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• Globally, little is known about WWTP
operators' exposure to SARS-CoV-2.

• Health risks from inhalation of SARS-
CoV-2 were addressed using a QMRA
framework.

• Exponential dose response model ap-
plied for different outbreaks scenarios.

• Risks are lowwhen<0.3% of the popula-
tion served by the WWTP are actively
infected.
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The current global Severe Acute Respiratory Syndrome- Coronavirus-2 (SARS-CoV-2) epidemic has heightened
calls for studies to evaluate respiratory exposure for wastewater treatment workers. In this global first study,
we assess occupational health risks towastewater treatment plant (WWTP) operators from inhalation of aerosol-
ized SARS-CoV-2 using a Quantitative Microbiological Risk Assessment (QMRA) framework. The following con-
siderations were used to develop the QMRA and assess the illness risks to workers: a) the proportion of the
population who are infected and thus responsible for shedding SARS-CoV-2 into rawwastewater; b) the concen-
tration of SARS-CoV-2 in raw and treated wastewater; c) the volume of aerosolized water inhaled by a WWTP
operator during work; d) humidity and temperature-dependent viability of coronaviruses in aerosolized waste
water; e) estimation of the amount, frequency, and duration of exposure; and f) exposure doses. The variables
were then fed into an exponential dose response model to estimate the risks in three scenarios representing
low-grade, moderate and aggressive outbreaks. These scenarios were designed on the assumption of 0.03%,
0.3% and 3% of the wastewater-generating population being infected with SARS-CoV-2. In terms of averaged-
out illness risk profiles, the individual illness risks for low grade, moderate and aggressive outbreak scenarios re-
spectively are 0.036, 0.32 and 3.21 illness cases per 1000 exposedWWTP operators. Our study suggests that the
risk of accidental occupational exposure to SARS-CoV-2 in rawwastewater, via inhalation at theWWTP environ-
ment, is negligible, particularly when less than 0.3% of the population served by the plant are actively infected.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

A novel coronavirus disease named COVID-19 emerged from China
in 2019 and rapidly spread throughout the world (WHO, 2020a,
2020b). The International Committee on Taxonomy of Viruses named
the virus responsible for this outbreak as Severe Acute Respiratory Syn-
drome Coronavirus 2 (SARS-CoV-2) (Nghiem et al., 2020; Wu et al.,
2020). Despite several public health strategies, the daily total number
of COVID-19 cases globally has not slowed down (WHO, 2020a). Eleven
months on, this virus has caused 35.5million illness cases and 1.04 mil-
lion deaths, as of October 2020 (Worldometer, 2020).

Published studies have reported faecal shedding of the SARS-CoV-2
virus from symptomatic and asymptomatic individuals before and dur-
ing the onset of symptoms (Lescure et al., 2020; Nghiem et al., 2020;Wu
et al., 2020). Several studies also detected SARS-CoV-2 RNA in stools and
wastewater (Ahmed et al., 2020; Bogler et al., 2020; Medema et al.,
2020; Randazzo et al., 2020; Singer and Wray, 2020). Given these con-
siderations, there have been concerns about the possibility of indirect
or direct transmission of SARS-CoV-2 via exposure to untreated or
treated wastewater (Ashour et al., 2020; Bogler et al., 2020; Cheung
et al., 2020; Kitajima et al., 2020).

A Water Environment Federation blue-ribbon panel of experts
commissioned to evaluate the safety of wastewater workers during
the coronavirus pandemic recommended that studies should be con-
ducted to evaluate respiratory exposure during tasks performed by
workers in wastewater collection and treatment (TPO, 2020). Other in-
dependent studies have also called for QMRAs to evaluate respiratory
exposure associated with wastewaters (Amoah et al., 2020; Kitajima
et al., 2020). This is particularly relevant to aerosolization ofwastewater
and thus accidental exposure of wastewater operators to SARS-CoV-2
during daily workplace activities such as manual cleaning, coarse
screening, wastewater sampling for microbiological and chemical anal-
ysis, and process supervision.

Reference pathogens including norovirus, enterovirus and adenovi-
rus were used for QMRAs in relation to WWTP influents (Dada, 2018a,
2018b, 2019a, 2019b, 2020a, 2020b; McBride, 2007, 2011, 2016a,
2016b; McBride et al., 2013). Recently, Zaneti et al. (2020) applied
SARS-CoV-2 as the reference QMRA pathogen considering ingestion
via the faecal oral route. There is a dearth of published information on
risk assessments focused on coronavirus spread through exposure to
SARS-CoV-2 via inhalation. In this study, SARS-CoV-2 was used as the
reference QMRApathogen to assess health risks during occupational ex-
posure by inhalation in wastewater treatment environments

2. Materials and methods

2.1. Data collection

Information related to treatment type, population covered and loca-
tion of each wastewater treatment plant (WWTP) was extracted from
an online inventory collated during the National Performance Review
for 2018. Information from over 300 publicly owned WWTPs in New
Zealand was collected and analysed for QMRA purposes.

2.2. Hazard analysis

Wastewater stabilization ponds (WSPs) are themost prevalent form
of wastewater treatment used for treating domestic sewage from small
to medium-sized communities in New Zealand (Fig. 1). WSPs generally
encompass three different pond systems: oxidation (mechanical), aer-
ated, and anaerobic ponds (WaterNZ, 2005). WSPs are used either
wholly or in combination with other forms of treatment (e.g. aeration
lagoons, wetlands, sand filters, membrane filtration, and ultraviolet
based disinfection). In terms of populations served by WWTPs, acti-
vated sludge (AS) systems are the most popular treatment systems
(Fig. 1). Activated sludge (AS) systems are also the most widely used
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biological wastewater treatment process in the developed world
(Scholz, 2015).

Pond-based systems are considered as self-sufficient treatment
units, because the efficacy of treatment is contingent upon the mainte-
nance of the overall microbial communities (Hosetti and Frost, 1998;
Hosetti and Frost, 1995), and the proper balance of organics, light, dis-
solved oxygen, nutrients, algal presence (Amengual-Morro et al.,
2012), and temperature. Because pond-based treatment systems are
self-sufficient, there is a reduction in operator responsibilities to man-
age the treatment unit (Butler et al., 2017; Hosetti and Frost, 1998).
However, WWTP operators may still be required to perform routine ac-
tivities including manual cleaning, coarse screening, and wastewater
sampling for microbiological and chemical analysis. WWTP operators
working with activated sludge systems also perform similar activities.
As a result, WWTP operators can be exposed to aerosolized form of
SARS-CoV-2 via wind or mechanically generated aeration. The forma-
tion of wastewater aerosols and droplets was confirmed as a key mech-
anism for faecal–droplet–respiration transmission during previous
coronavirus outbreaks and is suspected in the current COVID-19 out-
break caused by SARS-CoV-2 (Ding et al., 2020; Gormley et al., 2020;
Yu et al., 2004). Aerosolized human coronaviruses remain viable for
up to 16 h (Fears et al., 2020; VanDoremalen et al., 2020). Although dis-
persal of larger droplets is limited, as they deposit close to the source,
larger droplets can cause local contamination of surfaces due to their
enhanced capacity to carry pathogens, and are a major vector for path-
ogen transmission, including SARS-CoV-2 (Barker and Jones, 2005; Ding
et al., 2020).

2.3. Exposure assessment

To assess the potential level of occupational exposure of WWTP op-
erators to SARS-CoV-2, the following factors were considered (Fig. 2):

i. Infected population responsible for faecal shedding of SARS-CoV-2
in raw wastewater;

ii. SARS-CoV-2 concentrations in raw wastewater;
iii. Howmuch aerosolized water aWWTP operator will inhale during a

working day;
iv. Humidity and temperature-dependent viability of coronaviruses in

aerosolized form; and,
v. Estimation of the amount, frequency, length of time of exposure, and

doses for exposure (see Table 1).

2.4. SARS-CoV-2 concentrations in wastewater that arrive at the WWTP

This study assumes a conservative stance in which all individuals
who have been previously or are currently infected (symptomatic or
asymptomatic) continue to shed the virus in their stools. One of the
key factors influencing the occurrence of coronaviruses in wastewater
is the concentration of virus shed by infected individuals (Cai et al.,
2020; Zhang et al., 2020). Literature has shown concentrations of
SARS-CoV-2 in stool of infected individual ranged between 1.7 × 106

to 4.1 × 107 genome copies (Han et al. 2020 in Amoah et al., 2020). In
accordance with previousWWTPQMRA reports and international liter-
ature (e.g. McBride, 2016a, 2016b), median (1.7 × 106 genomes permL)
and maximum (4.1 × 107 genomes per mL) stool virus concentrations
were bounded in the hockey-stick distribution in such a way that the
resulting data are strongly right-skewed with a hinge at the 95th per-
centile. This therefore presents, in the same population, the generally
predominant lower virus concentrations (i.e. having higher probabili-
ties) alongside the extreme concentrations (which may be rare, but
substantial).

Generally, some levels of dilution occur given that greywater and
other forms of wastewater become mixed with stools once flushed
down the toilet. Two scenarios were thus considered.



Fig. 1. Types of treatments available at New Zealand WWTPs.
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I. No dilution scenario: Stools from individuals shedding SARS-CoV-
2, flushed down the toilet, are not diluted at all and reach the
WWTP as influent. It was assumed to contain SARS-CoV-2 concen-
trations of most likely between 1.7 × 106 genomes per mL (median)
and 4.1 × 107 genomes permL (maximum) (i.e. dilution factor= 1).

II. Dilution scenario: The average person passes about 30mL of stool a
day for every five kilograms of body weight. This translates to ap-
proximately 192 to 510 mL of stool per individual. Typically, the
amount of water used in the toilet for one full flush is 6 L. That is,
for every single toilet use per individual shedding SARS-CoV-2, the
concentration is diluted roughly 12 to 31 times. A dilution factor
(stool_DF) distributed between 12 and 31 was therefore included
in the modelling.

2.5. Prevalence-dependent SARS-CoV-2 loading

Three different scenarios (low, moderate and aggressive),
representing different proportions of the population infected with the
virus, were applied in this study. Low outbreak, moderate outbreak,
and aggressive outbreak scenarios assume that 0.03%, 0.3% and 3%, re-
spectively, of the population being served by a WWTP are infected
and are shedding SARS-CoV-2 in their stools.

Given this consideration, the virus concentration expected at the
WWTP is:

Virusconc ¼
Popinfected � stoolvirusconc
Total pop � stool DF

where Popinfected is the number of individuals infected in a population
being served by a WWTP, stoolvirusconc is the SARS-CoV-2 concentration
in the stools of infected individuals, Total_pop is the total population be-
ing served by a WWTP, stool_DF is the stool dilution factor.

2.6. Virus reductions achieved before and during treatment at the WWTP

The final virus concentrations in WWTP wastewater on a random
day were then subjected to varying log removals (depending on the
wastewater treatment scenario considered) before they were
3

incorporated into the QMRA. It was assumed that before aerosolization,
human coronaviruses in raw wastewater and the residual coronavirus
concentrations following treatment all remain viable.

Given these considerations, the SARS-CoV-2 virus concentration in
wastewater for each WWTP treatment scenario is therefore:

Virusconc ¼
Popinfected � stoolvirusconc

Totalpop � stoolDF � logreductionfactor

where logreductionfactor is 1, 10, 100, 1000- and 10,000-fold reduction re-
spectively for 0,1,2,3 and 4 log-removals achieved during treatment at
the WWTP.

2.7. Temperature and relative humidity dependent viability of aerosolized
viruses

Among the meteorological factors, humidity (relative humidity; RH
and absolute humidity; AH) and temperature play an important role
in the viability status of coronaviruses in the air. Published literature
has shown that 60% of coronaviruses in droplets or aerosols remain in-
fectious for up to an hour at a RH of 79% at 25 °C but at a higher temper-
ature and lower RH of 38 °C and 24%, less than 5% remained infectious.
Recent studies have also suggested that AH rather than RH modulates
virus survival (Deyle et al., 2016; McDevitt et al., 2010; Shaman and
Kohn, 2009; Shaman et al., 2010). Marr et al. (2019) published an equa-
tionwith an r-squared value of ~0.9 that relates RH and air temperature
toAH. The equationwasused in this study to estimateAH and thereafter
to estimate the viability of aerosolized coronaviruses. Mathematically,
AH was calculated as:

AH ¼
1322:7 exp 17:625 � T

T þ 234:04

� �
� RH

100

� �

T þ 273:15

whereAH is absolute humidity in gm-3, RH is relative humidity in percent
and T is in 0C, applicable over a temperature range of−40 to 50 °C, and:

Viability of aerosolized coronavirus %ð Þ ¼ −0:0515 � AHþ 2:0487



Fig. 2. Schematic representation of the QMRA. Red boxes indicate QMRA inputs.
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Given these considerations, the viable concentration of aerosolized
SARS-CoV-2 is therefore given as:

Virusconc ¼
Popinfected � stoolvirusconc

Totalpop � stoolDF � logreductionfactor

�

−0:0515 �
1322:7 exp 17:625 � T

T þ 234:04

� �
� RH

100

� �

T þ 273:15

0
BB@

1
CCAþ 2:047

100
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2.8. Rate of inhalation and dose calculation

The dose of the pathogen that an individual inhales is an important
component of the dose-responsemodels used to predict the probability
of infection or illness. To convert pathogen concentrations into doses,
reference was made to the inhalation rates applied in a previous
QMRA that assessed health risks associated with stormwater (McBride
et al., 2013). McBride et al. (2013) applied a synthesis of previous stud-
ies (Dorevitch et al., 2011; Dufour et al., 2006; Haas et al., 1999) to arrive



Table 1
Distributions and inputs for the QMRA.

Parameter QMRA statistics applied Comments

Virus concentration in
faeces of infected
individuals, SARS-CoV-2
(genomes per mL)

Minimum = 2000
Median = 1.7 × 106

Maximum = 4.1 × 107

Consistent with Han et al.
(2020), Amoah et al.
(2020). Hockey stick
distribution, as previously
described (McBride, 2007,
2011, 2016a, 2016b). 1000
genomes = 1 PFU

Duration (hours) of
occupational exposure of
WWTP operators to
aerosolized SARS-CoV-2

Minimum = 2
Median = 4
Maximum = 8

Time spent by WWTP
operators on a typical
workday at the treatment
plant. This includes routine
activities such as manual
cleaning, coarse screening,
wastewater sampling for
microbiological and
chemical analysis, and
process supervision.

Wastewater inhalation
rate, mL per hour

Minimum = 2
Median = 10
Maximum = 20

PERT distribution for an
adult, consistent with
previous QMRA studies on
inhalation risks associated
with aerosolized
adenoviruses (McBride,
2007, 2011, 2016a, 2016b,
Dada, 2018a, b, 2019a,
2019b, 2020a, 2020b)

Air temperature (degC) Minimum = 1.4
Median = 12.4
Maximum =20.2

PERT distribution. Data
from NIWA mean monthly
values for the 1981–2010.

Relative humidity Minimum = 65.0%
Median = 81.5%
Maximum = 94.2%

PERT distribution. Data
from NIWA mean monthly
values for the 1981–2010.

Dose response parameters SARS-CoV-2
exponential model
(k = 4.1 × 102).

Watanabe et al. (2010).

Fig. 3. Exponential dose-response model for SARS-CoV-2 infection.
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at minimum,mode andmaximum associated volumetric intake rates of
10, 50 and 100mL for ingestion associated with primary contact. In this
study, it was assumed that WWTP operators would be physically pres-
ent at the WWTP vicinity for a median and maximum period of 4 and
8 h on any random day, with associated volumetric intake rates of 2,
10 and 20 mL per hour (Table 1). Consistent with McBride et al.'s
(2013) stormwater QMRA study on risks due to inhalation of aerosol-
ized adenoviruses, inhalation volume per individual per exposure
event was taken as the simple product of the inhalation rate and expo-
sure duration. The inhalation volume was then multiplied by the viable
concentration of aerosolized SARS-CoV-2 to determine the dose of aero-
solized SARS-CoV-2 that an individual WWTP operator was exposed to.

2.9. Dose-response models

Dose-responsemodels aremathematical functions that estimate the
risk of a response (for example, infection or illness) given a known dose
of a pathogen. Although there are no previously published dose-
response models for SARS-CoV-2, Watanabe et al. (2010) reported an
exponential model for SARS-CoV-1 based on datasets fitted for infec-
tions of transgenic mice that are susceptible to SARS-CoV-1. The expo-
nential model was also applied to the analysis of the epidemiological
data of SARS outbreak that occurred as a result of inhalation of SARS-
CoV-1 associated with faulty plumbing at an apartment complex in
Hong Kong in 2003. Considering the similarities of both coronaviruses,
we applied the same dose response model to predict the risk of SARS-
CoV-2 infection (Fig. 3).

Exponential model : p dð Þ ¼ 1− exp −
d
k

� �

where p(d) is the risk of illness at the dose of d. Parameter k in the expo-
nential model equals 4.10 ∗ 105, the reciprocal of the probability that a
5

single pathogen will initiate the response (Watanabe et al., 2010). It
was assumed in this study that 1000 genomic copies correspond to
one (1) plaque forming unit (PFU), consistent with previous studies
(Aslan et al., 2011; Jensen et al., 2018).

2.10. Risk characterization

Information from the previous steps was incorporated into Monte
Carlo simulations to determine the likelihood of illness from occupa-
tional exposure to SARS-CoV-2. The Monte Carlo simulation is a ran-
domization method that applies multiple random sampling from
distributions assigned to key input variables in amodel, in away that in-
corporates the uncertainty profiles of each key input variable into the
uncertainty profile of the output. Typically, in a Monte Carlo model
run, 100 individuals who do not have prior knowledge of existing con-
tamination in thewastewater andwhodonotwear protective nose cov-
erings are ‘exposed’ to potentially infectious aerosolised pathogens on a
given day and this exposure is repeated 1000 times. Therefore, the total
number of exposures is 100,000. The result of the analysis is a full range
of possible risks, including average andworst-case scenarios, associated
with exposure to pathogens during the identified recreational activities.
Monte Carlo simulations were undertaken using @Risk software (Pali-
sade, NY). QMRA results are reported in terms of illness, assuming a
conservative stance in which every single infection leads to illness.
The predicted risk is reported as the IIR (individual illness risk), calcu-
lated as the total number of illness cases divided by the total number
of exposures, and is expressed as a percentage. The IIR is then compared
with a threshold of 1 illness per 1000 exposed individuals as specified in
the WHO interim guidance document. This threshold is considered the
no observable adverse effects level (NOAEL).

3. Results

Presented in Fig. 4a-f are risk profiles for occupational exposure to
SARS-CoV-2 via inhalation in the WWTP environment based on the
virus concentrations in infected persons' stools (a) when diluted with
toilet flushwater; and (b) when not diluted with toilet flush water dur-
ing conditions of low, moderate and aggressive outbreak. Aerosolized
SARS-CoV-2 concentrations have also been corrected for RH and
temperature-dependent viabilities. Depending on the nature of the
treatment at theWWTP, the virus concentrations in the rawwastewater
are reduced by between 1 and 5 logs. While the risk profiles are
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presented in terms of probabilities of illness plotted against time per-
centiles, prominent IIR values (%) are shown on the profiles.

The risk profile was highest for raw wastewater but generally re-
duced with increasing orders of log reduction (Fig. 4a-f). In the worst
case scenario, where dilution of the stool with toilet flushwater was ex-
cluded from the risk assessment (Fig. 4a–c), 95% of the time, there
would be nomore than one illness case among100WWTPoperators ac-
cidentally exposed to SARS-CoV-2 in raw wastewater, via inhalation at
theWWTPenvironment, on any randomday during lowgrade outbreak
conditions (i.e. 0.03% of the population served by the WWTP is in-
fected). In comparison, 95% of the time, there would be no more than
three illness cases recorded during moderate outbreak conditions (i.e.
0.3% of the population served by theWWTP is infected). During aggres-
sive outbreak conditions (i.e. when 3% of the population served by the
WWTP is infected), the risk profiles are markedly higher with up 14 ill-
ness cases predicted among 100WWTP operators accidentally exposed
to SARS-CoV-2 in rawwastewater, via inhalation at theWWTP environ-
ment, 95% of the time on any random day (Fig. 4c). These elevated risks
would also remain if, during conditions of aggressive outbreak, WWTP
operators were exposed to partially treated wastewater in processing
units where wastewater virus reductions of less than 1log had been
achieved (Fig. 4c). Cumulatively, in terms of averaged-out illness risk
profiles, the individual illness risks for low grade, moderate and aggres-
sive outbreak scenarios, respectively, are 0.691, 6.8 and 62.4 illness
cases per 1000 individuals (Fig. 4a–c).

In the more realistic scenario where dilution of the stool with toilet
flush water was included in the risk assessment (Fig. 4d), 99% of the
time there would be no illness case among 100 WWTP operators acci-
dentally exposed to SARS-CoV-2 in raw wastewater, via inhalation at
the WWTP environment, on any random day during low-grade out-
break conditions (i.e. 0.03% of the population served by theWWTP is in-
fected). However, 99% of the time, there would be nomore than 1 and 4
illness cases, respectively, per 100 exposed WWTP operators during
moderate and aggressive outbreak conditions (Fig. 4e–f). Cumulatively,
in terms of averaged-out illness risk profiles, the individual illness risks
for low-grade, moderate and aggressive outbreak scenarios respectively
are 0.036, 0.32 and 3.21 illness cases per 1000 exposedWWTPoperators
(Fig. 4d-f).

4. Discussion

This study was conducted in response to concerns that populations
at greatest risk in the ongoing SARS-CoV-2 pandemicmay beWWTPop-
erators who may be exposed to raw wastewater. Our study is the first
ever QMRA study that has assessed the potential level of occupational
exposure of WWTP operators to SARS-CoV-2 via inhalation. This study
is also the secondQMRA study published that has assessed the potential
level of occupational exposure of WWTP operators to SARS-CoV-2. A
previously published QMRA report (Zaneti et al., 2020) used viral
loads dependent on the proportions of individuals infected with the
virus but applied an exposure scenario that assumes WWTP operators
accidentally ingest 1 mL of raw wastewater containing SARS-CoV-2
through their mouth while performing routine activities. While focus-
ing on ingestion as the route of transmission, the Zaneti et al. (2020)
study also did not include consideration of contaminated surfaces in
the modelling, despite these sources being potential vital links in the
transfer of SARS-CoV-2 through the oral route. Our study adds to
existing knowledge in that it focuses on human health risks during acci-
dental inhalation of aerosolized forms of the wastewater.

In selecting QMRA input parameters, this QMRA included consider-
ations for most of the factors that have been suggested as crucial to
Fig. 4. Risk profiles for occupational exposure to SARS-CoV-2 via inhalation in theWWTP enviro
toiletflushwater and (b)whennot dilutedwith toiletflushwater during conditions of low,mod
virus concentrations in the raw wastewater are reduced by between 1 and 5 logs. Prominent I

7

the fate of SARS-CoV-2 in the WWTP environment (Amoah et al.,
2020). In addition to inhalation rate and exposure time, this study also
included considerations of humidity and temperature-dependent sur-
vival of SARS-CoV-2 in aerosolized form based on a viability model for
influenza viruses (Kong et al., 2020). The influenza viability model ap-
plied to estimate humidity and temperature-dependent survival of
aerosolized SARS-CoV-2 is justified because it has been detected in pa-
tients with influenza-like illness (Kong et al., 2020).

This study also adds to the body of scholarly literature in that it con-
siders the assessment of occupational health risks associated with acci-
dental exposure to SARS-CoV-2 following log-removals that are
typically achieved in WWTPs. The observation that risk profiles were
highest for raw wastewater but generally reduced with increasing or-
ders of log reduction is expected.

Overall, in the more realistic scenario where dilution of the stool
with toilet flush water was included in the risk assessment, our results
show cumulative illness risk (mean)was less than 1 per 1000 exposures
for low-grade and moderate outbreak scenarios. This indicates that the
risks of accidental occupational exposure to SARS-CoV-2 in raw waste-
water, via inhalation at the WWTP environment are negligible. It is,
however, important to mention that in terms of the upper limit (i.e.
99th percentile), a low level of risk was observed. These predicted
health risks, however, only occur during extreme values of the QMRA
input components were used. For instance, a WWTP operator exposed
to raw or partially treated wastewater for 8 h continuously that is very
unlikely unless WWTP staff are manually collecting and transporting
sludge for off-site treatment or being involved in manual sludge
dewatering. Previous literature has already reported the occurrence of
human coronaviruses in both treated and untreated sludge
(Annalaura et al., 2020; Bibby and Peccia, 2013; Bibby et al., 2011;
Singer and Wray, 2020). This study thus suggests that there may be
risks to WWTP operators involved in extensive periods of manual
sludge handling, in agreement with Amoah et al. (2020), but only dur-
ing conditions of aggressive outbreak. This may be particularly relevant
in countries where the proportion of active cases in the population al-
ready exceeds 0.3% (for instance, the proportions of currently infected
individuals compared to the population in the US, Peru and Bolivia are
1.03%, 0.5% and 0.5%, respectively, as at 25 August 2020
(Worldometer, 2020). Meanwhile, regardless of the proportion actively
infected in the population served by a WWTP, we suggest that precau-
tionary measures should still be applied to protect WWTP operators.
The CDC already provides recommendations (CDC, 2020) including en-
gineering and administrative controls, safe work practices, and use of
PPE when handling untreated wastewater.

In order to optimize public health protection, a precautionary ap-
proach to this QMRA has been applied through the entire process. For
instance, this QMRA assumed that all infected individuals in the popula-
tion that feeds the WWTP shed SARS-CoV-2. This study also assumed
that all the SARS-CoV-2 particles within the stools of infected individ-
uals are infective. A meta-analysis conducted by Parasa et al. (2020)
showed that only 40.5% of patients tested positive for SARS-CoV-2 had
viral RNA in their faeces (95% confidence interval, 27.4%–55.1%). The
duration of viral shedding in faeces lasted up to 18 days after hospitali-
zation. However, WHO-China Joint Mission on Coronavirus Disease re-
ported detecting SARS-CoV-2 viral RNA in the faeces of 30% patients
for up to 5weeks (WHO, 2020b). There is still uncertainty as towhether
these viral RNA detection rates actually correlate with the presence of
infectious virus. In a recent study (Wölfel et al., 2020), high concentra-
tions (up to 108) of viral fragments similar to those in sputumwere re-
ported based on 13 stool samples taken within 12 days from 4 patients.
Unlike the case for sputum, an attempt to grow SARS-CoV-2 from stool
nment based on the virus concentrations in infected persons' stools (a) when dilutedwith
erate and aggressive outbreak. Depending on the nature of the treatment at theWWTP, the
IR values (%) are shown on the profiles.
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was not successful. However, contrasting results were published in an-
other study where SARS-CoV-2 was successfully cultured from faeces of
a critically ill patient in China (Xiao et al., 2020). While the number of
samples analysed in this study is very small (n=3), it points to the pos-
sibility of the RNA in faeces being infective. Wölfel et al. (2020) submit-
ted that more studieswould be needed to addresswhether SARS-CoV-2
shed in stool is rendered non-infectious though contactwith the gut en-
vironment. Given this possibility of infectivity of RNA viruses in stools,
albeit at levels not currently known, it was considered safe to assume
in this QMRA that all viral RNA in stool was infectious.

This QMRA also excluded opportunities for dilution of stools from in-
fected individuals; hence it involved higher SARS-CoV-2 concentrations
in the rawwastewater that reached theWWTP. Generally, in addition to
the levels of dilution that occur at the toilet level (i.e. with toilet flush
water), more dilution can occur within the sewerage system. For in-
stance, greywater and other forms of wastewater (e.g. from baths,
sinks, washing machines, and other kitchen appliances) from houses
connected to reticulated sewerage systems become mixed with the
stools once flushed down the toilet, en route to theWWTP. As the avail-
able literature suggests that dish, shower, sink, and laundry water com-
prise 50–80% of residential wastewater (Al-Jayyousi, 2003), higher
dilution possibilities indicate that the reported risks in this QMRA may
be overstated.

It should be noted that the coronavirus dose response models used
in this study was based on an infection endpoint, as reported by
Watanabe et al. (2010). In our study, we have assumed a worst-case
scenario where every infected individual becomes ill. In reality, infec-
tion may not necessarily progress to illness. For instance, while healthy
individuals may not necessarily become ill, the elderly and immune-
compromised citizens may present with a different response effect for
the same dose of SARS-CoV-2. Even among the healthy, differential im-
munity status may exist (McBride et al., 2013).

Although this study also considered risks following treatment at the
WWTP, this study did not focus on a specific wastewater treatment but
used amore generalizable range of treatments. That could bepotentially
achieved at various WWTPs in New Zealand and elsewhere. These in-
cluded scenarios for virus removal (i.e. raw wastewater) as well as 1,
2, 3, and 4 log10 virus removals equivalent to 10, 100, 1000 and
10,000-fold reductions in viral loads, respectively. These represent the
range of virus log reductions that have been associated with various
forms of wastewater treatment, e.g. 1 log10 in wastewater pond treat-
ment systems (Verbyla and Mihelcic, 2015) and between 2 and 4
log10 removals in activated sludge and membrane bioreactor systems
(De Luca et al., 2013; Wen et al., 2009; Zhang and Farahbakhsh, 2007).

More studies are still needed to characterize SARS-CoV-2 in the fae-
ces of active and recovered individuals, as well as in WWTP influents
and effluents. WWTP virus concentrations and infectivity analysis of a
larger sampling scale would be useful to improve the quality of future
QMRAs. Care should be exercised to ensure a harmonization of
laboratory-generated genomic concentrations of SARS-CoV-2 and
doses applied in future QMRAs. For instance, while the coronavirus
dose response model in Watanabe et al. (2010) was based on plaque-
forming units, there may be multiple virus particles for each PFU as
viral particles that are defective or which fail to infect their target cell
will not produce a plaque and thus will be inadvertently excluded
from the plaque count.

5. Conclusion

Our study suggests that the risk of accidental occupational exposure
of SARS-CoV-2 in rawwastewater via inhalation at theWWTP environ-
ment is low. Despite the highly conservative stance that this QMRA
adopts, generally low individual illness risks were predicted during
low-grade and moderate outbreak conditions (when less than 0.03%
and 0.3% respectively, of the population served by a WWTP are actively
infected).
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