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a b s t r a c t

The use of reclaimed water brings new challenges for the water industry in terms of maintaining water
quality while increasing sustainability. Increased attention has been devoted to opportunistic pathogens,
especially Legionella pneumophila, due to its growing importance as a portion of the waterborne disease
burden in the United States. Infection occurs when a person inhales a mist containing Legionella bacteria.
The top three uses for reclaimed water (cooling towers, spray irrigation, and toilet flushing) that generate
aerosols were evaluated for Legionella health risks in reclaimed water using quantitative microbial risk
assessment (QMRA). Risks are compared using data from nineteen United States reclaimed water utilities
measured with culture-based methods, quantitative PCR (qPCR), and ethidium-monoazide-qPCR. Me-
dian toilet flushing annual infection risks exceeded 10�4 considering multiple toilet types, while median
clinical severity infection risks did not exceed this value. Sprinkler and cooling tower risks varied
depending on meteorological conditions and operational characteristics such as drift eliminator per-
formance. However, the greatest differences between risk scenarios were due to 1) the dose response
model used (infection or clinical severity infection) 2) population at risk considered (residential or
occupational) and 3) differences in laboratory analytical method. Theoretical setback distances necessary
to achieve a median annual infection risk level of 10�4 are proposed for spray irrigation and cooling
towers. In both cooling tower and sprinkler cases, Legionella infection risks were non-trivial at potentially
large setback distances, and indicate other simultaneous management practices could be needed to
manage risks. The sensitivity analysis indicated that the most influential factors for variability in risks
were the concentration of Legionella and aerosol partitioning and/or efficiency across all models, high-
lighting the importance of strategies to manage Legionella occurrence in reclaimed water.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Growing global water scarcity has intensified the need to
recover water resources from wastewater, especially as population
growth, economic development, and urbanization increase pres-
sures on existing water supplies (Levine and Asano, 2004).
Reclaimed water can alleviate stress on municipal water systems
and augment existing water portfolios. However, there is the po-
tential for health risks from human contact with contaminants in
ent of Civil, Architectural, and
iladelphia, PA, 19104, USA.
).
reclaimed water through dermal contact, inhalation, or ingestion
during various water use activities.

Agricultural and industrial water reuse represent the sectors
with the largest reclaimed water usage in the United States
(Jim�enez and Asano, 2008). Reclaimed water for cooling system
purposes further represents the largest industrial water reuse
application (Metcalf and Eddy, 2007). Cooling systems may
consume 20e50% of a facility's water usage (Aoki et al., 2005).
Common uses of reclaimedwater such as spray irrigation or cooling
towers can produce aerosols that are of concern because contam-
inants can travel beyond the immediate vicinity of application (Li
et al., 2011). Additionally, toilet flushing has been identified as a
top use of recycled water in a survey of ten United States recycled
water systems (Jjemba et al., 2015; LeChevallier et al., 2017). Toilet
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flushing can also generate aerosols that can potentially be associ-
ated with health risks (Fewtrell and Kay, 2007; Gerba et al., 1975;
Hamilton et al., 2017). Together, spray irrigation (90% re-
spondents), cooling towers (50% respondents), and toilet flushing
(30% respondents) comprise the top three uses of recycled water
identified in the survey (Jjemba et al., 2015; LeChevallier et al.,
2017).

To date, no documented infectious disease outbreaks have been
reported in association with reclaimed water, and epidemiological
studies have focused primarily on potential fecal pathogen-
associated health risks (Durand and Schwebach, 1989; Sheikh
et al., 1990; Ward et al., 1989), without finding evidence of
increased risk. One recent study of irrigation workers exposed to
reclaimed water showed higher colonization with Staphylococcus
and Enterococcus bacteria compared to officeworkers, although this
difference was not significant (Goldstein et al., 2014). However,
concerns exist regarding opportunistic pathogens such as Legion-
ella, non-tuberculous Mycobacteria (NTM), Pseudomonas aerugi-
nosa, Stenotrophomas maltophila, Staphylococcus aureus, and
Acanthamoeba spp., especially as alternative non-potable routes of
exposure are more relevant for reclaimed water use. The chemistry
of reclaimed water is distinct from that of potable water, with
elevated levels of dissolved organic matter and nutrients known to
occur in reclaimed water systems associated with enhanced mi-
crobial growth (Garner et al., 2016). Intermittent usage of reclaimed
water may also result in higher water age. Opportunistic pathogens
can grow at low organic carbon concentrations, and are particularly
prone to growth in water environments with high water age and
biofilm growth, where free-living amoeba found in biofilms can
enhance pathogen resistance to disinfectants, growth, persistence,
and virulence (Cooper and Hanlon, 2010; Kirschner et al., 1992;
Thomas et al., 2010). Although fully functioning water reuse
treatment may be sufficiently robust to be protective for fecal
pathogen risks (Chaudhry et al., 2017), it is not yet knownwhether
the same is true for opportunistic pathogens.

Legionella is one of the most significant opportunistic water-
borne pathogens as it is responsible for a substantial portion of the
United States waterborne disease burden (Beer et al., 2015). Infec-
tion with Legionella can cause the pneumonia-like illness Legion-
naires' Disease, or a milder form of infection known as Pontiac
Fever (Fields et al., 2002). It is known to occur in engineered water
systems including cooling towers (Ahmadrajabi et al., 2016),
wastewater treatment facilities (Allestam et al., 2006; Fernandez-
Cassi et al., 2016; Pascual et al., 2003; S�anchez-Monedero et al.,
2008; Walser et al., 2017), ambient water environments (Fliermans
et al., 1979), and soils (Amemura-Maekawa et al., 2012; Wallis and
Robinson, 2005). Legionella spp. grow in biofilms in piping and can
slough off and become aerosolized through water fixtures, at which
point human exposure can occur. Aerosol production of Legionella is
a particular concern as outbreaks have been associated with
exposure to aerosols generated by cooling towers (Castilla et al.,
2008; George et al., 2016; Nguyen et al., 2006; Walser et al.,
2014; Weiss et al., 2017), wastewater treatment facilities
(Gregersen et al., 1999; Kusnetsov et al., 2010; Olsen et al., 2010),
decorative fountains (Haupt et al., 2012), and other common water
uses (Hines et al., 2014). For this reason, it is warranted to inves-
tigate the potential for elevated risks from exposure to Legionella in
reclaimed water.

Few studies have quantified Legionella in reclaimed water
(Jjemba et al., 2010; Palmer et al., 1995), and a quantitative micro-
bial risk assessment (QMRA) has not yet been performed for
Legionella for exposures to reclaimed water. The QMRA framework
integrates information regarding pathogen occurrence, infectivity,
and exposure for determining the health implications of microbial
hazards using a process of hazard identification, exposure
assessment, dose response assessment, and risk characterization
(Haas et al., 2014). To inform appropriate usages of reclaimed water
and identify factors which have the greatest implication for best
management practices, a QMRA is presented for scenarios of toilet
flushing, spray irrigation, and cooling tower-generated aerosols.

Additionally, due to the availability and practice of using
different laboratory detection methods to enumerate Legionella
spp., risks were also assessed using a comparison of three common
detection methods: culture-based methods, ethidium-monoazide
quantitative polymerase chain reaction (EMA-qPCR), and qPCR.
Culture-based methods quantify viable, culturable cells (colony
forming units [CFU] per L). EMA-qPCR quantifies gene copies from
cells with an intact cell membrane and is intended to represent the
concentration of viable cells as measured in gene copies per L
(Delgado-Viscogliosi et al., 2005; Mansi et al., 2014; Qin et al.,
2012). Typically, a QMRA will seek to use data that are most
representative of viable, infectious microorganisms. However,
these data are not always available for a particular situation, and it
is not uncommon for QMRAs to rely upon qPCR data when viability
and infectivity information is not available. Each detection method
has its drawbacks (Whiley and Taylor, 2014), and there is currently
no consensus regarding the implications of using datasets gener-
ated with varying methods on resulting health risks. Therefore, an
additional objective of this work was to quantify the impacts of
laboratory detection method on QMRA estimates using concen-
trations generated using all three methods (culture, EMA-qPCR,
qPCR) from a large national study of Legionella occurrence.

2. Materials and methods

2.1. Exposure models

Three exposure scenarios of toilet flushing, spray irrigation, and
cooling tower-generated aerosols were considered using a previ-
ously derived framework for Legionella risks (Hamilton and Haas,
2016). Legionella was considered to be present in reclaimed water
at concentrations measured in a comprehensive national Legionella
occurrence study by Johnson et al. (2017), with aerosols generated
at rates specific to each process modeled. Not all aerosols released
from a given activity will reach a receptor while possessing droplet
diameters within the respirable range. Aerosol particles of median
diameters between 1 and 10 mm were considered respirable for all
three exposure scenarios, as Legionella is typically 1e2 mm long and
0.3e0.9 mmwide, and particles greater than 10 mm are not likely to
reach the lower respiratory tract (Baron andWilleke, 1986; Metcalf
and Eddy, 2007). Where available, information was used regarding
how the bacteria partitions from bulk water to aerosol, and path-
ogen decay was considered during transport through air to a re-
ceptor. Most large aerosol droplets are trapped in the
nasopharyngeal region, and smaller particles are able to travel to
the alveoli, where Legionella infection is initiated and behaves ac-
cording to an exponential dose response model. Human exposure
patterns for each scenario were taken into account to annualize
risks. Where necessary, data from published graphs necessary for
aerosol calculations were extracted using aLcAsA Digitize It® v.
4.2.0.

2.1.1. Toilet flushing
Three QMRA methods were compared to assess infection risks

from toilet flushing with multiple common toilet types (Johnson
et al., 2013; O'Toole et al., 2009). The use of either a partitioning
coefficient (PC) (Armstrong and Haas, 2007b, 2008; Azuma et al.,
2013; Medema et al., 2004; Sales-Ortells and Medema, 2014,
2015; Schoen and Ashbolt, 2011) or a calculated aerosol dose using
the concentration of aerosols and volume of aerosols in relevant
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size bins to estimate inhaled dose (Lim et al., 2015) are accepted
QMRA practices for modeling aerosol inhalation exposures.
Therefore, both the PC (Method 1) and aerosol dose (Method 2 and
3)methods are assessed and compared using two available datasets
for toilet aerosol size distributions (Johnson et al., 2013; O'Toole
et al., 2009) (Method 2 and 3).

Method 1 for toilet flushing is modified from the QMRA expo-
sure model of Schoen and Ashbolt (2011) originally developed for
showering and relying on the use of a PC as per Equation (1).
Aerosols generated with the PC were only considered for sizes
between 1 and 4 mm due to the upper bound PC used. The PC was
derived from a study by Darlow and Bale (1959), and analyzed by
Hines et al. (2014), indicating that 87% of produced aerosols were
less than 4 mm in diameter, with no size information about other
aerosol sizes produced. The study used for the lower bound esti-
mate by Barker and Jones (2005) did not indicate the size of aero-
sols produced and the same aerosol size fraction (87% between 1
and 4 mm) was applied for all PC values (see section 3.2.1).

DoseLeg;pf ¼ CLegPCwaItf1�4F1�4DE1�4 (1)

where DoseLeg,pf¼ the dose of Legionella deposited in the lungs per
toilet flush [Number of Legionella]; CLeg¼ the concentration of
Legionella in bulk water [#/L]; PCwa¼ bacterial water to air parti-
tioning coefficient [CFU m�3/CFU L�1]; I¼ the mean inhalation rate
of air breathed after toilet flushing [m3 air/min]; t is the exposure
duration or time spent in the room after toilet flushing [min]; F1-4 is
the fraction of Legionella that partition to each of the 1 through
4 mm aerosol diameter fractions; f1-4 is the fraction of aerosols that
are between diameter 1 and 4 mm (87%); and DE¼ the alveolar
deposition efficiency of 1 through 4 mm diameter aerosols
[fraction].

Method 2 is modified from the approach of Lim et al. (2015)
using the concentration of 2.5 mm median diameter aerosols pro-
duced by a toilet flush measured 420mm above a toilet by a cistern
toilet suite (O'Toole et al., 2009) (Equation (2)).

DoseLeg;pf ¼ CLegCaero;2:5Vaero; 2:5ItF2:5DE2:5 (2)

where DoseLeg,pf¼ the dose of Legionella deposited in the lungs per
toilet flush; CLeg¼ the concentration of Legionella in bulk water;
Caero,2.5¼ the concentration of aerosols of diameter 2.5 mm
measured 420mm above the toilet by O'Toole et al. (2009) [#/cm3

converted to #/m3 by multiplying by a factor of 106]; Vaero, 2.5¼ the
volume of 2.5 mm aerosols [L/aerosol] calculated as V¼(4/3)pr3

where d¼ 2r¼ 2.5� 10�6m; I¼ the mean inhalation rate of air
breathed after toilet flushing [m3 air/min]; t is the exposure dura-
tion or time spent in the room after toilet flushing [min]; and F2.5 is
the fraction of Legionella that partition to the 2.5 mm aerosol
fraction.

Method 3 uses the approach Lim et al. (2015) as above, but uses
recent data on the aerosol generation rate from modern flush toi-
lets provided by Johnson et al. (2013) (Equation (3)).

DoseLeg;pf ¼ CLegIt
X10
i¼1

Caer;iVaer;iFiDEi (3)

where DoseLeg,pf¼ the dose of Legionella deposited in the lungs per
toilet flush; CLeg¼ the concentration of Legionella in bulk water;
Caer,i¼ the average concentration of aerosols of each diameter of
each MMAD i; Vaer,i¼ the volume of each MMAD i aerosols calcu-
lated as V¼(4/3)pr3 where diameters ranged from 1 to 10 mm;
DEi¼ the alveolar deposition efficiencies of aerosols of each size
MMAD i; I¼ the mean inhalation rate after toilet flushing (m3 air/
min); and t is the exposure duration or time spent in the room after
toilet flushing (min).
2.1.2. Atmospheric dispersion model for cooling towers and spray
irrigation

The primary types of atmospheric models for particle dispersion
are simple box, Gaussian Plume (GP), Lagrangian, and Eulerian
(Holmes and Morawska, 2006). Dungan (2010) and Van Leuken
et al. (2015) reviewed fate and transport models for bioaerosols,
which relied heavily upon modified GP models. QMRA models for
wastewater, biosolids use, and spread of dusts containing patho-
gens between farms used GP models with various modifications
(Brooks et al. 2005b, 2012; Dowd et al., 2000; Galada et al., 2012;
Jahne et al. 2014, 2015; Ssematimba et al., 2012; Tanner et al.,
2008; Teng et al., 2013; Viau et al., 2011), with several studies
generating site specific, meteorological data-intensive estimates
using US Environmental Protection Agency AERMOD software
(Dungan, 2014; Jahne et al. 2014, 2015) or computational fluid
dynamics (CFD) (Blatny et al. 2008, 2011; Fossum et al., 2012). The
goal of this workwas to develop a generalizedmodel for long-range
transport with reclaimed water containing Legionella under a range
of meteorological conditions that does not rely upon intensive site-
specific information.

The concentration of Legionella downwind from an aerosol-
emitting source is dependent upon the concentration of Legion-
ella in the originating reclaimed water, transport and dispersion,
deposition (wet and dry), evaporation, and bacterial viability as a
function of environmental conditions. These factors are incorpo-
rated into a Gaussian plume atmospheric transport model to
calculate the dose of Legionella at a receptor downwind from a
cooling tower or irrigation spray source using Equation (4), a
combination of previously proposed models that account for or-
ganism decay within the plume (Lighthart and Mohr, 1987;
Peterson and Lighthart, 1977; Teltsch et al., 1980; USEPA, 1982).

Doseðx; y; zÞ ¼   QLegIt
2Pmsysz
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Where Dose(x,y,z)¼Dose of Legionella at x, y, and z meters
downwind from the source (Number of Legionella bacteria),
x¼ distance downwind (m), y¼ horizontal distance perpendicular
to wind (m) z¼ downwind receptor breathing zone height (1.5m),
QLeg¼ emission rate of Legionella bacteria [Number per s] (see
Equation (7)); He¼ Effective height of plume source from ground
level (m) calculated as the maximum stream height for sprinklers
or the height of a cooling tower, m¼wind velocity [(m/s), deter-
mined by stability categories in Table 1], qi,s¼ the mass-weighted
proportion of aerosols in each size i where i¼ 1:10 in the evapo-
rated or aqueous aerosol state s (assumed to be uniform fractions);
ls¼microbial decay coefficient due to non-solar factors [s�1];
luv¼ solar microbial decay coefficient [s�1]; sy¼ horizontal
dispersion coefficient (m), sz¼ vertical dispersion coefficient (m),
I¼ themean inhalation (m3 air/min); and t is the exposure duration
[min]. Downwind distances ranging from 50 to 10,000m were
simulated as this is the applicable range of the Gaussian plume
model (Lighthart, 1994). Exposure was assumed to occur in line
with the plume centerline (y¼ 0), which would be the maximum
concentration distribution observed at a given distance (x).
Dispersion coefficients were calculated as per Equations (5) and (6)
where Ry, ry, Rz and rz are constants (Table 1).



Table 1
Pasquill Stability Classes for moderate solar radiation (Seinfeld, 1986).

Stability class (Moderate incoming solar radiation) Wind speed (m/s) Ry ry Rz rz

A 1 0.469 0.903 0.017 1.380
B 3 0.306 0.885 0.072 1.021
C 5 0.230 0.855 0.076 0.879
D 7 0.219 0.764 0.140 0.727
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sy ¼ Ryxry (5)

sz ¼ Rzxrz (6)

QLeg is defined as per Equation (7):

QLeg ¼ CLegFE (7)

where CLeg¼ concentration of Legionella in reclaimed water [or-
ganisms/L]; F¼ flow rate [L/s]; E¼ aerosolization efficiency¼ frac-
tion of sprayed reclaimed water that leaves the immediate vicinity
of the spray irrigation system as aerosols (0< E� 1).

Assumptions inherent in this model are 1) the background
concentration of aerosolized Legionella spp. in ambient air is
negligible; 2) reclaimed water aerosols are generated during day-
time only (only daytime solar insolation values and corresponding
atmospheric stability values only are considered; 3) no overlapping
cooling tower, irrigation sources, or other sources of Legionella in
the system; 4) exposures occur at a constant distance directly
downwind from the sprinkler or cooling tower; 5) protection of
Legionella due to the presence of organic debris, algae, or free-living
amoeba is not considered; 6) the impacts of aerosol dynamics
including bubble burst, break up or agglomeration of aerosols, film
collapse, and shear forces on Legionella are not considered; 7) ef-
fects of a moist aerosol plume thermodynamics are not considered;
8) no topographic effects; 9) no additional effects of biofilms and
any biofilm with potential to slough off pipe surfaces was sus-
pended in the bulk water at the time of sampling, therefore
Legionella in bulk water represent 100% of Legionella available for
aerosolization; 10) the fate of bacteria in individual aerosols is not
tracked, however it is acknowledged here that larger aerosols in the
starting distribution are likely to contain more bacteria and
therefore result in higher concentration aerosols downstream than
expected in some aerosols of smaller diameter (Blatny et al., 2011);
11) enrichment of the aerosolized water with bacteria compared to
the bulk water is not considered; 12) reclaimed water is not
blended with any other water source prior to use.

The plumemodel accounts for dispersion, but not the fraction of
aerosols within the respirable size range, which is of crucial
concern for Legionella inhalation (1e10 mm). To obtain this fraction,
the approach of Hardy et al. (2006) was used, considering themass-
weighted fraction of aerosols likely to become fully evaporated as
those that are< 100 mm in diameter, and the fine mist fraction as
those droplets with diameters 100e200 mm in diameter (repre-
sented in the model as qi,s). Aerosols larger than 400 mm settled at
distances <50m and were therefore assumed to settle at close
range for both sprinklers and cooling towers and were not included
in the model. It was assumed that all droplets with an initial
diameter of <200 mm would reach a diameter of 10 mm or less by
the time they reached the downwind receptor.
2.2. Legionella concentrations

For all models, concentrations of Legionella in reclaimed water
CLeg were computed from a national study (Johnson et al., 2017)
according to Equation (8):

CLeg ¼ 1
R
CRWfLP (8)

where CLeg¼ corrected concentration of Legionella pneumophila in
reclaimed water or drinking water; R¼ recovery efficiency;
CRW¼ concentration of Legionella spp. measured in reclaimedwater
or drinking water (CDW); and fLP¼ fraction of Legionella spp. in the
analytical method identified as Legionella pneumophila. Because
some samples did not have any detectable Legionella (i.e., were
below the limit of detection), interval-censored distributions were
fit to concentration data using the package fitdistrplus (Delignette-
Muller and Dutang, 2015) in R v.3.1.1. (www.rproject.org) whereby
non-detect observations were censored between zero and the
detection limit.

2.3. Dose response and risk characterization

The daily probability of each endpoint was calculated using the
exponential dose response model for L. pneumophila (Equation (9))
(Armstrong and Haas, 2007a; Haas et al., 1999). Two dose response
models were used for infection (corresponding to subclinical
infection or potentially a Pontiac Fever endpoint) or clinical severity
infection (corresponding to an infection requiring a clinical visit)
(Table 2).

Pinf ¼ 1� e�rd (9)

where Pinf is the probability of infection or clinical illness per event,
r is the probability of the bacteria bypassing the host defenses and
initiating a given response, and d is the dose of Legionella at the
target organ (alveoli). Annual risk was calculated as per Equation
(10).

Pinf ;annual ¼ 1�
Ynf
1

�
1� Pinf

�
(10)

where f is the daily frequency of the activity (flushing a toilet, spray
irrigation application, or being present outside near a cooling
tower) and n is the yearly frequency.

A sensitivity analysis was conducted to identify variables
contributing to uncertainty using 10,000 Monte Carlo iterations. All
computations were performed in R and using the mc2d package
(Pouillot and Delignette-Muller, 2010). The Spearman rank corre-
lation coefficient was used to identify the most important predic-
tive factors of annual infection or clinical severity infection risk,
where 0 is no influence and �1 or þ1 when the output is wholly
dependent on that input. The model inputs were ranked based on
their correlation coefficient with the output variable, annual risk.

3. Results

3.1. Legionella concentrations in reclaimed water

Concentrations of Legionella pneumophila in reclaimed water

http://www.rproject.org


Table 2
Monte Carlo model risk characterization input parameters.

Parameter Symbol Unit Value Distribution Reference

All models
Inhalation rate, light activity, breathing cycle period 8 s

and 1 L tidal volume
I m3/min Min¼ 0.013,

Max¼ 0.017
Uniform (USEPA, 2011)

Dose response parameter for L. pneumophila, infection
endpoint

rinf Unitless m¼�2.934, s¼ 0.488 Lognormala (Armstrong and Haas, 2007a; Muller et al., 1983)

Dose response parameter for L. pneumophila, clinical
severity infection endpoint

rcsi Unitless m¼�9.688, s¼ 0.296 Lognormal (Armstrong and Haas, 2007a; Fitzgeorge et al., 1983)

Toilet flushing
Exposure frequency ftoilet Flushes/

day
m¼ 5.05, s¼ 2.69 Lognormal (Mayer and DeOreo, 1999)

Exposure duration ttoilet Min/
flush

1e5 Uniform (Lim et al., 2015)

Spray irrigation
Exposure frequency fIR Days/

year
Residential: Min¼ 81,
Max¼ 99
Occupational: 255

Uniform
Point

(Brooks et al., 2012; Brooks et al., 2005b; Chhipi-Shrestha
et al., 2017; NRMMC, 2008)

Exposure duration tIR Hours/
day

Residential: 1
Occupational: 8

Point (Brooks et al., 2005a; Brooks et al., 2012)

Cooling towers
Exposure frequency fCT Days/

year
Residential: 365
Occupational: 255

Point (Bhopal and Barr, 1990; Brooks et al., 2005a; Brooks et al.,
2012)

Exposure duration tCT Hours/
day

Residential: 1
Occupational: 8

Point (Brooks et al., 2005a; Brooks et al., 2012; OSHA, 2017)

a Lognormal distribution parameters shown are mean, standard deviation.
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were modeled using lognormal distributions based on data for
Legionella spp. provided in Johnson et al. (2017) for nineteen United
States reclaimed water systems (Table 7). Some data were gener-
ated during a “snapshot” screening using a culture-based assay
after which six of the nineteen were sampled quarterly following
the initial reconnaissance survey (using three methods, culture,
EMA-qPCR, and qPCR). A summary of the six utilities chosen for
follow-up sampling is provided in Supplemental Table S1. A total of
153 culture-based samples, 115 EMA-qPCR samples, and 115 qPCR
samples were considered. Production at the six plants chosen for
follow-up ranged from 14,000 to 75,000,000 gpd and the plants
used two disinfectant types, free chlorine and chloramine. Forty-six
percent of samples had disinfectant residuals below 1mg/L and
79% of samples had residuals below 0.2mg/L. Legionella spp. was
quantified in the effluent, storage reservoir, and three locations in
the distribution system (coded 1, 2, and 3) using three analytical
methods: culture, EMA-qPCR, and qPCR. All locations (effluent,
storage reservoir, and distribution system locations 1, 2, and 3)
were pooled for generating the distributions. Ninety-six percent of
Legionella spp. detected using the culture-based assay and 52% of
Legionella spp. gene copies were determined to be L. pneumophila.
This ratio was used to correct Legionella spp. concentrations ob-
tained from each method. The recovery efficiency of the membrane
filtration method reported and used in the current study was
70± 18.6% (Mean± SD).
3.2. Toilet flushing

3.2.1. Literature review to define toilet flushing parameters
Method 1. An upper bound PC derived by Hines et al. (2014)

(1.3� 10�6 CFUm�3/CFU L�1) and lower bound PC calculated
from a controlled toilet flushing experiment using Gram negative
bacteria Serratia marcesens NCTC 10211 were used (Barker and
Jones, 2005). Barker and Jones (2005) seeded toilets with 1010

bacteria on the toilet sidewalls and flushed 5min after applying the
inoculum. The bulk toilet water contained 108 CFU/mL Serratia prior
to flushing. Bacterial air samples were collected 20 cm above and
30 cm in front of the toilet after flushing and a maximum concen-
tration of 1370± 527 CFU/m3 in air was detected 1min after the
flush resulting in a PC of 1.37� 10�8 CFUm�3/CFU L�1. The aerosol
size information was not given and the authors suggest that based
on the type of air sampling used, size ranges were likely to be above
20 mm, indicating the assumption of Darlow and Bale (1959) may
have been conservative in equation 1. The calculated PC is lower
than previous PC values used in Legionella risk assessments and
related work: 1) Showering PC based on Brevundimonas diminuta of
5.l8� 10�6-1.64� 10�5 CFUm�3/CFU L�1 (Schoen and Ashbolt,
2011); 2) Hot springs aerosol PC 2.3� 10�5 CFUm�3/CFU L�1

based on endotoxin data (Armstrong and Haas, 2008); 3) Bursting
bubbles in distilled water at 22 �C seeded with Serratia marcescens
with PC 1� 10�6 CFUm�3/CFU L�1 (Blanchard and Syzdek, 1982);
and whirlpool spa PC ranging from <3� 10�6 (no air injection)-
1.1� 10�3 CFUm�3/CFU L�1 (air injection) based on Pseudomonas
aeruginosa, which was deemed with the experiment to be a more
appropriate surrogate than MS-2 coliphage tested in the study due
to its size and similarities with Legionella (Moore et al., 2015). A
lower generation rate of bacteria-containing aerosol is expected for
toilet flushing due to the less active generation process than for
showering or aerated hot spring spas. It is assumed the decay in
aerosol for toilet flushing is negligible over a 1e5min exposure
event directly after flushing. For toilet flushing exposure frequency,
a mean of 5.05 flushes per day was used from a study of 22 mu-
nicipalities, water utilities, water purveyors, water districts, and
water providers (Mayer and DeOreo, 1999) (Table 2).

The deposition efficiency fraction for aerosols of diameter i mm
was derived from Heyder et al. (1986) for a breathing rate of 15 L
air/min, an 8 s breathing cycle, and 1 L of tidal volume (Table 3).
Ranges were specified using the nasal and oral deposition rates as
the upper and lower bound, respectively. The fraction (Fi) of
Legionella that partitions into various aerosol sizes after tran-
sitioning from bulk water to aerosol during a toilet flush was
assumed based on an aerosol partitioning dataset fromAllegra et al.
(2016). Allegra et al. (2016) used a nebulizer to generate aerosols
containing L. pneumophila and measured the percentage of total
bacteria (measured using qPCR) in aerosols of various sizes (Table 3,
values extracted from original reference Fig. 4). The distribution of
the volume of water inhaled according to Method 1 was lognor-
mally distributed with parameters (�20.9, 1.07), corresponding to a



Table 3
Exposure parameters for toilet flushing scenarios.

Parameter Symbol Unit Value Distribution Source

Model 1a

Partitioning coefficient PC CFU m�3/CFU
L�1

Min¼ 1.3� 10�6,
Max¼ 1.37� 10�8

Uniform (Barker and Jones, 2005; Hines et al.,
2014)

f1-4 Fraction 0.87 Point (Darlow and Bale 1959; Hines et al.
2014)

Fraction of total aerosolized Legionella
in aerosols of MMADd 1-4 mm

F1-4 % Min¼ 6.67, Max¼ 17.5 Uniform (Allegra et al. 2016)

DE1-4 Fraction Min¼ 0.23, Max¼ 0.62 Uniform (Nasal,
Oral)

(Heyder et al. 1986)

Model 2
Concentration of aerosol in air after toilet

flush at 420mm
Caer,2.5 # aerosols/cm3

air
m¼�1.246, s¼ 1.885 Lognormalb (O'Toole et al., 2009)

Model 3
Concentration of aerosol with MMADc i, where

i¼ 1:10d:
Caer,i # aerosols/m3

air
Lognormal (Johnson et al., 2013)

1 m¼ 10.53, r¼ 0.87
2 m¼ 10.43, r¼ 0.87
3 m¼ 10.33, r¼ 0.89
4 m¼ 10.30, r¼ 0.90
5 m¼ 10.31, r¼ 0.90
6 m¼ 10.31, r¼ 0.89
7 m¼ 10.30, r¼ 0.90
8 m¼ 10.30, r¼ 0.91
9 m¼ 10.29, r¼ 0.91
10 m¼ 10.28, r¼ 0.91

Models 2 and 3
Deposition efficiency for aerosols of MMADc i DEi Fraction
1 Min¼ 0.23, Max¼ 0.25 Uniform (Nasal,

Oral)
(Heyder et al., 1986)

2 Min¼ 0.40, Max¼ 0.53
3 Min¼ 0.36, Max¼ 0.62
4 Min¼ 0.29, Max¼ 0.61
5 Min¼ 0.19, Max¼ 0.52
6 Min¼ 0.10, Max¼ 0.4
7 Min¼ 0.06, Max¼ 0.29
8 Min¼ 0.03, Max¼ 0.19
9 Min¼ 0.01, Max¼ 0.12
10 Min¼ 0.01, Max¼ 0.06

Fraction of total aerosolized Legionella in aerosols of
MMADd i mm

Fi % Point (Allegra et al., 2016)

1 17.50
2 16.39
3 15.56
4 6.67
5 3.89
6 2.50
7 2.78
8 5.00
9 5.28
10 3.89

a Toilet models defined in section 2.2.1. Model 1 uses a partitioning coefficient to define Legionella transfer to air; Model 2 considers a half-flush toilet; andModel 3 considers
multiple toilet types.

b Lognormal distribution parameters shown are mean, standard deviation.
c MMAD¼mass median aerodynamic diameter.
d Concentrations of aerosol computed using average and standard deviation parameters across toilet types of Table 1 # Aerosols/m3 * Fraction of aerosols of MMAD i; All

concentrations and efficiencies listed by integer MMAD; bins considered for MMAD 1 through 10 were [0.5,1.5), [1.5,2.5), [2.5, 3.5), [3.5,4.5), [4.5, 5.5), [5.5, 6.5), [6.5, 7.5), [7.5,
8.5), [8.5, 9.5), [9.5, 10.5).
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mean of 1.49� 10�9 L reaching the alveoli.
Method 2. A toilet experiment by O'Toole et al. (2009) used a

Caroma Uniset cistern model P/N 213012 and pan model P/N
601200W, operated at full capacity for either 9 L/4.5 L for full/half
flush. Aerosols ranging from 0.06 to 20 mm were measured, how-
ever, aerosols were only observed in the 2e3 mm size bin and none
of the other 3e10 mm bins for a single toilet flush. No aerosols were
observable for a half-flush. The deposition efficiency fraction for
aerosols of diameter 3 mm was used from Heyder et al. (1986). The
distribution of the volume of water inhaled according to Method 2
was lognormally distributed with parameters (�26.3, 1.95), corre-
sponding to a mean of 2.53� 10�11 L reaching the alveoli.
Method 3. A toilet experiment by Johnson et al. (2013) used four
types of toilets including a pre-FEPA gravity flow toilet (13.3 Lpf), a
dual-flush high-efficiency toilet (HET) (3.8 or 4.9 Lpf), a dual-flush
pressure-assisted gravity flow toilet (PAT) (4.2 or 4.9 Lpf), and a
flushometer (FOM) toilet (5.3 Lpf). Data were available for 1e10 mm
size mass median aerodynamic diameters (MMAD) and were
digitally extracted and averaged across toilet types from Johnson
et al. (2013) (Fig. 6 in the Johnson paper), and converted to a frac-
tion of the total particles generated of each size MMAD using 10y/
100 (Table 4). The fraction was applied to the total generation of
particles (#/flush) and sampling volume (m3) averaged over the
flush conditions (Table 3). Each size MMAD was corrected for its
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corresponding alveolar deposition efficiency. The distribution of
the volume of water inhaled according to Method 3 was lognor-
mally distributed with parameters (�24.4, 0.688), corresponding to
a mean of 3.21� 10�11 L reaching the alveoli.
Fig. 1. Log10 annual risks for toilet flushing scenarios for infection (Inf) or Clinical
Severity Infection (CSI) animal dose response model endpoints using three different
risk model methods (see Section 2.1.1.) and three analytical methods for Legionella
quantification (culture-based, EMA-qPCR [EMA], and qPCR [qPCR]) in reclaimed water.
3.2.2. Toilet flushing risk results
Three exposuremodel methodologies were used to compute the

annual risk of infection and severe clinical infection from exposure
to reclaimedwater during toilet flushing. Annual risks for Method 1
were highest, followed byMethod 3 andMethod 2. Annual risks for
infection (infection endpoint dose response model, “Inf”) and
clinical severity infection (CSI) are shown in Fig. 1. Median annual
risks of infection and CSI using culture-based Legionella concen-
tration data ranged from 2.95� 10�6 (Method 2) to 3.82� 10�4

(Method 1) and 3.20� 10�9 (Method 2) to 4.11� 10�7 (Method 1),
respectively (Fig.1). Using EMA-qPCR Legionella concentration data,
median annual risks for infection and clinical severity infection
ranged from 2.07� 10�5 (Method 2) to 2.75� 10�3 (Method 1) and
2.56� 10�8 (Method 2) to 3.00� 10�6 (Method 1), respectively. For
qPCR Legionella concentration data, median annual risks for infec-
tion and clinical severity infection ranged from 8.52� 10�5

(Method 2) to 1.06� 10�2 (Method 1) and 1.02� 10�7 (Method 2)
to 1.17� 10�5 (Method 1), respectively. The 95th percentiles for
annual infection risks ranged from 4.08� 10�4 (Method 2) to
2.72� 10�2 (Method 1) for culture, 5.69� 10�3 (Method 2) to
2.59� 10�1 (Method 1) for EMA-qPCR, and 2.23� 10�2 (Method 2)
to 7.41� 10�1 (Method 1) for qPCR. The 95th percentiles for annual
clinical severity infection risks ranged from 4.60� 10�7 (Method 2)
to 2.58� 10�5 (Method 1) for culture, 6.40� 10�6 (Method 2) to
3.19� 10�4 (Method 1) for EMA-qPCR, and 2.70� 10�5 (Method 2)
to 1.38� 10�3 (Method 1) for qPCR.

If compared to the USEPA annual infection benchmark of 10�4

infections per person per year for drinking water, median annual
infection risks (infection dose response endpoint) exceeded this
value for Method 1 (culture-based) and Method 3 (qPCR). Using a
clinical severity infection dose response endpoint, no calculated
models exceeded this value. The 95th percentile annual infection
risks exceeded 10�4 for all methods. The 95th percentile clinical
severity risks exceeded 10�4 for Method 1 EMA-qPCR and qPCR.

For all methods, the concentration of Legionella in reclaimed
water was themost important predictive factor of the final estimate
Table 4
Aerosol size distribution for modern flush toilets (Johnson et al., 2013).

Toilet Type

PAT, high-volume
flush

Pre-FEPA gravity
flow

HET
flush

Liters per flush 4.9 13.3 3.8
Air sampling volume (m3) 0.013 0.01 0.01
Total droplets produced (SE) 40,521 (1955) 54,363 (6764) 8220

Aerosols/m3¼ Total droplets/Air
Vol.

3.12� 106 5.44� 106 6.85

Median droplet diameter (mm) Fractiona

1 1.49� 10�2 1.37� 10�2 1.27
2 1.29� 10�2 1.24� 10�2 1.18
3 1.11� 10�2 1.13� 10�2 1.07
4 1.07� 10�2 1.11� 10�2 9.90
5 1.06� 10�2 1.13� 10�2 1.03
6 1.06� 10�2 1.11� 10�2 1.08
7 1.06� 10�2 1.09� 10�2 1.07
8 1.05� 10�2 1.08� 10�2 1.05
9 1.04� 10�2 1.07� 10�2 1.04
10 1.02� 10�2 1.05� 10�2 1.04

a Fraction of total generated aerosols measured in each size bin of MMAD i¼ 1:10. Dat
each toilet type from Johnson et al. (2013) original reference Fig. 6, and converted to a fr
of annual risk of either infection or clinical severity infection (Fig. 2)
(Spearman rank correlation coefficients ranging from 0.71 to 0.94).
The large ranges of annual risks observed are therefore likely due to
variability in this factor. For Method 1, the partitioning coefficient
was the next most important factor and for Method 2 the con-
centration of aerosols (Caer,2.5) was the next most important factor.
For all models, exposure time (t), dose response variable (r), and
exposure frequency (f) were also important factors.
3.3. Long range dispersion models

3.3.1. Literature review for spray irrigation parameters
Reclaimed water may be applied through a variety of mecha-

nisms producing varying degrees of aerosols ranging fromminimal
(drip irrigation) to substantial (spray irrigation). It is assumed here
that spray irrigation with reclaimed water would take place via a
stationary sprinkler system and could therefore be considered a
point-source. Sprinkler heights are all <1m for commonly used
sprinkler systems for reclaimedwater (Table 5) (Jjemba et al., 2015),
however the plume model was considered to commence from the
, low volume- Flushometer PAT, low-volume
flush

HET, high volume-
flush

5.3 4.2 4.9
2 0.0108 0.012 0.012
(616) 145,214

(8325)
25,762 (1855) 10,620 (1060)

� 105 1.34� 107 1.98� 106 8.85� 105

� 10�2 1.21� 10�2 1.31� 10�2 1.14� 10�2

� 10�2 1.09� 10�2 1.24� 10�2 1.11� 10�2

� 10�2 1.04� 10�2 1.04� 10�2 1.07� 10�2

� 10�3 1.02� 10�2 9.89� 10�3 1.07� 10�2

� 10�2 1.04� 10�2 1.00� 10�2 1.08� 10�2

� 10�2 1.02� 10�2 1.01� 10�2 1.09� 10�2

� 10�2 1.02� 10�2 1.02� 10�2 1.08� 10�2

� 10�2 1.04� 10�2 1.01� 10�2 1.05� 10�2

� 10�2 1.04� 10�2 1.02� 10�2 1.04� 10�2

� 10�2 1.03� 10�2 1.01� 10�2 1.05� 10�2

a were available for 1e10 mm sizes and were digitally extracted and averaged from
action of the total particles generated in each size bin with MMAD i using 10y/100.



Fig. 2. Sensitivity analysis showing Spearman rank correlation coefficients for toilet risk model methods 1 (panel a), 2 (panel b), and 3 (panel c) for reclaimed water. Coefficients
identify the most important predictive factors of annual infection or clinical severity infection risk, where 0 is no influence and �1 or þ1 when the output is wholly dependent on
that input. For visual clarity, only the highest ranking DEi and Caer,i parameters are shown.
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maximum height of the spray stream. The maximum stream height
value of 6m reported across the commonly used sprinklers in
Table 5 was used. The distance required to reach the apex of the
sprinkler stream (25m) was added to estimates for sprinkler
setback distances reported in the text. The sprinkler efficiency is the
portion of initially sprayed water that leaves the immediate vicinity
of the spray irrigation system as aerosols, including aqueous
aerosols and evaporated droplets (USEPA, 1982). The efficiency for
low pressure smooth-plate sprinklers ranged from 0.5 to 1.4
percent (Kohl, 1974).

Inhalable aerosol size fractions (qi) were reported by Hardy et al.
(2006) for various sprinklers. The largest fractions for Rainbird
sprinkler nozzles were chosen (Table 6). The fine mist fraction was
evenly divided into ten bins with MMAD i¼ 1:10 to estimate the
portion of downstream aerosols <10 mm. Decay rates specific to
evaporation or aqueous transport were applied separately for these
portions of the total downstream aerosol load.

A uniform distribution of residential exposures to spray irriga-
tion activities was determined from estimates derived from
Australian guidelines for water reuse ranging from 81 to 99 inha-
lation exposures per year (Chhipi-Shrestha et al., 2017; NRMMC,
2008). Occupational exposures were assumed to be similar to
those estimated in a study of biosolids application, accounting for
daily year-round exposures to biosolids for a total of 255 exposures
Table 5
Common sprinkler systems used for reclaimed water irrigation (NA¼ information not av

Irrigation sprayer Type Usage Device height (m) Recomm
range (kP

Rainbird Eagle 900 Closed-case
rotor

Golf course
fairways

0.09 410e690

Rainbird Eagle 700 Gear-driven
rotor

Golf course
roughs

0.07e0.31 410e690

Toro 800 series Rotor Golf course 0.15e0.432 200e350

Hunter Pro-Spray
(spray head)

Rotor (spray or
rotating)

Residential
areas

0.05e0.3 100e700

Hunter PGP Rotors 400 Rotor Residential
areas

0.10 (total device
height 0.19)

206e482

a At optimum operating pressures of 50e60 psi; spray radius shown is across all opera
pdf).
per year (Brooks et al., 2005a, 2012). This accounts for a 5-day work
week with one week absent from exposure. Residential exposures
were assumed to occur for 1 h during each exposure event (Brooks
et al., 2005a, 2012), while occupational exposures were assumed to
occur during a standard 8-h work shift, 255 days per year, as any-
thing over an 8-h shift can be considered an extended or unusual
shift (OSHA, 2017).
3.3.2. Literature review for cooling tower parameters
The principal categories for cooling water systems are once-

through non-contact cooling, recirculation non-contact cooling,
and direct contact cooling (Metcalf and Eddy, 2007). Themajority of
cooling water systems that use reclaimed water are recirculating
non-contact systems (Metcalf and Eddy, 2007). In recirculating
non-contact systems, warmed water, from a cooling operation or
heat exchanger, is cooled by transferring its heat to air through
evaporation in a cooling tower. Warmwater from process cooling is
sprayed on the top of the internal packing, used to break up the
water through spray into droplets to enhance air/water contact.
Cool, dry outside air is pulled up through the cooling tower by a
large rotating fan to cool the warm water through evaporation.
Water is removed by blowdown or purge, and small amounts of
water capable of carrying microorganisms are also lost by drift.
Typical water loss from drift is assumed to be 0.001e0.005% of the
ailable from manufacturer).

ended pressure
a)

Flow rate
(L/s)

Spray
radius (m)

Max stream
height (m)

Distance to max spray
height (m)

1.35
e3.60

19.2e29.6 6.1 18.3e24.4

1.03
e2.76

10.7e22.9 5.2 8.2e19.8

0.03
e0.63

9.7e15.2 NA NA

0.01
e0.36

2.6e5.8 NA 2.2e4.5

0.032
e0.91

6.7e15.9 2.1e4.0a 6.7e12.2a

ting pressures (https://www.hunterindustries.com/sites/default/files/PIG_PGP_dom.

https://www.hunterindustries.com/sites/default/files/PIG_PGP_dom.pdf
https://www.hunterindustries.com/sites/default/files/PIG_PGP_dom.pdf


Table 6
Monte Carlo model exposure input parameters.

Parameter Symbol Unit Value Distribution Reference/Comments

Flow rate of circulating water FCT, 10m
FCT, 100m

L/s Min¼ 102, Max¼ 103

Min¼ 103, Max¼ 104
Uniform (Adams et al., 1978, 1980;

Chen and Hanna, 1978)
FIR L/s 0.329 Point (Kincaid et al., 1996)

Aerosolization efficiency ECT % Normal operating conditions:
Min¼ 0.001, Max¼ 0.005
Less effective conditions:
Min¼ 0.1, Max¼ 0.01

Uniform (ASHRAE, 2004)
(Lucas et al., 2012)

EIR % Min¼ 0.5, Max¼ 1.4 Uniform (Kohl, 1974)
Horizontal distance perpendicular to

plume
y m 0; directly downstream along

centerline of plume
Point Assumption

Downwind receptor breathing zone
height

z m 1.5 Point (Paez-Rubio et al., 2007)

Height of cooling tower HCT m Simulated for 10, 100 Point Assumption
Height of irrigation sprinkler HIR m 6 Point assumed based on sprinkler

characteristics (Table 4)
Assumption

Relative humidity RH % Simulated for 65, 80, and 90 Point Assumption
Decay of Legionella in aqueous aerosol

(non-solar)
RH¼ 65% l1,65 s�1 Min¼ 8.40� 10�5,

Max¼ 2.38� 10�4
Uniform (Hambleton et al., 1983)

RH¼ 80% l1,80 s�1 Min¼ 1.82� 10�4,
Max¼ 3.09� 10�4

Uniform (Berendt, 1980; Hambleton
et al., 1983)

RH¼ 90% l1,90 s�1 Min¼ 7.88� 10�5,
Max¼ 4.09� 10�4

Uniform (Dennis and Lee, 1988;
Hambleton et al., 1983)

Decay of evaporated Legionella (t1¼ up
to 30s, t2¼ t- 30s if t> 30s)

l2,t1
l2,t2

s�1 0.125
3.10� 10�4

Point
Point

(Katz and Hammel, 1987)

Decay of Legionella in aqueous aerosol
and evaporated state (solar)

luv s�1

RH¼ 50e60%a luv,65 s�1 m¼ 1.00� 10�3, r¼ 3.42� 10�3 Normalc (Paez-Rubio and Peccia,
2005)

RH¼ 85e95%b luv,80 and luv,90 s�1 m¼ 2.17� 10�3, r¼ 8.70� 10�4 Normal (Paez-Rubio and Peccia,
2005)

Deposition efficiency DEi Fraction Uniform See Table 1, Models 2 and 3
Fraction of aerosols in respirable range

Sprinkler (Rainbird 30 5/32)
Cooling tower

q (<100 mm, 100
e200 mm fractions)

Fraction 0.0138, 0.0413
0.0459, 6.03� 10�4

Point
Point

(Hardy et al., 2006)
(Peterson and Lighthart,
1977)

Fraction of total aerosolized Legionella
in aerosols of MMAD i mm

Fi % Point See Table 1, Models 2 and 3

a Average UV-A and UV-B irradiance of 0.065W/cm2.
b Average UV-A and UV-B irradiance of 0.049W/cm2.
c Mean and lognormal parameters shown are mean, standard deviation.

Table 7
Concentrations distributions for Legionella in reclaimed water.

Parameter Symbol Unit Value Distribution Reference

Concentration of Legionella spp. in reclaimed water CRW CFU/L m¼ 8.061, s¼ 2.219 Lognormala (Johnson et al.,
2017)

Culture
EMA-qPCR Viable

gc/L
m¼ 10.666, s¼ 2.609

qPCR gc/L m¼ 12.051, s¼ 2.699
Portion of Legionella spp. observed that is L. pneumophila for culture method fLP % 96b Point (Johnson et al.,

2017)
Portion of Legionella spp. observed that is L. pneumophila for qPCR and EMA-

qPCR methods
% 52 Point (Johnson et al.,

2017)
Recovery efficiency of membrane filtration method R % m¼ 70, s¼ 18.6, truncated between

0 and 100
Normal (Johnson et al.,

2017)

a Lognormal distribution parameters shown are mean, standard deviation.
b BCYE agar is a selective media for L. pneumophila.
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total recirculating water (ASHRAE, 2004). However, it is noted that
this loss rate could be higher for older designs or certain choices of
drift eliminator (up to 0.1%) (Lucas et al., 2012). Both typical
(0.003e0.005%) and high drift (0.01e0.1%) conditions were simu-
lated to examine their impact on annual health risks. For cooling
towers, the mass-weighted proportions of aerosols <100 and
100e200 mm were calculated by simulating a lognormal distribu-
tion specified by Peterson and Lighthart (1977) with a geometric
mean of 230± 1.59 mm (arithmetic mean± SD of 256± 125 mm).
The design and operating conditions of recirculating cooling

water towers vary widely (Selby et al., 1996). The flow rate of total
recirculating water is a parameter designed (using performance
curves specific to a given set of equipment and process being
served) to achieve a desired range of thermal capability of the
cooling tower, given set of operating conditions (entering water
temperature, leaving water temperature, and entering air wet-bulb
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temperature) (ASHRAE, 2004). The entering air wet-bulb temper-
ature, required system temperature level, cooling tower size, and
number of cells will balance the heat rejected at a specific approach
(difference between leaving water temperature and entering air
wet-bulb temperature) (ASHRAE, 2004). The cooling tower size is a
function of these factors as well as the quantity of water to be
cooled, the air velocity through the cell, and the tower height
(Zhang et al., 2012). Therefore, it is challenging to designate a set of
typical operating conditions for use within a QMRA.

It is assumed for simplicity in this model that larger heat loads
necessitate larger towers, which in turn require larger quantities of
recirculated water. Several studies report flow rates (per cell) for
large (up to 100m stack height) cooling towers of approximately
103e104 L/s (Adams et al., 1978, 1980; Chen and Hanna, 1978).
Cooling towers of heights 10m and 100m were simulated with
flow rates of 102e103 L/s, and 103e104 L/s, respectively (Table 6).

It was assumed conservatively that operation occurred contin-
uously and therefore could result in potential exposures 365 days
per year for residential exposures (Bhopal and Barr, 1990). Resi-
dential exposures were assumed to occur for 1 h during each
exposure event (Brooks et al., 2005a, 2012), while occupational
exposures were assumed to occur during a standard 8-h work shift,
255 days per year (OSHA, 2017).

3.3.3. Decay rates
Several studies have examined Legionella decay in aerosol as a

function of relative humidity and seedingmatrix, as well as bacteria
strain, type, and source (Berendt, 1980, 1981; Dennis and Lee, 1988;
Hambleton et al., 1983). Legionella survival generally increases as
the ambient relative humidity increases, and it survives particularly
well at intermediate (65%) relative humidity. However, this rela-
tionship is not linear, and zones of instability are present. Legionella
generally survived better in suspensions containing algal extracts
compared to tryptose saline. Hambleton et al. (1983) held
L. pneumophila 74/81 at various relative humidity for 15min before
aerosolizing them in a 3-jet collision nebulizer. The organisms
survived best at 65% RH and worst at 55%. Survival was also high at
90% and 80% relative humidity. Therefore, 65%, 80%, and 90% rela-
tive humidities were chosen for modeling scenarios. Values were
extracted from published graphs and decay constants were ob-
tained by plotting log concentration versus time for two sets of
experiments using water spray in Hambleton et al. (Table 6). Two
other studies examined Legionella survival in aerosolized culture
broth (Berendt,1980; Dennis and Lee,1988) andwere used as lower
bounds on the decay estimates at each humidity. Only one study
examined the decay of dried Legionella for use with the evaporated
mass fraction (Katz and Hammel, 1987). Legionella pneumophila
Philadelphia 1 strain was dried for 90min. A four-log drop in
viability was observed during the first 30 s, followed by a more
gradual decline. Biphasic decay values were derived by converting
percent recovery to a concentration and plotting log concentration
versus time. The higher decay rate was applied for up to the first
30 s after the average total evaporation time, while the lower decay
rate was applied from t¼ 30 s to downstream time t where
applicable.

No study was available that simultaneously examined microbial
decay impacts of RH and solar exposure on Legionella. A study by
Paez-Rubio and Peccia (2005) allowed for parsing out of decay
attributable to solar exposure versus other factors in aerosol at two
RH ranges for E. coli, another gram-negative bacteria. The solar-
induced inactivation rate was used for both moderate RH of
50e60% with mean± SE inactivation of 1.00� 10�3 ± 3.42� 10�3

s�1 (n¼ 5), and high RH of 85e95% with mean± SE inactivation of
2.17� 10�3± 8.70� 10�4 s�1 (n¼ 5). These decay rates were
applied in addition to the non-solar decay rates at each RH, where
the “moderate” RH was applied with the 65% RH non-solar decay,
and the “high” RH was applied with the 80% and 90% RH non-solar
decay. Data were not available for the impact of solar inactivation
on Legionella in droplets that evaporated; therefore, these decay
fractions were applied to both the aqueous and evaporated frac-
tions. Solar decay was assumed at every time t because exposure
times were assumed to happen when people were present during
daylight hours.

3.4. Cooling tower risk results

Annual health risks from exposure to aerosols from cooling
towers were modeled for 4 Pasquil stability classes (A through D,
corresponding to wind speeds ranging from 1 to 7m/s), 3 humidity
values with corresponding solar decay values (65, 80, and 90%), 2
stack heights (10m and 100m), 2 dose response endpoints
(infection, clinical severity infection), 3 methods (culture, EMA-
qPCR and qPCR), and 2 exposure durations/frequencies (residen-
tial, occupational) at various downwind distances from 50 to
10,000m. A comparison of annual infection risks for residential
populations with various combinations of wind speed and relative
humidity parameters for culturable Legionella is shown in
Supplemental Fig. S1; changing meteorological conditions did not
have as important of an impact on risk as the othermodeled factors.
Generally, as wind speed increases, aerosols are carried farther, and
annual risks peak farther away from the cooling tower. Although
Legionella is more stable at 65% and 90% relative humidity than at
80%, this does not have as great an impact on annual risk of
infection as changing the wind speed. Legionella is carried farthest
at the highest wind speed (7m/s) and a relative humidity of 65%.
Using this (most conservative) set of meteorological parameters, a
comparison of annual risks for infection and clinical severity
infection at two stack heights and all three analytical methods are
shown for residential and occupational populations in Figs. 3e6.
Peak risks occur downwind from the source as some timemust pass
for the plume to reach human breathing height. Annual risks from
qPCR are highest, followed by EMA-qPCR and culture-based assays.
Annual clinical severity infection risks are up to 2.5 orders of
magnitude lower than annual infection risks at a given downwind
distance. Occupational risks were up to one log higher than resi-
dential risks. In addition, both types of annual infection risks peak
further downstream for stack heights of 100m compared to 10m.

If the USEPA 10�4 annual infection risk target for drinking water
is used for comparison to 95th percentiles from the cooling tower
annual infection risk (infection dose response endpoint) distribu-
tion, the setback distance for both residential and occupational
populations with a 10m or 100m tall cooling tower would be
� 5,000m with no other risk mitigation actions (Figs. 3e6). For a
median comparison point, distances for a 10m cooling towerwould
range from 500m (culturable) to ~3,500m (qPCR). Using a clinical-
severity infection dose response endpoint and stack height of 10m,
setback distances for residential populations would cover a large
range depending on the concentration detection method and
percentile for comparison used. Using a 95th percentile for com-
parison, the setback distance would be less than 50m for cultur-
able, ~500m for EMA-qPCR, or ~1000m for qPCR (Fig. 3). For
occupational populations, these corresponding distances would be
<50m, ~1000m and >2500m, respectively (Fig. 5). If median
annual clinical severity risks for a stack height of 10m are
compared to the 10�4 benchmark, no residential or occupational
models exceed this value.

The results of the sensitivity analysis for cooling towers are
shown in Fig. 7. Regardless of the detection method used, the
concentration of Legionella in reclaimed water was the most
important predictive factor of the final estimate of annual infection



Fig. 3. Log10 annual infection risks for L. pneumophila in residential populations due to cooling tower aerosol exposure (efficiency¼ 0.001e0.005%, stack height¼ 10m) at varying
downwind distances for wind speed¼ 7m/s and relative humidity¼ 65%. The median (solid line) and 95% confidence interval (dotted lines) are shown. aInfection (Inf) or clinical
severity infection (CSI) dose response model endpoints.

Fig. 4. Log10 annual infection risks for L. pneumophila in residential populations due to cooling tower aerosol exposure (efficiency¼ 0.001e0.005%, stack height¼ 100m) at varying
downwind distances for wind speed¼ 7m/s and relative humidity¼ 65%. The median (solid line) and 95% confidence interval (dotted lines) are shown. aInfection (Inf) or clinical
severity infection (CSI) dose response model endpoints.
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Fig. 5. Log10 annual infection risks for L. pneumophila in occupational populations due to cooling tower aerosol exposure (efficiency¼ 0.001e0.005%, stack height¼ 10m) at varying
downwind distances for wind speed¼ 7m/s and relative humidity¼ 65%. The median (solid line) and 95% confidence interval (dotted lines) are shown. aInfection (Inf) or clinical
severity infection (CSI) dose response model endpoints.

Fig. 6. Log10 annual infection risks for L. pneumophila in occupational populations due to cooling tower aerosol exposure (efficiency¼ 0.001e0.005%, stack height¼ 100m) at
varying downwind distances for wind speed¼ 7m/s and relative humidity¼ 65%. The median (solid black line) and 95% confidence interval (dotted lines) are shown. aInfection (Inf)
or clinical severity infection (CSI) dose response model endpoints.
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or clinical severity infection risk (Spearman rank correlation coef-
ficient ranging from 0.81 to 0.89). The cooling tower circulating
water flow rate, dose response parameter, and cooling tower drift
efficiency were the next most influential factors. Owing to variation
in the efficiency of various drift eliminators, a comparison of
“typical” operating conditions of 0.001e0.005% and “less effective
drift eliminator” conditions whichmight be typical of an older (pre-
1970's) cooling tower of 0.01e0.1% are presented in Supplemental
Fig. S2. A higher efficiency drift eliminator can decrease risks by
1e1.5 logs, highlighting this factor as an important potential
management strategy.

3.5. Spray irrigation risk results

A comparison of annual infection and clinical severity infection
Fig. 7. Sensitivity analysis for long rang dispersion models. Cooling towers are shown in pa
speed¼ 7m/s, RH¼ 65%, with residential or (b) occupational exposure; spray irrigation is
exposure. For visual clarity, only the highest ranking DEi parameter is shown for each mod
risks for the most conservative set of meteorological conditions is
shown in Figs. 8 and 9. For sprinklers, a stack height of 6m was
used, corresponding to the highest point of the sprinkler spray arc.
For this reason, Figs. 8e9 should be interpreted as distance
downwind from the horizontal distance at which the maximum
height of the arc occurs. This distance has a maximum length of
24.4m (Table 5) and is included in setback distance estimates
below. Generally, sprinkler risks were lower than cooling tower
risks.

For annual infection residential population risks, setback dis-
tances would range from ~1,025m (culture-based assay)
to> 10,000m (qPCR-based assay) from the sprinkler under con-
servative meteorological conditions (conditions that promote
Legionella dispersion of 7m/s windspeed and 65% RH) and using a
95th percentile for comparison, if no other risk mitigation
nel (a) for 10m stack height and “typical conditions” drift eliminator efficiency, wind
shown in panel (c) for wind speed¼ 7 m/s, RH¼ 65% residential and (d) occupational
el. Values for each parameter averaged for all x distances.



Fig. 8. Log10 annual infection risks for L. pneumophila in residential populations due to sprinkler exposure at varying downwind distances for wind speed¼ 7m/s and relative
humidity¼ 65%. The median (solid line) and 95% confidence interval (dotted lines) are shown. aInfection (Inf) or clinical severity infection (CSI) dose response model endpoints.

Fig. 9. Log10 annual infection risks for L. pneumophila in occupational populations due to sprinkler exposure at varying downwind distances for wind speed¼ 7m/s and relative
humidity¼ 65%. The median (solid line) and 95% confidence interval (dotted lines) are shown. aInfection (Inf) or clinical severity infection (CSI) dose response model endpoints.
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strategies are applied. These distances would be between <75m
(culturable) and ~625m (qPCR-based) using median values for
comparison. 95th percentile annual clinical severity residential
population risks were <10�4 for culture-based and EMA-qPCR
methods, but not for qPCR (corresponding to ~225m setback dis-
tance). Occupational annual infection risks indicate a setback dis-
tance ~5,025m (culture-based) or� 10,000m (EMA-qPCR or qPCR-
based) and occupational clinical severity risks correspond to dis-
tances ranging from <75m (culture-based) to ~1,225m (qPCR-
based) using a 95th percentile comparison and <75m using a
median comparison.

The sprinkler sensitivity analysis shown in Fig. 7 also highlights
the concentration of Legionella in reclaimed water as the primary
factor that influences annual infection estimates. The sprinkler flow
rate and aerosol efficiency were the next most influential param-
eters and the dose response parameter was also an important
factor.

4. Discussion

A QMRA is presented here for Legionella infection risks during
toilet flushing, spray irrigation, and cooling tower mist inhalation
with reclaimed water. Three toilet flushing exposure models were
compared using different analytical methods and dose response
endpoints. A modified Gaussian Plume dispersion model was used
to compare risks for different analytical methods, meteorological
conditions, exposure types, dose response endpoints, and down-
wind distances for sprinkler and cooling tower risks. Two operation
conditions for informing cooling tower risk management were
explored. These options were varying the stack height and aero-
solization efficiency for cooling towers.

Moderate differences in annual infection and clinical severity
risks were observed across the three methods (culturable, EMA-
qPCR, qPCR) used to detect Legionella for each scenario. This
resulted in 1e2 orders of magnitude differences in median annual
infection or clinical severity infection risks acrossmodels. However,
risk estimates for EMA-qPCR and qPCR had higher values than risk
estimates using the culture-based data. This difference matters
when choosing between percentiles to compare to the target or
benchmark value in order to derive a setback distance, for example.
Large differences (up to 3 orders of magnitude) across scenarios
were observed when using an infection versus a clinical severity
infection dose response model, with the infection model resulting
in higher risks. Lesser differences were observed in the cooling
tower and sprinkler models at any downwind distance due to
residential versus occupational exposure (1e2 order difference) or
raising the stack height (up to 2 orders of magnitude difference,
with peak risks occurring further downwind). Changes in meteo-
rological parameters varied between models based on downwind
distances, with high (7m/s) wind speed and 65% relative humidity
resulting in the highest risk estimates. These findings indicate that
differences between risk scenarios (versus the sensitivity analyses
that identify important factors within a single scenario) are most
largely influenced by the selection of a dose response model
(infection or clinical severity infection), followed by the exposure
model used (toilet flushing only), exposure duration (cooling tower
and sprinkler only; residential or occupational), and method (cul-
ture-based, EMA-qPCR, or qPCR) used to quantify Legionella in the
water sources.

Annual infection or clinical severity infection risks greater than
a tentative 10�4 annual infection benchmark value for drinking
water were observed for certain cases in all three exposure sce-
narios, depending on the conditions. For toilet flushing, Method 2
was the least conservative (producing lower risk estimates overall)
and Method 1 was the most conservative (resulting in higher risk
estimates overall). This is likely due to the use of a PC in Method 1
which measured the ratio of bacterial concentrations in air and
water; this indicates there is some discrepancy when comparing
results computed using a PC versus computing bacterial concen-
trations in each size range based on an aerosol size distribution.
Both approaches require assumptions to be made when assessing
how Legionella is partitioned in aerosol; more experimental mea-
surements are needed to validate these approaches to determine
the relative strengths of each approach. The risks associated with
toilet flushing may be somewhat mitigated by recommending
reclaimed water users put the lid down prior to flushing, however,
some studies noted that closing the toilet lid did not have a sub-
stantial effect on mitigating the spread of aerosols (Barker and
Jones, 2005; Bound and Atkinson, 1966).

The cooling tower and sprinkler models indicate that Legionella-
containing aerosols can be carried long distances in sufficient
quantities to present health risks above 10�4 annual probability of
infection or clinical severity infection. These findings are consistent
with previous studies that have predicted long-range transport of
Legionella and observed distances between outbreak cases and
implicated cooling towers up to 12 km away (Borgen et al., 2008;
Nygård et al., 2008; Rouil et al., 2004; Walser et al., 2014). How-
ever, these large spreads were likely attributed to hot weather and
high humidity, or rare events such as thermal inversions (Chan and
Iseman, 2013; Fisman et al., 2005). In many cases, outbreaks were
also associated with inadequate maintenance of cooling tower
systems such as lack of regular inspection, faulty dosing pumps,
suboptimal disinfection, high pressure cleaning, intermittent
operation modes, and restarting of cooling towers (Walser et al.,
2014).

Depending on the model conditions selected, the setback dis-
tances associated with a 10�4 annual risk could be quite large. The
setback distance was highly sensitive to the Legionella detection
method used. As a result, additional risk mitigation strategies are
likely to be warranted to decrease the setback distance needed.
Interventions such as windbreaks using trees or walls around irri-
gation areas could also reduce risks. Information is not currently
available regarding the degree to which microorganisms are
removed due to these interventions.

Risks from cooling towers can be reduced by utilizing towers
built with a lower stack height and efficient drift eliminators (Lucas
et al., 2012). The simulations performed here demonstrate that a
less-effective drift system can increase risks 1e1.5 logs. Although
higher stack heights have slightly lower annual risks than lower
stack heights throughout the zone of influence, higher stack
heights result in farther transport of aerosols, and therefore could
result in higher setback distances in some cases. A lower stack
height reduces the distance aerosols can travel. An effective stack
height for cooling towers would be higher than the actual stack
height used for simulation here due to the effects of plume rise,
which occurs because the plume is hotter than the surrounding air
and rises buoyantly as it exits the stack with a vertical velocity
(Thomson et al., 2013a). In the current simulations, plume rise was
not considered. In order to calculate plume rise, it is necessary to
obtain specific information regarding the stack height exit velocity,
stack diameter, and temperature of exiting water vapor. Obtaining
such specific information about the cooling tower was beyond the
scope of the current simulations. Additional guidance documents
suggest that stagnant water, nutrient growth including the pres-
ence of biofilms, poor overall microbiological water quality, cooling
tower deficiencies, inadequate maintenance, poor design or a
location of the system that results in large exposures and/or ex-
posures to immune-compromised populations are risk factors for
Legionella outbreaks (ASHRAE, 2015; CDC, 2016; Department of
Health and Human Services, 2015; Sharvelle et al., 2017).
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Measures such as treatment before initial startup following
commissioning or any extended shutdown period; periodic in-
spection and monitoring; restriction of access to the cooling tower;
use of drift eliminators; “bleed-off” to prevent solids accumulation;
protection from sunlight; training cooling tower employees in
health and safety practices; use of hazard analysis and critical
control points (HACCP) methodology and/or documenting all
strategies for planning, monitoring, controlling, and responding to
issues that arise, conducting independent audits; and installing
automatic biocide dosing devices can mitigate some of these risks
(ASHRAE, 2015; CDC, 2016; Department of Health and Human
Services, 2015; Sharvelle et al., 2017).

Generally, sprinkler risks were lower than cooling tower risks,
most likely due to the smaller fraction of fine aerosols generated,
lower dispersion height, and lower water flow rate. For the low
pressure, low profile sprinklers modeled, annual clinical severity
infection risks were <10�4 for most scenarios with setback dis-
tances <75m. If considering annual infection risks, setback dis-
tances could increase substantially beyond 75m. The sprinkler
simulation was initiated at the apex of the spray arc. As such, the
velocity propelling droplets in the x direction was not considered,
which may cause larger droplets to be propelled further distances.
This factor could result in actual dispersion distances being greater
than those used in the QMRA and therefore larger required setback
distances.

In addition to using low-profile and low pressure sprinkler
irrigation systems like the ones specified in this report, nozzles
with larger orifices will reduce the formation of fine mist. Subsur-
face or drip irrigation would minimize drift formation, but can
incur higher initial investment costs (Thomson et al., 2013b).
Although increasing the droplet size distribution for sprinklers
mitigates Legionella risk, reliance on larger droplets may increase
erosion risk for fragile soils due to the greater kinetic energies
associated with larger droplets (Montero et al., 2003).

Cooling towers generally must operate when process cooling is
needed, but sprinkler application can be scheduled during periods
of low wind velocity or directed away from areas such as hospitals
where sensitive populations are located. In addition, operations can
be scheduled during nighttime hours or off-hours when employees
are away from the irrigation zone. Although not addressed in the
models, conditions of high-humidity and lower temperature will
reduce evaporative loss of droplets and prevent some of the size
decrease that results in drift droplets reaching a respirable range
before they settle. Solar decay of bacteria in aerosol is also greater at
higher humidity (Paez-Rubio and Peccia, 2005). Although decay for
evaporated Legionella is greater than for Legionella in aqueous
aerosol, this factor had minimal influence in the model. Further-
more, it is not known how viability or infectivity changes during
long-range aerosol transport.

While all three laboratory methods (culture, EMA-qPCR, qPCR)
are currently in use for Legionellamonitoring, there is no consensus
on which method is most appropriate. Generally, qPCR will detect
Legionella more frequently than culture-based methods (Whiley
and Taylor, 2014). Culture-based methods are considered the
“gold standard” and will detect viable Legionella, but will under-
estimate viable but non-culturable (VBNC) Legionella, while qPCR
data will enumerate non-viable cells (Collins et al., 2015).
Furthermore, qPCR results are not always correlated with culture-
based methods (Whiley and Taylor, 2014). While EMA-qPCR pro-
duces estimates of Legionella cells with intact membranes that can
be a good indication of cell viability, some authors argue the use of
EMA-qPCR may not be appropriate for testing for regulatory pur-
poses for biofilms, or when high levels of background bacteria are
present (Taylor et al., 2014). EMA-based methods will need to be
improved in terms of reliability and robustness in order to increase
their routine use, however, there are algorithms available to aid in
their interpretation and comparison with qPCR-based data
(Ditommaso et al., 2015).

The most important factor identified in the sensitivity analysis
for nearly all models was the concentration of Legionella in the
reclaimed water. This analysis did not account for dilution of
reclaimed water with other types of water. Typically, reclaimed
water can have up to 20% v/v dilution (Dungan, 2014). Dilutionwith
water of higher microbiological quality could provide significant
water savings while still reducing the need for additional risk
management options. Additionally, changes in reclaimed water
quality within a cooling tower or premise plumbing were not
considered. Legionella could grow in these systems and result in
potentially higher risks, although the net effect during premise
plumbing under specific conditions is a research gap.

Another important parameter identified in the sensitivity
analysis is the aerosolization efficiency or fraction that ultimately is
in the respirable range by the time it reaches a downwind receptor.
Determining the aerosol size distribution and downwind propor-
tion of Legionella-containing aerosols in the respirable range re-
mains a substantial challenge for QMRA models. It is challenging to
model the evolution of aerosol size distributions over time due to
co-occurring and interrelated dynamic rate physical phenomena of
settling, evaporation, condensation, coalescence, and secondary
aerosol formation due to bubble burst and film collapse (Hinds,
1999; Lighthart et al., 1991). The fraction of aerosols in the respi-
rable range is therefore not likely to remain constant over time and
the current model may underestimate the impact of varying
meteorological parameters as a constant fraction of respirable
droplets over downwind distances is assumed. This approach has
been applied in other Legionella QMRA models that considered
aerosol size distributions (Armstrong and Haas, 2007b; Nygård
et al., 2008), however, a model that considers these factors is
therefore recommended for further development to more accu-
rately determine Legionella risks from systems with the potential
for large scale dispersion. Finally, risks were not computed using
disability adjusted life years (DALY), which are useful for comparing
health burdens from various infection scenarios; however,
although DALY measures are available for the Netherlands (van Lier
et al., 2016), standard DALY values for Legionnaires Disease in US-
based populations are not currently available and are recom-
mended for further development to aid in interpretation of risk
values.

5. Conclusions

� Legionella median annual infection risks and annual clinical
severity infection risks for toilet flushing can exceed a 10�4

annual risk of infection benchmark for some aerosol exposure
estimation methods and the 95th percentile risk exceeded the
benchmark for all aerosol exposure estimation methods.

� Legionella annual infection risks and annual clinical severity
infection risks are non-trivial at potentially large distances away
from cooling towers and sprinklers operating under typical
conditions.

� Ranked according to their influence on annual risk estimates,
the dose response model chosen (infection or clinical severity
infection), the population at risk (residential or occupational),
the detection method (culture-based, EMA-qPCR, or qPCR),
operating conditions (drift eliminator performance or stack
height for cooling towers only), and meteorological conditions
(cooling towers and sprinklers) were themost important factors
identified in the scenario analyses.

� The concentration of Legionella present in reclaimed water was
the most influential parameter within all individual risk
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simulations, highlighting the importance of efforts to control
occurrence for managing risks.

� Management practices such as closing toilet lids, using more
efficient drift eliminators for cooling towers, or using wind
breaks for cooling towers and sprinklers could contribute to
public health risk mitigation.
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