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• Environmental knowledge on SARS-
CoV-2 can be beneficial in establishing
effective policies for curbing future pan-
demics

• Robust evidence is needed to validate
SARS-CoV-2 transmission via aerosol
and faecal-oral routes.

• SARS-CoV-2 surveillance by wastewater-
based epidemiology can be effective in
early detection of COVID-19 within a
population.

• Robust evidence is needed to assess
COVID-19 spread as impacted by air pol-
lution and sewage contamination of
water bodies.
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The coronavirus disease 2019 (COVID-19) is spreading globally having a profound effect on lives of millions of peo-
ple, causingworldwide economic disruption. Curbing the spread of COVID-19 and future pandemicsmay be accom-
plished through understanding the environmental context of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and adoption of effective detection tools andmitigation policies. This article aims to examine the lat-
est investigations on SARS-CoV-2 plausible environmental transmissionmodes, employment ofwastewater surveil-
lance for early detection of COVID-19, and elucidating the role of solidwaste,water, and atmospheric quality on viral
infectivity. Transmission of SARS-CoV-2 via faecal-oral or bio-aerosols lacks robust evidence and remains debatable.
However, improper disinfection anddefected plumbing systems in indoor environments such as hospitals andhigh-
rise towers may facilitate the transport of virus-laden droplets of wastewater causing infection. Clinical and epide-
miological studies are needed to present robust evidence that SARS-CoV-2 is transmissible via aerosols, though
quantification of virus-laden aerosols at low concentrations presents a challenge. Wastewater surveillance of
SARS-CoV-2 canbe an effective tool in early detection of outbreak anddetermination of COVID-19prevalencewithin
a population, complementing clinical testing and providing decision makers guidance on restricting or relaxing
movement. While poor air quality increases susceptibility to diseases, evidence for air pollution impact on COVID-
19 infectivity is not available as infections are dynamically changing worldwide. Solid waste generated by house-
holds with infected individuals during the lockdown periodmay facilitate the spread of COVID-19 via fomite trans-
mission route but has received little attention from the scientific community. Water bodies receiving raw sewage
maypose risk of infectionbut this has not been investigated to date.Overall, our understandingof the environmental
perspective of SARS-CoV-2 is imperative to detecting outbreak and predicting pandemic severity, allowing us to be
equipped with the right tools to curb any future pandemic.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The outbreak of the novel coronavirus SARS-CoV-2 was reported in
Wuhan, China at the end of December 2019 where cases of pneumonia
in people associated with the wet market had been confirmed as cases
of the novel coronavirus (Holshue et al., 2020). Shortly after, it was de-
clared as a pandemic by the World Health Organization (WHO) with
over 8.7 million COVID-19 confirmed cases as of June 21, 2020 (WHO,
2020c). The spread of the pandemic resulted in worldwide lockdowns
in effort to “flatten the curve” and not overwhelm health care institu-
tions (Lau et al., 2020). The key to interrupting the chain of transmission
is isolating infected people and tracing back those who they have
interacted with (Khanna et al., 2020; Larsen et al., 2020). Human-to-
human transmission occurs during the virus incubation period of
2–10days,with spreadbeing facilitated through droplets, contaminated
hands and surfaces (Enyoh et al., 2020; Kampf et al., 2020). An inter-
personal distance of at least 2 m was prescribed to minimize the risk
of contagion through the droplets (CDC, 2020; Setti et al., 2020c).

Numerous research articles have been recently published assessing
the plausible modes of environmental transmission of SARS-CoV-2
and spread of COVID-19 through environmental analysis. There is no
conclusive evidence for aerosol or faecal-oral transmission of SARS-
CoV-2 despite several researchers considering them as plausible routes
that may explain the high infectivity and global spread of COVID-19
(Chen et al., 2020; van Doremalen et al., 2020; Wang et al., 2020a). Ad-
ditionally, environmental parameters have been utilized to assess the
spread of COVID-19 within a population through wastewater surveil-
lance as well as attempts to predict the severity of the pandemic
through analysis of atmospheric pollution of cities. Solidwastemanage-
ment is another aspect of paramount importance thatmay contribute to
the spread of the pandemic within the community but that has not re-
ceived much attention within the scientific community. Only two stud-
ies were found analyzing SARS-CoV-2 RNA in natural water bodies
receiving raw or treated sewage waters with differing results, and it is
unclear if there is any risk of infection, particularly in recreational wa-
ters where people are in frequent contact (Guerrero-Latorre et al.,
2020; Odih et al., 2020; Usman et al., 2020). From the literature studied,
concerns of COVID-19 infection through environmental contact pertain
mainly to areas that lack proper sanitation and wastewater treatment,
lack adequate solid waste management infrastructure, in areas where
raw sewage is discharged directly into natural water bodies, and in cit-
ies where air pollution is problematic. Although there has not been any
evidence presented that validates environmental transmission routes,
the lack of sanitary and waste infrastructure is likely to increase the
probability of human contact with contaminated material, the impact
of which is yet to be investigated.

The importance of the understanding of SARS-CoV-2 within the en-
vironmental context is to assist in establishing effective policies for mit-
igating the transmission of the disease and combating future
pandemics. Only a small number of published articles have investigated
the environmental perspective of COVID-19. Barcelo (2020) presented
an opinion paper summarizing environmental and health aspects re-
lated to the monitoring, fate, and treatment solutions for COVID-19.
The objectives of this review are to present the latest investigations on
SARS-CoV-2 plausible environmental transmission modes (aerosol and
faecal-oral pathways) and employment of environmental tools for
early detection of COVID-19 (wastewater surveillance) and prediction
of severity of viral infections through associations with atmospheric
pollution. The overall aim is to assist in setting policy priorities for mit-
igating the current and future pandemics through environmental un-
derstanding of SARS-CoV-2.

2. Modes of environmental transmission

Themajormode of transmission of SARS viruses is through exposure
to droplets of respiratory secretions from an infected person (N5 μm),
indirectly through fomite transmission from contactwith contaminated
objects, or possibly by faecal-oral routes and air borne transmission
(Wang et al., 2005; Ye et al., 2016; Kitajima et al., 2020; Naddeo and
Liu, 2020). Faecal-oral routes and aerosol transmission have not been
validated as exposure routes as there is not enough evidence to prove
that SARS-CoV-2 transmission is possible by aerosol or wastewater.
However, alarming infection incidents among health care workers,
cruise-ship and airplane passengers point to the likelihood of additional
transmission mechanisms in confined spaces with dense populations
(Nghiem et al., 2020). Wu et al. (2020b) agreed that potential faecal-
oral transmission may pose risk in cruise ships, public transportation,
hostels and dormitories but unlikely in hospitals or quarantine facilities.
Although Grunig et al. (2020) concluded that faecal-oral transmission
had likely played a role in amplifying the pandemic in Wuhan (Grunig
et al., 2020), the data is based on literature review of SARS-CoV not on
research investigation. On that basis, it is plausible that sewage could
serve as vectors for coronavirus (Ye et al., 2016; Zhang et al., 2020). Re-
searchers have also postulated that the spread of COVID-19 solely by re-
spiratory droplets and close contact did not seem to explain the vast
spread of the disease in various parts of the world such as Italy, and
thus air borne transmission has been investigated (Setti et al., 2020c).
Clearly, the alarming infection rate of SARS-CoV-2 may suggest several
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plausible transmission mechanisms. Table 1 summarizes the latest re-
search articles proposing various modes of SARS-CoV-2 transmission
and arguments presented.

2.1. SARS-CoV-2 in stool & sewage

Coronavirus RNA has been detected in the stool of symptomatic and
asymptomatic SARS and COVID-19 patients, indicating that transmis-
sion may be possible via the raw sewage network (faecal-oral) (Wang
et al., 2005; Gundy et al., 2009; Ahmed et al., 2020; Holshue et al.,
2020., Wang et al., 2020a; Wölfel et al., 2020; Wu et al., 2020b; Zhang
et al., 2020). The incidence of diarrhea in SARS cases raised concern
about its potential environmental transmission where viruses are
more stable in diarrheal stool due to the higher pH, reaching upto
4 days as opposed to 1–2 days for normal stool (Gundy et al., 2009).
Nevertheless, live SARS-CoV-2 was observed in stool of 2 patients who
did not have diarrhea (Wang et al., 2020a). SARS-CoV can persist in
sewage for 14 days at 4 °C and for 2 days at 20 °C, and its RNA can be de-
tected for 8 days. (Gundy et al., 2009;Wang et al., 2005). SARS-CoV RNA
was detected in 97% of stool samples from patients infected with SARS
(Peiris et al., 2003), while detected in 57% of samples in another study
by He et al. (2004).

Numerous researchers have attempted to assess whether sewage
systems were plausible transmission pathways of coronavirus
(Barcelo, 2020; Gormley et al., 2020; Grunig et al., 2020). It is unlikely
for SARS-CoV-2 to be transmitted via wastewater or present any signif-
icant risk of infection due to viral sensitivity to disinfectants and poor
Table 1
Reports on possible modes of transmission of COVID-19.

Studies Proposed mode of
transmission

Pre

Santarpia et al. (2020); van Doremalen et al.
(2020)

Fomite transmission Det
floo

Enyoh et al. (2020) Fomite transmission Per
conMol and Caldas (2020); Nghiem et al. (2020) Fomite (transmission via solid

waste handling)
Wang et al. (2020b) Possibility of faecal – oral routes Det

Info
vira

Xu et al. (2020) Plausible faecal-oral
transmission

Rec
nas
Evi

Randazzo et al. (2020b) Unlikely faecal – oral
(wastewater)

Dis

Chen et al. (2020) Plausible faecal-oral
transmission

COV
res
The
the

Xiao et al. (2020) Plausible faecal-oral
transmission

Sho
gla
stai
Pre
not

Heller et al. (2020); Nghiem et al. (2020); Qu
et al. (2020); Wong et al. (2020); Enyoh et al.
(2020)

Plausible faecal-oral routes
(transmission via sewage)

Rev
to p
plu

van Doremalen et al. (2020) Aerosol transmission Det
Barcelo (2020) Aerosols (wastewater

treatment)
Pos
exp

Coccia (2020) Air pollution to human
transmission

Ital

Frontera et al. (2020) Air pollution to human
transmission

PM
vas

Gormley et al., 2020 Aerosol transmission
(transmission via engineered
water systems)

Aer
due
sys

Setti et al. (2020b) Aerosol/air borne transmission Det
Morawska and Cao (2020) Rev

sim
Santarpia et al. (2020) Det

COV
stability in environmental conditions (Randazzo et al., 2020b; Rimoldi
et al., 2020). Coronaviruses are enveloped viruses that have a lipid bi-
layer membrane outside the viral protein capsid, which contains pro-
teins or glycoproteins. The structural difference with nonenveloped
viruses may have an impact on their survival in aqueous environments,
where their lipid layers are sensitive to the detergents and organic sol-
vents (Ye et al., 2016). Gundy et al. (2009) found that coronavirus dies
off very rapidly in wastewater, with a 99.9% reduction in 2–3 days due
to action of solvents and detergents. Thus, while genetic fragments re-
main detectable in wastewater, the virus likely becomes non-viable
once the envelope is damaged (Ye et al., 2016; Nghiem et al., 2020).
At two hospitals receiving SARS patients in Beijing, China, SARS-CoV
RNAwas detectable in concentrates of sewage prior to, and occasionally
after disinfection by chlorine but there was no live SARS-CoV (Wang
et al., 2005). SARS-CoV-2 was detected in faeces (Wang et al., 2020a)
and its RNA was detected in both faeces and urine (Sun et al., 2020;
Xiao et al., 2020), while other attempts failed to cultivate the virus
from faeces (Wölfel et al., 2020) or treated wastewater (Rimoldi et al.,
2020). Raw sewage with improper disinfection in hospitals containing
patients' excrements may be a possible transmission path (Wang
et al., 2005). However, accidental contact with treated wastewater
through aerosols or droplets should not call for public concern as poten-
tial risk of infection seems to be negligible (Rimoldi et al., 2020). Contact
with raw wastewater particularly in areas with poor sanitation may be
potential routes of transmission posing risk of infection (Grunig et al.,
2020; Lodder and Husman, 2020; Rimoldi et al., 2020). In fact, contact
with, and contamination by sewage water has been reported to be
sented argument

ected SARS-CoV-2 on surfaces including personal items, toilet, room surfaces and
r surfaces plastic, stainless steel, copper, and cardboard up to days.
sistence on inanimate surfaces such as wood, ceramics, aluminium, glass, waste
tainers, bags for days.

ected live SARS-CoV-2 in faeces, suggesting possible faecal oral transmission.
rmation on how frequently viable virus is present in patient stool and the range of
l loads were not present.
tal swab was tested positive with SARS-CoV- 2 RNA persistently when negative
opharyngeal tests were found.
dence of replication-competent virus in faecal swabs was not present.
infection effect is likely to inactivate SARS-CoV-2.

ID-19 with a positive result of virus nucleic acid in a faecal specimen and negative
ults on multiple pharyngeal and sputum samples.
study did not report presence of live SARS-CoV-2 virus and other evidences to prove
transmission path.
wed angiotensin converting enzyme (ACE)2 is abundantly expressed in the
ndular cells of gastric, duodenal, and rectal epithelia through immunofluorescent
ning of gastrointestinal tissues. Data on SARS-CoV-2 live virus was not published.
cise mechanisms by which SARS-CoV-2 interacts with the gastrointestinal tract was
presented.
iew studies postulating that presence of SARS-CoV-2 in sewage and stool could lead
ossible faecal- oral transmission via aerosolization from toilet flushing, leaky
mbing system etc., similar to SARS- CoV.
ected viable SARS-CoV-2 in aerosols for hours with results echoing SARS CoV.
tulated aerosol transmission by providing SARS-CoV- 2 virus in stool and probable
osure to aerosols.
ian cities with more air pollution had higher number of infected individuals.

2.5 mean concentrations in areas of China and Italy most affected by COVID-19, had
tly exceed the hourly standard of 75 μg/m3.
osolization from defective plumbing system with wastewater containing viral load
to interconnectedness of all parts of the building by the wastewater plumbing

tem.
ection of SARS-CoV-2 RNA on particulate matter.
iew study postulating the aerosol transmission based on researches on SARS-CoV-2
ilarity with SARS-COV, droplet dynamics and airflow in buildings.
ection of SARS CoV-2 in air samples both in the rooms and in the hallway spaces of
ID -19 patient rooms.
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responsible for an outbreak of SARS CoV-1. The outbreak occurred in
Hong Kong in 2003 involving 341 patients and 42 deaths due to a faulty
wastewater plumbing system in a high-rise building (Peiris et al., 2003).
The defected plumbing system facilitated the transport of virus laden
droplets of wastewater originating in the bathroom pipelines to air
ducts via the bathroom extraction ventilation (Gormley et al., 2020).
Gormley et al. (2017) presented evidence that pathogens can be aero-
solized and transported on airstreams within sanitary plumbing sys-
tems from one part of a building to another on different floors. One
important factor contributing to the travel of contaminated air through-
out a building is the interconnectedness of building's plumbing system
(Gormley et al., 2020). One study found that while toilets may generate
a large number of aerosols, the total volume of aerosolized liquid was
extremely small, indicating that the potential for inhalation was low.
(Lin and Marr, 2017). Nevertheless, the possibility of infection by con-
tact with large splashing droplets has not been negated and requires
further research (Lin and Marr, 2017). Heller et al. (2020) presented a
framework to test the faecal-oral hypothesis, and proposed different en-
vironmental pathways of exposure from faeces to mouth: transmission
by ingestion of a pathogen present in water, transmission by hand con-
tact with surface washed with water containing pathogen, and trans-
mission by excreta-related insect vectors.

How long the novel SARS-CoV-2 can survive in wastewater and re-
main infectious is yet to be assessed (Naddeo and Liu, 2020).
Aboubakr et al. (2020) reported that information on SARS-CoV-2 stabil-
ity in excrements is important in elucidating their role in transmitting
the disease and assessing the plausibility of a faecal-oral route. In addi-
tion to the impact of disinfection, survival of coronavirus in water de-
pends on a number of factors, including temperature, light exposure
(solar or UV inactivation), organic matter, total dissolved solids (TDS),
hardness, turbidity, pH, nitrate concentrations, and the presence of an-
tagonist microorganisms (John and Rose, 2005; Naddeo and Liu,
2020). Temperature is themost critical factor influencing survival of co-
ronavirus where higher water temperatures decrease the virus survival
rate due to denaturation of proteins and activity of extracellular en-
zymes (John and Rose, 2005; Gundy et al., 2009). A 99.9% reduction of
coronavirus was exhibited within 10 days in filtered tap water at
room temperature, while over 100 days were required to reach that
same level of virus inactivation for tap water at 4 °C (Gundy et al.,
2009). Coronavirus were found to be more susceptible to higher tem-
peratures than nonenveloped viruses and more strongly associated
with wastewater solids (Gundy et al., 2009; Ye et al., 2016). The latter
indicates that the primary treatment of wastewater and adsorption of
coronavirus onto organicmatter and suspended solidsmayprovide pro-
tection against the virus (Gundy et al., 2009; Ye et al., 2016; Rimoldi
et al., 2020; Wurtzer et al., 2020). Further investigations are required
to assess environmental conditions of wastewater that may impact
SARS-CoV-2 viability.
2.2. SARS-CoV-2 in air environment

The question currently remains as to the possibility of SARS-CoV-2
transmission and spread by air, indoor or outdoor. One method by
which that could take place is through transport of virus-laden particles
in the air where very small droplets (b5 μm) are formed after the liquid
content of respiratory secretions evaporates allowing their transport by
air currents carrying the viral content (Morawska and Cao, 2020). Cur-
rent knowledge indicates an unlikely probability in outdoor environ-
ments and an increase in probability under specific indoor
environments, like hospitals and areas where patients are quarantined
(Contini and Costabile, 2020; Liu et al., 2020a, 2020b). Tabula (2020)
stressed that evidence is limited on SARS-CoV-2 transmission via air-
borne route contending that studies are conflicting, and that robust ev-
idence is yet to be presented. The difficulty in validating SARS-CoV-2
aerosol transmission stems from difficulty in sampling virus-laden
aerosols and quantification at low concentrations (Liu et al., 2020b;
Morawska and Cao, 2020).

2.2.1. Indoor environment
Aerosol transmission is currently a matter of intense debate and

more studies are proposing it as plausible despite lack of robust evi-
dence. Aerosol generation was reported under specific medical proce-
dures (such as endotracheal intubation, non-invasive positive-
pressure ventilation, etc) and aerosol transmission could be more prob-
able route than faecal-oral transmission (Tran et al., 2012; Hussain et al.,
2020). Some researchers based their support for aerosol transmission
on experimental research while others based it on reasoning to explain
the vast global spread of COVID-19 or spread by asymptomatic individ-
uals. Morawska and Cao (2020) present previous studies confirming
SARS-CoV spread by air as the main transmission route in specific in-
door environments and plausibility for similar transmission for the
novel coronavirus. van Doremalen et al. (2020) showed that SARS-
CoV-2 can remain viable and infectious in aerosols for hours and on sur-
faces for up to days, highlighting the plausibility of both aerosol and fo-
mite transmission. Similarly, Fears et al. (2020) reported that SARS-
CoV-2 generally maintains infectivity when airborne over short dis-
tances and is persistent over longer periods of time than when gener-
ated as respiratory particles. Peters et al. (2020) in their Letter to the
Editor contend that although aerosols may be generated through spe-
cific clinical procedures as reported by van Doremalen et al. (2020),
the mechanism in transmission of SARS-CoV-2 remains through drop-
lets and contact with contaminated surfaces. Nevertheless, Anderson
et al. (2020) presented lines of reasoning supporting the aerosol trans-
mission pathway of SARS-CoV-2 despite limited empirical data on aero-
solized SARS-CoV-2 being transported long distances. Reasoning used
by researchers to support aerosol transmission of SARS-CoV-2 include
case reports of asymptomatic individuals infecting others through
small droplets subject to aerosol transport (Anderson et al., 2020) and
outbreak of COVID-19 in poorly ventilated restaurant possibly involving
aerosol transmission (Li et al., 2020). In terms of faecal bio-aerosol
transmission in indoor environment, Liu et al. (2020b) reported ele-
vated concentrations of SARS-CoV-2 RNA in aerosols of hospital toilets
used by COVID-19 patients, indicating that toilets may act as sources
of airborne SARS-CoV-2, though infectivity remains unknown. Further
discussion on faecal-oral transmission in indoor environments is pre-
sented in Section 2.1 of this review. Asadi et al. (2020) reported that
aerosol transmission through regular speech may explain the spread
of COVID-19 by asymptomatic and pre-symptomatic individuals who
do not cough or sneeze to any appreciable extent to allow spread by re-
spiratory excretions. Other researchers have supported the possibility of
an airborne aerosol form of SARS-CoV-2 generated during speech and
that COVID-19 patients may spread infection by talking or breathing
through the resulting aerosol droplets lingering in the air (Anfinrud
et al., 2020; Anderson et al., 2020). In terms of precautionary measures,
it was reported that particles containing the virus can spread up to 10m
from emission source in indoor environments and thus natural ventila-
tion and avoiding air recirculation should be implemented (Morawska
and Cao, 2020; Setti et al., 2020c). Effective measures inminimizing air-
borne SARS-CoV-2 included negative pressure ventilation and high air
exchange rates as shown for intensive care and critical care units of
Renmin hospital in Wuhan, China (Liu et al., 2020a).

2.2.2. Outdoor environment
It is more difficult to validate aerosol transmission of SARS-CoV-2 in

outdoor environments than in indoors. The probability of inhaling air-
borne viable virus generated from a distance and being infected is
very low (Contini and Costabile, 2020). Hospital settings for example
host infected individuals occupying limited space with likely poor air
exchange creating a favorable environment for virus survival and as-
sessment of aerosol transmission (Contini and Costabile, 2020). Liu
et al. (2020a) detected SARS-CoV-2 aerosol at two outdoor crowd
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gatherings where asymptomatic carriers could pose potential source of
airborne SARS-CoV-2 but stated that public venues pose low risk when
avoiding crowded gatherings.

2.2.3. Air pollution and COVID-19
The relationship between COVID-19 and air quality can be viewed

from various aspects. First, the lockdown procedures around the
world have resulted in less anthropogenic activities and subsequent de-
creases in air pollution. From other aspects, the level of air pollution in a
city may seem to influence the severity of COVID-19, either due to
health susceptibility of individuals living in polluted cities to COVID-
19 infection, or air pollution as amode of transmissionwhich is not sup-
ported by evidence despite being proposed by some researchers. There
are numerous studies from around the globe showing significant de-
crease in ambient air pollution following lock down and quarantine
measures to combat COVID-19. The overall air quality in Northern
China was improved during the control of COVID-19 due to reduced
emissions from transportation and industry (Wang et al., 2020b). A
total of 322 of the 366 cities studied in Northern China exhibited a de-
cline in the air quality index (AQI) and reduction of PM2.5, PM10, SO2,
NO2, and CO (Wang et al., 2020b). Similarly, Sharma et al. (2020) re-
ported a decline inAQI and reduction in concentrations of pollutants ex-
pect for SO2 when comparing March and April of 2020 with previous
years. In these studies, it was reported that O3 concentrations had in-
creased during the COVID-19 control period possibly due to reduction
of PM concentrations causing more sunlight to pass through the atmo-
sphere encouraging more higher O3 production (Sharma et al., 2020).
Other researchers have reported that concentrations of PM2.5 exhibited
significant reduction in several cities in China, but not enough to avoid
severe air pollution events during lockdown likely attributed to unfa-
vorable meteorological conditions (Wang et al., 2020c). The decrease
in air pollution may have reduced the number of non-communicable
diseases and fatalities, where 6% reduction in mortality was postulated
due to air pollution reduction, equivalent to saving 100,000 lives in
China alone (Dutheil et al., 2020).

Air pollution has been linked to SARS-CoV-2 viral infections through
the impact of poor air quality on humanhealth and susceptibility to viral
infection (Wu et al., 2020c), and evidence is not available for pollutant
particles such as PM and NO2 acting as vectors despite suggested by
some researchers (Pansini and Fornacca, 2020). Air pollution is known
to cause inflammation, cellular damage, respiratory diseases and may
suppress early immune response to infection (Wu et al., 2020c). For ex-
ample, PM10 and PM2.5 have been linked to pneumonia and chronic pul-
monary diseases (Pansini and Fornacca, 2020; Wu et al., 2020c).
Numerous investigations have attempted to assess the relationship be-
tween air pollution and severity of COVID-19 around the world. Some
studies show that people living in polluted areas are more vulnerable
to SARS-CoV-2 infections and induced mortality as they are more
prone to developing chronic respiratory conditions (Conticini et al.,
2020; Murgante et al., 2020; Pansini and Fornacca, 2020; Zhu et al.,
2020). Concentrations of PM exceeding limits may increase the suscep-
tibility of COVID-19 infected individuals to respiratory complications
while oxidant pollutants may impair the efficiency of lungs to clear
the virus (Qu et al., 2020). Several studies have investigated exceedance
of PM and its correlation with COVID-19 infectivity and lethality. Just
small increases of long-term exposure to PM2.5 (1 μg/m3 increase)
were found to be associated with an 8% increase in the COVID-19
death rate in theUS (Wu et al., 2020c). One of theworld'smost hit coun-
tries with COVID-19 cases and fatalities is Italy and several studies have
investigated the correlation between cases and air pollution. The re-
gions of Lombardy and Emilia Romagna are one of Europe's most pol-
luted areas and have exhibited the highest level of virus lethality in
theworld (Conticini et al., 2020). Some researchers reported correlation
between COVID-19 incidents and air pollution (Coccia, 2020; Setti et al.,
2020a), while others found that the correlation was not evident
(Bontempi, 2020). For example, Setti et al. (2020a) reported that
exceedance in daily PM10 beyond limits appeared to be a significant pre-
dictor of infection with COVID-19. Similarly, the number of infected
people was higher in Italian cities with 100 days exceeding limits set
for PM10 or ozone, having a low wind speed and lower temperature
(Coccia, 2020). On the other hand, Bontempi (2020) reported that direct
correlations between high concentrations of PM10 and diffusion of
COVID-19 virus in Lombery and Piedmont, Italy were not evident. In
particular, cities with highest PM10 pollution (Torino and Alessandria)
had low infections cases, while Bergamowhich exceeded PM10 concen-
tration only few times, exhibited the highest infectious cases
(Bontempi, 2020). Like PM, several studies have linked viral infectivity
to exceedances in the other criteria pollutants. SARS-CoV-2 viral infec-
tions in China, USA, and Italy were found to be higher in areas afflicted
by carbon monoxide (CO) and nitrogen dioxide (NO2), while higher
mortality rates were found to be in areas correlated with high particu-
late matter (PM2.5), CO, and NO2 (Pansini and Fornacca, 2020). Zhu
et al. (2020) observed positive associations of PM2.5, PM10, CO, NO2,
and O3 with COVID-19 confirmed cases, and that short-term exposure
to these pollutants is associated with increased risk of infection with
COVID-19.

In terms of interpretation of how air pollution may enhance the
spread of COVID-19, there are several points of view based on reasoning
rather than on robust evidence. Several researchers view that the extent
to which COVID-19 has spread in many countries cannot be solely ex-
plained by just exposure to droplets of respiratory secretions froman in-
fected person or through fomite transmission from contact with
contaminated objects. Setti et al. (2020b) postulated that through air-
borne transmission, PM could act as a droplet carrier, triggering the
spread of the virus. However, the capability of this coronavirus to bind
particulate matters remains to be established, but could be through ad-
sorption (Fattorini and Regoli, 2020; Qu et al., 2020). Air borne trans-
mission of SARS-CoV-2 has been postulated by Morawska and Cao
(2020) as explanation to the trend in the increase of infections, and
that air transmission should be seriously considered during the course
of this pandemic. Under high PM concentration and atmospheric stabil-
ity, viruses may create clusters with the PM reducing their diffusion co-
efficient and enhancing abundance into the atmosphere (Setti et al.,
2020c). Setti et al. (2020c) presents the first evidence of SARS-CoV-2
RNA presence on outdoor PM through analysis of 34 PM10 samples of
outdoor/airborne PM10 from an industrial site of Bergamo Province.
However, correlation between the presence of virus on PM and
COVID-19 outbreak progression has not been confirmed in that study,
and links between air pollutants and the pandemic has not been vali-
dated (Setti et al., 2020c).

2.3. SARS-CoV-2 in solid waste

Few review articles were found on coronavirus or SARS-CoV-2 in
municipal solid wastematerials while no experimental research articles
were found. The reason maybe that SARS-CoV-2 infected waste is typi-
cally generated from medical centers and hospitals which are then in-
cinerated. However, with the worldwide lockdown and self-
quarantine measures, solid waste containing viable SARS-CoV-2 are
likely generated at the household level from COVID-19 infected individ-
uals posing risk of infection to front line waste workers (Nghiem et al.,
2020). In that regard, Mol and Caldas (2020) report that spread of the
coronavirus may be increased by inadequate waste management
through poor handling conditions particularly in developing countries
with poor waste management strategies. Kharel (2020) reported that
as many of the coronavirus patients in Nepal are asymptomatic, con-
taminated solid waste may result in transmission to waste collectors
and pickers and then retransmission back to the community. Addition-
ally, some of the waste materials are sold in informal markets to poor
people, posing additional risk of infection (Kharel, 2020). In Nigeria,
solid wastes are dumped in poorly managed dumpsites which are scav-
enged for recyclable materials and food for livestock, posing risk of
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infection with COVID-19 and exacerbating its spread within the com-
munity (Nzediegwu and Chang, 2020). Even in developed nations, the
generation of glove and medical mask waste from households poses
risk of infection and environmental pollution considering that the sur-
vival time of SARS-CoV-2 on hard surface and plastic is in the order of
days (Nghiem et al., 2020; Saadat et al., 2020). There is not any pub-
lished evidence for transmission of SARS-CoV-2 via solid waste route
and the topic has not received attention from the scientific community.
What is currently present in the literature relates to the fomite trans-
mission route of SARS-CoV-2 rather than solid waste and management
as plausible routes of transmission. In that regard, Aboubakr et al.
(2020) presents the latest investigations on persistence of SARS-CoV-2
in non-porous surfaces (plastic, metal, glass, metals) and porous sur-
faces (paper, cardboard), which may assist in understanding the viral
persistence of the same materials in solid waste. SARS-CoV-2 for exam-
plewas reported to survive longer on surfaces of higher porosity such as
surgical masks than on surfaces of lower porosity such as paper
(Aboubakr et al., 2020), providing insight on viral persistence on gloves
and mask waste generated from households during the lockdown pe-
riod. SARS-CoV-2 was also found to bemore stable on plastic and stain-
less steel than on copper and cardboard and despite its high stability in
favorable environments, it is nevertheless susceptible to standard disin-
fection methods (Chin et al., 2020; van Doremalen et al., 2020; Kampf
et al., 2020). Much of the information on SARS-CoV-2 persistence on
solid surfaces is deduced from previous coronavirus studies (Aboubakr
et al., 2020; Kampf et al., 2020). The limited available data on SARS-
CoV-2 persistence on solid surfaces and solid waste materials calls for
the need to elucidate solid waste and its management practices with
COVID-19 spread.
2.4. SARS-CoV-2 in natural water

It is important to understand the fate of SARS-CoV-2 in thewater en-
vironment to ensure public health protection measures are suitably set
in place (Naddeo and Liu, 2020). However, there is currently limited
data on the presence and viability of SARS-CoV-2 in water bodies
(Cahill and Morris, 2020). Aboubakr et al. (2020) presented a review
of studies on persistence of coronaviruses in chlorinated and
dechlorinated water, which may help to understand the persistence of
SARS-CoV-2 in waters. SARS-CoV-2 in the water environment may
find its origin in the discharge of raw sewage into water bodies which
is common practice in many parts of the world, lack of basic sanitation
resulting in contamination of drinking water sources, accidental con-
tamination by raw sewage, or where performance of sewage treatment
plants is sub optimal (Guerrero-Latorre et al., 2020; Odih et al., 2020;
Usman et al., 2020). Guerrero-Latorre et al., 2020 detected viral loads
of SARS-CoV-2 from rivers in urban streams of Quito, Ecuador where
wastewater is discharged into river streams. On the other hand,
Haramoto et al. (2020) did not detect SARS-CoV-2 RNA in river water
samples in Japan despite its detection in secondary treated wastewater.
The risk of SARS-CoV-2 presence in sewage water cannot be neglected
(WHO, 2020a), and contracting the virus via water sources is unknown
and has not been investigated to date. The need to investigate is high
particularly in developing countries with poor water and sewage infra-
structure where the probability of faecal material reaching natural
water bodies is high. There is also no evidence of potential aerosolized
SARS-CoV-2 originating from wastewater used for irrigation (Usman
et al., 2020). With research progress, the implications of research find-
ings on SARS-CoV-2 in the water environment will assist public health
officials in devising the proper mechanisms to protect the general pub-
lic. There are a lot of aspects to be taken care of starting from the disin-
fection at the source, proper distribution, collection and safe practices
for storage. Conventional treatment systems like chlorination and UV
disinfection are expected to remediate COVID-19 presence inwater sys-
tems similar to other coronaviruses (Pecson et al., 2020; WHO, 2020a).
3. Wastewater surveillance for environmental detection of COVID-
19 infections

Since wastewater contains viruses excreted from infected individ-
uals in a given wastewater treatment plant catchment population,
wastewater surveillance and quantification of SARS-CoV-2 can be an ef-
fective tool in estimating the number of infections in a community at an
early stage of the outbreak (Ahmed et al., 2020; Mallapaty, 2020; Wu
et al., 2020a). The early detection and determination of SARS-CoV-2
prevalence in a population can assist policy makers in formulating the
appropriate mitigation policies and help to ensure healthcare institu-
tions are not overwhelmed (Mao et al., 2020; Wu et al., 2020a). SARS-
CoV-2 RNA is detected in wastewater using Real-Time Reverse-
Transcriptase–Polymerase-Chain-Reaction Testing (RT-qPCR) (Lodder
and Husman, 2020;Mao et al., 2020; Randazzo et al., 2020b).Wastewa-
ter RT-qPCR was reported to be a sensitive and reliable technique for
early detection of SARS-CoV-2 outbreaks (Randazzo et al., 2020b). It is
important to note that RNA detection in wastewater is not indicative
of viable virus that is transmissible (Nghiem et al., 2020; WHO, 2020a,
2020b). Genetic material of SARS-CoV-2 has already been detected in
wastewater samples from the Region of Valencia, Spain (Randazzo
et al., 2020a), Amsterdam Airport Schiphol, Netherlands (Lodder and
Husman, 2020), Australia (Ahmed et al., 2020), Massachusetts, USA
(Wu et al., 2020a), France (Wurtzer et al., 2020), Milan, Italy (La Rosa
et al., 2020; Rimoldi et al., 2020), Istanbul, Turkey (Kocamemi et al.,
2020) and China (Wang et al., 2020d). The fact thatwastewater samples
at Amsterdam Airport Schiphol and in Tilburg, Netherlands tested pos-
itive for viral RNA by quantitative RT-PCR methodology only days after
the confirmed cases of COVID-19 in the country shows the sensitivity
of this surveillance system and how it can serve as an early warning
tool (Lodder and Husman, 2020). Randazzo et al. (2020a, 2020b) re-
ported detection of SARS-CoV-2 RNA in wastewater when only 50–76
cases were reported in Valencia and 12–16 days before COVID-19
cases were declared in 3 out of 6 municipalities in Spain. However,
there is a lack of standardized protocol for the detection of SARS-CoV-
2 in wastewater with discrepancies among RT-qPCR N1, N2 and N3 as-
says.Massive population tests should be the first choice but wastewater
monitorization may provide a reliable picture of the situation (Kitajima
et al., 2020; Randazzo et al., 2020b).

Wastewater surveillance may serve as a complementary approach
to clinical testing campaigns for assessing the prevalence of COVID-19
in a community (Wu et al., 2020a). One wastewater treatment plant
can capture wastewater from more than a million residents, providing
an estimate of the prevalence of COVID-19 within a large population
(Mallapaty, 2020). Wastewater-based epidemiology (WBE) has some
benefits over clinical testing particularly for poor nations with limited
resources and may serve as an early detection tool, but cannot fully re-
place clinical testing which should be considered as the first choice
(Hart and Halden, 2020; Randazzo et al., 2020b). Clinical screening
comes with the challenges of undertaking a massive, time-consuming,
and labor-intensive process constrained by availability of testing tech-
nologies (Mao et al., 2020). Wastewater surveillance on the other
hand can account for individuals who have not been tested, or are
asymptomatic, potentially symptomatic, presymptomatic, or only have
mild symptoms (Lodder and Husman, 2020; Mallapaty, 2020). Addi-
tionally, different clinical diagnostic testing methods and assays makes
country comparisons difficult (Kitajima et al., 2020). The importance
of WBE is also highlighted by its ability to detect low levels of viruses,
especially important at early stages of an outbreak or when infection
levels are decreasing following intervention (Kitajima et al., 2020).
Monitoring programs for coronavirus in wastewater treatment plants
should be established to assess their fate during water and wastewater
treatment (Naddeo and Liu, 2020).

Researchers can determine the abundance of COVID-19 in a popula-
tion from wastewater samples by how much viral RNA is excreted in
faeces and extrapolate the number of infected people from
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concentrations of viral RNA in wastewater (Mallapaty, 2020). SARS-
CoV-2 RNA is first concentrated from wastewater, viral RNA copies are
enumerated using RT-qPCR, and the estimated RNA copy numbers are
then used to estimate the number of infected individuals in a catchment
(Ahmed et al., 2020). There are limitations to wastewater-based epide-
miology in establishing quantitative predictions from viral RNA
resulting in severe over or underestimation of infected cases. These in-
clude the complexity of wastewater matrices, the dilute nature of bio-
marker in wastewater, inability to pinpoint specific locations, need for
effective sampling techniques, need to develop effective virus concen-
tration methods, and need for robust and sensitive RT-qPCR assays in
such complex matrices (Ahmed et al., 2020; Hart and Halden, 2020;
Mao et al., 2020).

Wu et al. (2020a) testedwastewater collected at awastewater treat-
ment plant in Massachusetts, confirmed the presence of SARS-CoV-2
using RT-qPCR, but found that viral titers were significantly higher
than expected based on the clinically confirmed cases. On the other
hand, Ahmed et al. (2020) detected SARS-CoV-2 RNA in untreated
wastewater and estimated the number of infected individuals in rea-
sonable agreement with clinical observations (Ahmed et al., 2020;
Kitajima et al., 2020). The reasons for the discrepancy between con-
firmed cases and observed viral titers could be due to inaccurate as-
sumptions of viral load in stool or loss assumptions in viral titer due to
degradation, and presence of asymptomatic patients (Wu et al.,
2020a). There is lack of a standardized protocol for the detection and
quantification of SARS-CoV-2 in wastewater (Kitajima et al., 2020),
where proper quantification of the scale of COVID-19 infection in a pop-
ulation from wastewater analysis requires overcoming challenges in-
cluding: 1) determination of the quantities of viral RNA excreted in
faeces, 2) ensuring samples are representative of population excretions
over timeperiods, 3) ability of tests to detect viruses at low levels, 4) un-
derstanding the variability of viral shedding rates between people,
5) the establishment of quantitative predictions of the actual number
of cases in a population from determined RNA concentrations, and
6) need to develop effective enveloped virus concentration methods
(Ahmed et al., 2020; Mallapaty, 2020; Nghiem et al., 2020). Or et al.
(2020) presented a preliminary a proof-of-concept for viral concentra-
tionmethod using polyethylene glycol or alum precipitation for the de-
tection of SARS-CoV-2 RNA in sewage.

4. Strategies to combat future pandemics

Based on this presented review of COVID-19 infectivity and relation
to environmental factors, strategies may be adopted to combat future
pandemic by ability to assess its distribution and spread from environ-
mental indicators.

4.1. Wastewater surveillance

There is need for development of a standardized protocol for quan-
tification of SARS-CoV-2 in wastewater and overcoming existing chal-
lenges discussed previously (Kitajima et al., 2020). Wastewater
surveillancemay then serve as an important andquick tool to determin-
ing the spread of COVID-19 within a community and can assist policy
makers in early detection of outbreak through analysis of SARS-CoV-2
RNA in wastewater samples. The information obtained can assist in
identifying areas where transmission is occurring (Kitajima et al.,
2020; Larsen et al., 2020), provide guidance on when to relax restric-
tions on population movement (Nghiem et al., 2020), assist in contain-
ing the pandemic once the curve is flattened, and help to prevent
escalation where infections are minimal (Larsen et al., 2020).

4.2. Air quality indoors and outdoors

From our limited understanding of atmospheric pollution impact on
COVID-19 spread and severity, integration of air quality protection and
climate change mitigation within nations' sustainable development
strategies may assist in curbing future viral outbreaks (Fattorini and
Regoli, 2020; Pansini and Fornacca, 2020;Wuet al., 2020c). There is em-
phasized importance on continued enforcement of air pollution regula-
tions to protect health during and after this pandemic as well as in the
event of future outbreaks (Wu et al., 2020c). The pandemic is ongoing
and the status of infections in the world is dynamically changing.
Thus, the links between air pollution and COVID-19 infectivity and le-
thality are not established at this stage. Any future development in
that regard may serve as a tool for policy makers in setting proactive
strategies to face future pandemics. For example, if future robust evi-
dence is made available linking air pollution to COVID-19 spread, then
it may actually be plausible to predict pandemic impacts based on the
number of days cities exceed pollutant limits (Coccia, 2020). Govern-
ments would be then able to prioritize regions with high pollutant con-
centrations and take proactive action to reduce atmospheric pollution.
In terms of protection against spread of viral infectivity in indoor envi-
ronments, attention should be given to building design that ensures in-
creased ventilation rates, natural ventilation, proper air circulation, as
well-engineered sanitary plumbing systems thatminimize the potential
for virus-laden aerosol to spread within the building (Gormley et al.,
2020; Liu et al., 2020a; Morawska and Cao, 2020). As our understanding
of aerosol transmission of SARS-CoV-2 is limited, further investigations
are needed to devise methodologies for sampling and quantification of
SARS-CoV-2 in aerosols (Liu et al., 2020a; Morawska and Cao, 2020).

4.3. Solid waste

Despite limited research on SARS-CoV-2 in municipal solid waste,
the best waste management strategies should be implemented to
limit workers' exposure to waste contaminated with viable virus, likely
generated by households with symptomatic and non-symptomatic in-
dividuals. Practices may include separate collection services for infected
households, delaying waste collection beyond the lifespan of the virus
(72 h), and direct transport of collectedwaste to incinerators or landfills
avoidingwaste segregation atmaterial recovery facilities (Nghiemet al.,
2020).

5. Limitations

There are limitations to our current understanding of the environ-
mental transmission of SARS-CoV-2 and links between environmental
pollution and COVID-19 infectivity and spread. The research is moving
at quick pace and the changing dynamics of infections worldwide pre-
sents its challenges to establishing robust evidence linking environmen-
tal conditions such as air pollution with COVID-19 infections.
Experimental research on validation of faecal-oral and aerosol transmis-
sion of SARS-CoV-2 is also met with challenges, where robust evidence
is yet to be presented through in-depth research efforts. Other areas of
environmental research have not received attention such as COVID-19
transmission in solid waste. Several of the presented articles are pre-
prints undergoing peer-review, which limits comparison of evidence
with other published research. There needs to be caution in interpreting
the existing findings and the results presented herein is a snapshot of
the current understanding of the environmental related aspects of
SARS-CoV-2.

6. Conclusion

Knowledge on SARS-CoV-2 within the environmental context
maybe beneficial in establishing effective policies for mitigating the
transmission of the disease and combating future pandemics. Early de-
tection of COVID-19 and prevalence within a population can be
achieved through surveillance of SARS-CoV-2 RNA in wastewaters,
aiding decision makers in choosing the right times for tightening or re-
laxation of restrictions among other measures. Should future robust
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evidence be available on links between atmospheric pollution and
COVID-19 spread, air quality maybe another tool of importance that
can be employed to assess infectivity of COVID-19 and future infections.
Thismay allowpolicymakers to establish proactive strategies to face fu-
ture pandemics, prioritizing regions with high atmospheric pollution.
Since air pollution mitigation actions during a viral outbreak may be
of limited effectiveness, long-term strategies for air quality protection
and regulatory enforcement are of major importance. Evidence is
needed to validate transmission of SARS-CoV-2 via faecal-oral or aerosol
pathways, which would immensely help our understanding on the in-
fectivity and vast spread of the pandemic. Prevention of viral outbreak
or spread within indoor environments such as hospitals or high-rise
buildings due to circulation of virus-laden aerosol may be achieved by
ensuring well-engineered sanitary plumbing systems and adequate air
ventilation. Solid waste management and impact on COVID-19 spread
has received little attention and there is need to assess the spread of
the pandemic through waste materials specially in developing nations
where inadequate practices may act to promote the spread of the pan-
demicwithin communities. Research is also needed to assess the impact
of raw sewage discharge into water bodies, a topic that has received lit-
tle attention. Overall, our understanding of the environment perspec-
tive of SARS-CoV-2 may help in detecting viral outbreak at early stages
and assessing pandemic severity in effort to be equipped with the
right tools to curb any future pandemic.
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