O NO Ol bW =

How can airborne transmission of COVID-19 indoors be minimised?

Lidia Morawska®", Julian W. Tang?, William Bahnfleth®, Philomena M. Bluyssen,
Atze Boerstra®, Giorgio Buonanno®, Junji Cao’, Stephanie Dancer®, Andres Floto®,
Francesco Franchimon??, Charles Haworth!, Jaap Hogeling'?, Christina Isaxon3, Jose
L. Jimenez!*, Jarek Kurnitski®, Yuguo Li*®, Marcel Loomans'’, Guy Marks*®, Linsey
C. Marr®®, Livio Mazzarella?®, Arsen Krikor Melikov??, Shelly Miller??, Donald K.
Milton?3, William Nazaroff?*, Peter V. Nielsen®®, Catherine Noakes?®, Jordan
Peccia?’, Xavier Querol?®, Chandra Sekhar?®, Olli Seppanen®, Shin-ichi Tanabe®,
Raymond Tellier®?, Kwok Wai Tham?3, Pawel Wargocki?!, Aneta Wierzbicka®,
Maosheng Yao®

! International Laboratory for Air Quality and Heath (ILAQH), WHO Collaborating Centre for Air
Quality and Health, School of Earth and Atmospheric Sciences, Queensland University of
Technology, Brisbane, Queensland, Australia

2Respiratory Sciences, University of Leicester, Leicester, United Kingdom
®Department of Architectural Engineering, The Pennsylvania State University, USA
*Faculty of Architecture and the Built Environment, Delft University of Technology, The Netherlands

*REHVA (Federation of European Heating, Ventilation and Air Conditioning Associations), BBA
Binnenmilieu, The Netherlands

¢ Department if Civil and Mechanical Engineering, University of Cassino and Southern Lazio,
Cassino, Italy

"Key Lab of Aerosol Chemistry and Physics Chinese Academy of Sciences, Xi'an, China, Beijing,
China

8 Edinburgh Napier University and NHS Lanarkshire, Scotland
® Department of Medicine, University of Cambridge, United Kingdom
©Eranchimon ICM, The Netherlands

1 Cambridge Centre for Lung Infection, Royal Papworth Hospital and Department of Medicine,
University of Cambridge, Cambridge, United Kingdom

12 |nternational Standards at ISSO, 1SSO International Project, The Netherlands
B Ergonomics and Aerosol Technology Lund University, Lund, Sweden

4 Department of Chemistry, and Cooperative Institute for Research in Environmental Sciences
(CIRES) University of Colorado, Boulder, USA

®REHVA Technology and Research Committee, Tallinn University of Technology, Estonia

1 Department of Mechancal Engineering, Hong Kong University, University of Hong Kong,
Pokfulam, Hong Kong, China.'” Department of the Built Environment, Eindhoven University of
Technology (TU/e), The Netherlands

18 Centre for Air quality Research and evaluation (CAR), University of New South Wales (UNSW),
Sydney, New South Wales, Australia

¥ Civil and Environmental Engineering, Virginia Tech, USA
2 AiCARR, Politecnico di Milano, Italy

! International Centre for Indoor Environment and Energy, Department of Civil Engineering,
Technical University of Denmark, Denmark

22 Mechanical Engineering, University of Colorado, Boulder, USA



46

47
48

49
50

51
52

53
54

55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73
74
75
76

77

78
79
80
81

2 Environmental Health, School of Public Health, University of Maryland, USA

2 Department of Civil and Environmental Engineering, University of California, Berkeley, California,
USA

#Faculty of Engineering and Science, Department of Civil Engineering, Aalborg University,
Denmark

% School of Civil Engineering, University of Leeds, United Kingdom
2" Environmental Engineering, Yale University, USA

% Institute of Environmental Assessment and Water Research, Department of Geosciences, Spanish
National Research Council, Barcelona, Spain

2 Department of Building, National University of Singapore, Singapore
% Aalto University, Finland
31 Architectural Institute of Japan, Japan
%2 McGill University, Canada
* Department of Building, National University of Singapore, Singapore
¥ Ergonomics and Aerosol Technology, Lund University, Sweden
% College of Environmental Sciences and Engineering, Peking University, Beijing, China

*Corresponding Author:

Lidia Morawska, International Laboratory for Air Quality and Heath (ILAQH), WHO Collaborating
Centre for Air Quality and Health, School of Earth and Atmospheric Sciences, Queensland University

of Technology, Brisbane, Queensland, Australia. Email: |. morawska@qut.edu.au



mailto:l.morawska@qut.edu.au

82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

Abstract

During the rapid rise in COVID-19 illnesses and deaths globally, and notwithstanding
recommended precautions, questions are voiced about routes of transmission for this
pandemic disease. Inhaling small airborne droplets is probable as a third route of infection, in
addition to more widely recognized transmission via larger respiratory droplets and direct
contact with infected people or contaminated surfaces. While uncertainties remain regarding
the relative contributions of the different transmission pathways, we argue that existing
evidence is sufficiently strong to warrant engineering controls targeting airborne transmission
as part of an overall strategy to limit infection risk indoors. Appropriate building engineering
controls include sufficient and effective ventilation, possibly enhanced by particle filtration
and air disinfection, avoiding air recirculation and avoiding overcrowding. Often, such
measures can be easily implemented and without much cost, but if only they are recognised
as significant in contributing to infection control goals. We believe that the use of
engineering controls in public buildings, including hospitals, shops, offices, schools,
kindergartens, libraries, restaurants, cruise ships, elevators, conference rooms or public
transport, in parallel with effective application of other controls (including isolation and
quarantine, social distancing and hand hygiene), would be an additional important measure
globally to reduce the likelihood of transmission and thereby protect healthcare workers,

patients and the general public.
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Recognising the potential for the airborne transmission of SARS-CoV-2

The significance of viral transmission via small airborne microdroplets (also commonly
referred to as ‘aerosols’) has been intensely discussed in the context of the SARS-CoV-
2/COVID-19 (severe acute respiratory syndrome coronavirus-2/coronavirus disease 2019)
pandemic (Lewis 2020; Morawska et al. 2020). This is one of three commonly accepted
modes of viral transmission, the other two being via larger respiratory droplets (which fall
close to where they are expired), and direct contact with contaminated surfaces (fomites).
Especially with the ongoing global shortage of personal protective equipment (mainly
surgical masks and N95/FFP2/FFP3 respirators) (WHO 2020c), additional methods to reduce
the risk of SARS-CoV-2 transmission indoors need to be considered. The need is acute in
particular in hospitals and other healthcare facilities managing COVID-19 patients.

While evidence for airborne transmission of COVID-19 is currently incomplete, several
hospital-based studies have performed air-sampling for SARS-COV-2, including one
published paper (Ong et al. 2020), one early-release paper (Guo et al. 2020) and 5 papers still
in pre-print at the time of writing (Chia et al. 2020; Ding et al. 2020; Jiang et al. 2020; Liu et
al. 2020; Santarpia et al. 2020). Four of these studies found several positive samples for
SARS-CoV-2 genome (RNA) in air using polymerase chain reaction (PCR) testing (Chia et
al. 2020; Jiang et al. 2020; Liu et al. 2020; Santarpia et al. 2020), two found very small
numbers of positive samples (Ding et al. 2020), and only one (Ong et al. 2020) found no
positive air samples. This evidence at least demonstrates a potential risk for airborne
transmission of SARS-CoV-2.

In addition, amongst these studies, three also reported some quantitative viral RNA
data. The Singaporean study found positive air samples in 2 of the 3 patient infection
isolation rooms, with samples in the 1-4 um and >4 um size ranges containing a range of
viral loads (1.8-3.4 viral RNA copies per L of air) (Chia et al. 2020). The study from
Nebraska, USA found that 63% of the air samples were positive with a mean viral load of 2.9
copies/L, including in patient rooms and the hallway air (Santarpia et al. 2020). In one case,
they sampled close to the patient (mean: 4.1 copies/L) and at >1.8 m (mean: 2.5 copies/L),
suggesting some dilution with distance. The highest viral loads were found in personal
samplers worn by the sampling team when in the presence of a patient receiving oxygen via
nasal cannula (mean: 19 and 48 copies/L), indicating that this treatment may promote the
spread of airborne virus. A study in Wuhan, China (Liu et al. 2020) provides quantitative data
for their small number of positive air samples, with 0.02 RNA copies/L in a toilet area and

0.02-0.04 copies/L in a room used to remove PPE. More than half the viral RNA in these
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samples was associated with aerosols <2.5 pm. This study also measured deposition through
passive aerosol sampling, reporting deposition rates of 31 and 113 RNA copies/m? per h at
samplers located approximately 2 m and 3 m from the patients, respectively (Liu et al. 2020).

Whilst this evidence may be deemed to be incomplete at present, more will arise as the
COVID-19 pandemic continues. In contrast, the end-stage pathway to infection of the droplet
and contact transmission routes has always been assumed to be via self-inoculation into
mucous membranes (of the eyes, nose and mouth). Surprisingly, no direct confirmatory
evidence of this phenomenon has been reported, e.g. where there have been: (i) follow-up of
fomite or droplet-contaminated fingers of a host, self-inoculated to the mucous membranes to
cause infection, through the related disease incubation period, to the development of disease,
and (ii) followed by diagnostic sampling, detection, sequencing and phylogenetic analysis of
that pathogen genome to then match the sample pathogen sequence back to that in the
original fomite or droplet. It is scientifically incongruous that the level of evidence required
to demonstrate airborne transmission is so much higher than for these other transmission
modes (Morawska et al. 2020).

The infectious agents of several other diseases (tuberculosis, measles, chickenpox) are
recognised to be transmissible via the airborne route, either by the short-range (face-to-face,
conversational exposure) or by longer-range aerosols (Department of Health 2015; Tellier et
al. 2019). Measles and varicella zoster (the virus causing chickenpox) can also be efficiently
transmitted through direct contact during their acute phase of infection (e.g. by kissing).
During a close contact situation, all transmission routes can be potentially responsible for
infection.

For other respiratory viruses, including SARS-CoV, MERS-CoV (Middle-East
Respiratory Syndrome coronavirus), respiratory syncytial virus (RSV — a common cause of
bronchiolitis in infants) and influenza, both short-range and longer-range airborne
transmission are possible, but the predominance of 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 et al. 2004).

A recent mechanistic modelling study showed that short-range airborne transmission
dominates exposure during close contact (Chen W et al. 2020). Other studies investigating
the transport of human-expired microdroplets and airflow patterns between people also
provide substantive support for this transmission route (Ai et al. 2019; Li et al. 2007; Liu et

al. 2017). Therefore, in light of this body of evidence for these other respiratory viruses; we
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believe that SARS-CoV-2 should not be treated any differently — with at least the potential
for airborne transmission indoors.

Yet despite this, international health organisations, like the WHO (World Health
Organization) (WHO 2020b), continue to place insufficient emphasis on protection from
small, virus laden, airborne droplets. Other organisations that deal with building
environmental control systems, such as REHVA (the Federation of European Heating,
Ventilation and Air Conditioning Associations) and ASHRAE (the American Society of
Heating, Ventilating, and Air-Conditioning Engineers), have acknowledged the potential
airborne hazard indoors and recommended ventilation control measures accordingly
(ASHRAE 2020a; REHVA 2020).

Infection control specialists also often inquire about the relative contribution of
airborne transmission compared to the other transmission modes (‘contact’ and ‘droplet’).
Multiple studies provide strong evidence for indoor airborne transmission of viruses,
particularly in crowded, poorly ventilated environments (Coleman et al. 2018; Distasio et al.
1990; Knibbs et al. 2012; Li et al. 2005; Moser et al. 1979; Nishiura et al. 2020). However, it
is generally difficult to quantitatively compare and conclude which transmission route is the
most significant in a given situation. Infection may occur via all routes to different degrees
depending on the specific exposure circumstances. Effective infection control necessitates
protection against all potentially important exposure pathways.

Here, in the face of such uncertainty, we argue that the benefits of an effective
ventilation system, possibly enhanced by particle filtration and air disinfection, for
contributing to an overall reduction in the indoor airborne infection risk, are obvious (Eames
et al. 2009).

Engineering controls to reduce the potential airborne transmission of SARS-CoV-2

To maximise protection of the population against the airborne spread of SARS-CoV-2
and any other airborne virus-containing small microdroplets, several recommendations are
necessary as presented below. These focus on indoor environments, because this is where
most transmission occurs (Nishiura et al. 2020). Further, the measures mostly apply to public
buildings. In residential houses and apartments, normal practices (e.g. segregating infected
individuals, opening windows and doors, and using portable air-cleaning devices when
practical) to ensure healthy indoor air, should stay in place at any moment.

Ventilation airborne protection measures which already exist can be easily enhanced at

a relatively low cost to reduce the number of infections and consequently to save lives. The
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options discussed below should always be implemented in combination with other existing
measures (like hand-washing and use of PPE) to reduce infection via other important routes
of transmission, as none of them can be completely excluded in any exposure event. The
remainder of this article will only cover recommendations for ‘engineering level’ controls, as
described in the traditional infection control hierarchy (Figure 1) to reduce the environmental

risks for airborne transmission.

ELIMINATION Most effective
— to physically remove the pathogen

ENGINEERING CONTROLS
— to separate the people and pathogen

ADMINISTRATIVE CONTROLS
- to instruct people what to do

PERSONAL PROTECTIVE EQUIPMENT
- to use masks, gowns, gloves, etc. Least effective
Figure 1. Traditional infection control pyramid adapted from the US Centers for Disease
Control (CDC 2015).

)] Ventilation should be recognised as a means to reduce airborne transmission

Ventilation is the process of providing outdoor air to a space or building by natural or
mechanical means (ISO 2017). It controls how quickly room air is removed and replaced
over a period of time. In some cases, it is necessary to remove pollution from outdoor air
before bringing it into a building, by using adequate filtration systems. Ventilation plays a
critical role in removing exhaled virus-laden air, thus lowering the overall concentration and
therefore any subsequent dose inhaled by the occupants.

Appropriate distribution of ventilation (e.g. placement of supply and exhaust vents)
ensures that adequate dilution is achieved where and when needed, avoiding the build-up of
viral contamination (Melikov 2011; Melikov 2016; Thatiparti et al. 2016;2017). The central
guiding principle is to replace contaminated air with clean air, but sometimes local barriers to
this process may occur, e.g. where partitions are used or curtains drawn for privacy or
medical procedures. If these barriers are in use, secondary or auxiliary measures may be

needed to achieve requisite ventilation effectiveness.
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Good ventilation practices are already in place in many hospital settings, as part of
everyday and emergency measures to protect against droplet and contact transmission (Phiri
2014). Good ventilation also protects the occupants against airborne transmission. The
capacity to increase ventilation rates when needed (such as during the COVID-19 pandemic)
may differ, and may be somewhat limited by their original design specifications and
implementation.

Note that many hospitals are naturally ventilated in ward areas, including in some
rooms used for critical care. However, if the airflow passage is obstructed (e.g. by closing
windows and doors), airborne pathogen concentration can sharply rise leading to an increased
risk of airborne transmission and infection (Gilkeson et al. 2013a). Natural ventilation
concepts apply to healthcare facilities in both developed and resource-limited countries in
favourable climatic conditions. The design, operation and maintenance of naturally ventilated
facilities is not straightforward, and comprehensive guidance is available (WHO 2009). For
instance WHO in March, (WHO 2020a) specifies that in a COVID-19 infective ward at least
160 L/s/patient have to be provided if natural ventilation is used.

We have recently seen the creation of very large emergency hospital wards, within
exhibition centres for example, which house hundreds or even thousands of patients (MSN
2020). Although these facilities will have mechanical ventilation that is adequate for normal
exhibition or conference use, it is not clear if sufficient ventilation will be available for
patient management and infection control purposes when they are adapted for such purposes,
as during the COVID-19 pandemic.

The situation can be worse in public buildings and other shared spaces, such as shops,
offices, schools, kindergartens, libraries, restaurants, cruise ships, elevators, conference
rooms or public transport, where ventilation systems can range from purpose-designed
mechanical systems to simply relying on open doors and windows. In most of these
environments, ventilation rates are significantly lower than in hospitals for various reasons,
including limiting airflows for energy and cost savings.

Hence, in such environments, with lower ventilation rates intended primarily to control
indoor air quality (which may also include some hospital emergency, acute admissions,
general ward and clinic areas) (Booth et al. 2013; Jo et al. 2019; Kulkarni et al. 2016; Rule et
al. 2018; Sornboot et al. 2019), the likelihood of infected persons sharing air with susceptible
occupants is high, posing an infection risk contributing to the spread of the infectious disease.

Various studies have been performed on the survival of airborne pathogens (Brown et
al. 2015; Kim et al. 2016; Kormuth et al. 2018; Kulkarni et al. 2016; Marr et al. 2019;
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Pyankov et al. 2018; Tang 2009). The SARS-CoV-2 virus has been shown to be stable in
airborne particles with a half-life of more than one hour (van Doremalen et al. 2020), so it
can potentially be inhaled by susceptible individuals causing infection and further spreading
of the disease.

As ‘stay-at-home’ lockdown measures are gradually relaxed, much of the population
may return to spending increasing amounts of time in inadequately ventilated workplaces,
offices, schools and other public buildings, where they may be exposed to a risk of acquiring

viral infections by inhalation.

i) Ventilation rates should be increased by system modifications.

In a mechanically ventilated building, ventilation air is typically provided by a
heating, ventilating and air conditioning (HVAC) system. Sometimes, ventilation air is
provided by dedicated fans or outdoor air units.

HVAC system control strategies can usually be modified to increase ventilation to a
certain extent in the occupied zones, with relatively little additional cost, to reduce the risks
of airborne transmission between occupants. However, this is not via a simple ‘flick of a
switch’, as HVAC systems are complex and usually designed for individual buildings within
standard specific operating parameters. Many requirements need to be considered apart from
the ventilation rate, including control of temperature, relative humidity, air flow distribution
and direction.

Such systems can be specifically customised as needed by HVAC engineers, e.g. to
reduce the risks of airborne transmission. Indeed, the ventilation guidance of ASHRAE (The
American Society of Heating, Refrigerating, and Air-conditioning Engineers), REHVA,
SHASE (The Society of Heating, Air-Conditioning and Sanitary Engineers of Japan) have all
just been updated to address the spread of COVID-19 (ASHRAE 2020b; REHVA 2020;
SHASE 2020). Another example is the modification of a hospital ward ventilation system to
create a negative pressure isolation ward (Miller et al. 2017).

If ventilation is provided using windows openings (aeration) or other means (fixed
openings, e.g., natural ventilation), an estimation of the possible outdoor flow rate can be
made using CEN Standard, EN 16798-7:2017 (CEN 2017), or other available references as
(AIVC 1996; CIBSE 2005). The outdoor air flow rate that is achieved is strongly dependent
on the specific local conditions (opening sizes, relative positions, climatic and weather
conditions, etc.) and should be estimated case by case; it can easily range from 2 up to 50
ACH or more.
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For naturally ventilated public buildings, particularly in cold climates, other
challenges will arise, but these can also be addressed in order to reduce the risk of airborne
infection transmission. It may be necessary to provide additional heating in some buildings to

maintain thermal comfort, particularly where the occupants are vulnerable.

i) Avoid air recirculation

The recirculation of air is a measure for saving energy, but care must be taken, as it
can transport airborne contaminants (including infectious viruses) from one space and
distribute them to other spaces connected to the same system, potentially increasing the risk
of airborne infection in areas that otherwise would not have been contaminated. This concern
has been noted previously in regard to the possible recirculation of biological agents during
terrorist attacks that have investigated the effectiveness of eliminating recirculation (e.g.
providing 100% outside air to spaces and exhausting all of it) as a countermeasure following
an indoor release of the agent (Persily et al. 2007). A study modelling the risk of airborne
influenza transmission in passenger cars provided also a case against air recirculation in such
situations (Knibbs et al. 2012).

Particulate filters and disinfection equipment in recirculated air streams can reduce
this risk, but they need to be purposely designed to control risk of airborne infection and need
regular service to maintain their effectiveness. Many systems are designed for filters that are
intended to remove larger particles that may affect the functioning of equipment and that are
not effective at removing small, sub micrometre or micrometre size particles associated with
adverse health effects. Filter ratings by test methods, such as ASHRAE Standard 52.2
(ASHRAE 2017) that give an indication of performance as a function of particle size should
be utilized in choosing appropriate filters.

Following the above considerations, during an epidemic, including the current
COVID-19 pandemic, air should not be recirculated as far as practically possible, to avoid the
dissemination of virus-laden particles throughout the indoor environment For central air
handling units at a building level or serving multiple zones, recirculation should be avoided,
and the system operated on 100% outdoor air (OA) if possible. Disabling recirculation can be
achieved by closing the recirculation dampers and opening outdoor air dampers. In systems
where it is not possible, one should try to maximize the OA-level and apply filtering or
ultraviolet germicidal irradiation to remove or deactivate potential viral contamination from
the recirculated air. In many health care settings, air recirculation is, in most cases not

allowed at all, though though recirculation is commonly used in non-hospital settings for

10
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improving energy efficiency. At a room (decentral) level, secondary air circulation systems
may be installed. One needs to assure that any of such systems also provides ventilation with
outdoor air (e.g., induction units). If this is the case, such a system should not be switched
off. Other systems, which do not have this feature (e.g., split air-conditioning units) should if
possible be turned off, to avoid potential transfer of virus through air flows between people.
When such a system is needed for cooling then additional ventilation with outdoor air should
be secured by regular/periodic ventilation through, e.g., window opening.

iv) Air cleaning and disinfection devices may be beneficial

In environments where it is difficult to improve ventilation, the addition of local air
cleaning or disinfection devices, such as germicidal ultraviolet (GUV, or UVGI - ultraviolet
germicidal irradiation) may offer benefits. Under laboratory conditions GUV has been shown
to be effective against a suite of microorganisms including coronaviruses (Walker et al.
2007), vaccinia (McDevitt et al. 2007) and Mycobacteria (Xu et al. 2003), and even influenza
(McDevitt et al. 2012; McLean 1961). Several studies show that inactivation decreases with
increased humidity for both bacterial (Xu et al. 2005) and viral aerosols (McDevitt et al.
2012). Darnell et al. (2004) showed that SARS-CoV-1 could be inactivated by UV-C, while
Bedell et al. (2016) showed a UV-C decontamination device could inactivate MERS-CoV at
1.22m, with almost a 6 log reduction in 5 minutes. There is no data yet for SARS-CoV-2, but
the data for other coronaviruses suggest it is highly likely that it is susceptible to UV-C.

One application that grew dramatically during the multi-drug resistant tuberculosis
outbreaks of the 1980s (Young et al. 1994), is the ‘upper-room’ system in which lamps are
placed in the upper part of the room, either on the walls or mounted on the ceiling, directing
the UV light into the upper zone with louvers and limiting UV exposure in the occupied
space (Xu et al. 2005; Xu et al. 2003). Upper-room GUV is a good technology to consider in
crowded, poorly ventilated environments where aerosol transmission could occur and where
the ability to increase ventilation is limited. Long ago, McLean (1961) presented data
showing interruption of influenza transmission in a hospital setting. It has been estimated that
upper-room GUV may reduce infection risk by an amount equivalent to doubling the
ventilation rate (Noakes et al. 2015). Escombe et al. (2009) showed 77% reduction in human
to guinea pig transmission in a hospital setting, while chamber based studies show the
effectiveness of GUV against a number of bacterial aerosols (Xu et al. 2005; Xu et al. 2003;

Yang et al. 2012). These concur with modelling studies (Gilkeson et al. 2013b; Noakes et al.

11
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2004; Sung et al. 2010; Yang et al. 2012) showing that the effectiveness depends on the
placement of the lamps relative to the ventilation flow and that addition of a ceiling fan
enhances GUV effectiveness (Xu et al. 2013; Zhu et al. 2014).

Factors that must be considered when evaluating the ability of upper-room GUV to kill
or inactivate airborne microorganisms include the sensitivity of the microorganisms to GUV
and the dose received by a microorganism or population of microorganisms. GUV dose is the
ultraviolet (UV) irradiance multiplied by the time of exposure and is usually expressed as
HUW-s/cm?. Well-designed upper-room GUV may be effective in Killing or inactivating most
airborne droplet nuclei containing mycobacteria if designed to provide an average UV
fluence rate in the upper room in the range of 30 uW/cm? to 50 uW/cm?, provided the other
elements stipulated in these guidelines are met. In addition, the fixtures should be installed to
provide as uniform a UVGI distribution in the upper room as possible (CDC/NIOSH 2009).
A zonal infection risk model (Noakes et al. 2015) suggests that an upper-room GUV with a
plane average irradiance of 0.2 W/m? at the UV fixtures could be comparable to increasing
the ventilation rate from 3 to 6 ACH.

Portable consumer air cleaning devices may be beneficial in smaller rooms, although it
should be recognised that such devices must be appropriately sized for the space (Miller-
Leiden et al. 1996). There is wide variation in performance of air cleaners depending on air
cleaner design and size of room in which it is used (Shaughnessy et al. 2006). A useful metric
for determining performance is the clean air delivery rate, which is equivalent to the
volumetric flow rate of particle-free air produced by the air cleaner (Foarde 1999). Kujundzic
et al. (2006) reported air cleaners were similarly effective against removing both airborne
bacterial and fungal spores from the air at clean air delivery rates of between 26 and 980 m®/h

corresponding to effective cleaning of between 5 and 189 m® room volumes respectively.

GUYV ‘in-duct’ application within air-conditioning systems and ventilation ducts may
also be a practical approach for disinfecting contaminated extracts or in cases where it is not
possible to stop recirculation of ventilation flows (Kujundzic et al. 2007). However, these
systems are of little benefit against person-to-person transmission when installed in the
supply air of once-through systems that do not recirculate air within the space or building.
The US Centers for Disease Control has approved both upper-room and in-duct systems for
use in controlling tuberculosis transmission as an adjunct to HEPA filtration (CDC/NIOSH
2009).

12
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)] Minimise the number of people within the same indoor environment in an
epidemic
This measure is self-explanatory in the context of the need to lower the concentration of
airborne virus-carrying particles, and reduce the number of people who can be exposed at any
time. There is no one specific value for a number of people who could share the same space
during pandemics, and this measure should be considered in conjunction with the engineering
measures discussed above, and particularly in relation to the ventilation parameters of the
space. Although the physical distance required to avoid transmission through direct contact
dictates the requirements for the floor area per person, the rate of ventilation provided and the
efficiency of ventilation are the parameters that control the concentration of virus-laden
microdroplets in the air exhaled by the occupants, and will guide decisions on safe occupancy
numbers. In a school or a supermarket, for example, if the number of infected students or
shoppers is low, and the ventilation rate is high, the risk of airborne transmission can be low.
Similarly, during an epidemic, reducing the number of people using public or private
transport at the same time, e.g. in subway train systems or busses, is part of effective social
distancing (Knibbs et al. 2012; Stopera et al. 2020).

Conclusions

Until effective pharmacological treatments or vaccines are available to reduce the
effective reproductive number to less than 1.0 and stop the ongoing COVID-19 pandemic,
enhanced ventilation may be a key element in limiting the spread of the SARS-CoV-2 virus.
These are the key ventilation-associated recommendations (see Figure 2):

1) To remind and highlight to building managers and hospital administrators and
infection control teams that engineering controls are effective to control and reduce
the risks of airborne infection — and SARS-CoV-2 has the potential and is likely to
be causing some infections by this route.

2) To increase the existing ventilation rates (outdoor air change rate) and enhance
ventilation effectiveness - using existing systems.

3) To eliminate any air-recirculation within the ventilation system so as to just supply
fresh (outdoor) air.

4) To supplement existing ventilation with portable air cleaners (with mechanical
filtration systems to capture the airborne microdroplets), where there are areas of

known air stagnation (which are not well-ventilated with the existing system), or
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isolate high patient exhaled airborne viral loads (e.g. on COVID-19 cohort patient

bays or wards). Adequate replacement of the filters in the air cleaners and their

maintenance is crucial.

5) To avoid over-crowding, e.g. pupils sitting at every other desk in school

classrooms, or customers at every other table in restaurants, or every other seat in

public transport, cinemas, etc.

If implemented correctly, these recommended building-related measures will lower the

overall environmental concentrations of airborne pathogens and thus will reduce the spread of

infection by the airborne route. Together with other guidance on minimising the risk of

contact and droplet transmission (through hand-washing, cleaning of hand-touch sites, and

the appropriate use of PPE), these ventilation-related interventions will reduce the airborne

infection rates not just for SARS-CoV-2 in the current COVID-19 pandemic, but also for

other airborne infectious agents.

While much of the focus has been on case finding, isolation and quarantine, social

distancing and hand hygiene, we emphasise that a parallel reduction in airborne transmission

using such engineering controls in hospitals and other public buildings will further protect

healthcare workers, patients and the general public.
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Figure 2. Engineering level controls to reduce the environmental risks for airborne

transmission

References

Ai, Z.; Hashimoto, K.; Melikov, A.K. Airborne transmission between room occupants during
short-term events: Measurement and evaluation. Indoor air 2019;29:563-576

AIVC. A guide to energy efficient ventilation. Brussels: Air Infiltration and Ventilation
Centre; 1996

ASHRAE. ASHRAE Standard 52.2-2017 Method of testing general ventilation air-cleaning
devices for removal efficiency by particle size. 2017;

ASHRAE. COVID-19 (CORONAVIRUS) PREPAREDNESS RESOURCES. American
Society of Heating, Ventilating, and Air-Conditioning Engineers; 2020a

ASHRAE. Position Document on Airborne Infectious Diseases, Approved by the Board of
Directors, January 19, 2014. Reaffirmed y the Technology Council, February 5, 2020.
Atlanta, Georgia; 2020b

Bedell, K.; Buchaklian, A.H.; Perlman, S. Efficacy of an Automated Multiple Emitter Whole-
Room Ultraviolet-C Disinfection System Against Coronaviruses MHV and MERS-
CoV. infection control & hospital epidemiology 2016;37:598-599

Booth, C.M.; Clayton, M.; Crook, B.; Gawn, J. Effectiveness of surgical masks against
influenza bioaerosols. Journal of Hospital Infection 2013;84:22-26

Brown, J.; Tang, J.; Pankhurst, L.; Klein, N.; Gant, V.; Lai, K., et al. Influenza virus survival
in aerosols and estimates of viable virus loss resulting from aerosolization and air-
sampling. Journal of Hospital Infection 2015;91:278-281

CDC. HIERARCHY OF CONTROLS. Centers for Disease Control and Prevention; 2015

CDC/NIOSH. Environmental Control for Tuberculosis: Basic Upper-Room Ultraviolet
Germicidal Irradiation Guidelines for Healthcare Settings. Publication No. 2009-105.
Department of Health and Human Services, Centers for Disease Control and
Prevention & National Institute for Occupational Safety and Health; 2009

CEN. Energy performance of buildings - Ventilation for buildings. CEN Standard EN 16798-
7:2017. Part 7: Calculation methods for the determination of air flow rates in
buildings including infiltration. Bruxelles: European Committee for Standardization;
2017

Chen W; Zhang N; Wei J; Yen H-L; Y., L. Short-range airborne route dominates exposure of
respiratory infection during close contact. Building and Environment
2020;176:106859

Chia, P.Y.; Coleman, K.K.; Tan, Y.K.; Ong, S.W.X.; Gum, M.; Lau, S.K., et al. Detection of
Air and Surface Contamination by Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2) in Hospital Rooms of Infected Patients. medRxiv 2020;

CIBSE. CIBSE guideline AM10: Natural ventilation in non-domestic buildings. London:
Chartered Institution of Building Services Engineers; 2005

Coleman, K.K.; Nguyen, T.T.; Yadana, S.; Hansen-Estruch, C.; Lindsley, W.G.; Gray, G.C.
Bioaerosol Sampling for respiratory viruses in singapore’s mass rapid transit network.
Scientific reports 2018;8:1-7

15



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544

Darnell, M.E.; Subbarao, K.; Feinstone, S.M.; Taylor, D.R. Inactivation of the coronavirus
that induces severe acute respiratory syndrome, SARS-CoV. Journal of virological
methods 2004;121:85-91

Department of Health, U.G. Guidance, Green Book Chapter 4: Varicella; Notifiable in
Scotland and Northern Ireland
(https://www.gov.uk/government/publications/varicella-the-green-book-chapter-
34https://www.gov.uk/government/publications/varicella-the-green-book-chapter-34)
(accessed 23 April 2020) ed”eds: Department of Health, UK Government; 2015

Ding, Z.; Qian, H.; Xu, B.; Huang, Y.; Miao, T.; Yen, H.-L., et al. Toilets dominate
environmental detection of SARS-CoV-2 virus in a hospital. medRxiv 2020;

Distasio, A.J.; Trump, D.H. The investigation of a tuberculosis outbreak in the closed
environment of a US Navy ship, 1987. Military medicine 1990;155:347-351

Eames, I.; Tang, J.; Li, Y.; Wilson, P. Airborne transmission of disease in hospitals. Journal
of the Royal Society Interface 2009;6:5S697-S702

Escombe, A.R.; Moore, D.A.; Gilman, R.H.; Navincopa, M.; Ticona, E.; Mitchell, B., et al.
Upper-room ultraviolet light and negative air ionization to prevent tuberculosis
transmission. PLoS medicine 2009;6

Foarde, K.K. Methodology to perform clean air delivery rate type determinations with
microbiological aerosols. Aerosol science and technology 1999;30:235-245

Gilkeson, C.; Camargo-Valero, M.; Pickin, L.; Noakes, C. Measurement of ventilation and
airborne infection risk in large naturally ventilated hospital wards. Building and
environment 2013a;65:35-48

Gilkeson, C.A.; Noakes, C. Application of CFD Simulation to Predicting Upper-Room UVGI
Effectiveness. Photochemistry and photobiology 2013b;89:799-810

Guo, Z.-D.; Wang, Z.-Y.; Zhang, S.-F.; Li, X.; Li, L.; Li, C., et al. Aerosol and Surface
Distribution of Severe Acute Respiratory Syndrome Coronavirus 2 in Hospital Wards,
Wuhan, China, 2020. Emerging Infectious Diseases 2020;26

ISO, B. 17772-1: 2017. Energy performance of buildings. Indoor environmental quality.
Indoor environmental input parameters for the design and assessment of energy
performance of buildings 2017;

Jiang, Y.; Wang, H.; Chen, Y.; He, J.; Chen, L.; Liu, Y., et al. Clinical Data on Hospital
Environmental Hygiene Monitoring and Medical Staff Protection during the
Coronavirus Disease 2019 Outbreak. medRxiv 2020;

Jo, S.; Hong, J.; Lee, S.-E.; Ki, M.; Choi, B.Y.; Sung, M. Airflow analysis of Pyeongtaek St
Mary's Hospital during hospitalization of the first Middle East respiratory syndrome
patient in Korea. Royal Society open science 2019;6:181164

Kim, S.-H.; Chang, S.Y.; Sung, M.; Park, J.H.; Bin Kim, H.; Lee, H., et al. Extensive viable
Middle East respiratory syndrome (MERS) coronavirus contamination in air and
surrounding environment in MERS isolation wards. Reviews of Infectious Diseases
2016;63:363-369

Knibbs, L.D.; Morawska, L.; Bell, S.C. The risk of airborne influenza transmission in
passenger cars. Epidemiology & Infection 2012;140:474-478

Kormuth, K.A.; Lin, K.; Prussin, A.J.; Vejerano, E.P.; Tiwari, A.J.; Cox, S.S,, et al. Influenza
virus infectivity is retained in aerosols and droplets independent of relative humidity.
The Journal of infectious diseases 2018;218:739-747

Kujundzic, E.; Hernandez, M.; Miller, S.L. Ultraviolet germicidal irradiation inactivation of
airborne fungal spores and bacteria in upper-room air and HVAC in-duct
configurations. Journal of Environmental Engineering and Science 2007;6:1-9

16


https://www.gov.uk/government/publications/varicella-the-green-book-chapter-34https:/www.gov.uk/government/publications/varicella-the-green-book-chapter-34
https://www.gov.uk/government/publications/varicella-the-green-book-chapter-34https:/www.gov.uk/government/publications/varicella-the-green-book-chapter-34

545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
ST
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593

Kujundzic, E.; Matalkah, F.; Howard, C.J.; Hernandez, M.; Miller, S.L. UV air cleaners and
upper-room air ultraviolet germicidal irradiation for controlling airborne bacteria and
fungal spores. Journal of Occupational and Environmental Hygiene 2006;3:536-546

Kulkarni, H.; Smith, C.M.; Lee, D.D.H.; Hirst, R.A.; Easton, A.J.; O’Callaghan, C. Evidence
of respiratory syncytial virus spread by aerosol. Time to revisit infection control
strategies? American journal of respiratory and critical care medicine 2016;194:308-
316

Lewis, D. Is the coronavirus airborne? Experts can’t agree. Nature News; 2020

Li, Y.; Huang, X.; Yu, I.; Wong, T.; Qian, H. Role of air distribution in SARS transmission
during the largest nosocomial outbreak in Hong Kong. Indoor Air 2005;15:83-95

Li, Y.; Leung, G.M.; Tang, J.; Yang, X.; Chao, C.; Lin, J.Z., et al. Role of ventilation in
airborne transmission of infectious agents in the built environment-a multidisciplinary
systematic review. Indoor air 2007;17:2-18

Liu, L.; Li, Y.; Nielsen, P.V.; Weli, J.; Jensen, R.L. Short-range airborne transmission of
expiratory droplets between two people. Indoor Air 2017;27:452-462

Liu, Y.; Ning, Z.; Chen, Y.; Guo, M.; Liu, Y.; Gali, N.K., et al. Aerodynamic Characteristics
and RNA Concentration of SARS-CoV-2 Aerosol in Wuhan Hospitals during
COVID-19 Outbreak. bioRxiv 2020;

Marr, L.C.; Tang, J.W.; Van Mullekom, J.; Lakdawala, S.S. Mechanistic insights into the
effect of humidity on airborne influenza virus survival, transmission and incidence.
Journal of the Royal Society Interface 2019;16:20180298

McDevitt, J.J.; Lai, K.M.; Rudnick, S.N.; Houseman, E.A.; First, M.W.; Milton, D.K.
Characterization of UVC light sensitivity of vaccinia virus. Appl. Environ. Microbiol.
2007;73:5760-5766

McDevitt, J.J.; Rudnick, S.N.; Radonovich, L.J. Aerosol susceptibility of influenza virus to
UV-C light. Appl. Environ. Microbiol. 2012;78:1666-1669

McLean, R. The mechanism of spread of Asian influenza: general discussion. Am Rev Respir
Dis 1961;83:36-38

Melikov, A.K. Advanced air distribution. ASHRAE Journal 2011;53:73-77

Melikov, A.K. Advanced air distribution: improving health and comfort while reducing
energy use. Indoor air 2016;26:112-124

Miller-Leiden, S.; Lohascio, C.; Nazaroff, W.; Macher, J. Effectiveness of in-room air
filtration and dilution ventilation for tuberculosis infection control. Journal of the Air
& Waste Management Association 1996;46:869-882

Miller, S.L.; Clements, N.; Elliott, S.A.; Subhash, S.S.; Eagan, A.; Radonovich, L.J.
Implementing a negative-pressure isolation ward for a surge in airborne infectious
patients. American journal of infection control 2017;45:652-659

Morawska, L.; Cao, J. Airborne transmission of SARS-CoV-2: the world should face the
reality. Environment International 2020:105730

Moser, M.R.; Bender, T.R.; Margolis, H.S.; Noble, G.R.; Kendal, A.P.; Ritter, D.G. An
outbreak of influenza aboard a commercial airliner. American journal of
epidemiology 1979;110:1-6

MSN. Look inside Singapore’s exhibition hall turned hospital (Photos). 2020

Nishiura, H.; Oshitani, H.; Kobayashi, T.; Saito, T.; Sunagawa, T.; Matsui, T., et al. Closed
environments facilitate secondary transmission of coronavirus disease 2019 (COVID-
19). medRxiv 2020;

Noakes, C.; Beggs, C.; Sleigh, P. Modelling the performance of upper room ultraviolet
germicidal irradiation devices in ventilated rooms: comparison of analytical and CFD
methods. Indoor and Built Environment 2004;13:477-488

17



594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643

Noakes, C.J.; Khan, M.A.l.; Gilkeson, C.A. Modeling infection risk and energy use of upper-
room Ultraviolet Germicidal Irradiation systems in multi-room environments. Science
and Technology for the Built Environment 2015;21:99-111

Ong, SW.X; Tan, Y.K,; Chia, P.Y.; Lee, T.H.; Ng, O.T.; Wong, M.S.Y., et al. Air, surface
environmental, and personal protective equipment contamination by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) from a symptomatic patient.
JAMA 2020;

Persily, A.; Chapman, R.E.; Emmerich, S.J.; Dols, W.S.; Davis, H.; Lavappa, P., et al.
Building retrofits for increased protection against airborne chemical and biological
releases. National Institute of Standards and Technology, Gaithersburg, MD 2007;

Phiri, M. Health Building Note 00-01 General design guidance for healthcare buildings
ed”eds: UK Government; 2014

Pyankov, O.V.; Bodnev, S.A.; Pyankova, O.G.; Agranovski, I.E. Survival of aerosolized
coronavirus in the ambient air. Journal of Aerosol Science 2018;115:158-163

REHVA. COVID-19 Guidance. 2020

Roy, C.J.; Milton, D.K. Airborne transmission of communicable infection-the elusive
pathway. The New England Journal of Medicine 2004;350:1710

Rule, A.M.; Apau, O.; Ahrenholz, S.H.; Brueck, S.E.; Lindsley, W.G.; de Perio, M.A., et al.
Healthcare personnel exposure in an emergency department during influenza season.
PloS one 2018;13

Santarpia, J.L.; Rivera, D.N.; Herrera, V.; Morwitzer, M.J.; Creager, H.; Santarpia, G.W., et
al. Transmission Potential of SARS-CoV-2 in Viral Shedding Observed at the
University of Nebraska Medical Center. medRxiv 2020;

SHASE. Role of ventilation in the control of the COVID-19 infection: Emergency
presidential discourse. The Society of Heating, Air-Conditioning and Sanitary
Engineers of Japan (SHASE); 2020

Shaughnessy, R.; Sextro, R. What is an effective portable air cleaning device? A review.
Journal of Occupational and Environmental Hygiene 2006;3:169-181

Sornboot, J.; Aekplakorn, W.; Ramasoota, P.; Bualert, S.; Tumwasorn, S.; Jiamjarasrangsi,
W. Detection of airborne Mycobacterium tuberculosis complex in high-risk areas of
health care facilities in Thailand. The International Journal of Tuberculosis and Lung
Disease 2019;23:465-473

Stopera, M.; Stopera, D. 19 Pictures Of The Most Dangerous Places In New York City Right
Now. 2020

Sung, M.; Kato, S. Method to evaluate UV dose of upper-room UVGI system using the
concept of ventilation efficiency. Building and Environment 2010;45:1626-1631

Tang, J.W. The effect of environmental parameters on the survival of airborne infectious
agents. Journal of the Royal Society Interface 2009;6:S737-S746

Tellier, R.; Li, Y.; Cowling, B.J.; Tang, J.W. Recognition of aerosol transmission of
infectious agents: a commentary. BMC infectious diseases 2019;19:101

Thatiparti, D.S.; Ghia, U.; Mead, K.R. Assessing effectiveness of ceiling-ventilated mock
airborne infection isolation room in preventing hospital-acquired influenza
transmission to health care workers. ASHRAE transactions 2016;122:35

Thatiparti, D.S.; Ghia, U.; Mead, K.R. Computational fluid dynamics study on the influence
of an alternate ventilation configuration on the possible flow path of infectious cough
aerosols in a mock airborne infection isolation room. Science and technology for the
built environment 2017;23:355-366

van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson,
B.N., et al. Aerosol and surface stability of SARS-CoV-2 as compared with SARS-
CoV-1. New England Journal of Medicine 2020;

18



644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675

Walker, C.M.; Ko, G. Effect of ultraviolet germicidal irradiation on viral aerosols.
Environmental science & technology 2007;41:5460-5465

WHO. Natural ventilation for infection control in health-care settings
(https://www.who.int/water_sanitation_health/publications/natural ventilation/en/)
(accessed 14 April 2020). in: Chartier Y., Pessoa-Silva C., Li Y., Seto W.-H., eds:
World Health Organization; 2009

WHO. Infection prevention and control during health care when COVID-19 is suspected.
Interim guidance.: World Health Organization, 19 March 2020; 2020a

WHO. Scientific Brief: Modes of transmission of virus causing COVID-19: implications for
IPC precaution recommendations. World Health Organisation; 2020b

WHO. Shortage of personal protective equipment endangering health workers worldwide.
Geneva, Switzerland: World Health Organisation; 2020c

Xu, P.; Fisher, N.; Miller, S.L. Using computational fluid dynamics modeling to evaluate the
design of hospital ultraviolet germicidal irradiation systems for inactivating airborne
mycobacteria. Photochemistry and photobiology 2013;89:792-798

Xu, P.; Kujundzic, E.; Peccia, J.; Schafer, M.P.; Moss, G.; Hernandez, M., et al. Impact of
environmental factors on efficacy of upper-room air ultraviolet germicidal irradiation
for inactivating airborne mycobacteria. Environmental Science & Technology
2005;39:9656-9664

Xu, P.; Peccia, J.; Fabian, P.; Martyny, J.W.; Fennelly, K.P.; Hernandez, M., et al. Efficacy
of ultraviolet germicidal irradiation of upper-room air in inactivating airborne
bacterial spores and mycobacteria in full-scale studies. Atmospheric Environment
2003;37:405-419

Yang, Y.; Chan, W.Y.; Wu, C.; Kong, R.; Lai, A. Minimizing the exposure of airborne
pathogens by upper-room ultraviolet germicidal irradiation: an experimental and
numerical study. Journal of the Royal Society Interface 2012;9:3184-3195

Young, L.; Wormser, G. The resurgence of tuberculosis. Scandinavian Journal of Infectious
Diseases. Supplementum 1994;93:9-19

Zhu, S.; Srebric, J.; Rudnick, S.N.; Vincent, R.L.; Nardell, E.A. Numerical modeling of
indoor environment with a ceiling fan and an upper-room ultraviolet germicidal
irradiation system. Building and environment 2014;72:116-124

19


https://www.who.int/water_sanitation_health/publications/natural_ventilation/en/

