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ABSTRACT: The reliability of wastewater reclamation and reuse to
meet a given annual risk of infection, considering the variability of
enteric virus concentrations, has been investigated. Two concepts related
to the reliability and safety of wastewater reclamation and reuse are
presented. The first is reliability, defined as the probability that the risk
of infection from enteric viruses in reclaimed wastewater does not ex-
ceed an acceptable risk. The second is based on the expectation of the
acceptable annual risk in which the exposure to enteric viruses may be
estimated stochastically by numerical simulation.

To assess the potential risks associated with the use of reclaimed
wastewater in various reuse applications, four exposure scenarios were
tested: golf course irrigation, food crop irrigation, recreational im-
poundments, and groundwater recharge. Past monitoring data on enteric
virus concentrations in unchlorinated secondary effluents in California
were used. Because enteric virus concentrations in unchlorinated sec-
ondary effluents were found to vary over a wide range, characterizing
their variability was found to be extremely important. The reliability
criterion of meeting the less than 10™* annual risk of infection (less than
or equal to one infection per 10 000 population per year) at least 95%
of the time was used to assess the safety of using reclaimed wastewater
in the four different exposure scenarios. The methodologies used in this
study should be refined, based on a larger enteric virus database devel-
oped using standardized field and laboratory protocols. Water Environ.
Res., 70, 39 (1998).
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One of the most important issues in wastewater reclamation
and reuse is the protection of public health. For this reason,
special emphasis is placed on reducing concentrations of patho-
genic organisms, including bacteria, parasites, and enteric vi-
ruses, in reclaimed wastewater. The need for research, espe-
cially on the efficacy of enteric virus inactivation/removal, has
been recognized because of these constituents’ low-dose infec-
tivity, their long-term survival in the environment, difficulties
in monitoring them, and their low removal efficiency in conven-
tional wastewater treatment (Asano and Sakaji, 1990; Dryden
et al., 1979; and Gerba and Rose, 1993). The possibility exists
that failure may occur with wastewater treatment systems and
that enteric viruses may be present even in tertiary-treated ef-
fluents. Thus, the proper design and operational reliability of
wastewater treatment facilities are of paramount importance to
wastewater reclamation and reuse practice.

The objectives of this paper are to investigate: (1) methods
that can be used to evaluate the reliability of wastewater recla-
mation and reuse to meet a given annual risk of infection, con-
sidering the variability of virus concentrations; and (2) the com-
parative safety of various wastewater reuse applications, using
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the U.S. Environmental Protection Agency’s (U.S. EPA’s) Sur-
face Water Treatment Rule (SWTR) for domestic water supply
as the baseline acceptable risk. The SWTR acceptable risk crite-
rion is interpreted as being equal to or less than one infection
per 10 000 population per year (that is, 10™*) from enteric
viruses (U.S. EPA, 1989).

Study Approach

In the following analysis, two concepts related to the safety
of wastewater reclamation and reuse are considered. The first
is reliability, defined as the probability that the risk of infection
from enteric viruses in reclaimed wastewater does not exceed
an acceptable risk. The second concept is based on the expecta-
tion of the acceptable annual risk, in which the exposure to
enteric viruses may be estimated stochastically by numerical
simulation. Thus, central to the safety of wastewater reclamation
and reuse is the ability to estimate the overall reliability of a
given treatment process and related environmental factors as
well as the expectation of the acceptable risk under varying
enteric virus concentrations.

To determine the concentration and variability of enteric vi-
ruses in municipal wastewater, virus monitoring data for unchlo-
rinated secondary effluents from four wastewater treatment
plants in California were analyzed, using a log-normal distribu-
tion model. The assumption that observed data follow the log-
normal distribution was tested by the Kolmogorov—-Smirnov
goodness-of-fit test. The reliability of wastewater reclamation
and reuse was analyzed with respect to the enteric virus inactiva-
tion/removal capabilities of various treatment systems. The ex-
pectation of annual risk was simulated using Monte Carlo meth-
ods (MCMs) and compared with the results of the virus inactiva-
tion/removal calculations using four different unchlorinated
secondary effluents.

To assess potential risks associated with the use of reclaimed
wastewater in various reuse applications, four exposure scenar-
ios (Asano and Sakaji, 1990, and Asano et al., 1992) were
tested. The four exposure scenarios—golf course irrigation
(scenario I), food crop irrigation (scenario II), recreational im-
poundments (scenario III), and groundwater recharge (scenario
IV)—are summarized in Table 1 and discussed in detail later
in the text. Finally, the safety of wastewater reclamation and
reuse is compared using two scoring systems, derived from the
reliability assessment and the expectation of meeting the SWTR
criterion for enteric viruses. However, assessing the appropriate-
ness of the 10~ risk of infection implied in the SWTR criterion
document as a measure of safety was beyond the scope of this
paper.
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Table 1—Summary of exposure scenarios used in the risk assessment.”

Amount of water

Risk group ingested in a single
Application purposes receptor Exposure frequency exposure, mL Reduction in the environment
Scenario |, golf course Golfer Twice per week 1 Stop irrigation 1 day before playing
irrigation
Scenario Il, crop Consumer Everyday 10 Stop irrigation 2 weeks before harvest and
irrigation shipment; viral reduction resulting from
sunlight
Scenario lll, recreational Swimmer 40 days per year—summer 100 No virus reduction
impoundment season only
Scenario IV, groundwater ~ Groundwater ~ Everyday 1000 3 m vadose zone and 6 month retention
recharge consumer in aquifer; virus inactivation coefficient =
0.89/d

2 Adapted from Asano et al. (1992).

Background Information

The enteric virus database used in this study, and the virus
removal capabilities in various tertiary treatment systems, are
summarized in this section.

Enteric Virus Concentrations and Their Variability In
Unchlorinated Secondary Effluents. Estimation of the risk of
infection, based on grab samples from tertiary-treated effluents,
whose enteric virus concentrations are almost always below the
detection limit, cannot be used to quantify the safety of waste-
water reclamation and reuse (Asano et al, 1992). Thus, the
enteric virus database used in this study included 377 unchlori-
nated secondary effluent samples in which 242 samples (64%)
were positive, as reported in Table 2. The main purpose of virus
monitoring at the four facilities was to ensure that virtually no
enteric viruses could be found in the tertiary effluents to be
used for unrestricted wastewater reuse. The effluents were to
be in compliance with the most stringent requirements for the
total coliform group of bacteria specified in the California
Wastewater Reclamation Criteria (State of California, 1978).

Quantifying virus concentrations is necessary for estimating
the risk of infection resulting from exposure to reclaimed waste-
water. All of the observed data in Table 2 are plotted in Figure
1. The distributions of many pollutants in wastewater treatment
plant effluents have been found to follow the normal distribution
or the log-normal distribution (Asano and Wassermann, 1979;
Dean, 1981; Dean and Forsythe, 1976; and Niku et af., 1982).
The statistical models considered in this study were the normal
distribution and the log-normal distribution. The data reported
as negative values were estimated, as they are below the detec-
tion limits. Although these data points cannot be plotted on the
graph, they were used to calculate the empirical cumulative
density function (CDF). The goodness-of-fit of the hypothe-
sized distribution was evaluated using the nonparametric Kol-
mogorov—Smirnov test (Benjamin and Cornell, 1970; Hogg
and Tanis, 1988; and Niku and Schroeder, 1981). At the 10%
significance level (Benjamin and Cornell, 1970), it was found
that the empirical CDFs followed the log-normal rather than
the normal distribution. Thus, the log-normal distribution was

Table 2—Summary of the enteric virus data used in this study (unchlorinated secondary effluents).

Type of Positive
Study secondary Samples, samples,
California agency Facility period treatment no. no.
Orange County Water District® County Sanitation Districts 1975-1978 Trickling filter 145 109
(OCSD TF) of Orange County, plant
no. 1
Orange County Water District® County Sanitation Districts 1978-1881 Activated sludge 105 53
(OCSD AS) of Orange County, plant
no. 1
County Sanitation Districts of Pomona 1975 Activated sludge 60 27
Los Angeles County®
(Pomona AS)
Monterey Regional Water Castroville 1980-1985 Activated sludge 67 53
Pollution Control Agency®
(MRWPCA AS)
Total 377 242

a Adapted from McCarty et al. (1978, 1980, and 1982).
® Adapted from CSDOLAGC (1977).
¢ Adapted from Engineering-Science (1987).
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Figure 1—Cumulative distribution function of virus concentrations in unchlorinated secondary effluents.

used in this study as the statistical model for virus concentra-
tions in unchlorinated secondary effluents. The estimated pa-
rameters for the log-normal distribution model of the enteric
virus concentrations, obtained using regression analysis, are re-
ported in Table 3.

Based on the results of the analyses, presented in Table 3
and Figure 1, it can be concluded that the virus concentrations
vary over a wide range in unchlorinated secondary effluents.
Furthermore, virus concentrations in different wastewater treat-
ment plants varied widely. For example, the geometric means
of the virus concentrations ranged over four orders of magnitude
(107 to 10°vu/L), and the spread factors ranged approximately
from 4 to 115. Thus, consideration of the variability of enteric
virus concentrations, as well as the site-specific nature of the
distribution of viruses in unchlorinated secondary effluent, is
extremely important in virus risk analysis.

Virus Inactivation/Removal Capabilities in Various
Treatment Systems. To protect public health, considerable ef-
fort has been invested since the 1960s to establish baseline
conditions and regulations that would allow for the safe use of
reclaimed wastewater, One of the landmark studies conducted
to verify the efficacy of wastewater treatment systems was the
Pomona Virus Study (CSDOLAC, 1977; Dryden et al., 1979;
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and Miele and Selna, 1977). In this study, the performances of
tertiary treatment processes consisting of coagulation, floccula-
tion, sedimentation, filtration, and disinfection (designated as
full-treatment in this paper), and the alternative, contact filtra-
tion, were evaluated as summarized in Table 4. When the resid-
ual chlorine concentration was 10 mg/L, both treatment pro-
cesses removed approximately 5.2 logs of seeded poliovirus.
When residual chlorine was approximately 5 mg/L, the full
treatment still removed 5.2 logs, but contact filtration removed
approximately 4.7 logs. When secondary effluent was chlori-
nated, the inactivation/removal efficiency of secondary treat-
ment alone was 3.9 logs at a 9-mg/L residual chlorine dose
(CSDOLAC, 1977). In all cases, the chlorine contact time was
2 hours.

Performance and Reliability Analyses

As noted in the previous section, the variability of virus
concentrations in unchlorinated secondary effluent is large; thus,
it becomes difficult to select appropriate virus concentrations
to use in the subsequent risk calculations. The geometric means
of the observed virus data have been reported in several earlier
studies (Haas, 1983b; McCarty et al., 1978; and Olivieri et al.,
1989). If the distributions of virus concentrations are assumed
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Table 3—Estimated parameters for the log-normal distribution

effluent.?

of virus concentrations in unchlorinated secondary

California agencies®

Estimated parameters Symbols OCSD TF OCSD AS Pomona AS MRWPCA AS
Arithmetic mean® of log C u 0.15 —1.47 —3.81 0.37
Standard deviation of log C o 0.63 0.91 2.06 0.86
Geometric mean® of C ¢ my 14 0.034 0.000 2 2.32
Spread factor® of C S 427 8.13 114.82 7.24
Correlation factors R&. 0.963 0.962 0.934 0.940
Number of samples used for 99 52 14 53

regression analysis
Number of samples used for : Tee 135 1056 60 67
calculation of empirical CDF ' .
Estimated C in given percentile 50% 14 0.034 0.000 2 2.3
g0% 8.9 0.5 0.34 29
95% . 15 1.1 3.0 59

2 Refer to Table 2.

® C denotes enteric virus concentrations expressed as viral units per litre (vu/L).

¢ Geometric mean, my, is defined as m, = 10*.
d Spread factor, S, is defined as S = 107,

to follow the log-normal distribution, their geometric means are
equal to the 50th percentile. However, the 50th percentile value
in the probability analysis may not be acceptable with respect
to public health protection, given the knowledge that any risk
of infection derived from this value will be exceeded 50% of the
time. Risk estimated from the observed maximum concentration
would be conservative. However, it should be noted that the
maximum value may depend on sample size and time of obser-
vation. i
Estimation of Reliability. Several researchers have at-
tempted to estimate the effectiveness of pathogen inactivation/
removal in water and wastewater treatment processes and the
fate of pathogens in the environment, using risk assessment
methodologies (Asano and Sakaji, 1990; Asano et al., 1992;
Gerba and Haas, 1988; Gerba and Rose, 1993; Haas, 1983b;

Hutzler and Boyle, 1980 and 1982; Olivieri et al., 1989; and

Rose and Gerba, 1991). One method of determining the relative
safety of wastewater reclamation and reuse is to estimate the
time during which a risk of infection from enteric viruses in
reclaimed wastewater does not exceed an acceptable level. Niku
and Schroeder (1981) applied the concept of reliability to the
operation of wastewater treatment plants. They defined the relia-
bility of operation as the probability of time when a failure does
not occur. Using similar reasoning, failure in this study is de-
fined as the time during which the risk of infection from enteric

viruses in reclaimed wastewater exceeds an acceptable level
(that is, 107, and the reliability of wastewater reclamation and
reuse is the probability of time when the failure does not occur.
In this context, the reliability of wastewater reclamation and
reuse is defined as the probability that the risk of infection
resulting from the ingestion of enteric viruses in reclaimed
wastewater does not exceed the acceptable level. To estimate
the reliability of wastewater reclamation and reuse, a three-step
process is involved, as outlined below.

Step 1. The first step is to determine the concentration of
enteric viruses that constitutes an acceptable risk in the use of
reclaimed wastewater. The acceptable annual risk of infection,
Pa, can be estimated using Equation 1, where Pa* is the accept-
able daily risk and n denotes number of exposure events in a
year.

=1 — (1 — Pa*y (1)
Solving Equation 1 for Pa*, the acceptable daily risk, yields
Pg¥=1— (1 —Pa)™ . (2)

When a person ingests a volume, V (L), of reclaimed wastewater
containing an enteric virus concentration C (vu/L), a single.
exposure dose, D, for this event is

D'=CV (3)

Table 4—Comparison of full treatment and direct filtration in the Pomgina Virus Study (CSDOLAC, 1977).

Treatment process ' F}Jllltreatment (Ti itle 22") '

Contact filtration

Coagulation Alum: 150 mg/L
Anionic polymer: O 2 mg/L
Flocculation 1 hour
Sedimentation Conventional
Filtration Granular medium
Disinfection Chlorine: 10 and 5 mg/L residual with 2-h contact time

Alum: 5 mgr/L g
Anionic polymer: 0.06 mg/L

© Granular medlum
Chlorine: 10 and 5 mg/L readual W|th 2-h contact time

42

Water Environment Research, Volume 70, Number 1



Tanaka et al.

Two dose-response relationships used commonly to estimate
the acceptable daily exposure virus concentration, Ca*, associ-
ated with the given acceptable daily risk, Pa®, are as follows:

Single-hit exponential model: Ca* = —1n(1 — Pa*)lvV (4)
Beta-distributed probability model:
Ca* = [(1 — Pa*y™"™ — 118/V (5)

where a, 3, and y are model parameters estimated from actual
infection data when actual pathogens are administered.

A similar methodology was used to estimate Giardia cyst
density in domestic water supply systems complying with the
SWTR (Gerba and Haas, 1988; Gerba and Rose, 1993; Regli
et al., 1991; and Rose and Gerba, 1991). The beta-distributed
probability model was chosen for use in this study because it
best represented the frequency distribution of infection for en-
teric viruses (Asano and Sakaji, 1990; Haas, 1983a; and Rose
and Gerba, 1991)

Step 2. In the second step, the probability that the daily risk
resulting from exposure to reclaimed wastewater in various ap-
plications satisfies the acceptable daily risk is estimated. Using
the log-virus removal during tertiary treatment, R, the virus
concentration, Ct, in the tertiary-treated reclaimed wastewater
can be calculated from the enteric virus concentration, Cs, in
the unchlorinated secondary effluent:

Ct = Cs107* (6)

If Cs follows a log-normal distribution, as shown in Figure 1
and summarized in Table 3, and R is constant, Ct also follows
a log-normal distribution.

The ultimate enteric virus concentration in reclaimed waste-
water to be ingested will be affected by environmental factors
such as dilution, sorption, and die off. These environmental
factors are lumped together, and the environmental inactivation/
removal efficiency for enteric viruses, E, is defined as a fraction
of enteric viruses remaining after the environmental exposure.
Thus, the virus concentration in the ingested wastewater, C*,
in various reclaimed wastewater applications, is calculated as
follows:

C* = CtE = Cs107°E €))

If the distribution of virus concentrations in unchlorinated
secondary effluents is known, the probability of time when the
observed virus concentration in reclaimed wastewater does not
exceed a given virus concentration can be determined. For the
log-normal distribution, the probability that a virus concentra-
tion in the reclaimed wastewater does not exceed a given virus
concentration, Co, can be calculated using Equation 8:

Prob [C* = Co] = Prob [Cs = Col0YE]
= ®{[log (ColONE) — ulic} (8)

where @ is the standardized normal function (Hogg and Tanis,
1988).

The probability of time that the risk of infection from enteric
viruses in reclaimed wastewater is less than acceptable has been
defined previously as the reliability p. Thus, the probability of
ingesting a virus concentration, C*, that is smaller than the
acceptable virus concentration, Ca*, is equivalent to the reliabil-
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ity of wastewater reclamation and reuse, p, which can be ex-
pressed as follows:

p = Prob [P = Pa] = Prob [C* = Ca*] 9)

where P is an annual risk resulting from the exposure to re-
claimed wastewater.

Using Equations 6 and 7, the reliability of wastewater recla-
mation and reuse, p, can be determined from the distribution
of virus concentrations in unchlorinated secondary effluent, Cs.

p = Prob [Cs = Ca*10%E] (10)
Reliability p is computed using the following relationship:
p = ®[(log (Ca*10YE) — p)la]
= ®[(log Ca* + R —log E — p)lg] (11)

Step 3. The third step involves the selection of an acceptable
risk of infection. The reference used in this study, as noted
previously, is the U.S. EPA’s SWTR for domestic water supply.
If the reliability of wastewater reclamation and reuse is the
same as the reliability of domestic water supply in meeting the
enteric virus removal criterion and the risk of infection, re-
claimed wastewater is deemed to be as safe as drinking water.

Relationships between Reliability and Virus Inactivation/
Removal Efficiency. By substituting the acceptable daily virus
exposure concentration, Ca*, the values of i and o from Table
3, and the environmental inactivation/removal efficiency of en-
teric viruses, E, into Equation 11, the relationship between the
log-virus removal during tertiary treatment, R, and the reliability
of wastewater reclamation and reuse, p, can be established. The
relationship between R and p for scenarios I, I1, and III, identi-
fied in Table 1, has been determined, and the results are plotted
in Figure 2. The rotavirus model with dose-response model
parameters (@ = 0.232, 8 = 0.247), used by Rose and Gerba
(1991), was also used for this calculation. The reliability of
wastewater reclamation and reuse with scenario IV, groundwa-
ter recharge with reclaimed wastewater, is not shown in Figure
2 ‘because the reliability requirement is always met without
tertiary treatment for all effluents from the treatment facilities
reported in Table 1.

If wastewater reclamation and reuse:s implemented with
unchlorinated secondary effluents without tertiary treatment (R
='0, that is, no log removal), the reliability is so low that
additional on-site mitigation measures will be required, even
for golf course irrigation (scenario I). If the inactivation/removal
efficiency in tertiary treatment is increased to 5 logs (that is,
99.999% removal), wastewater reclamation and reuse with all
exposure scenarios (scenarios I through IV) will become as safe
as the use of domestic water supply because the reliability is
essentially 100%.

If using reclaimed wastewater is to be as safe as using a
domestic water supply, with respect to the risk of enteric virus
infection, the required virus removal efficiency in tertiary
treatment is determined in the reverse way to how reliability
is calculated, using Equation 12, the rearranged form of
Equation 11:

R=0c®'(p) + pu + log E — log Ca* (12)

where &' represents the inverse standardized normal function.
The procedure necessary to determine the required inactivation/
removal efficiency is illustrated in Figure 3.
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Figure 2—Relationships between reliability and removal
efficiency for tertiary treatment for various exposure
scenarios.

Reliability Requirements in Wastewater Reuse

Exposure dose (intake volume times the concentration of
enteric virus in the ingested water), frequency of exposure,
and environmental decay/fate are assessed for each exposure
scenario in this section (see Table 1).

Virus Inactivation/Removal Efficiency Required in Ter-
tiary Treatment. If the acceptable annual risk of infection from
enteric viruses in reclaimed wastewater is on the order of 107
at least 95% of time, acceptable virus concentration Ca* can

a4

be calculated using Equations 2 and 5. If reclaimed wastewater
is to be as safe as a domestic water supply that meets the SWTR
for enteric viruses, the required virus inactivation/removal in
tertiary treatment can be calculated using Equation 12. A sum-
mary of calculations for the reliability requirement by tertiary
treatment (for example, filtration and disinfection), if 1 enteric
virus infection per 10 000 population per year is met 90 or 95%
of the time, is presented in Table 5.

Reliability of Meeting California’s Wastewater Reclama-
tion Criteria (Title 22). If inactivation/removal efficiencies are
applied to the unchlorinated secondary effluents given in Tables
2 and 3, the distribution of virus concentrations in reclaimed
wastewater after full treatment and contact filtration can be
predicted. The reliability of wastewater reclamation and reuse
when the specific inactivation/removal capabilities of the ter-
tiary treatment used in the Pomona Virus Study are applied has
been simulated, and the results are given in Table 6, assuming
that the exposure scenarios remain the same as those reported
in Table 1. For golf course irrigation (scenario I), food crop
irrigation (scenario II), and groundwater recharge (scenario IV),
the reliability of wastewater reclamation and reuse is such that
more than 95% of the time the SWTR criterion is met for
systems I and III (see Table 6) for all of the effluents studied.
However, for recreational impoundments (scenario III), the re-
liability of wastewater reclamation and reuse is not as high as
with the use of domestic water supplies complying with the
SWTR criterion even for systems I and IIL It is noted that
maintaining a high-quality secondary effluent equivalent to the
Orange County Sanitation District activated-sludge (OCSD AS)
and the Pomona AS is necessary for recreational impoundments

Acceptable annual risk
(One infection of water borne disease
in 10,000 people in a year)

Exposure frequency, n __l
Acceptable single exposure risk

Dose-response model

USEPA's Surface Water
Treatment Rule

for domestic water supply

r Acceptable viral dose |

Volume of water ingested, V —{ Reliability of domestic
water supply

Acceptable virus concentration
in ingested wastewater

Degradation factor
in the environment, E

Allowable virus concentration in
reclaimed wastewatar

!

Characteristics of reclaimed wastewater:
The percentile at the probability equal to
raquired reliability of reclaimed
waslewater is determined

!

Removal efficiency in
teriary treatment, R

f

Characteristics of secondary effluent

Reuse = domestic water supply
90 or 95% reliability

Figure 3—Procedures for determining required virus re-
moval efficiency in tertiary treatment that is comparable
in safety to domestic water supply.
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Table 5—Required log removal of enteric viruses by tertiary treatment (filtration and disinfection) if one enteric virus
infection per 10 000 population per year is met 90 or 95% of the time.

Reliability, % of time

Scenario IV,
Scenario |, golf Scenario I, crop Scenario lli, groundwater
course irrigation irrigation swimming recharge
Treatment -

process a0 95 20 95 90 95 920 95
OCSD TF 3.6 3.9 1.3 1:5 55 5.8 0.0 0.0
OCSD AS 2.4 27 0.0 0.4 4.3 4.6 0.0 0.0
Pormona AS 1.5 2.3 0.0 0.0 3.4 4.2 0.0 0.0
MRWPCA AS 4.2 4.5 1.8 24 6.0 6.4 0.0 0.0

where full-body contact such as swimming may take place.
Otherwise, more efficient treatment than full treatment or a
contact filtration system with a high chlorine dosage may be
necessary. In contrast to recreational impoundments, where full-
body contact may take place, risk of infection from enteric
viruses in the groundwater recharge application (scenario IV)
is still negligible, even if secondary effluent without chlorination
is used.

The effects of failure in achieving the prescribed removal
efficiency in tertiary treatment, as shown in Table 6, can be
examined by referring to Figure 2. If systems 1, II, and III
failed in their respective removal efficiencies, the effect of not
achieving the prescribed removal efficiency is not the same
among the four exposure scenarios. For example, the geometric
mean of the removal efficiency for system I was 5.2 logs. If
the removal efficiency were reduced by 1 log to 4.2 logs because
of inefficient operation of coagulation or disinfection, the relia-
bility for the Monterey Regional Water Pollution Control
Agency (MRWPCA) AS process, for example, may be reduced

from nearly 100% to 90% for golf course irrigation (scenario
I), while the reliability in recreational impoundments (scenario
II) may drop to as low as 25%. Thus, failure of the treatment
system would have more serious consequences for recreational
impoundments where full-body contact could occur.

Variation in Virus Concentrations and Expected Risk of
Infection

The preceding risk assessment method was used to evaluate
reliability compliance with different exposure scenarios (see
Tables 5 and 6) using the enteric virus data reported in Table
3. The risk evaluation method, however, does not describe the
extent of risk associated with wastewater reclamation and reuse
when the risk actually exceeds the acceptable annual risk of
infection. Theoretically, the risk of virus infection might occur,
even if the reliability of wastewater reclamation and reuse is
extremely high, because the virus concentrations in reclaimed
wastewater can take any value between zero and infinity, owing
to the characteristics of the log-normal distribution. Although

Table 6—Reliability of wastewater reclamation and reuse when Pomona Virus Study results are applied to various

unchlorinated secondary effluents.

Reliability, %
Secondary Scenario Scenario Scenario Scenario
Treatment process effluent I ] n v
System |

Full-treatment/contact OCsD TF 100 100 77 100
filtration with high OCSD AS 100 100 99 100
chlorine (5.2 logs) Pomona AS 100 100 98 100
MRWPCA AS 99 100 62 100

System II#
Direct chlorination of OCSD TF 95 100 10 100
secondary effluent OCSD AS 100 100 81 100
(3.9 lcgs) Pomona AS 99 100 93 100
MRWPCA AS 84 100 11 100

System Il
Contact filtration with OCSD TF 100 100 48 100
low chlorine (4.7 OCSD AS 100 100 96 100
logs) Pomona AS 100 100 97 100
MRWPCA AS 97 100 39 100

2 System |l is an application of chlorinated secondary effluents in various wastewater reuse applications, where 3.9 logs of enteric viruses are

inactivated/removed.
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Figure 4—Schematic diagram for simulation of annual
risk of infection using MCM.

the likelihood of events exceeding the established acceptable
annual risk of infection might be small in the case of relatively
high reliability, the risk might be extremely high compared to
the acceptable risk. In other words, the annual risk of infection
might exceed the established acceptable risk by a large extent
because of a small number of extraordinary events.

To assess the effects of variations in enteric virus concentra-
tions, an expected value (expectation) is computed using MCMs
to quantify how often, and to what extent, the risk of infection
exceeds the acceptable annual risk. Because concentrations of
enteric viruses in unchlorinated secondary effluents, Cs, follow
a log-normal distribution (see Figure 1 and Table 3), log-nor-
mally distributed virus concentrations in secondary effluents are
simulated using the MCM, and the expected values of the annual
risk of infection are computed. A schematic diagram depicting
the procedure followed in the risk calculations using the MCM
is shown in Figure 4.

Expectation of Annual Risk. Expectation is defined in this
paper as an average value of the risks for many exposure events,
considering their frequencies. As reported previously in Table
3, the log-normal distribution of enteric virus concentrations in
unchlorinated secondary effluents was determined with corre-
sponding parameters g and o. By randomly selecting from a
pool of numbers that follow a log-normal distribution (Devroye,
1986, and Newman and Odell, 1971), a typical daily virus con-
centration in unchlorinated secondary effluent, Cs, can be com-
puted. Using the computed value, a single-exposure risk of
infection caused by enteric viruses, P*(D), can be determined
using Equations 3 and 6 and the following beta-distributed
dose—response relationship (Haas, 1983a):

PeD)=1-(1 + D/B)" (13)
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Annual risk Pa is calculated with variable daily risks, where D;
represents the ingested dose in the ith exposure event:

Pa=1-[] [1 - P¥D)] (14)
i=1
The expected value of Pa changes depending on the single
exposure risk of infection caused by enteric viruses, P*(D), and
the exposure frequency, n, used in the simulation as given by
Equation (15):

E(Pa) = E[l - H [1— P*(D,-)]

i=1

=1- E[H [1- P*(D.)j| (15)

i=1

where n is the frequency of exposures in a year.

Using MCM, the expected annual risk is calculated in the
following steps: (1) simulate an enteric virus concentration in
reclaimed wastewater by random number generation, (2) calcu-
late a single-exposure risk caused by the reclaimed wastewater
using the dose-response curve, (3) repeat the previous two
steps for each exposure occurring in a year, (4) calculate annual
risk of infection based on the calculated' single-exposure risk,
and (5) repeat these steps in a number of different data sets and
take an arithmetic mean of Pa. The generated virus concentra-
tions using a random number generator and MCM (500 trials
were run for each wastewater treatment plant) are plotted in
Figure 5. As an example, the result for golf course irrigation
using tertiary treatment effluent from OCSD trickling filter (TF)
is illustrated in Figure 6, in which the frequency distribution
for the annual risk of infection and the 95% lower confidence
limit (LCL) and upper confidence limit (UCL) are shown. Al-
though the expected value in this case is 1.1 % 107°, the calcu-
lated risks are distributed in the range of 8.0 % 107" to 1.7 X
1075, Ideally, the variation of the simulated annual risk of infec-
tion should also be considered in the assessment of the reliability
of wastewater reclamation and reuse.

The expectations for the annual risk of infection from waste-
water reclamation and reuse in various exposure scenarios are
summarized in Table 7. If the reliability of wastewater reclama-
tion and reuse is determined by whether the expected value of
the annual risk is equal to or less than 10™* 95% of the time (the
SWTR criterion), the wastewater reuse practices are deemed to
be as safe as using the domestic water supply. The expectations
of annual risk with full treatment or contact filtration and high
chlorine dose (system I) are less than 107 in golf course irriga-
tion, food crop irrigation, and groundwater recharge (exposure
scenarios I, II, and IV), regardless of the quality of secondary
effluent. For unrestricted recreational impoundment where
swimming may take place, the expectation of an annual risk
slightly exceeding the risk requirement imposed in this study
may exist, as shown in Table 7. If unchlorinated secondary
effluent without any further treatment is used for the variety of
wastewater reuse applications, the expected annual risk, as
might be expected, is much higher than the acceptable annual
risk, except for groundwater recharge. The ranges of simulated
annual risk are tabulated in Table 8 with respect to 95% UCL.

Discussion
From the results of the analyses presented in Tables 7 and
8, the reliability or relative safety of wastewater reclamation
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and reuse can be assessed using a combination of scoring sys-
tems derived from the reliability measures (Table 9, A) and the
expectation (B) of the acceptable annual risk of infection from
enteric viruses in reclaimed wastewater. Such a scoring system
is shown in Table 9. If the acceptable annual risk of infection
is 1 infection per 10 000 population (that is, 107*), the reliability
of four different exposure scenarios can be evaluated by using
a simple scoring system consisting of very good, O; good, &;
unsatisfactory, A; and risky, X, corresponding to reliability val-
ues of greater than or equal to 95, 90, 85, and less than 85%,
respectively. For annual expectation estimates, simulated by
MCM, the scoring system consisting of expectation values of
less than or equal to 5 X 1077 risk of infection is denoted with
O; less than or equal to 107 is denoted with J; up to 5 X 10~*
is denoted with A; and more than 5 X 10™* is denoted with X.

When the full-treatment effluent from OCSD TF and the
chlorinated secondary effluent from Pomona AS are used for
recreational impoundment (scenario 1II), assessments based on
the reliability and the expectation estimates resulted in different
conclusions. For unrestricted recreational impoundments (sce-
nario III) using system I effluents, the OCSD TF and the
MRWPCA AS effluent could not meet the acceptable risk of
infection criterion based on either reliability or expectation (see
Table 9). To protect public health, the 95% UCL may be used
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Table 7—Expectations of annual risk of infection simulated using a Monte Carlo simulation (n = 500 trials).

Treatment system

Tertiary treatment OCSD TF OCSD As Pomona AS MRWPCA AS
System |
Full treatment (5.2-log Scenario | 11 x 1078 7.8 x 1078 2.9 x 1077 43 x 107°°
inactivation/removal) Scenario Il 50 x 10°° 3.5x 107" 1.3 x 10°° 1.9 x 107
Scenario Il 8.6 x 1078 59 x 1078 2.2 x 1078 33 x 107
Scenario IV 1.0 x 1075 7.3 % 107 2.4 1%:107%° 41 x 107
Scenario IV 71 % 167w 4,3 x 10712 1.8 x 107182 2.7 x 107122
System |l
Direct chlorination of Scenario | 2.3x 1078 1.6 x 107° 57 x 107 8.7 x 10°°
secondary effluent Scenario Il 1.0 x 1077 6.9 x 10~° 2.6 x 107® 39 x 1077
(3.9-log inactivation/ Scenario Il 1.7 x 107° 1.2 x 107 43 x 10 6.6 x 1073
removal) Scenario IV 2.1 x 10758 1.9 x 107 43 x 107 8.1 x 107
Scenario IV 1.4 x 10712 9.7 x 107122 2.6:x10 188 54 x 10=1%
System IV
Unchlorinated secondary Scenario | 1.6 x 107" 1.2 x 1072 3.8x 1072 4.4 x 107"
effluent (0-log Scenario |l 8.0 x 107 55 % 1078 2.0x 10 3.1 x 1072
inactivation/removal) Scenario |l 1.0 x 10° 46 x 107 3.2 x 107 1.0 x 10°
Scenario IV 3.2 x 1075 248 % R 6.5 x 10758 1.3 x 1078
Scenario IV 11 x 10772 7.7 x 10722 N R 43 x 10°7@

3\firus inactivation/removal coefficient of 0.1/d is assumed in this case, instead of 0.89/d.

for the discussion of safety. Following the same method used
to develop Table 9, the 95% UCL’s annual risks based on
expectation have been determined and are given in Table 10.
In assessing the reliability of wastewater reclamation and
reuse, the SWTR criterion was used as a reference. Although
there was no clear definition of reliability requirement in the
SWTR for domestic water supplies regarding the inactivation/
removal of Giardia and enteric viruses, the turbidity require-
ment in finished water is stated to be below the maximum

concentration at least 95% of time. Thus, the reliability criterion
of meeting the less than 107 annual risk of infection at least
95% of time was adopted in this study to assess the safety of
reclaimed wastewater application in a given exposure scenario.
It may be argued, however, that the reliability criterion used in
this study was too stringent. In fact, Regli et al. (1988) reported
that the annual risk of infection from swimming in natural wa-
ters ranged from 8 X 107* to 1.5 X 1072 Cabelli et al. (1979
and 1982) also reported that a risk more than one order of

Table 8—Expectations of the annual risk of infection for the upper 95% confidence limit (UCL) using a Monte Carlo

simulation (n = 500 trials).

Treatment system

Tertiary treatment OCSD TF OCSD AS Pomona AS MRWPCA AS
System |
Full treatment (5.2-log Scenario | 1.4 x 1078 11 x 107 55x 1077 6.0 x 107°
inactivation/removal) Scenario Il 53 x 107¢% 37 x 1071 1.5 x 107° 21 x 1078
Scenario Ill 1.3 x 107 1.3 x 1078 1.0 x 107* 6.8 x 107*
Scenario IV 1.2 x 107 9.6 x 1079 42 x 107 5.3 x 107
Scenario IV 7.4 x 107128 4.7 x 107" 2.1 x 1072e 29 x 107122
System |l
Direct chlorination of Scenario | 28 x 107° 2.2 %1078 1.1 x 1078 1.2 x 107
secondary effluent Scenario Il 1.0 x 1077 7hx 10 29 x%x 1078 41 x 1077
(3.9-log inactivation/ Scenario Ill 26 x 1072 2.6 x 107 2.1 %x 107® 1.3 x 1072
removal) Scenario IV 2.4 x 108 1.9 x 1075 8.4 x 107 1.0 x 107%
Scenario IV 15 K iHo11e 1.0 x 10722 4,1 x 107122 58 x 107"
System IV
Unchlorinated secondary Scenario | 19 x 1077 1.7 x 1072 7.3 x 1072 53 x 10"
effluent (0-log Scenario Il 83 x 107* 59 x 10°°® 2.3 x 10™ 33 x 1073
inactivation/removal) Scenario Il 1.0 x 10° B.2:%+107 6.7 x 107" 1.0 x 10°
Scenario IV 3.8 x 107% 3.0 x 107%8 1.3 x 107% 1.6 x 107%®
Scenario IV 11 x 10778 8.3 x 107°¢ 3.3 x 10782 46 x 10772

avjjrus inactivation/removal coefficient of 0.1 d is assumed in this case, instead of 0.69/d.
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Table 9—Scoring system for safety of reclaimed water in various exposure scenarios when full treatment or contact

filtration is used (system I) or chlorinated secondary effluent is used (system II).

A, reliability®; B, expectation®

Scenario |, Scenario |l, Scenario lll, Scenario IV,
golf course crop recreational groundwater
irrigation irrigation impoundment recharge
Secondary —————

Treatment system effluent A B A B A B A B
System |

Full treatment or OCSD TF O 0 0 0 X @ 0 0

contact filtration OCSD AS @] 0] (0] 0 0 (0] 3) 0

with high Pomona AS (@] 0 0 0 0 0] 0 0

chlorine dose MRWPCA AS (@] 0 0 0 X A 0 0

(5.2-log removal)

System |l

Secondary effluent OCsD TF (@] (0] (0] 0 X X (0] 0

with high OCSD AS @] (0] (@] 0 X A 0 0

chlorine dose Pomona AS @] (0] (0] 0] @ A 0 0

(3.9-log removal) MRWPCA AS X (4] (@] 0 X X 0 0

2 Scoring system based on reliability (O = very good, annual risk of infection equal to or less than 107 at =95% of time; @ = good, =90%; A

= unsatisfactory, =85%; and X = risky, <85%.

® Scoring system based on expectation using a Monte Carlo simulation of not exceeding the 10™* annual risk of infection criterion (O = 5 x
0% =10"A=5x10%and X > 5 x 1079.

magnitude larger is acceptable to voluntary swimmers. Haas
(1996) argued that the benchmark of 1 in 10 000 as an accept-
able level of risk associated with drinking water must be recon-
sidered, stating that an annual risk of infection of 1 in 1 000

(or even a less stringent risk level) is more appropriate than the
current approach.

The purpose of this paper, however, has been to investigate

(1) the methods of evaluating the reliability of wastewater recla-

Table 10—Scoring system for safety of reclaimed water in various exposure scenarios based on 95% UCL
of expectation when full treatment or contact filtration is used (system I) or chlorinated secondary effluent is used

(system II).?

A, reliability®; B, expectation®

Scenario |, Scenario lll, Scenario IV,
golf course Scenario |, recreational groundwater
irrigation crop irrigation impoundment recharge
Secondary ———
Treatment system effluent A B A B A B A B
System |
Full treatment or OCSD TF O 0 0 0 X A 0 0
contact filtration OCSD AS 0 0 0 0 (@] (@] @ 0
with high Pomona AS 0 0 0 0 O A o} 0
chlorine dose MRBWPCA AS (0] (0] 0 (0] X X 0 0
(5.2-log
removal)
System I
Secondary effluent OCSD TF 0 0 @] (@] X X (@] 0
with high OCSD AS o} 0 0 (0] X A 0 0
chlorine dose Pomona AS O O 0 0] @ X (0] 0
(3.9-log MRWPCA AS X A @) 0 X X 0 0
removal)

@ Scoring system based on reliability (O = very good, annual risk of infection equal to or less than 107 at =95% of time; @ = good, =90%; A

= unsatisfactory, =85%; and X = risky, <85%.

b Scoring system based on expectation at the 95% UCL using a Monte Carlo simulation of not exceeding the 107 annual risk of infection

criterion (O =5 X 1075 @ =107 A =5 x 107% and X > 5 x 107).

January/February 1998
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mation and reuse to meet a given annual risk of infection consid-

ering the variability of virus concentrations in wastewater, and
(2) the comparative safety of different wastewater treatment
systems in combination with the different exposure scenarios

in meeting U.S. EPA’s SWTR for domestic water supplies.

Thus, discussions on the appropriateness of the 107 risk of
infection as a measure of safety from enteric viruses are beyond

the scope of this study.

Conclusions

The principal conclusions derived from this study to assess

» This paper should be viewed as a first step in the applica-
tion of quantitative microbiological risk assessment to
wastewater reclamation and reuse. The methodologies used
should be refined, using a larger enteric virus database
developed with standardized field and laboratory protocols.
Additional studies covering more comprehensive methods
and criteria for evaluating the risk of infection from enteric
viruses are needed and may include natural immunity, the
relationship of conventional environmental virus assays
and human infection doses, secondary infections, and the
possibility that secondary viral infections could be more

the reliability and the safety of wastewater reclamation and
reuse are:

e The observed enteric virus concentrations in undisinfected

secondary effluent from municipal wastewater treatment
plants are highly variable. Thus, in assessing the risk of
infection caused by viruses, the variability in their oceur-
rence must be considered.

e Risk assessment methodologies were developed to assess
the safety of reclaimed wastewater in four different appli-
cations subject to the frequency and dose of reclaimed
wastewater, and the reliability of wastewater treatment sys-
tems.

* Two concepts proposed to assess the safety of reclaimed
wastewater are (1) reliability, which is defined as a measure
of safety expressed in terms of the probability of meelziii"_é’
an acceptable risk, and (2) expectation, which 1s defined

as the average risk for many exposure events based on

MCMs for the analysis. The acceptable risk criterion used
was based on U.S. EPA’s SWTR for enteric virus removal.
The acceptable level of annual risk of infection from enteric
viruses in four different reclaimed wastewater applications

was compared to the 107* (1 infection per 10 000 persons) |

criterion, The safety of using treated wastewater of varying
quality was evaluated for golf course irrigation, recre-
ational impoundment, crop irrigation, and groundwater re-
charge.

e The reliability of wastewater reclamation and reuse, when
the specific inactivation/removal capabilities of the tertiary
treatment used in the Pomona Virus Study (systems I and
III) are applied, has been simulated. For golf course irriga-
tion, food crop irrigation, and groundwater recharge, the
reliability of wastewater reclamation and reuse is such that
more than 95% of time, the SWTR criterion is met for
systems I and III for all of the effluents studied. However,
for recreational impoundments, the reliability of wastewa-
ter reclamation and reuse is not as high as for domestic
water supplies complying with the SWTR criterion, even
for systems I and III.

» The expectations of annual risk with full treatment or con-
tact filtration and high chlorine dose (system I) are less
than 10~ even at 95% UCL in golf course irrigation, food
crop irrigation, and groundwater recharge, regardless of the
quality of secondary effluent. For unrestricted recreational
impoundment where swimming may take place, the expec-
tation of annual risk slightly cxceeding the risk requirement
imposed in this study may exist. If unchlorinated secondary
effluent without any further treatment (system IV) is used
for a variety of wastewater reuse applications, the expected
annual risk, as might be expected, is much higher than the
acceptable annual risk, except for groundwater recharge.
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virulent than primary infections.

Notations

a, B Parameters of the beta-distribution model

v Parameter of the single-hit exponential model

I Geometric mean of the log-normal distribution
whose random variable is logarithmically trans-
formed with respect to enteric viruses in unchlori-
nated secondary effluent

o Standard deviation of the log-normal distribution
whose random variable is logarithmically trans-
formed with respect to enteric viruses in unchlori-
nated secondary effluent

C Enteric virus concentration in ingested reclaimed
wastewater

Cc* Virus concentration in the ingested reclaimed
wastewater

Ca* Acceptable daily (single) exposure virus concen-
tration in ingested reclaimed wastewater

Cs Virus concentration in unchlorinated secondary
effluent

Ct Virus concentration in tertiary effluent

D Single-exposure dose

Di ith value of a daily exposure dose

E Environmental reduction factor of viruses

El] Expectation

mg Geometric mean of the log-normal distribution
with respect to enteric viruses in unchlorinated
secondary effluent

n Number of exposure events in a year

p Probability of time when a virus concentration
exceeds a given concentration, or when the risk
of infection caused by viruses exceeds a given
acceptable risk level (that is, reliability)

P Annual risk of infection caused by exposure to
reclaimed wastewater

I ] Multiple product

P*(Dy) Single-exposure risk caused by a single-exposure
dose, D,

Pa Acceptable annual risk caused by enteric viruses

Pa* Acceptable daily (single) exposure risk caused by
viruses

R Log-virus removal during tertiary treatment; that
is, absolute value of the logarithmic ratio of resid-
ual virus concentration to entering virus concen-
tration during tertiary treatment

S Spread factor of the log-normal distribution with

respect to enteric viruses in unchlorinated second-
ary effluent: S = 107

Water Environment Research, Volume 70, Number 1
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% Ingested amount of reclaimed wastewater con-
taining enteric viruses
vu/L Viral unit per litre
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