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As the world continues to grapple with the reality of coronavirus disease, global research communities are racing
to develop practical solutions to adjust to the new challenges. One such challenge is the control of indoor air
quality in the COVID-19 era and beyond. Since COVID-19 became a global pandemic, the “super spread” of the
virus has continued to amaze policymakers despite measures put in place by public health officials to sensitize
the general public on the need for social distancing, personal hygiene, etc. In this work, we have reviewed the
literature to demonstrate, by investigating the historical and present circumstances, that indoor spread of in-

fectious diseases may be assisted by the conditions of the HVAC systems. While little consideration has been
given to the possibility of indoor airborne transmission of the virus, the available reports have demonstrated that
the virus, with average aerodynamic diameter up to 80-120 nm, is viable as aerosol in indoor atmosphere for
more than 3 h, and its spread may be assisted by the HVAC systems. Having reviewed the vulnerability of the
conventional ventilation systems, we recommend innovative air circulation concept supported by the use of
UVGI in combination with nanoporous air filter to combat the spread of SARS-CoV-2 and other harmful microbes
in enclosed spaces.

air in indoor environments. In 2005, after its outbreak between the years
2002 and 2004, Booth et al. (Boothet al., 2005) reported an active and
viable SARS-CoV-1 (a known human coronavirus closely related to
SARS-CoV-2), and in 2020, Lednicky et al. (Lednickyet al., 2020) re-
ported an active SARS-CoV-2, both in the air samples taken from the
hospitals where coronavirus patients were being treated. Furthermore,
in a recent work carried out to evaluate the stability of SARS-CoV-2 in
the air and on surfaces, van Doremalen et al. (Van Doremalenet al.,
2020) reported the virus to be viable as aerosols in the air for more than
3 h, which is similar in aerosol stability to its sister virus, SARS-CoV-1.
The stronger argument, following ASHRAE report (Schoenet al., 2009)
in their document that described the aerobiology of infectious diseases,
is that SARS-CoV-2, to some extent, is indoor airborne due to the nature
of the virus. The phrase “to some extent” is used to describe
aerosol-classification of SARS-CoV-2 because the spread of the virus
follows an opportunistic transmission route— infections that are tradi-
tionally transmitted via other routes (e.g. physical touching and fomite),
but can equally be contracted by using aerosols as a means to propagate

1. Introduction

The rate and severity of SARS-CoV-2 (the pathogen that causes
COVID-19 disease) spread have awakened researchers in the built
environment to take further steps to improve indoor air quality.
Although there is still no agreement as to whether SARS-CoV-2 is
airborne, a large number of available reports reveals that transmission of
the virus is possible even when there are no physical contacts with
infected/contaminated persons or fomites (Tellier et al., 2019; Dietz
et al., 2019). Moreover, about 239 scientists, reporting from 32 coun-
tries, have written an open letter to the World Health Organization
(WHO), confirming the airborne transmission route of SARS-CoV-2 ('O
acknowledges "eviden, 2020). This shows that, to some extent, the virus
can be contracted through contaminated air (Lewis, 2020; Morawska
and Cao, 2020a), especially in buildings where the percentage of fresh
air-makeup is small (Chen and Zhao, 2020). Moreover, there have been
reported accounts of active and transmittable viruses in the circulated
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Nomenclature

COVID-19 — Coronavirus Disease 2019

HVAC - Heating, Ventilation and Air-conditioning

SARS-CoV-1 — Severe Acute Respiratory Syndrome Coronavirus 1
SARS-CoV-2 — Severe Acute Respiratory Syndrome Coronavirus 2

MERS - Middle East Respiratory Syndrome

WHO - World Health Organization

HIN1 - Hemagglutininl Neuraminidasesl — Protein found on the
outer shell of swine flu virus

SBS — Sick Building Syndrome

HEPA - High-Efficiency Particulate Air

ULPA — Ultra Low Particulate Air

RH - Relative Humidity
UVGI - Ultraviolet Germicidal Irradiation
OPC -  Optical Particle Counter

AMAS - Active Microbial Air Sampler

CFU -  Community Forming Units

AlIRs —  Airborne Infection Isolation rooms

CDC -  Centre for Disease Control and Prevention
ACH -  Air changes per hour

UVC -  Ultraviolet light type C

ASHRAE - American Society of Heating, Refrigerating and Air-
Conditioning Engineers

VOCs — Volatile Organic Compounds

in favorable atmospheres. Since the outbreak of SARS-CoV-2, in order to
prevent further spread of the virus, public health officials and govern-
ment bodies have focused on sensitizing the general public on the need
for social distancing (Chen et al., 2020), personal hygiene, and the use of
face masks (Repiciet al., 2020), little attention has been given to the
possibility of airborne transmission. Although it is understandable why
public health officials have paid little attention to the possibility of
airborne transmission of the ongoing outbreak of SARS-CoV-2, it is
difficult to measure or detect the virus directly in the air (Chiaet al.,
2020; Faridiet al., 2020). However, historical accounts and the present
reported cases have revealed airborne transmission route as a possible
contagion pathway of many known infectious diseases, such as HIN1
influenza virus (Klontz et al., 1989), adenovirus, rhinovirus (Wat, 2004)
and coronavirus (Leunget al., 2020; Morawska and Cao, 2020b).
Furthermore, in a recent comprehensive work carried out to ascertain
the indoor airborne nature of SARS-CoV-2, Hadei et al. (Hadeiet al.,
2021) obtained air samples from public transportation facilities (buses,
airport and subways), banks, post office, shopping centers and govern-
ment offices, in which 64% of the samples collected were returned
positive. The question that most experts and researchers continue to ask
is whether the viral loads of SARS-CoV-2 detected in the air samples are
enough to constitute COVID-19 (Lednickyet al., 2020; Liuet al., 2020;
Nissenet al., 2020). The answer to the question has been mostly incon-
clusive (Lewis, 2020; Al Huraimel et al., 2020), however, there is a
general understanding that airborne transmission may be responsible for
the “super spread” of the virus, especially in the hospital environments
where coronavirus patients receive treatments (Yao et al., 2020; Correia
et al., 2020; Hadei et al., 2020). Since it has been proven that aerosol
transmission of the virus is possible in indoor environments, the first line
of defense against further spread of the virus indoors is through the
HVAC systems (Augenbraunet al., 2020; Chirico et al., 2020; Azuma
et al., 2020). A number of studies (Augenbraunet al., 2020; Borro et al.,
2021/02) has demonstrated the role of HVAC systems in controlling or
worsening the spread of the virus. For example, a group of researchers
(Elias and Bar-Yam, 2020a) has speculated the likelihood of
self-reinfection of the virus through aerosol transmission, aided by the
airflow in the hospital environments. Thus, the researchers recom-
mended air filtration around recuperating COVID-19 patients, and
around those being transported in the ambulances, to reduce the sur-
rounding atmosphere’s viral loads. To reduce the likelihood of
COVID-19 cross-infection inside the hospital environment due to the
condition/design of the HVAC systems, Wang et al. (2020) recently
simulated the optimization of air distribution in a three-bed general
hospital ward in China. The study recommended displacement ventila-
tion system with full fresh air supply as a means of reducing COVID-19
cross-infection in a hospital setting. The research question that urgently
requires answers is “how should the new HVAC systems be effectively
designed or the existing ones managed to provide protections against
harmful microbial agents (such as SARS-CoV-2) in indoor atmosphere?”

In order to open a discussion on the research question raised above,
in this work, we have reviewed the literature to demonstrate, by
investigating historical and present circumstances, that indoor spread of
infectious diseases may be assisted by the design and operating condi-
tions of the HVAC systems. The methodology section describes how and
where the articles reviewed are sourced. This is followed by a section on
the history of infectious diseases, which strategically reviews the
available literature to report our perspective on the HVAC systems as
possible conduits that aid the spread and eventual transmission of
aerosolized particulate matters of infectious diseases in indoor envi-
ronments. The next part of this section deals with the vulnerability of the
HVAC systems, which explains why the colony of indoor microbial
populations are usually multiplied by the conditions of the HVAC sys-
tems. This is followed by a section on discussion, in which the findings
are analyzed to reflect the aim of this article. The next section
(containment and prevention recommendations) offers recommenda-
tions to the general stakeholders in the built environment and specif-
ically to the operators of transportation (airlines, cruise ships, metros,
and other public transport modes) on public safety in the face of global
COVID-19 pandemic.

2. Methodology

To select articles for this review paper, emphasis was placed on the
various types of buildings/spaces served by central HVAC system, be it
hospitals, offices, shopping malls, restaurants, private clinics, aircraft
cabins, cruise ships or metros. These buildings or conditioned spaces
may be prone to the spread of SARS-CoV-2 and other harmful microbes,
mainly because of central air circulation system serving the whole
building/space. The method used for the articles for review was based
on (1) strong connection to the theme of the review article (Contagion of
COVID-19 and other microbes through the HVAC Systems), (2) strong
correlation with sub-topics therein (i.e. different modes of ventilation,
effect of air filtration and humidity on the spread of microbes etc.), (3)
different modes of virus spread in the built environment (airborne na-
ture of the virus and its survival time in the air), (4) air filtration/pu-
rification and disinfection methods, (5) vulnerability of HVAC systems
to microbial invasion, history of infectious diseases spread through the
HVAC system and different methods to prevent the spread of contagion
in conditioned spaces. We reviewed 128 articles in total, covering
different fields from 1972 to 2021, with themes related to the topic of
this review paper. The article search was carried out through the
traditional peer review articles’ search engines, with many articles
redirecting the search to the publishers’ websites. In the end, the articles
were distributed among the authors to critique, evaluate, and review
based on the topic and sub-topics of this review article.
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3. History of infectious diseases through the HVAC systems

There have been several reported accounts of suspected airborne
transmission of different infectious diseases (including coronavirus) in
confined places; this work outlines a few of them to build arguments for
airborne transmission. In 1979, Moser et al. (1979) reported airborne
Influenza transmission onboard an airline in Alaska. Precisely on March
14, 1977, a commercial airplane (Boeing 737) was traveling to Kodiak
from Anchorage with a scheduled stopover in Homer. The journey from
Anchorage started with a total of 29 individuals onboard (24 passengers
and five crew members). On getting to Homer, six passengers alighted,
and 31 additional individuals boarded the airplane, bringing the total
number of persons onboard to 54, consisting of 5 crewmembers and 49
passengers. During departure from Homer, the plane left engine devel-
oped some fault and takeoff was delayed for four and a half hours.
During the delay, some passengers left for the terminal building,
whereas others remained seated on board. A smaller aircraft, capable of
carrying 34 passengers, was later flown in to complete the journey to
Kodiak for 34 passengers, returned to Homer, and then took the
remaining 15 passengers together with the crewmembers back to
Anchorage. The next day (precisely March 15) in Kodiak, seven of the
passengers started showing symptoms of severe respiratory disease,
accompanied by headache, fever, severe cough, shaking chill and
myalgia, and two of them were hospitalized. At about 60 h later, two
crewmembers were equally hospitalized in Anchorage with related
symptoms. The news was transferred to the public health authorities,
and an investigation commenced immediately, which revealed an
outbreak of A/Texas/1/77 (H3N2) virus. The epidemiological study
later identified an index case to be a 21-year old female, who joined the
flight at Homer, became very ill 15 min after getting on the plane, and
remained seated when the takeoff was delayed with some passengers on
board. None of the six passengers that alighted initially at Homer
became sick. During the delayed takeoff, the ventilation system of the
disabled plane was turned off. Thirty individuals (including the index
case) remained on board throughout the delayed period. Thirty-eight
individuals were infected, and those that were on the faulty plane
with the index case during the delay had the most severe attacks.

In 2004, Yu et al. (Yuet al., 2004) reported another likely airborne
spread of severe acute respiratory syndrome (SARS) —a coronavirus
family that causes a severe form of pneumonia. The outbreak occurred in
a high-rise building in the Amoy Gardens in Hong Kong. The index case
was a 33-year old male, who started showing symptoms of SARS on
March 14, 2003. He lived in Shenzhen, and traveled regularly to Amoy
Garden to visit his brother, who lived on block E in the Amoy Garden
housing units. He visited his brother twice in March of 2003; his first
visit was on March 14 and the second visit was March 19. During his
visits, he had diarrhea and frequently used his brother’s toilet. As a
result, he infected his brother, his brother’s wife and the nurses that
attended to him at the hospital. The disease however spread to other
parts of the Amoy Garden. The suspected built environment contagion
point, according to World Health Organization (WHO) epidemiological
team (Organization, 2003), was a dried-out floor drains that was carried
by winds and the exhaust fan of a toilet. During their investigation, WHO
experts discovered that water traps in the floor drains in the inspected
housing units were empty, obviously not been filled for a long time, and
as aresult, the seals in the traps had dried out. Consequently, there was a
direct link from the floor drains to the vertical soil stacks, thereby
allowing the bathroom exhaust fan to draw in aerosols and droplets from
the contaminated unit into the air shaft. The most significant part of the
study was the pattern of spread of the disease from one building to the
other, especially on the upwind side of a building, which clearly points
to airborne transmission as the only possible route of infection.

A recent account of coronavirus transmission possibly propagated by
the HVAC systems involves three families (A, B and C). According to a
study reported by Lu et al. (Luet al., 2020), the three families had lunch
at a restaurant in Guangzhou, China on January 24, 2020. The index
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case, Al (from family A), who traveled from Wuhan (the ground zero of
COVID-19 outbreak) to Guangzhou on January 23, ate lunch with three
other members of her family (A2, A3 and A4), wherein families B and C
were also present at the restaurant at the time, having their lunch at
nearby tables, more than 1 m apart. In the evening of that day, Al
became symptomatic and decided to visit a hospital, which revealed
COVID-19 disease. About two weeks later (February 5 precisely), an
additional nine individuals, involving four people from family A, three
from family B and two from family C, had come down with coronavirus.
The epidemiological study later revealed that; Al contracted the virus
from Wuhan, and was asymptomatic throughout her stay at the
restaurant in Guangzhou. There were no physical contacts among fam-
ilies A, B and C. The study thus theorized that the possible routes of
transmission from Al to families B and C are droplet and aerosol
transmissions, although transmissions within families A, B and C could
have been from physical contacts or fomites. The stronger argument
points to aerosol transmission, especially in a closed restaurant indoor
atmosphere with strong airflow from the air conditioning system, in
which the families were more than 1 m apart. Interesting inferences that
can be drawn from the study fall into three categories: (1) Al sneezed
during the lunch, released large droplets between 60 and 100 pm in size
most of which fell within 2 m away, the remaining droplets reduced to
aerosols by evaporation and are carried away by the force of the sneeze
at a velocity of 50 m/s, which are then carried more than 6 m away, and
likely spent a considerable amount of time in the air by the strong
airflow of the air conditioning system. (2) A1 coughed or shouted during
the lunch, released large droplets and aerosols, which follow the aero-
dynamics of sneeze explained in (1) above, but are carried more within
2 m away at a velocity of 10 m/s (3) Al breathed continuously during
the lunch, and only exhaled aerosols that are carried away less than 1 m
at a velocity of 1 m/s, which is very unlikely to have constituted the
contagion point.

As reported nearly 20 years ago by James Chin (2000), nearly all
pathogens, which colonizes/or replicates in the upper respiratory tract,
have the potential to be transmitted through airborne droplets. How-
ever, the understanding of aerosol or droplet classification of infectious
diseases in indoor environments requires some exposition into the
vulnerability of HVAC systems to microbial spreads.

The source and circulation pathways of building ventilation systems
affect the distribution and colony of indoor microbial populations (Dietz
et al., 2020). HVAC systems have been relied on for ages to deliver
outside air directly into a spatial volume through the perimeter of the
building. However, the HVAC systems are vulnerable to microbial
spreads, especially in enhancing the diversity of indoor fungal, viral and
bacterial populations. In most cases, energy-saving considerations have
made the design of buildings airtight— windows stay shut, devoid of
daylighting and natural ventilation, and HVAC systems continue to
recirculates the same air, with a small percentage of fresh air-makeup. In
indoor environment, there are certain factors that are essential in
guaranteeing occupants’ comfort. In a review on indoor cleaner air
production, Mujan et al. (2019) examined those factors that affect
human health and productivity in any given indoor environment. The
review recommended the use of sensors to gather data on the four key
factors (indoor air quality and ventilation, thermal, visual, and acoustic
comfort) that influence occupants’ comfort in an indoor built environ-
ment in order to advance research activities to attain higher standards in
occupants’ comfort.

Indoor airborne diseases have been associated with inefficient and
badly managed HVAC systems: wrong air distribution (Nazarian and
Kleissl, 2016), filtration, humidity, and temperature controls of HVAC
systems often lead to disastrous outcomes (Cabral, 2010; Cristina et al.,
2009). An outbreak of Aspergillus in an operating room, which infected
patients who have been operated on in the same operating theater
within a 12-day period, is a classic example of the danger of poorly
managed HVAC systems. As reported by Lutz et al., air sampling in the
operating room later revealed >3 pm aerosols of the surrogate marker of
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Aspergillus conidia (Lutz et al., 2003). During the study, the group of
investigators also cultured samples from ductworks, diffusers and other
duct materials for Aspergillus, and discovered that they were all
contaminated with the fungi. The study thus concluded that no case of
Aspergillus infection was reported after the HVAC system was reme-
diated. Other reported outbreaks of airborne infectious diseases trans-
mission aided by the HVAC system involved methicillin-resistant
Staphylococcus aureus in a burn unit at the North Carolina Memorial
Hospital (Rutala et al., 1983), and tuberculosis at Jackson Memorial
Hospital in Miami (EHRENKRANZ and KICKLIGHTER, 1972). The
ongoing outbreak of SARS-CoV-2 has equally been aided by the opera-
tion and conditions of the HVAC systems. The first example involved the
37 confirmed cases out of 68 individuals who shared the same bus
together on 100-min trips in China (Shenet al., 2020a). The second
important example is that of the Diamond Princess cruise ship, in which
712 confirmed cases were reported out of 3711 individuals voyaging
together on the ship (Azimi et al., 2021). The third example involved
nine confirmed cases; an index case (had previously travelled to Wuhan,
the ground zero of COVID-19) who resided in the apartment 15b,
infected four other occupants in the apartments 25b and 27b in a
vertically aligned housing complex in China (Linet al., 2021).

Table 1 shows reported studies in the literature on the role of HVAC
systems in the spread of harmful microbes in the built environment.
Fifteen different studies are presented in Table 1. One study reported the
spread of H3N2 virus in an aircraft cabin that affected 38 individuals
(Moser et al., 1979). Another study highlighted the spread of Aspergillus
in a hospital in which six individuals were infected (Lutz et al., 2003).
Two studies reported the spread of SARS-CoV-1, the first study involved
156 individuals in a hospital (Leeet al., 2003), and the second study
involved 300 people in an apartment complex hospital (Yuet al., 2004).
One study involved the spread of MERS in a hospital that affected three
individuals (Kimet al., 2016). Ten studies involved the spread of the

Table 1
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current SARS-CoV-2 outbreak at different built environments, such as
departmental stores (Jianget al., 2021), hospitals (Onget al., 2020;
Santarpiaet al., 2020), restaurants (Luet al., 2020; Liet al., 2020), public
transport (Shenet al., 2020b), etc.

From the historical perspectives of the nature of airborne pathogens,
and in the light of emerging understanding of SARS-CoV-2, it is appro-
priate to state that the design, operating condition of the HVAC systems
and the location of air supply/extract points would play a critical role in
the spread or control/prevention of harmful microbial agents in a
conditioned space.

4. Discussion

The current statistics (Bluyssen, 2019) reveals that, on average,
people spend 90% of their time indoors (a combination of the time spent
at work and at home). As climate change challenges increase now more
than ever (although it has been reported that COVID-19 pandemic has
slowed down greenhouse gas emission (Wang and Su, 2020; Hepburn
et al., 2020)), this statistics is expected to increase because more energy
will be expended to either cool or heat buildings to achieve occupants’
thermal comfort. A large proportion of sick building syndrome (SBS)
emanates from conditioned air through the HVAC systems, especially
due to the accumulation of microbes on the cooling coils or passage of
microbes along the ducts and plenum. The SBS is identified as ill health
symptoms that are associated with; asthma symptoms (e.g. wheezing),
mucous membrane irritation (e.g. sore throat and nasal congestion),
gastrointestinal disturbances, neurotoxic effect (fatigue and headache),
sensitivity to odors, and dry skin. Moreover, severe toxicosis and cancer
have also been linked to continuous exposure to mycotoxin in HVAC
systems (Croft et al., 1967). It is now becoming rampant to have these
symptoms appeared among occupants in school buildings, office build-
ings, hospitals, recreational facilities and public buildings. If the

Reported studies on the role of HVAC systems in the spread of virus/fungus in the built environment.

S/ Reference Year Virus/Fungus  Country Building type Cases  Comments/Role of HVAC systems

N type

1 Moser et al. (1979) 1979  H3N2 USA Aircraft 38 The HVAC system of the aircraft was turned off due to a faulty aircraft
engine, and this was suspected to have aided the spread of the virus.

2 Lutz et al. (2003) 2003  Aspergillus USA Hospital 6 HVAC contaminated ductwork and air supply to operating room was
observed.

3 Leeet al. (2003) 2003  SARS-CoV-1 Hong Hospital 156 Airborne aerosol was suspected in the study to aid the spread of the virus.

Kong
4 Yuet al. (2004) 2004  SARS-CoV-1 China Community housing 300 Site visit and observation. CFD Modelling
5 Kimet al. (2016) 2016  MERS South Hospitals 3 Analysis of air samples from patients’ rooms and toilets, and one common
Korea corridor. Contamination of HVAC air supply was confirmed.
6 Van Doremalenet al. 2020  SARS-CoV-2 - Experimental study NA SARS-CoV-2 remained viable in aerosols throughout the duration of 3 h
(2020) in laboratory experiment.

7 Luet al. (2020) 2020  SARS-CoV-2 China Restaurant 10 The airflow of the air conditioning system was suspected to have aided the
spread of the virus in the restaurant.

8 Santarpiaet al. 2020  SARS-CoV-2 USA Medical center 13 Analysis of air samples from individual rooms, toilets and hallways

(2020) confirmed the presence of viable SARS-CoV-2 in the air.

9 Liet al. (2020) 2020 SARS-CoV-2 China Restaurant 10 Aerosol transmission of SARS-CoV-2 due to poor ventilation was
supported by simulation.

10 Milleret al. (2020) 2020 SARS-CoV-2 USA Choir rehearsal 53 The pattern of the number of attendees, the duration of the event and

11 Onget al. (2020) 2020  SARS-CoV-2 Singapore Hospital
12 Shenet al. (2020b) 2020 SARS-CoV-2 China Public
transportation

13 Moriartyet al. 2020  SARS-CoV-2 USA Cruise ship
(2020)

14 Wuet al. (2020) 2020  SARS-CoV-2 China Shopping mall

15 Jianget al. (2021) 2021  SARS-CoV-2 China Department store/

shop

other technical factors contributing towards the airborne transmission of
SARS-CoV-2 were analyzed. There is scientific evidence from the study
supporting that the source of this outbreak is airborne transmission.

NA Air samples of 13 rooms and 3 toilet areas were found with viable SARS-
CoV-2.
24 24 of 68 people were infected at a bus in Ningbo City, Zhejiang Province.

Study confirmed that compared to individuals in the non-exposed bus,
those in the exposed bus were 41.5 times more likely to be infected with

COVID-19.

103 Two died and at least 103 people were infected among 1111 crew and
2460 passengers in Grand Princess cruise ship

40 40 people were infected at a shopping mall in Tianjin. The evidence from
the study supports the airborne transmission of SARS-CoV-2.

12 Analysis of exposure history of the infected individuals (customer) who

visited the store. Aerosol Transmission Modelling
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symptoms persist in most cases, it often leads to the closure of the facility
(Takeda et al., 2009). It is still not entirely clear whether SBS is solely
acquired through the outdoor atmospheric condition or through indoor
occupants’ state of health or the conditions of the conduits that transport
the conditioned air. However, the unexplained spread of SARS-CoV-2,
especially in high occupant density built environments (such as hospi-
tals, nursing homes, cruise ships, etc.) does not require critical thinking
to conclude that the HVAC systems aid the spread of the virus
(Nissenet al., 2020; Azimi et al., 2021).

What makes a particular HVAC system vulnerable to the spread or
harboring of microbial agents? In order to answer the question
adequately, it is important to explain how and what makes a particular
infectious microbe airborne especially in an indoor environment. A tiny
particle that qualifies to be termed airborne is classified as that with an
average aerodynamic diameter up to 2.5-10 pm (Mandell et al., 2009;
Shaman and Kohn, 2009). While a large droplet is in the rage of 50-100
pm (Xie et al., 2007). Coronavirus families are in the range of 80-120 nm
(Fung and Liu, 2019), which is about a factor of between 20 and 80 tinier
than the classified airborne particles. There are two possible exposure
routes of an infectious disease traveling through the air (see Fig. 1); (1)
as droplets that are released by an infectious individual, which fall to the
ground about 1 m from the point of release, and may be released as
coughs, sneezes or shouts; (2) as tiny particles, which due to their
relative weight continue to stay airborne for hours. These tiny particles
are then transported and circulated through the HVAC systems, thereby
constituting a contagion. The contagion fate of the first route (which
involves large droplets) is not covered in this work, unless the droplets
reduce in size by evaporation due to the surrounding atmosphere (dry
air), and become aerosols like the second route.

Although there may be insufficient data to describe the detailed
particle size distribution of sneezes, coughs, and shouts emanating from
patients with infectious diseases, there have been researched works re-
ported on particle size distributions of some coughed materials. Fennelly
et al. (2004) measured the size distribution of coughs emanating from
patients with tuberculosis, the results ranged from 0.65 to 3.3 pm. The
obtained aerosol size distribution is similar to the one reported by
Wainwright et al. (Wainwrightet al., 2009) from fibrosis patients’
coughed materials, which was <3.3 pm. While there is no reported
work, to the best of our knowledge, on the size distribution of coughed
materials emanating from coronavirus patients, high infectious viral
load (39% precisely) was recovered in aerosols generated from coughed
materials of influenza patients (Yanet al., 2018). Moreover, Xie et al.
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(2007) have comprehensively explored infectious droplet/aerosol con-
ditions, movements and velocities in indoor environments, which have
given more supports in favor of our perspective that COVID-19 is likely
largely indoor airborne.

There is a mathematical model that predicts the probability of
airborne infection. This model is termed Well-Riley’s equation (see Eq.
(1)), named after Riley and Nardell (1989) who proposed it.
c=5(1—c¢ "0 1
Where C is the number of new infection; S is the number of those who are
susceptible, i is the number of infectors, q is the number of doses or
quantum of airborne infection and it is measured in quanta per hour
(gph). p is the pulmonary ventilation per susceptible and it is measure in
volume per hour, t is the exposure time measured in hour and Q is the
volumetric flow rate of fresh or disinfected air and it is measured in
volume per hour.

This model has been used in the past for certain infectious diseases
like tuberculosis (Catanzaro, 1982) and measles (Riley et al., 1978). The
exponential term (1-e™%%) is the probability of infecting an individual
that is susceptible to a particular infection. Although it is problematic to
estimate g because the infectious doses of many infectious diseases are
difficult to determine, Catanzaro et al. (Catanzaro, 1982) reported q to
be in the range of 1.25-249 gph for tuberculosis while Riley et al. (1978)
reported q to be 5480 qph for measles. However, for the current
SARS-CoV-2 outbreak, Buonanno et al. (2020) has reported the value of
q to be in the range of 10.5-1030 gph, which depends on the level of
respiratory activity, for example, 320 qph was reported for singing,
while 10.5 gqph was reported for speaking (Amoatey et al., 2020).
Another important variable in Eq. (1) that is relevant to this work is Q; it
is the volumetric flow rate of injected disinfected or fresh air into a
contaminated enclosure. For illustration, it is mathematically significant
from Eq. (1) that when Q is large, the size of -igpt/Q shrinks until it
approaches zero, which ultimately turns C to zero. The objective of any
HVAC expert working on the epidemiological pattern of any infectious
disease is to achieve zero C in Eq. (1). Although the value of S can also
drive down the value of C significantly due of their direct relationship,
controlling S is more of a policy framework that is rooted in social
distancing approach rather than an engineering principle. As a result,
the only essential variable in Eq. (1) that requires HVAC experts’ inputs
is Q. Raising the value of Q reduces exposure by diluting contaminated
air with fresh or recycled decontaminated air. Q can equally be affected
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Fig. 1. Schematic representation of potential transmission routes of COVID-19 in an indoor environment.
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by other engineering control strategies, which include air filtration and
the use of ultraviolet germicidal irradiation (UVGI). Hence, a more
thorough analysis of Q should ensure total removal of infectious parti-
cles by filtration, ventilation, natural deactivation, agglomeration
and/or any form of technological deactivation.

5. Containment and prevention recommendations

Buildings” HVAC systems are essential for maintaining indoor air
quality, and play an important role in occupants’ thermal comfort and
health (Cheet al., 2019). The primary infectious disease containment
approach in buildings, which deals with the removal of infectious agents
and dilution of air within an enclosed space, is always represented by an
effective ventilation system (Liu et al., 2018). However, poorly managed
HVAC systems have been reported (Borro et al., 2021/02) to be
responsible for the transmission of airborne infectious diseases, for
example, wrong air distribution or filtration or humidity or temperature
controls may lead to “super spread” of harmful microbes (Megahed and
Ghoneim, 2021). To reduce the vulnerability of an individual within a
confined space to harmful microbes in the air or the exposure time, the
main approach is to increase the air dilution rate (Nembhard et al.,
2020). This strategy generally decreases pathogen concentrations in the
air, and further minimizes the exposure time of objects, occupants,
passengers, staff or patients to airborne microorganisms within the
space. It is now confirmed that infectious disease aerosols stay viable up
in the air within a confined space for a considerable amount of time
(hours). HVAC system that is supplying, conditioning, extracting, and
recirculating air can transmit airborne diseases and must be carefully
designed, operated and maintained to avoid such health hazards
(Capolongo et al., 2017; Saranet al., 2020; Dose). A combination of
carefully designed air-handling units and fan-coil units (terminal hea-
ting/cooling devices inside a building) as part of a central HVAC system
with full fresh air supply would also help minimize the spread of
SARS-CoV-2 in a conditioned space (Chirico et al., 2020; Lu et al., 2009).

In general, there are three basic parts of an HVAC system (Saranet al.,
2020)— (1) Outside/Fresh air intake and filtration, and air exhaust
ducts with associated systems, (2) Air Handling Units (AHU) with
heating, cooling coils and humidity control devices, and (3) Indoor air
distribution systems. The following HVAC system/ventilation options
are of interest to reduce the transmission of disease in the built envi-
ronment (Dietz et al., 2020).

e Increase fresh air supply, avoid recirculation/transfer of air from one

room/zone to another

Dilution ventilation - mixing the air in a space with fresh air from

outside and/or in-room filtered air

Consider increasing ventilation rates in toilets and communal/cir-

culation areas of the building as per recommended guidelines by

consultants/designers

e Air filtration (central or within the room via portable air purifier)
with HEPA or ULPA filter system

e Laminar in-room or localized flow regimes will help minimize the

risk of microbes and infectious air spread in the entire building

Moisture control to prevent mould growth and the spread of

contamination (relative humidity of air in the range of 40-60% is

recommended)

Displacement ventilation preferred over mixing ventilation system

(where possible to implement)

Differential room pressurization, local source capture or personal-

ized ventilation system will help containing the contaminated air and

discharging it to the outside atmosphere

The use of UVGI (in the airstream and/or in-room upper level)

e Central HVAC system - AHUs with full fresh air supply and indoor fan
coil units as terminal space conditioning devices.

HEPA filters can capture 99.97% of aerosols with particle diameter
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that are 0.3 pm or larger, while the ULPA (Ultra-Low Particulate Air)
filters can capture 99.99% of aerosols with particle diameter that are
0.12 pm and above, which makes them better than HEPA filters for the
containment of airborne disease transmission (Joppolo and Romano,
2017). The deployment of industrial or commercial scale portable air
filtration devices, such as ULPA or HEPA filters can reduce the likelihood
of COVID-19 spread in locations where interaction amongst individuals
is desirable on a regular basis (offices, laboratories, schools, shopping
malls, hospitals, restaurants, cruise ships and metros etc.) (Elias and
Bar-Yam, 2020b). Thus, the use of local air purifiers can help minimize
the risks of infection (Dietz et al., 2020; Saranet al., 2020). The three
characteristics that determine the effectiveness of an in-room air cleaner
in reducing a room’s aerosol level under typical operating scenarios are:
(1) single-pass filtration efficiency, (2) filtration airflow rate, and (3) the
airflow pattern that the cleaner induces in the room. These character-
istics should be carefully investigated while applying an in-room air
cleaner for a specific application (Vladimir Kogan et al., 2008).

Results of recent studies (Zhao et al., 2020; Mousavi et al., 2020)
have revealed that at the beginning of an outbreak, such as the present
COVID-19 disease, hospitals, particularly those positioned around the
epicenter of the pandemic, would be busy providing treatments to the
patients as they are brought in. Pressure would mount on the hospital
due to shortage of time, space and work force. There may not be enough
isolation rooms available to contain the influx. The design of isolation
rooms is done to allow quick removal or containment of pathogenic
materials. As a result, innovative actions must be taken to prepare the
hospital system for such an emergency. To prevent the spread of harmful
microbial agents in the general areas of the hospitals order than quar-
antine or isolation wards, portable HEPA air purifier and plastic sheets
are a temporary solution that is recommended to be deployed (Chris-
topherson et al., 2020). The plastic sheet barrier can prevent the spread
of nearly 80% of contagious particles from penetrating the adjacent
spaces even when portable HEPA air purifiers are too expensive to be
deployed (Mousavi et al., 2020). Together with a portable HEPA air
purifier, the use of plastic sheets can raise the level of infectious aerosol
containment to 99% or above (Mousavi et al., 2020). Moreover, for
confirmed or suspected COVID-19 patients who are isolated at home, the
deployment of air purifiers can decrease the chance of exposure to in-
dividuals in their households (Elias and Bar-Yam, 2020c). To prevent
reinfection or secondary contamination, the used filter should be
properly disposed of, or for total prevention, air purifier filter with
disinfection capacity should be preferred.

A particle counter can be used from time to time to assess the pres-
ence of contaminants’ aerosols (viable and non-viable) in the indoor air.
For this purpose, a calibrated optical particle counter (OPC) can be used,
to monitor the particulates sizes by taking a sample of the air in a
specified space (Capolongo et al., 2017). The OPC has the capability to
measure different particle sizes, most commonly 0.5 pm and 5.0 pm, but
the latest technology and more sophisticated techniques can help detect
particulate sizes smaller than 0.5 pm (Capolongo et al., 2017). An active
microbial air sampler (AMAS) can be used to measure the viable aero-
solized particles in a defined air volume (Sandle, 2010). The AMAS
carries out quantitative microbial analysis of the air, and account for the
number of colony-forming units (CFU) per volume of the air sample. The
colonies of microorganisms are counted from the incubated air sample
that contains the viable airborne particulates. The OPC measurements
give immediate results and are quite simple to perform (Jaenicke, 1972).
The OPC is widely used for quantitative assessment of hospitals and
other types of buildings’ ventilation systems to verify the dilution ef-
fects, filtration efficiency, HVAC system performance and indoor air
quality (Mirhoseini et al., 2015). To determine cleanliness of space, the
OPC measurements for indoor and outdoor space should be compared
(Capolongo et al., 2017; Saranet al., 2020).

It is noteworthy that infectious air dilution and dispersion through
effective ventilation systems are more important in healthcare build-
ings’ context compared to other types of buildings (Capolongo et al.,
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2017; Saranet al., 2020). Addressing the goals of IAQ and prevention of
infectious diseases in buildings are accompanied by the need for venti-
lation as an effective way to control infections in confined spaces, and
there is a challenge of high-energy consumption of HVAC systems. There
should be a comprehensive strategy in place for energy efficient HVAC
system to reduce the carbon footprint of buildings, which does not aid
the transmission of infectious disease agents (Capolongo et al., 2017;
Saranet al., 2020). In HVAC systems, effective air filtration plays an
essential role in trapping particulate contaminants and microbiological
pathogens from the circulating air. To achieve different grades of
cleanliness, various grades of filtration systems can be used. An appro-
priate air filtration system for healthcare buildings is recommended to
be two to three stages of filtration (Joppolo and Romano, 2017). The
final filter shall be placed at the air diffuser side before discharging the
supply air into space and with at least 90% efficiency (Joppolo and
Romano, 2017). In critical areas like operating rooms and airborne
infection isolation rooms (AIIRs), the final filter should be capable of
filtering nearly all the particles of 0.1-0.2 pm diameter and larger sizes
(Joppolo and Romano, 2017). Fig. 2 below summarizes the major pre-
vention recommendations obtained from reviewed articles.

To reduce the infections in hospitals, World Health Organization
(WHO) and the Centre for Disease Control and Prevention (CDC)
recommend a minimum ventilation rate of 12 ACH (Memarzadeh and
Xu, 2012) and isolating suspected COVID-19 patients in airborne
infection isolation rooms (AIIRs) (Organization, 2020). The isolation
facility should be negatively pressurized (Chinn and Sehulster, 2003)
and supplied with 100% fresh air combined with HEPA filtration of the
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incoming fresh air (Villafruela et al., 2019). Where the local weather
conditions and design of the building allow, natural ventilation through
windows, doors, wind catchers and other vents can be used to bring
fresh outside air to the building. The increased natural ventilation rate
will help dilute the room/building air around a source of infectious
agents and remove any airborne virus particles from the building
(Capolongo et al., 2017; Saranet al., 2020). However, to control the
spread of infection inside hospitals and healthcare buildings, natural
ventilation through openable windows is not recommended by most
ventilation standards and guidelines (Joppolo and Romano, 2017; E and
"-19 Ve, 2020).

For the purpose of air and surface disinfection (see Fig. 3), UVC lamp
devices are recommended to be placed in air handling units and at the
upper-room level of space to deactivate microbes within (Edition, 2011).
In-duct UVC systems inside air handling units can help prevent micro-
organisms and mould growth on cooling coils and other surfaces (Santos
et al., 2020). This will improve the cooling coil efficiency and help
reduce the pressure drop across air handling units, resulting in lower
energy cost for air supply and removal of infection sources inside air
handling units. To optimize the cost and energy use for conditioning
space, the application of UVC can be combined with conventional air
quality control methods, including particulate filtration, carbon filtra-
tion (carbon capture from recirculation air) and dilution ventilation
(Dose; Edition, 2011).

To maintain a comfortable and healthy environment inside com-
mercial aircrafts’ cabins for the passengers and crewmembers, the air
distribution system plays a vital role (Desai et al., 2020). Compared to
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Fig. 2. Recommended actions against indoor spread of SARS-CoV-12 either as droplets or as aerosols.
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UVC IN HVAC SYSTEMS

PROTECT INHABITANTS FROM
UV LIGHT IN UPPER ROOM

[ ——— UVC AND IAQ

Fig. 3. Potential Applications of UVC to Control Microorganisms in Air and on Surfaces. UVC system, in-duct and upper-room level. Source: ASHRAE. Ultraviolet Air

and Surface Treatment. ASHRAE Handbook-HVAC Appl 2011. (Edition, 2011).

other means of public transportation, the aircrafts’ cabins indoor envi-
ronment is one of the most complex among all.

To control the spread of airborne contaminants while at the same
time maintaining passengers’ thermal comfort, suitable ventilation
strategies for ensuring air quality must be employed. Different strategies
have been investigated for controlling and improving air quality and
thermal comfort inside aircrafts’ cabins (You et al., 2019; Du et al.,
2017; Fang et al., 2018). Various types of contaminants and gases are
produced in aircrafts’ cabins environment (Li et al., 2014). The impor-
tant ones considered are VOCs, carbon dioxide, ozone, ethanol and
disinfection pesticides. The source of main particulate contaminants,

associated with the risk of spreading infectious air inside an aircraft
cabin, originates from coughing, sneezing and breathing (Gupta et al.,
2012). The main three categories of airflow distribution for the venti-
lation system of an aircraft are mixing, displacement and personalized
airflow distribution systems (Zhang and Chen, 2007). A Personalized
displacement ventilation system is widely considered to provide
improved air quality while at the same time ensures occupants’ thermal
comfort compared to the conventional ventilation systems (Youet al.,
2018).

The current ventilation arrangement (mixed-air ventilation system
see Fig. 4a) inside the airplane cabin is designed for passengers to

Fig. 4. Schematic representation of aerodynamic differences between (a) typical mixed-air ventilation system and (b) personalized displacement ventilation system

inside the aircraft cabin.
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receive conditioned air from the top (over the head of the passenger),
and then the air is extracted at the bottom (at the feet of the passengers)
(Zhang and Chen, 2007). This approach allows infectious diseases to be
transmitted on board the airplane if a passenger with infectious disease
is onboard (Zhang and Chen, 2007). Cold air (from the aircraft
air-conditioning system) is supplied from the top, cools down the pas-
sengers and it is collected at the feet of the passengers. Having cooled
down the passengers, the air becomes warm, and from ideal gas law
(which air obeys to certain extents), warm air is lighter than cold air and
is expected to travel to the top naturally. As a result, a part of the in-
fectious air will escape the suction system at the feet of the passengers,
travels to the top and then spreads to other parts of the cabin (which is
the main issue with the mixed-air ventilation).

In order to prevent this, we recommend a different approach
(personalized displacement ventilation system see Fig. 4b) (Youet al.,
2018) that will change the current aerodynamics in the airplane cabin;
fresh air is supplied from the lower level of the cabin (as shown in
Fig. 4b), or from the side (at the level of the armrest) or in front (where
the entertainment screen is located) of the passengers, cools down the
passengers and is collected at the top of the cabin following natural
convection. This approach is similar in principle to underfloor ventila-
tion concept reported by Alajmi and El-Amer (2010). With this, any
infectious agent released by the infected passenger(s) will be summarily
localized and collected at the upper roof of the cabin. At the point of
collection of the used air at the upper roof of the cabin, germicidal ul-
traviolet (UVC) light will be stationed there to deactivate any microbe
therein (Welchet al., 2018).

There have been reports that high concentration of COy in an
enclosed space is responsible for wheezing attacks in children with
asthma history (Kim et al., 2002), tiredness and muscular pains (Jung
et al., 2009), increase in airborne bacterial markers (Fox et al., 2003),
sicknesses (cough, headache, rhinitis, wheezing and irritation of mucus
membrane) (Ferreira and Cardoso, 2014), especially where fresh air
circulation may be poor (eter.com. "High2 L, 2019).

The use of CO- carbon filter to reduce the concentration of CO in the
aircraft/building/metro is another recommendation (Rosenberger,
2018). Used air by the passengers is collected from the top of the cabin
(following displacement ventilation system) and treated with UVGI as
explained in Fig. 4b. Thereafter, the air passes through the embedded
carbon filter in the air duct, which is treated with adsorbents capable of
selectively capturing CO; from the air stream at ppm level (Lakhiet al.,
2015; Wilson and Tezel, 2020; Amhamed et al., 2014). The filter ma-
terial may be modified with nanomaterials (e.g. carbon nitride or
metal-organic frameworks, etc.) that have high CO, uptake in ambient
air (Wilson and Tezel, 2020; Altamash et al., 2020). The deployment of
nanoporous CO, adsorption filters in indoor atmosphere (for example
inside the aircraft cabin) would enhance the indoor air quality as well as
increase the aircraft HVAC energy efficiency. This is because the use of
CO4 adsorption filters would reduce the percentage of fresh air makeup
needed to dilute the COy-ladened atmosphere inside the aircraft, thereby
contributing to the energy efficiency (Kim et al., 2015, 2020).

Another important technique to localize the infectious air in order to
minimize the risk of contagion in an aircraft’s cabin is the use of
noiseless and invisible air barrier (air-curtains/air-blades) around the
passengers’ seats. With this, droplets and aerosols (produced when
passengers, seated next to each other, cough, sneeze, snore, shout, or
talk) will be largely contained within a space of a single passenger, and
the risk of inhalation by the nearby passengers will be minimized. The
air curtain follows similar air-blade principles found in high-pressure
hand dryer (Drever, 2012) or those of air curtains used at the entrance
of buildings (Goubran et al., 2016) for energy saving purposes. How-
ever, the newly proposed air-curtain is noiseless (with embedded
muffler) and less pressurized (remotely located air supply fan away from
the cabin environment). The air curtains extend from the armrest level
(for the left and right sides of a seat) and at the headrest level (for the
back side) to the crest (ceiling) of the cabin (see Fig. 5), where the air is
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_ Air curtain emanating from the linear aperture at
. headrest level

Air curtain emanating from the linear
__ apertureatarmrestlevel

Air supply from floor void

Fig. 5. Inflatable jacket (seat cover) mounted on a typical cabin seat showing
air-curtain’s air distribution around the passenger.

extracted as part of an active displacement ventilation system, in which
air is supplied from the lower level and extracted at the upper level of
the cabin. This is in contrast to the state-of-the-art (TEAGUE, 2020), in
which a 3D-printed component is mounted on the gasper vent to apply
the air-curtain from top to bottom as part of a mixed-air ventilation
system.

A similar concept can be replicated in buildings. It is important to
note that the work environment during and after COVID-19 pandemic
will change dramatically to conform to the new world created by the
spread of the virus (E and "-19 Ve, 2020). In order to maintain trust and
confidence among colleagues at work, certain precautionary conditions
must be met to assure individuals of their safety against viral infections.
The application of upper-room and in-duct UVC system (Edition, 2011),
when combined with HEPA/ULPA filters in a displacement ventilation
system (Zhang and Chen, 2005, 2007), are equally recommended for
minimizing the risk of spreading infectious and virus laden air inside
confined spaces (Bosbach et al., 2013; Elmaghraby et al., 2018). Just as
explained in Fig. 4a above, most buildings use mixed-air ventilation
system (see Fig. 6a) that allows the spread of microbes in indoor
atmosphere.

In order to avert this, we recommend a similar concept (displace-
ment ventilation system) in Fig. 6b, just as that recommended in Fig. 4b,
that will change the current aerodynamics inside the buildings; fresh air
is supplied from the bottom (as shown in Fig. 6b), mimicking person-
alized underfloor ventilation reported by Cermak and Melikov (2007),
cools down the occupants and is collected in the upper room following
natural convection. With this, any infectious agent released by infected
occupant(s) will be transported and collected at the upper room. At the
point of collection of the used air at the upper room, germicidal ultra-
violet (UVC) light (Welchet al., 2018) will be positioned there to deac-
tivate any microbe therein for the used air to be recycled.

6. Conclusion
This work has reviewed the existing literature on infectious diseases’

spread patterns in order to report our perspective on the indoor airborne
nature of COVID-19. We have been able to show, from the historical



A. Sodiq et al.

. ) . Air vent
used air extraction point

Mixed Ventilation

Environmental Research 199 (2021) 111329

(b)

used air extraction point

(redesigned)
upper room UVC fm T

\&‘
/’\.

|
L

&

*®

Displacement Ventilation

Fig. 6. Schematic representation of aerodynamic differences between (a) typical mixed-air ventilation system and (b) personalized displacement ventilation system

in occupied buildings.

perspective of the outbreak of communicable diseases and the current
emerging understanding of microbes’ nature, that SARS-CoV-2 is
airborne in indoor environments. We have equally been able to show,
also from reported works, that social distancing policy within a confined
space may only stop the virus from being transmitted through the
droplets, however, aerosol transmission is still possible through the
airflow of the HVAC systems. It should be noted that little attention has
been paid to this viewpoint by governments and the public, our
perspective however rests on the evidences presented in the literature,
which further reveal that the spread may be aided by the conditions of
the HVAC systems. We have recommended an innovative air circulation
concept, which localizes a communicable disease to the infected indi-
vidual(s) alone, in addition to the use of UVGI, in combination with a
nanoporous air filter in enclosed spaces, such as onboard the airplanes,
inside the metro tubes, in the staterooms on cruise ships, inside the
hospitals, in commercial and government buildings. For future work, we
believe research efforts should focus on achieving the stated proposed
personalized displacement ventilation system with simulations that can
be validated by experimental work. This will add an effective ventilation
strategy to the pool of existing ventilation systems. Research effort
should equally consider the capital investment and operating cost of the
required number of UVC devices within an enclosed space for effective
disinfection of the surrounding air. These recommendations are not
conceived to override the current protective/preventive measures, such
as social distancing, personal hygiene, and the use of facemasks, how-
ever, lasting engineering solutions must be sought to prevent future
occurrences.
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