with health impacts (Mehzabeen and Sami, 2021).  

Heating, ventilation, and air conditioning (HVAC) systems play a vital role in 
ensuring the indoor air quality within energy tight buildings; therefore, HVAC 
systems are an integral part in modern and energy tight buildings. The function of 
this system includes heating, cooling, removing and adding moisture, air filtration 
(required for eliminating particulates/dust and other a-biological and biological 
contaminates such as viruses, bacteria, fungi/mold, pollen grains, plant trichomes, 
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insect/mites, and other biologically significant materials, besides some additional 
inorganic and organic matters pollutants), ventilation, and air distribution within a 
building (adequacy in velocity, flow pattern, direction and distribution of 
conditioned air). The above function is designed to condition the air to provide 
comfort and adequate indoor air quality (IAQ) with energy conservation. For 
occupiable buildings, information is limited on the specific threshold of these 
described processes and HVAC operation guidelines vary from place to place, 
building to building, etc.  

As is now well known, at the end of 2019 or early 2020, a new virus SARS-CoV-2 
emerged as a causal organism for a respiratory illness commonly known as COVID-
19. Subsequently, the World Health Organization (WHO) declared this as a 
pandemic on March 11, 2020. (WHO, DG media briefing, March 11, 2020). In a short 
period of time, COVID-19 spread globally, ensuing panic and significant loss of life. 
Authorities, government, and other agencies pushed measures to slow and prevent 
the transmission of the virus (such as hand washing, social distancing, wearing 
mask, etc.) and encouraged scientists to work on a vaccine. At the same time, it 
became significantly important to understand the virus transmission mechanism 
to minimize the contagion. Several researchers and scientists explained and 
suggested that the virus transmits through contaminated respiratory droplets. The 
significantly small size range of SARS-CoV-2 — varying between 0.07 μm to 0.09 
μm (Jeong-Min Kim, et al., 2020) — makes it suitable to breach commonly-used 
air filters. The research evolved to find evidence for aerosol transmission of the 
virus (Morawska and Cao, 2020). Before long, the removal of viral-contaminated 
aerosol/respiratory droplets from the indoor environment was being discussed as a 
potentially important way to prevent SARS CoV-2 spread. Techniques for 
controlling the environmental transmission of SARS-CoV-2 besides masking were 
put into effect around this time, including social distancing, hand sanitization, and 
room sanitization measures endorsed by the World Health Organization and other 
regulatory authorities/bodies; each technique came with its own advantages and 
limitations. In the indoor environment, SARS-CoV-2 has now gained prominence 
as a potential pathological contaminant. But several other a-biological and 
biological entities such as nuisance dust, VOCs, chemicals, protozoans, cysts, pollen 
grains, plant trichomes, nematodes, mycotoxin, endotoxin, insect and biodetritus, 
and other plants and animal-borne materials can also have adverse health 
implications.  
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To manage and control these indoor contaminations, various remedial strategies 
have been proposed and implemented to promote safe and healthy building 
environments. However, the evaluation of the building condition in terms of health 
and hygiene, indoor environmental quality and air quality is often time-consuming 
and labor intensive. With advances in technology, these conditions can often be 
assessed remotely using data collected from electronic sensors. Minarčík, et. al. 
(2021) introduced an approach involving advanced process supervision and 
demonstrated what the proposed signal analysis procedure would look like in 
practice for managing smart building operations. This technology can ensure 
continuous online monitoring of process behaviour and, thus, allow the user to 
avoid potential IAQ/IEQ issues. The overall health, comfort level, and well-being of 
smart building occupants are often assessed by collecting and analyzing data on 
design aspects for monitoring systems, including sensor types, microcontrollers, 
architecture, and connectivity along with implementation issues (Saini, et. al., 
2020). IAQ has also been a matter of concern for smart buildings. Various 
approaches have been suggested and have attempted to address this important 
issue to alleviate indoor air-related concerns. Many of these techniques are based 
on analyzing the data collected from such buildings. Intervention is often required 
to minimize or mitigate the building contaminants responsible for compromising 
the health and hygiene. These practices also include building remediation to 
mitigate any such issues. Although remedial action is based on approaches that 
include disinfection, ventilation, filtration, and others, our specific focus here is on 
ionization techniques that utilize bipolar ionization (BPI) methods in controlling 
the environmental spread of contaminants through HVAC and other methods in a 
building. The ions emitted through BPI can cluster around airborne particles like 
viruses, bacteria, mold, pollen grains, allergens, and others (electrostatically), 
thereby neutralizing or eliminating these particles when captured by air filters. 
Bipolar ionization is therefore worthwhile to explore as a method of air purification 
to achieve safe occupancy.  
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MATERIALS AND METHODS  

The various stages of the following experiment were performed by Environmental 
Diagnostics Laboratory (EDLab). This laboratory is located at Clearwater, Florida 
33760. Geographically, it is situated at 27.89 latitude and -82.70 longitude. The 
average annual temperature is 73.65°F (avg. max 81.9°F, avg. min. 65.4°F). The 
average yearly relative humidity is about 74%, rain is 54.73 inches and the height 
from sea level is 29.5 feet. The various stages of the experiments are undertaken 
either within an environmental test chamber (ETC) or outside the adjacent open 
floor area. The dimensions of the ETC are 14.60’(length) x 10.00’(width) x 8.00’ 
(height). The chamber consists of a 10.00’ x 10.00’ x 8.00’ experiment room and a 
10.00’ x 4.60’ x 8.00’ monitoring station room. The experiment room was 
negatively pressurized compared to the monitoring station room; however, the 
negative pressure was minimized to restrict the airflow within the testing chamber 
in this study. The experiment room is connected to the monitoring station room 
with a semi-automatic door (air-sealed, mounted central glass on 7.00" fiberglass 
material panel and spring hinges) with restricted access (code required to gain 
entry). All four walls of the experimental room have been provided with a fixed, 
see-through glass/picture window (4.00' x 4.00') mounted in the center of each of 
the walls. The main access door of the ETC is located on the northwest corner wall. 
The door is a semi-automatic door (air-sealed, mounted central glass on 7.00" 
fiberglass material panel and spring hinges) with restricted access (code required 
to gain entry). On the right wall (entrance side) at 4.00' just before the door 
entrance to the experiment room, a master control panel/area is located and is 
provided with connections, tubing, displays, and switches necessary to control the 
experimentation process. The monitoring station is located on a mobile, stainless 
steel station carriage. The air outflow lines of both air samplers are connected to 
separate air sampling pumps set to draw 22.3 liter per minutes. The exhaust of 
both sampling pumps is connected separately to a HEPA fitted discharge box.  

Staphylococcus aureus bacteria was selected as a microbial challenge organism. A 
traceable culture for this organism was obtained from Microbiologics 
(Staphylococcus aureus - KwikStik™ Ref. 0360P). The viability of this organism 
was assessed through a pre-experimentation phase. Upon achieving a satisfactory 
performance, the organism was used to inoculate the buffer (00267 Lot# 468344 
exp. Feb. 27, 2021, Hardy Diagnostics) to prepare a suspension containing viable 
cells of the selected microbial challenge. The concentration of the suspension was 
prepared utilizing the 0.5 McFarland’s standard as a reference and the 
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concentration was verified by utilizing serial dilution techniques. The 
concentration of the prepared challenge test suspension is estimated to be 8.00 x 
107 CFU/ml for bacteria.  

The above prepared microbial challenge suspension containing the live inoculum of 
S. aureus was aerosolized by an atomizer. This atomizer was uniquely identified 
and is positioned approximately in the center of the ETC, 3.25’ from the west wall 
of the test chamber at 6’ height on a PVC pole. This atomizer was designated for 
aerosolization of the challenge microorganisms in the experiment room. One end of 
this atomizer is connected to a 0.5” plastic tubing that extended from the 
compressed air pump (Husky BS 1003 # 20140828179), while the other end is 
connected to a 0.3” plastic tubing that extends from a suspension holder reservoir 
glass test tube (SKC 2767). The reservoir glass test tube was calibrated with 
markings used to determine a specific volume of suspension.  

Two PVC pipes running from the center of the testing chamber into the monitoring 
room are used for collecting air samples using two single-stage N-6 Andersen 
cascade impactors (Aerotech 6™ Microbial Sampler, Lot # 2003-651 (I), Lot # 
2003-647 (II), which are placed on top of a stainless-steel table 
(2’.0”X1’.5”X3’.0”) located in the monitoring room. Two pieces of specialized 
tubing joins the impactors separately via steel elbows penetrating the wall between 
the experiment chamber and the monitoring room. The penetrating access hole is 
located about 4’ from the floor and 12.00” from the environmental chamber door 
towards the west side. The steel elbows relay to two elbows for each of the piping 
through a PVC connector (7” length, 1.12” outer diameter and 0.8” inner diameter). 
Each terminating elbow is connected towards the center of the ETC with a PVC pipe 
(Air inlet to the sampler); the length of this pipeline is 26” (1.12” outer diameter 
and 0.8” inner diameter). Each impactor is connected to an air sampling pump 
though Tygon tubing (4’3” in length, 0.34” in outer diameter and 0.28” inner 
diameter). The corresponding air pump is marked with a unique identification with 
respect to the N6 impactor. The exhaust of the air pump is connected to a HEPA 
fitted discharge box (11” length X 7” wide X 4” height) through Tygon tubing (3’ in 
length, 0.34” in outer diameter and 0.28” inner diameter). Approximately 20 mL of 
microbial challenge suspension (S. aureus bacteria) is aerosolized by a nebulizer 
each time at 20 psi air pressure generated via a compressed air pump for 1 minute. 
A visual inspection is performed just prior to each aerosolization for the uniformity 
of the solution. In the event of non-uniformity or clump formation, the 
aerosolization will be aborted. Only after the uniformity has been verified in the 
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suspension, further steps are taken as mentioned. After aerosolizing all the cell 
suspension after 5 seconds, the bioaerosol samples are collected. The bioaerosol 
samples are collected in duplicate (A and B) on Tryptic Soy Agar (TSA) 
microbiological media plates and are then transported into the laboratory 
aseptically with a proper chain of custody. These samples are incubated at 30±2°C 
for up to 72 hours; colony growth, if any, is counted in terms of CFU/m3.  

The other uniquely identified atomizer is placed at the northeast corner of the 
experiment chamber at the height of 6’.7” (approximately). A decontaminant 
solution containing 5% hydrogen peroxide and 0.01% silver (Halo Mist Disinfect, 
EPA Reg. No. 84526-6, EPA EST # 81937-SC-001, Lot #: 2004A, Exp. 03/13/2022) 
was loaded in the atomizer reservoir/controlling unit. This unit connects to the 
atomizer through plastic tubing. The atomizer nozzle is pointed towards the center 
of the ETC. This atomizer was used for performing the decontamination of the 
experiment test chamber prior to and at the end of every set of trials.  

A probe (IAQ Guard Sensor (S/N. 607642)) for monitoring the temperature, relative 
humidity, carbon dioxide, volatile organic compounds (VOC), and particulates is 
placed inside of the experiment compartment on the south side of the west wall at 
5’10” from surface level.  

A live ozone monitoring device (Aeroqual series 500 (S/N: S500L 1809201-6676)) is 
installed on a tripod stand on the ETC compartment floor at 3’9½” utilizing a 
clamp holder. This instrument is then placed in the center of the ETC 
compartment. This device is connected to a computer located in the monitoring 
station by a wire that runs from the ETC compartment through the wall into the 
monitoring station. The entry location of the wire through the wall is sealed to 
ensure that there is no air escaping from the ETC compartment into the monitoring 
chamber. 

The device (Bipolar ionizer) is installed in a blower assembly box (28.5” L x 15.0” 
W, rpm of the fan is 1200) in front of the fan so that the generated ions will be split 
through the exhaust of the blower assembly box (opening 14.0” x 13.0”). The power 
supply of the device is derived from the fan blower assembly that runs on 110 v. 
This assembled device is placed in the center of the ETC floor.  

An Air Ion Counter (Model AIC200M, serial number 7169) is used to estimate the 
positive and negative ions emitted by the device (an average measurement from 
five different zone within the ETC is reported).  
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Data on temperature, relative humidity, carbon dioxide, volatile organic 
compounds (VOC’s), ozone and microbial samples is collected for the baseline, 
before and during the device operation. The baseline samples are indicative of 
existing conditions of the ETC. Sampling prior to the device operation reveals any 
changes and other conditions. Samples taken during the operation of the device is 
indicative of its effectiveness when the data is compared before the operation. Data 
is collected at various time intervals (0 min, 30 min. 60 min, 120 min and 180 min) 
before and during the device operation.  
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OBSERVATIONS  

Data obtained during the experiments are recorded in the following observation 
tables. Photographs taken at key stages during the testing and graphs based on 
experimental findings are shown in the respective chart. 

Location Corner 1 
(x10P

3
P ions/cmP

3
P) 

Corner 2 
(x10P

3
P ions/cmP

3
P) 

Corner 3 
(x10P

3
P ions/cmP

3
P) 

Corner 4 
(x10 P

3
P ions/cm P

3
P) 

Center 
(x10P

3
P ions/cmP

3
P) 

Room 
Average 

(x10P

3
P ions/cmP

3
P) 

Baseline 
 (- Ions) 0.40 0.35 0.38 0.37 0.40 0.38 

Baseline  
(+ Ions) 0.75 0.50 0.45 0.50 0.60 0.57 

Device Off  
(- Ions) 0.36 0.45 0.36 0.47 0.42 0.41 

Device Off 
(+ Ions) 0.97 0.84 0.73 0.75 0.73 0.80 

Device On  
(- Ions) 158 88 50 65 100 92.20 

Device On 
(+ Ions) 105 50 34 48 60 59.40 

 
Table-1: Generation of Negative and Positive Ions from The Ionizer 

Table-2: Ozone Emission from The Ionizer 

Treatments Temperatur
e (°C) 

Growth 
Media 

Growth Pattern Remarks 
Negative Positive  

Media 
Sterility 

30±2 
Tryptic 

Soy 
Agar 

✓ X Pass 

Field Blanks ✓ X Pass 
Negative 
Controls 

✓ X Pass 

 Positive 
Sample 

X ✓ Pass 

Table-3: Microbial Quality Control Samples 

Time Interval 0 min. 
(Avg.) 

30 min. 
(Avg.) 

60 min. 
(Avg.) 

90 min. 
(Avg.) 

120 
min. 

(Avg.) 

150 
min. 

(Avg.) 

180 min. 
(Avg.) 

 Ionizer Off 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

 Ionizer On 0.000 0.003 0.005 0.006 0.008 0.009 0.010 
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Treatment 
Sampling 
interval 

(in minutes) 

Sample 
Set 

Colony/ies 
counts 

(CFU/mP

3
P) 

Average 
Colony/ies(

CFU/mP

3
P) 

Colony/ies 
Reduction 
(CFU/mP

3
P) 

% 
Colony/ies 
Reduction 

Baseline 0 N/A BDL BDL BDL N/A 

 I
on

iz
er

 -
 O

FF
 

0 
A ≥14200 

≥14,200 - - 
B ≥14201 

30 
A ≥14202 

≥14,201 BDL 0% 
B ≥14203 

60 
A ≥14204 

≥14,202 BDL 0% 
B ≥14205 

120 
A 6,497  

7,065  7,135 50.25% 
B 7,633  

180 
A BDL 

284  6,780 98.00% 
B 568  

 I
on

iz
er

 -
 O

N
 

0 
A ≥14200 

≥14,200 BDL - 
B ≥14201 

30 
A ≥14202 

≥14,201 BDL 0% 
B ≥14203 

60 
A 13,313  

13,597  17 4.25% 
B 13,881  

120 
A 426  

444  371 96.87% 
B 462  

180 
A BDL 

18  12 99.87% 
B 36  

Table-4: Effects of Ionizer on Microbial Challenge (S. aureus) 
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Treatments 
Sampling 
Interval 
(Min.) 

Temper- 
ature 
(°F) 

Relative 
Humidity 

(%) 

COR2 
(ppm) 

Volatile 
Organic 

Compound
s (ppb) 

Particu- 
late Matter 

(PMR2.5R) 
(µg/mP

3
P) 

Particu- 
late Matter 

(PMR10R) 
(µg/mP

3
P) 

B
as

el
in

e 
 

0 79 56 495 7,510 3 5 

 I
on

iz
er

 
O

FF
 

0 81 56 506 2,125 16 20 

30 81 54 491 10,369 3 5 

60 81 51 474 4,646 0 0 

120 81 48 431 569 0 0 

180 82 51 461 188 0 0 

 I
on

iz
er

 
O

N
 

0 82 54 680 11,307 21 26 

30 82 51 577 2,265 5 7 

60 82 51 573 1,028 0 0 

120 83 52 533 10,010 0 0 

180 83 50 538 2,000 0 0 

Table-5: Effect of Device on Temperature, R/H, CO2, VOC, and Particulate 
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A. Environmental Test Chamber  B. Sampling Station 

 

 

C. Fan Motor Blower Assembly  D. Ionizer Device 

 

 
E. IAQ Guard Sensor F. Anderson’s N-6 Impactor  

Figure 1: Experimentation Site and Device 
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Figure 2: Quality Control Samples 

 

 

 

 

 

 

Figure 3: Bioaerosol Bacterial Samples Device Off 

 

 

 

 

 

 

Figure 4: Bioaerosol Bacterial Samples Device On 
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A. Comparison of Ion Emission at Source  B. Comparison of Ozone Emission at Various Times 

Graph-1: Ion and Ozone emission from Device 

  

A. Effect on Bioaerosol (S. aureus) B. Comparison of VOC emissions 

  

C. Carbon Dioxide Emissions D. Device Effect on Particulate Matters 

  

E. Comparison of Temperature F. Comparison of Relative Humidity 

Graph-2: Effect of Device on Microbes (S. aureus) and Others 
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RESULTS AND DISCUSSION  

During the COVID-19 pandemic, bipolar ionization (BPI) technology became 
increasingly popular for indoor air quality management. To evaluate the BPI 
device’s efficacy in the present study, it was tested in a simulated occupiable space 
(office, etc.) under laboratory conditions. We examined the device for ion emission, 
ozone production, antimicrobial capability and its effect on temperature, relative 
humidity, carbon dioxide, volatile organic compounds (VOC’s), and particulate 
matters (PM2.5 and PM10).  

Table-1 summarizes the ion emission under the laboratory conditions from the 
device within the environmental chamber. An average emission of negative ions 
was reported at 92.2 X 103 ions/cm3, however; the total positive ion discharge was 
59.4 x 103 ions/cm3 at source. The BPI tested for this study produced ozone after 30 
minutes of operation in the experiments. The ozone production was 0.003 ppm, 
0.005 ppm, 0.006 ppm, 0.008 ppm, 0.009 ppm, and 0.01 ppm at 30 minutes, 60 
minutes, 90 minutes, 120 minutes, 150 minutes, and 180 minutes respectively after 
operating the device respectively (Table-2).  

Table-4 exhibits and illustrates the effect of the device on bioaerosols 
(Staphylococcus aureus). A reduction of 99.87% was noted over 180 minutes of 
treatment BPI after aerosolizing the microbial challenge (S. aureus).  

Table-5 presents the observed temperatures, relative humidity, carbon dioxide, 
volatile organic compounds, and particulate matters (PM2.5 and PM10) at various 
time intervals between 0 - 180 minutes before and during the operation of the 
device. Maximum temperature during the device operation was recorded at 83°F. 
whereas the minimum temperature was 82°F But when the device was not running, 
the minimum temperature was 81°F and the maximum was 81°F. The maximum 
relative humidity during the device operation was 54% and the lowest was 50% in 
contrast to the non-operation of the device, it was 56% and 48% respectively. The 
minimum concentration of carbon dioxide of 431 ppm was recorded from the 
environmental test chamber before running the device and the maximum 
concentration was 491 ppm under similar conditions. The minimum concentration 
of carbon dioxide was 533 ppm and the maximum concentration was 680 ppm 
during the device operation. The minimum VOC concentration before the device 
was started stood at 188 ppb and the maximum was 10,369 ppb; the corresponding 
figures were 2 ppb and 11,307 ppb during the device operation. The maximum 
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concentration of particulates was reported at 16 µm/m3 and 20 µm/m3 for PM2.5 
and PM10, respectively, with a minimum of 0 µm/m3 recorded when the device was 
not running. Corresponding particulate concentration for PM2.5 and PM10 was 21 
µm/m3 and 26 µm/m3 with a minimum concentration of 0 µm/m3 in both particle 
sizes when the device in operation.  

Over the past year and a half, the importance of indoor air quality has become more 
important than ever due to the COVID-19 pandemic. Occupants’ productivity and 
well-being, especially in smart buildings, greatly depend on indoor environmental 
conditions as most people spend around 90% of their time indoors (Leech et. al. 
2002). A World Health Organization report on “Household air pollution and 
health,” highlighted that household air pollution causes noncommunicable 
diseases including stroke, ischaemic heart disease, chronic obstructive pulmonary 
disease (COPD) and lung cancer. That report estimated that 3.8 million premature 
deaths have occurred due to illness that is attributed to the household air pollution, 
which can be caused by the inefficient use of solid fuels and kerosene for cooking. 
Of these deaths, 27% are due to pneumonia, 18% are stroke related, 27% from 
ischaemic heart disease, 20% caused by chronic obstructive pulmonary disease 
(COPD) and 8% are from lung cancer WHO (accessed on August 10, 2021). 

These diseases have been linked to the presence of indoor air contaminants and 
pollutants that can be categorized as biological, carcinogens, chemicals, and others. 
Biological contaminates includes viruses, mycoplasma, bacteria, fungi (mold), 
pollen grains, plant trichomes, insect/insect biodetritus, dust mites, cysts and 
other plants and animal borne materials. Radon, asbestos, and other radioactive 
materials from indoor environments are also reported as carcinogens. The main 
indoor chemical pollutants include NOx, volatile and semi-volatile organic 
compounds (VOCs), carbon dioxide (CO2), sulfur dioxide (SO2), ozone (O3), carbon 
monoxide (CO), toxic metals, pesticides, etc. The role of particulate matters such as 
PM2.5 etc. as important contaminants/pollutants of indoor environments was also 
underscored by Tran, Park and Lee (2020). 

The transmission of biologically significant materials as listed above are possible 
through the indoor air and it varies from entity to entity and depends on their 
nature and buoyancy. In the wake of the recent COVID-19 pandemic, it is important 
to understand that respiratory viruses, including SARS-CoV, MERS-CoV (Middle-
East Respiratory Syndrome coronavirus), respiratory syncytial viruses (RSV – a 
common cause of bronchiolitis in infants) and influenza, can be transmitted 
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through air in both short-range and long-range distances, but the predominance 
of the longer-range transmission route in various exposure scenarios is difficult to 
quantify (Booth et al., 2013, Kim et al., 2016; Kulkarni et al., 2016; Li et al., 2007; 
Tellier et al., 2019), and may at times be opportunistic (Roy and Milton, 2004). 
More recently, a systematic review of the possible airborne transmission of the 
COVID-19 virus (SARS CoV-2) in the indoor air environment was undertaken by 
Noorimotlagh et al., 2021, which concluded that there is a great possibility of 
airborne transmission of SARS-CoV-2 in indoor air environments. 

Bacterial transmission through air within a closed environment is not uncommon, 
but it may vary depending on the occupancy, and other environmental factors 
including temperature, relative humidity, and other parameters (Fujiyoshi, Tana 
and Maruyama, 2017). 

Fungi (mold) has also been reported from indoor environments and can also be 
transmitted through air. The airborne fungi in buildings are an important risk 
factor for health and hygiene (Flannigan, Samson, and Miller, 2001). WHO (2009) 
compiled a guideline on Indoor Air Quality based on dampness and mold. Biological 
contaminants, including mold, have an impact on health and hygiene of the 
occupants. Kumar et.al. in 2021 has studied the human health and indoor bio-
contaminants to find a correlation. Likewise, carcinogens, chemicals, biproducts 
and other associated substances reported from indoor environments are capable of 
adversely influencing the indoor air quality (Kubba, 2012). In all buildings, the 
heating, ventilation, and air-conditioning (HVAC) system play an important role in 
transmission of indoor pollutants. The coil of an air handler unit is a very 
important component and responsible for heating and cooling (exchange of heat) 
cycles that depends on the occupants’ need. Hence, deferred maintenance of the 
HVAC system is directly proportional to the quality of air, comfort, and energy 
consumption. Deposition of dust and debris and microbial entities on coils severely 
affect the efficacy of the system (Sahay et. al. 2013). Regardless of the risk level and 
conditions posed by the indoor contaminants/pollutants, it always challenging to 
mitigate the associated hygiene and health-related effects. Decisions on how best 
to remove, reduce or manage the pollutants/contaminants in indoor environments 
— and to what level — are highly variable due to the nature of the issue and the 
concentrations possible in specific microenvironments. The absence of a 
universally accepted guideline on indoor pollutants makes it challenging to manage 
an acceptable environment/air quality. Also, a single technology that diminishes all 
causal elements/factors for indoor pollutants does not exist. However, analyzing 
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the data of relative humidity, temperature, microbial burden, VOC’s, CO2, CO, 
particulate concentration, and other associated parameters are helpful in 
developing an appropriate management plan for indoor air quality. 

The availability of reliable and cost-effective technology for air quality control 
continues to be limited, even as the COVID-19 pandemic has brought to the 
forefront the importance of indoor air quality improvement as never before. 
Building mangers/owners are well-positioned to champion indoor air quality 
improvements with the goal minimizing transmission of etiological agents that are 
responsible for the spread of various contaminants in and around occupiable 
spaces. Key to those improvements are improvements to HVAC systems that play a 
vital role in ensuring indoor air quality inside, especially within energy tight 
buildings. With smart buildings, the focus is on conserving energy and providing 
healthy occupancy, and several different technologies working in combination are 
currently being employed in these buildings to improve air quality. Adequate 
ventilation management through air conveyance systems (VMS), fiber filter medias 
(FFM), adsorbent medias (AM), electrostatic precipitation (ESP), ionizers, ultra-
germicidal irradiation (UVC), and others are available and commonly used in air 
purifying units (APU’s).  

The mechanisms to put these technologies into practice may vary, with advantages 
and limitations. Stakeholders should continue to be guided by the ASHRAE 62.1-
2019 and ASHRAE 62.2-2019 standards that underscore the importance of 
ventilation rates in providing an acceptable indoor air quality for occupational and 
residential buildings respectively. These standards also emphasize the ventilation 
procedure and other requirements for air cleaning devices. The American Society of 
Heating, Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE®) has the 
industry’s gold standard of comfort – Standard 55, Thermal Environmental 
Conditions for Human Occupancy. ASHRAE Standard 55 also specifies what thermal 
conditions are deemed likely to be comfortable to occupants. 

Use of filters is one of the suggested strategies to improve indoor air quality 
(Vijayan et. al. 2015). FFM filter traps capture and collect the particulates 
depending on the filter size. This technique works on the mechanical force applied 
across the filtration media. It is one of the most widely used air cleaning methods 
utilized in many APU’s. Results on the efficacy of FM are reported as a Minimum 
Efficiency Reporting Value (MERV). It can range between MERV 1 to MERV 16 based 
on the average removal efficiency across three particle size ranges: 0.3–1 µm, 1–3 
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µm and 3–10 µm. Other commercially common proprietary test metrics for in-duct 
air filters include the Microparticle Performance Rating (MPR) and Filter 
Performance Rating (FPR) which are utilized to determine the effectiveness. Even 
though standards for testing the removal efficiency of gas-phase in-duct air 
cleaners also exist, they are not yet widely used and reported. 

Adsorbent media (AM) is a technique that utilizes a charged compound for 
removing organic or inorganic particles from the ambient air. In this process, air is 
passed through a solid surface with highly porous structures charged with 
adsorbent bounding materials or compounds. These include, but are not limited to, 
pure and impregnated with activated charcoal, charcoal foams and cloths, zeolites, 
molecular sieves, and other materials. Activated carbon has a relatively large 
micropore and mesopore, so it has a large surface area. It is capable of absorbing 
toxic gases such as COx, NOx, and SOx (Khayan, et. al, 2019). When contaminated 
air passes through it, the pollutants are absorbed into the impregnated compound 
and are eliminated from the contaminated air. Carbon-based filter media have 
especially been known as the leading technology for removing gas pollutants 
(Haghighat et. al., 2008). There are numerous HVAC filters based on this technique 
that are considered for smart buildings like healthcare facilities, shopping malls, 
schools, office buildings, homes, etc. 

ESP uses an electrical discharge to charge particles so that particles can be readily 
deposited onto grounded metal plates. In other words, it collects or removes the 
particles by precipitating them on oppositely charged plates. Pirhadi, et. al., (2020) 
investigated the performance of an electrostatic precipitator and noticed a 
collection efficiency above 80% for almost all particles in the size range of 0.015-
2.5 µm (optimum configuration of ESP, flow rate of 75 lpm and applied voltage of 
+12 kV)) while the ozone concentration was 17 ppb. Skulberg et. al. (2005) suggests 
that office workers with airway symptoms may benefit from the installation of 
local electrostatic air cleaners. According to this reference, electrostatic air cleaners 
can reduce the dust concentration effectively in the office environment. Small, 
medium, and large sized particles can be reduced by approximately 50%. Although 
the combined use of an ESP and HEPA filter, as opposed to HEPA use alone, offers 
economic benefits by reducing operational costs, it may increase cardiovascular 
disease risk for the occupants. This study presents the first evidence for changes in 
biomarkers indicative of negative health effects resulting from ESP-HEPA use, 
indicating that its concomitant use increases indoor O3 and O3-derived products 
which may impact cardiovascular health (Day et. al., 2018).  
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Air ionizer applications in indoor air quality management are not uncommon. The 
airborne contaminants are removed from the ambient air by discharging ions 
(corona discharge through high voltage). Bipolar Ionization (BPI) is one such 
process in which a gaseous form of molecules is exposed to a high energy source to 
change it into a plasma. This process yields negatively (anions) and positively 
(cations) charged ions. The negative or positive charge development occurs due to 
the addition or loss of electrons. These ions interact to neutralize the common 
indoor contaminants. The electrically charged airborne particulates due to emitted 
ions either repel, agglomerate, conglomerate, and settle or capture (filtration) by 
gravitation or static electrification thus removing them from the air, in turn 
purifying the air (Grabarczyk, 2001). A study, “Evaluation of ionic air purifiers for 
reducing aerosol exposure in confined indoor spaces,” undertaken by Grinshpun et. 
al., (2005), suggested that when a comparison is made between different emission 
rates of the unit, performance is affected, but not in regard to the differences in ion 
polarity. Meschke et. al., (2009) concluded that implementation of bipolar 
ionization may result in a reduction of bacterial deposition. The plasma air (cold 
plasma ionization system) has been effective under the test conditions to reduce 
approximately 99% the bacteriophage MS2 in the air and almost 80% on the 
surface tested in the room, such as a table, or on a medical mask (Oliverira, 2020). 
Continuous emission of unipolar ions (negative or positive) creating an ion density 
of 105–106 e± cm−3 can be efficient in controlling fine and ultrafine aerosol 
pollutants in indoor air environments, such as a typical office or residential room 
(Lee, et. al., 2004).  

The ultraviolet radiation (UV) is one of the most effective methods for killing the 
microorganisms such as viruses, bacteria, fungi, etc. The effects of Ultraviolet 
Germicidal Irradiation (UVGI) as a means of air and surface disinfection have been 
known for over 100 years (Kowalski, 2009). UV-C has been used in scrubbing 
common airborne contaminants including biologically significant entities such as 
viruses, bacteria, fungi/mold, and others. The mechanism by which UV light 
removes air pollutants is photochemical dissociation of cell structure/nucleic acid 
such as DNA. The UV-C band has a wavelength of 200−280 nm which is considered 
the most suitable band for germicidal effect in comparison to the UV-A and UV-B 
band. A three times higher radiation dose is required for the inactivation of 
bacterial spores than for polio and rotaviruses (Chang et al., 1985). This process 
involves the absorption of photons by molecules, resulting in the excitation of their 
electrons enabling them to jump from low- to high-energy states. Excited 
electrons can break the chemical bonds, thereby altering the physical and chemical 
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properties of the molecule thus denaturing contaminants. The above-mentioned 
UV radiation (UV-A, UV-B, and UV-C) are classified according to their wavelength. 
The shorter the wavelength, the more harmful the radiation. The common 
wavelengths for UV-A, UV-B and UV-C are 315-400 nm, 280-315 nm, and 100-280 
nm respectively. The efficiency of UVGI for the removal of pollutants is also 
determined by the dosage of UV light, the number of UV light lamps in each area, 
and the method of irradiation, as well as the relative humidity (R/H), temperature, 
air flow, and mixing of air in the environment, etc. (Reed, 2010). Lai et. al. (2003), 
in a study on UVGI, find that UV can effectively inactivate Staphylococcus aureus 
bioaerosols both in laboratory tests and in occupied bedrooms or bathrooms. 
Airborne bacteria spores and mycobacteria removal or inactivation from UVGI was 
also reported by Xu, et. al., (2003). Impact of environmental factors on efficacy of 
upper-room air ultraviolet germicidal irradiation for inactivating airborne 
mycobacteria reveals that performance of the UVGI system degraded significantly 
when R/H was increased from 50% to 75–90% (Xu, et. al., 2005). Production of 
ozone by UV lamps has been a concern; however, this concern is addressed after 
the development of more modern “ozone-free” lamps (Buonanno et. al., 2013). 
Elsaid and Ahmed (2021) provides insight about UV into the design of existing 
combined air-conditioners on their suitability and their impact on the spread of the 
hybrid coronavirus epidemic after reviewing indoor air quality strategies for air-
conditioning and ventilation systems with the spread of the global coronavirus 
(SARS-CoV-2) pandemic. 

Although the technologies discussed above have been used to decrease the risk of 
bad indoor environment/air quality while occupying build/close spaces, there are 
other common mechanisms adapted in smart buildings for good indoor air quality 
— based on biofiltration, Photo Catalytic Oxidation (PCO), nanotechnology, 
construction and engineering controls, and more. 

The use of biofilters has shown reduction of toluene, trichloroethylene (TCE), and 
formaldehyde in a modern office building (Darlington et. al., 1998). A 
biodegradation system has been used for removing formaldehyde from the polluted 
air (Xu, 2010). The removal of VOCs has been demonstrated from indoor 
environment by biofilter (active green wall) efficiently (Torpy et. al., 2018). It has 
also been established that potted plants can help to photo remediate (biofilter) a 
diverse range of indoor air pollutants (Pettit, 2018). PCO has been successfully 
implemented in removing the VOCs from indoor environment (Wang, 2007). This 
technology can be used for purifying contaminated indoor air containing airborne 
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viruses (Poormohammadi, 2021). Combinations of PCO and NAI (negative air ions) 
can be an effective method for bioaerosol removal from the indoor air (Yu, et. al., 
2008). Use of nanoparticles with antimicrobial and chemical inactivation of 
properties constitutes a useful approach for improving environmental/air quality. 
One such substance, TiO2, significantly reduces the growth rate of algae on 
building facades. The use of nano particles of Al2O3, CuO, Fe3O4, and ZnO as 
cement additives can be antimicrobial and inhibit the growth of viruses, bacteria, 
fungi, and others (Rabajczyk et. al., 2021). The unique photocatalytic and 
hydrophobic properties of nano-titania (n-TiO2) can be used to prepare self-
cleaning cement-based smart building materials. The n-TiO2 degrades organic and 
inorganic pollutants through its photocatalytic action and converts them into non-
toxic by-products, which improves the air quality (Singh et. al., 2021). The 
construction and engineering control has been an important practice for improving 
the indoor air quality in smart buildings. Vornanen-Wingvist et. al. (2018), for their 
part, investigated the effects of ventilation intervention on measured and perceived 
IAQ in a repaired school where occupants reported IAQ problems. They reported 
concentrations of total volatile organic compounds (TVOC) and fine particulate 
matter (PM2.5) decreased. Indoor mycobiota also changed remarkably with the 
intervention. A conceptual model that addresses the integration of engineering 
controls, design strategies and air disinfection techniques is required to achieve a 
better IAQ in post pandemic architecture is elaborated by Megahed, et. al. (2020). 

It was in the context of these findings and practices that we evaluated the efficacy 
of an BPI device for indoor air quality management. Especially during the COVID-
19 pandemic, the focus on indoor air quality has grown exponentially. In this 
environment, most peoples are looking for a technology that can address the 
indoor air quality issues in an effective, economical, and easy to maintain manner. 
The effectiveness of a BPI device has been evaluated on the following parameters 
important for managing a better indoor environment/air quality. 

 

Descriptions Expectation Observation Remarks 

Ion production 
+14x10P

6 
P/cmP

3
P  

-16x10P

6
P/cmP

3 

+59.4x10P

3
P/cmP

3 
-92.2x10P

3
P/cmP

3 
Reported value 
fall below then 

+14 million 
-16 million 

+59 thousand 
-92 thousand  
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that of expected 
values 

Particulate 

Particle drop 
resulting due to 
agglomeration 
and 
conglomeration 
in airborne 
particles  

The results 
indicate removal of 
in airborne 
particulate matter 
(PMR2.5 Ras well as 
PMR10R) 

The particle 
concentration 
starts 
decreasing just 
after 30 minutes 
of the device 
operation.  

Microbial 

Reduction in 
existing airborne 
microbial 
population  

99.87% reduction 
in the bioaerosol 
(Staphylococcus 
aureus) was 
recorded 

It has 
demonstrated 
the 
antimicrobial 
effect after 30 
min. of the 
device running  

VOC’s 

Oxidizes many 
airborne organic 
pollutants like 
volatile organic 
compounds to 
COR2R and HR2RO. 

The concentration 
of VOCs first 
decreases during 
first 60 min. of the 
device running, 
the VOCs level 
increases after 120 
min. but again 
reduces after 180 
min. of operation.  

 Sporadic 
behavior has 
been noticed 

COR2R Emission N/A 

This decreasing 
trend of COR2R 
concentration was 
noticed while the 
device was 
running during the 
first 120 min.; 
however, after 180 

Reduction in the 
COR2 

Rconcentration 
was reported 
during the 
experimentation 
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min. of running 
the device, it is 
slightly elevated. 

Heat/Energy/Comfort 

Requires very 
little energy to 
operate Thus, 
saving the 
energy cost  

Power 
requirement for 
running the device 
is minimum. No 
statistically 
significant 
difference is 
noticed in relative 
humidity and 
temperature 
during the entire 
period of testing.  

Meet the 
expectations 

Table-6: Efficacy of BPI in a good indoor environment/air quality 

This study reveals a reduction in airborne S. aureus concentration of approximately 
99.87% after 180 minutes of bipolar ionization operation after aerosolizing the 
above bacteria within an ETC under laboratory conditions. A review on various 
literature suggests that negative ions kill or inhibit the growth of numerous micro-
organisms that may be responsible for contaminating indoor air (Jiang et al. 2018). 

During the experiment, we did not record any significant difference in temperature 
(between 82°F – 83°F) and relative humidity (52% ± 2%). ASHRAE Standard 55 
specifies conditions for acceptable thermal environments and is intended for use in 
design, operation, and commissioning of buildings and other occupied spaces. The 
operative temperatures recommended by ASHRAE range from 68.5°F to 75°F in the 
winter, and from 75°F to 80.5°F in the summer. ASHRAE also recommends that 
indoor relative humidity be maintained at or below 65%. The EPA recommends 
maintaining indoor relative humidity between 30 and 60% to reduce mold growth. 
EPA (2013) also published moisture control guidance for building design, 
construction, and maintenance. 

The carbon dioxide concentration during this experiment varied between 533 ppm 
and 680 ppm which is not significant from an exposure point of view. ASHRAE 
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suggests 1000 ppm for carbon dioxide in building environments. The occupational 
limits set by ACGIH are 5,000 ppm TLV-TWA and 30,000 ppm TLV-STEL (CDC 
2021). 

Our finding on VOCs suggests that the concentration varies between 2000 ppb to 
11,307 ppb. It is interesting to report that in the first 60 minutes, the VOCs level 
reduced from 11,307 ppb to 1,028 ppb but it increases from 1,028 ppb to 10,010 ppb 
in the next 60 minutes. However, the concentration of VOC was recorded at 2000 
ppb after 180 minutes. This might be the result of conglomeration of these 
molecules and gravimetric settlement. The VOC analysis in this study was limited 
to quantitative estimation only. Zeng, et. al., 2021 have evaluated a commercially 
available in-duct bipolar ionization devices for pollutant removal and potential by-
product formation. They have reported VOCs produced during the process of 
ionization (Formaldehyde, Acetaldehyde, Acetone, Butyraldehyde, Toluene, 1,2-
Dichloroethane, Ethylbenzene, m,p-Xylene, Dichlorodifluoromethane, Ethanol, 3-
Butenamide, Hexane, 3,3-dimethyl, Cyclohexene 4-ethenyl-1,4-dimethyl, 4,5-
dimethyl, Decane, 4-ethyl, Undecane, and 4,6-dimethyl — all identified after 
analysis of air samples using TO-15, TO-11A and TICS methods). However, that 
study did not include investigation into the hygiene or health implications based on 
these emitted compounds. The VOC production observed may be the result of the 
ionization process charging VOCs, and then those VOC ions (VOC+ or VOC-, 
depending on ionization mechanism) either decomposing to a smaller VOC and an 
accompanying ion, or going on to react with molecular oxygen (O2). The resulting 
ion-molecule cluster (e.g., [VOC·O2] +) could then undergo a rearrangement to 
form a carbonyl group (C=O), producing the observed enhancements in some 
oxygenated VOCs (OVOCs). Some of the carbonyl-containing compounds did not 
increase, but that may be a function of analytical detection limits and the original 
concentration of precursors to form other compounds. The health implications of 
VOC exposure in indoor environments are widely known (Molhave, 1991), but 
limited information is available about the dose-response relationships. In one 
series of experiments, humans were exposed to concentrations of a specific 
mixture of 22 VOCs (n-Hexane, n-Nonane, n-Decane, n-Undecane, 1-Octane, 1-
Decene, Cyclohexane, m-Xylene, Ethylbenzene, 1,2,4-Trimethylbenzene, n-
Propylbenzene, a-Pinene, n-Pentanal, n-Hexanal, Iso-propanol, n-Butanol, 2-
Butanone, 3-Methyl-3-butanone, 4-Methyl-2-pentanone, n-Butylacetate, 
Ethoxyethylacetate and 1,2-Dichloroethane) typically occurring in indoor air 
(Molhave et al., 1986), reveals that the exposed individuals (previously had felt 
SBS-symptoms), showed neurobehavioral impairment at Total Volatile Organic 
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Compounds (TVOC) concentrations of 25 mg/m3 and odor appeared at 5 mg/m3. 
TVOC is a simplified way of expressing the results of VOC measurements by many 
researchers. Most reported that TVOC concentrations in non-industrial indoor 
environments are below 1 mg/m3 and few exceed 25 mg/m3(European 
Collaborative action Report No 19, 1997). It is observed in this report that over this 
range the likelihood of sensory effects increases. The sensory effects include 
sensory irritation, dryness, weak inflammatory irritation in eyes, nose, airways, 
and skin. At TVOC concentrations above 25 mg/m3, other types of health effects 
become of greater concern. The air quality was reported to be unpleasant only at 
concentrations above 8 mg/m3.  

The BPI device has emitted ozone, consistent with a trend in ozone production that 
has been noted in similar research. Specifically, the device emitted 0.003 ppm of 
ozone after 30 minutes, which has gone to 0.01 ppm after 180 minutes of operation 
(Table -2). Ozone pollution is reported as a major health hazard worldwide (Zhang, 
et. al., 2019). As per the WHO Air Quality Guidelines, ambient ozone exposure limit 
is 100 μg/m3 as a maximum 8 hrs. mean concentration. However, a large range of 
average concentrations of ozone was reported, from 0.8-114 μg/m3 and from 0 to 
96.8 μg/m3 for school and office environments, respectively (Salonen et. al., 2018). 
California Ambient Air Quality Standard indicates that significant harmful health 
effects could occur among both adults and children if exposed to levels above 0.09 
ppm for 1-hour Average and 0.07 ppm for 8-hour Average. The ozone emission 
during the experimentation reported below these guidelines. 

This experiment exhibited a positive impact in terms of lowering the fine particles 
such as PM2.5 and PM10. Human health can be adversely affected by exposure to 
these particles Particle threshold limit values have been identified as 25 µg/m3 for 
PM2.5 and 40 µg/m3 for PM10 based on 24-hour data for health-related 
implications in general (Standard introduced by Directive, EU). The precise nature 
of the associated long- and short-term exposure impacts continues to be actively 
investigated.  

Although there is evidence that some air cleaning technologies improve indoor air 
quality, further research is needed before any of them can be confidently 
recommended for use in the indoor environment of an occupied space. Our review 
and experimental findings indicate that the performance of a PBI device greatly 
depends on the number and types (both positive and negative) of ions produced, 
the distance of the ion production devices relative to the installation, the 
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“downstream distance” of the HVAC system, the number of ion production devices 
installed, air exchange rates, flow rates, the placement of the units, the condition 
of the ductwork, volume of the air in the space under study, the quality of building 
cleanliness, the prevailing environmental factors within the building, building 
occupancy, etc. BPI technology used with a combination of HEPA (High-Efficiency 
Particulate Air), charcoal filtration, UVC, building/HVAC cleanliness, etc., will 
optimize and enhance the overall performance in significantly reducing the indoor 
contaminates within a smart building. BPI should not be identified as a “silver 
bullet,” nor should any one air purification product on its own. 
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CONCLUSIONS 

The findings of this study reveal that the BPI technique can be useful in reducing 
indoor microbes and particulate matter (PM2.5 and PM10). In the context of the 
microbial challenge (Staphylococcus aureus), the BPI device showed limited 
reduction during short-term use and much greater reduction during long-term 
use. While the technique was shown to be less effective against VOCs and CO2, 
there was nonetheless a sporadic and limited reduction of VOCs and CO2 observed 
during the first 60 minutes and 120 minutes of BPI treatment to the indoor air 
respectively. It is also noted that this BPI device consumes less power in 
comparison to other air purification devices/units and is easy to maintain. The 
authors underline that the device selected for this study was expected to produce 
16x106/cm3 (16-million) negative ions and 14x106/cm3 (14-million) positive ions, 
but the actual number of ion production was 59.4x103/cm3 (50-thousand), 
92.2x103/cm3 (92-thousand) for negative and positive ions respectively. The ion 
density may influence the inhibition of indoor contaminants. Hyun and his 
colleagues, while working to understand the effect of air ions on filtration of 
aerosolized virus and inactivation of filter virus, reported that the efficiency of 
filtration increases when the ionizer is running (Hyun, et. al., 2017). Zhou studied 
the effect of negative ions in an air duct flow and found that these ions have great 
potential to enhance indoor air quality by reducing airborne microorganisms in 
ventilation systems (Zhou, et. al., 2018). At the same time, ionization does not 
replace the need for contact removal of debris, pathogens, mold, and bacteria 
within the air conveyance system (ACS). A more comprehensive study of various 
devices based on similar technology is recommended to understand the technology, 
functioning, and the designing of the BPI devices to be used in indoor air quality 
management. Technological advancements in air filtration systems and pollutant 
removal techniques can improve the air quality and can be utilized universally in 
conjunction with BPI technology. It is also strongly recommended that the 
functioning of the device be tested in combination with other known technologies 
used for indoor air quality management. 
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GLOSSARY 

Air Conveyance System 
Air conveyance system is a systematic 
scheme/way to transport air from one 
location to another within a building. 

Anion 
Anion refers to an ion that has 
negative charge. In other words, it has 
more electron than protons. 

Bioaerosol 
Airborne entities of microbial origin 
are often referred as ‘Bioaerosol’. It 
consists of airborne particulates that 
are biological in nature and released 
into ambient air from 
plants/animals/microorganisms. It 
may also be comprised of whole 
microbes or their by-products that are 
either dead or alive. 

Cation 
Cation refers to an ion that has 
positive charge. In other words, it has 
more protons than electron.  

Endotoxin 
Endotoxin is a toxin that is present 
inside a bacterial cell and is released 
when the cell disintegrates. 
Biochemically it is a lipopolysaccharide 
(LPS) and a component reported in 
Gram-negative bacteria. It has 
profound immunostimulatory and 
inflammatory capacity. 

Energy Tight 
A building with a “tight” thermal 
envelope which conserves energy to 
optimize heating or cooling. The 
thermal envelop includes the wall, roof 
assemblies, insulation, air/vapor 
retarders, windows and doors, weather 
stripping and caulking, etc. Buildings 

with these provisions are commonly 
referred as ‘Energy Tight’.  

HEPA Filter 
HEPA Filter is an acronym used for 
high-efficiency particulate air filters. 
This type of air filter can theoretically 
remove at least 99.97% of dust, pollen, 
mold, bacteria, and any airborne 
particles with a size of 0.3 microns 
(µm). 

Ionization 
Ionization is a mechanism by which 
any electrically neutral atoms or 
molecules are converted to electrically 
charged atoms or molecules (ions). 

MERV  
MERV is an acronym for ‘Minimum 
Efficiency Reporting Values’. This value 
is helpful in comparing the 
performance of different filters. MERV 
rating employs a scale of 1-16 to rate 
the average particle size removed by 
the filter.  

Mycotoxin 
Mycotoxin is a term that refers to toxin 
substance/chemicals produced by 
fungi/molds. Several hundred different 
mycotoxins have been identified. It is 
also recognized as secondary 
metabolite of molds.  

Photocatalytic Oxidation 
In Photocatalytic Oxidation, the 
oxidation process is accelerated by 
photoreaction, which is achieved by 
the presence of a catalyst that 
generates free radicals that are 
capable of undergoing secondary 
reactions.  

Ultra Germicidal irradiation 
Ultraviolet germicidal irradiation, or 
UVGI, is the use of ultraviolet (UV) 
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energy to kill viral, bacterial, and 
fungal organisms. 

VOC's 
Volatile organic compounds (VOC’s) 
are organic chemicals that have a high 
vapour pressure at room temperature. 
These compounds are emitted as 
gases from certain solids or liquids in 
indoor environments, some of which 
may have short and long-term adverse 
health effects depending on exposure 
and susceptibility of the individual. 
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