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EXECUTIVE SUMMARY

California currently recycles treated wastewater at a volume of approximately 650,000 acre-feet
of water per year, but has identified the potential to recycle an additional 1.5 million acre-feet in
the future. To encourage the expanded use of recycled water in a state that is experiencing water
shortages, the California State Water Resources Control Board (SWRCB) adopted a Recycled
Water Policy in February 2009 intended to provide permitting clarity and direction for water
reuse projects (California State Water Resources Control Board, 2009). A key challenge in
promoting the expansion of water recycling for agricultural purposes, especially for the use of
recycled water for food crop production, was addressing the perceived concern about whether
recycled water produced in conformance with California’s Water Recycling Criteria is protective
of public health.

Recognizing that consideration of the exposure to microbial pathogens present in wastewater and
their potential effects on human health is a significant concern, and that the regulatory
requirements for recycling treated wastewater need to be based on best available science, the
California Department of Public Health (CDPH) and SWRCB included a provision in the
Recycled Water Policy to establish an expert Panel. The Panel’s primary charge is to consider
whether recycled water produced in conformance with California’s Water Recycling Criteria
are sufficiently protective of public health for agricultural food crop irrigation.

Administered by the National Water Research Institute (NWRI), the NWRI Independent
Advisory Panel for the Review of California’s Water Recycling Criteria for Agricultural
Irrigation includes nine nationally recognized experts in the fields of public health microbiology
and virology, quantitative microbial risk assessment, public health infectious diseases and
epidemiology, water reuse, food safety and hazard analysis, agricultural practices, irrigation
management, emerging contaminants of concern (i.e., waterborne infectious agents), and water
and wastewater treatment effectiveness. The Panel has over 150 years of combined experience
investigating water reuse and potential public health issues. While the Panel was formed in
2008, it did not begin work until the spring of 2010. Over the past 2 years, the Panel held four
meetings, a number of subcommittee meetings, and numerous conference calls. The Panel
meetings included the opportunity for stakeholder input in clarifying the Panel’s charge,
exchange of information, dialog with the Panel, and consideration of comments from SWRCB
and CDPH staff on this draft report, which was prepared by the Panel and provides the results
from the deliberations.

The Panel was provided with a summary of CDPH concerns (Appendix 1-2). The Panel
reviewed and discussed the CDPH summary and developed the following list of priority
questions that it felt were within the Panel’s charge. A brief response to each question is shown
below. More detailed information is contained in Sections 3 and 4 of this report.

Question 1: How to characterize acceptable (safe) recycled water for irrigation?
Using a peer-reviewed quantitative microbial risk assessment (QMRA) model, the Panel

considered and developed estimated median annualized risks of infection for the three agriculture
water reuse scenarios and treatment processes shown in Table E-1 (See Section 3.0 for a detailed



discussion). As shown, the QMRA results are based on conservative assumptions, including
daily exposure and a 7-day environmental decay of pathogens prior to harvesting. The results of
the QMRA indicate that annualized median risks of infection for full tertiary treatment (i.e.,
treatment that meets the requirements in the California Title 22 Water Recycling Criteria for
Disinfected Tertiary Recycled Water) range from 10 to 10 (for human enteric viruses as
estimated by enterovirus, Cryptosporidium parvum and Giardia lamblia, and Escherichia coli
0157:H7, based on the assumptions noted in Table E.1, which includes daily exposure).
Assuming that crops will be irrigated with recycled water only 8 percent of the time
(approximately 30 days per year) by the year 2030" results in risks that are an order of magnitude
lower (i.e., 10° to 10™). It is important to note that the estimated risks are for infection rather
than disease, and that not all infections result in clinical disease (Pipes [1978] estimated that one
of every 100 infections may result in disease).”

Table E.1 Scenarios for Agricultural Reuse, Treatment,
and Conservative Exposure Assumptions

Scenario Agricultural Use Treatment Conservative Exposure Assumptions
One (1) Fooc? crc-)ps (edible . Disinfected Tertiary Average daily consumption of
portion in contact with lettuce per body weight: 0.205 g/kg-
water) day;
Body weight: lognormal distribution
with mean 61.4 and SD 13.4 kg;
Volume of water on lettuce: zero-
truncated normal distribution with
mean 0.108 and SD 0.02 mL/g;
7-day environmental decay®
Two (Il) Orchards and Vineyards Undisinfected 0.1 mL/day, assumes daily exposure
(no contact with edible Secondary and consumption;

portion of crops) 7-day environmental decay®

Three (IIl) Food crops (edible Disinfected Secondary, | 0.1 mL/day, assumes daily exposure
portion above ground — 2.2 MPN/100 mL and consumption;
no contact) 7-day environmental decay®

a) Over a 7-day decay period, a mean 3.3-log reduction for enterovirus, 3-log reduction for E. coli, and 2-log reduction for
Giardia and Cryptosporidium were assumed.

g/kg-day = grams per kilogram per day mL/g = milliliters per gram mL = milliliter kg = kilogram

MPN = most probable number SD = standard deviation mL/day = milliliters per day

Several sensitivity analyses were explored. Except where noted, all sensitivity analyses were
performed for enterovirus with tertiary treatment and direct application to edible crops (see
Scenario I).

! See Section 2.1.1 for a discussion on the 8-percent assumption (adjusts the daily exposure to approximately 30 days per year).
2 In addition, Pipes et al. (1978) notes that not all infections result in disease, and that the transition to clinical disease depends on
a number of factors, including the virulence of the pathogen.



e The first sensitivity analysis considered that not all exposures over the year are likely to
be to crops irrigated with recycled water. As described in Section 2.1, projections
suggest that recycled water may be applied to approximately 8 percent of crops by 2030.
Adjusting the daily exposure rate by the 8-percent assumption (approximately 30 days of
exposure) results in the adjusted annualized median risks for Scenario 1 that are
approximately one order of magnitude lower (i.e., ranging from 107 to 10®) than the
risks, assuming exposure to recycled water-irrigated crops every day.

e Second, a sensitivity analysis was performed on the numbers of days of environmental
decay of pathogens (i.e., 7 versus 14 days) and an alternative decay rate (i.e., normal
distributed k with a mean of 1.07 and an SD of 0.07 [zero truncated] as described by
Petterson et al. [2001, 2002]) from Asano et al. (1992) of k=0.69 was considered. The
risk results are highly sensitive to environmental decay assumptions, varying by 4 to 6
orders of magnitude, depending on the assumption used. The Panel assumed that 7 days
of environmental decay was reasonable and appropriate based on practical experience
and best professional judgment as opposed to a 14-day period. Thus, over a 7-day decay
period, a mean 3.3-log reduction for enterovirus, 3-log reduction for E. coli, and 2-log
reduction for Giardia and Cryptosporidium were assumed.

e Third, a sensitivity analysis was performed on the treatment efficacy. In this analysis, a
single point estimate of log removal was specified to generate annualized risk. Risks
vary across a wide range because a wide range of treatment efficacies were considered.
Generally, each additional log removal results in approximately one order of magnitude
lower annual risk.

e Finally, for Scenarios Il and 111, which consider applications of reclaimed water to non-
edible portion of crops, an alternative exposure assumption that was one order of
magnitude lower was considered (an ingestion volume of 0.01 milliliter per day
[mL/day]). The annualized risk estimates, therefore, are approximately one order of
magnitude lower risks than their higher exposure counterparts.

In summary, the sensitivity analyses suggest linear sensitivities to treatment efficacy (one order
of magnitude risk per one log removal) and especially large sensitivities with respect to
environmental decay assumptions (4 to 6 orders of magnitude in risk). The risk results are
relatively insensitive to days of exposure (1.5 orders of magnitude). The Scenario Il and 111
results are somewhat insensitive to exposure volumes assumed (one order of magnitude of risk
for one order of magnitude lower volume).

The bottom line is that the median annualized risk estimates for infection are consistent with
previous estimates relied on by CDPH to develop the Water Recycling Criteria® and, as

discussed below, provided the Panel with additional evidence to confirm the conclusion that
current agricultural practices that are consistent with the criteria do not measurably increase

* CDPH considers a 1 in 10,000 (i.e., 1x10™) mean risk of infection to be an acceptable risk from exposure to treated wastewater
effluent (CDPH, 2010).
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public health risk, and that modifying the standards to make them more restrictive will not
measurably improve public health.

Question 2: What is the basis/support for the current assumption that “essentially
pathogen free” is comparable to a 1 in 10,000 annual risk of infection? Is this level of
public health risk and the associated assumptions appropriate for agricultural irrigation
associated exposures? If not, what are appropriate assumptions regarding an
acceptable/tolerable public health risk?

Evaluating the adequacy of a particular treatment train requires a benchmark level (or set of
criteria) that can be used for comparison. The selection of a benchmark level of acceptable or
tolerable risk (or de minimis level) is a complicated process that involves evaluating technical,
political, and social factors, which is outside of the Panel’s charge. However, to provide input
and guidance to CDPH on this subject, the Panel utilized a weight-of-evidence approach that
considered available information on four key factors (See Section 3.6 for further discussion):

e Current regulatory examples of acceptable and/or tolerable risk.*

e CDPH historical background information and assumptions regarding public health risk
associated with developing recycled water standards.

e Past and current QMRAs for recycled water.

e Comparison of estimated public health risk to U.S. diarrheal disease incidence rates.

Based on the weight-of-evidence, the Panel provides the following statements regarding two key
questions:

1. Should CDPH develop an “acceptable” or “tolerable” risk metric for applications
included in the Water Recycling Criteria? Based on this Panel’s review and analysis,
the Panel does not believe at this time that developing an acceptable or tolerable risk
metric is warranted.

2. Is there any evidence that the current treatment-based requirements in the Water
Recycling Criteria increase the risk to public health through the irrigation of food crops
with recycled water? The Panel’s review of the available weight-of-evidence, including
past (Tanaka et al., 1998; Olivieri et al., 2007) and current (Section 3.0) QMRA results,
confirms that the current agricultural practices consistent with the Water Recycling
Criteria do not measurably increase public health risk, and that modifying the standards
to make them more restrictive will not measurably improve public health.

Question 3: What is the basis for the current 5-log virus reduction criteria? Is the criterion
still relevant? If not, how should it be modified (including potential indicator organism)?

4 CDPH implementation of the Water Recycling Criteria is based on a goal that the treatment-based standards provide sufficient
overall plant reliability to achieve the U.S. Environmental Protection Agency’s (EPA’s) Surface Water Treatment Rule (SWTR)
(i.e., potable drinking water) acceptable risk goal of one infection per 10,000 people per year based on enteric viruses (or de
minimis level).
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and

Question 4: What is the basis for the 450 milligram-minutes per liter (mg-min/L)
concentration x time (CT) chlorine disinfection criteria? Is this CT level appropriate and
if not, how should it be modified?

1. Based on seeded polio virus studies on tertiary treatment using direct filtration (Pomona
Virus Study [Sanitation Districts of Los Angeles County, 1977] and Monterey
Wastewater Reclamation Study for Agriculture [Engineering-Science, 1987]) and other
data from operational water reclamation facilities in California, the Panel concurs with
the CDPH 1999 finding that — for irrigation of food crops eaten raw — requiring a CT of
450 mg-min/L for disinfected tertiary recycled water (or a 5-log inactivation/removal of
poliovirus or MS2 coliphage through filtration and disinfection) is appropriate. This is
not meant to imply that alternative treatment technologies and/or different CTs would not
ensure adequate health protection; however, studies would be needed to document that an
equivalent level of health protection would be provided by the alternative treatment
technologies or CTs (e.g., see Finding 2 below).

2. The CT requirement specified in the Water Recycling Criteria principally is based on the
Pomona Virus Study, which used combined chlorine, a modal contact time of about 90
minutes, and seeding with Poliovirus I. 1t would be worthwhile for the water industry to
commission a follow-up study to determine whether the use of free chlorine at different
modal contact times would be able to achieve 5 logs of seeded virus removal at lower
chlorine contact times, thus resulting in lower CT requirements.®

3. The Panel recognizes that drinking water regulations allow a lower CT to demonstrate 5
log of virus removal, but is of the opinion that it is inappropriate to use drinking water CT
criteria for recycled water because recycled water is a more complex medium in terms of
its microbial makeup (owing to its proximal wastewater origin) than drinking water, and
a safety factor is needed for prudent added public health protection.

Question 5: How should multi-barrier treatment and effectiveness be defined? How should
it be evaluated?

A simple approach to a multiple barrier is to provide a process train of multiple units that
provides a high level of performance such that the treatment train can meet the overall removal
goal even if the most effective single unit process fails. However, generally, this approach is not
useful for most nonpotable uses of recycled water, since disinfection is the key step in the
treatment of recycled water for such uses, and total failure of the disinfection process will almost
always result in product water that does not meet microbial requirements. A better approach is
to focus on the reliability and control of the disinfection process.

> Please note that achieving a 5-log reduction by relying on MS2 is not feasible based on available data (see Question 4 in Section
4.1). MS2 is more resistant to combined chlorine than poliovirus.

® It would be useful for CDPH to review the elements of such a study as described in the WateReuse Research Foundation
(WRRF) report (WRF-03-01) by Darby et al., 2006.
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Question 6: Is the current <2 nephelometric turbidity units (NTU) (average daily) turbidity
criteria still a valid filtration performance standard? If not, how should it be modified?

1. The Panel agreed that the turbidity requirements specified in the Water Recycling Criteria
for wastewater that has received media filtration are adequate.

2. While the Panel understands the rationale for the more restrictive turbidity requirements
where membranes are used in place of media filters, the Panel noted that more
information is required to document the need for the low turbidity requirements when
membranes are used in place of media filters. For example, it would be important to find
out whether membrane treatment that produces wastewater meeting a turbidity limit of 2
NTU indicates that more pathogens are present in the wastewater before disinfection than
that for media filtration meeting the same turbidity limit.

Question 7: Should performance standards be used to define/characterize secondary
treatment? If yes, how should they be described?

1. For the next revision of the Water Recycling Criteria, the Panel recommends that the
term “oxidized wastewater” be replaced with “stabilized wastewater” and that numerical
limits are connected to the term “stabilized wastewater.” The U.S. Environmental
Protection Agency (EPA) secondary treatment numerical limits would be logical values.
“Stabilized” is a more inclusive and accurate term when considering emerging
technologies and the goals of wastewater treatment. Newer technologies (e.g., low-
pressure membrane treatment) will allow physical-chemical treatment of primary effluent
and will also allow for anaerobic biological treatment. Both of these treatment
approaches can have significant advantages over traditional aerobic biological treatment
with respect to energy use and energy recovery from the residual solids. These emerging
process approaches may eventually meet numerical limits for secondary treatment, but
may not meet the current definition of oxidized wastewater. A change in terminology
would allow for developing and future process trains to be more easily accepted into use
if the effluents from these process trains meet specified water quality limits.

2. Until the recycling criteria are revised, the above-finding can be implemented by CDPH
via use of Section 60320.5 (other methods of treatment) in the Water Recycling Criteria.
This section states: “Methods of treatment other than those included in this chapter and
their reliability features may be accepted if the applicant demonstrates to the satisfaction
of the State Department of Health that the methods of treatment and reliability features
will assure an equal degree of treatment and reliability.”

Question 8: Are total coliforms still an appropriate indicator of overall disinfection
performance? If not, how should it be modified?

The answer is a qualified yes. The use of coliforms as indicators of the sanitary quality of water
has had a successful history for more than a century, with particular application to monitoring
drinking water. The public health experience in the evaluation of the safety of wastewater
effluents, especially in protecting water recreationists in direct contact with recycled water, has
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been positive. The use of recycled water for unrestricted food crop irrigation has less of a
history, but experience to date has also been positive. A low level of total coliforms in treated
effluents has proven to be an adequate indicator of the performance (reduction of microbial
agents) by an entire treatment process. The ability of a wastewater treatment plant to
consistently produce water that meets the total coliform standards has been the key to the
protection of public health.

At this point in time, we have no practical and time-proven alternative to the coliform standard.
Subsets of the total coliform group have been suggested as being more indicative of sanitary
quality (i.e., fecal coliform and E. coli, for which recognized assay methods are available). The
total coliforms are the most conservative indicator of plant performance, followed closely by
fecal coliform and E. coli, in that order.

New indicator assay and identification methods are being developed but, thus far, they are not
practical for routine monitoring, nor have they been shown to be superior to the coliform culture
standard. The regulatory agencies should keep abreast of and carefully evaluate developments in
this area.

Question 9: Do crops take up pathogenic viruses? If yes, is this route of exposure a public
health concern for agriculture irrigation with recycled water?

The potential presence of human pathogens in recycled water and their uptake (internalization)
into plant tissue via the root system, leaf stoma, etc. were raised as potential concerns. There is
evidence that internalization may occur under laboratory conditions with exposure to a high
concentration of pathogens. The most realistic scenario is the attachment of microbial pathogens
to plant surfaces in such a way that processing sanitization or other intervention is less effective.
This latter scenario is the probable mechanism of contamination associated with recent outbreaks
(e.g., see a more detailed discussion under Question 9 in Section 4.1 and in Baert et al., 2011),
none of which were associated with the use of recycled water for irrigation.

There are no definitive links to any outbreaks or sporadic illness associated with the irrigation of
California produce with recycled wastewater, nor with recycled water used extensively in Florida
for irrigation. Monterey County recycled wastewater used for irrigation of leafy greens and
other produce is a local example of the use of recycled wastewater for an extended period
without any known links to human illness.

Future Investigations

As part of the review of the Water Recycling Criteria, the Panel recommends that CDPH
investigate addressing the following topics to refine and augment current criteria:

1. Because turbidity readings do not necessarily correlate with disinfection performance, it
is recommended that CDPH should undertake a comprehensive study to assess the
benefits of incorporating particle size and distribution as a performance measure for
filters used for recycled water applications. Ultimately, it is envisioned that the turbidity
requirement would be augmented with a requirement based on particle size distribution.
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2. Because the use of free chlorine can offer significant advantages over the use of
combined chlorine, it is recommended that CDPH undertake a comprehensive study of
the required CT values based on free chlorine for wastewater treatment processes that
nitrify completely. Ultimately, it is envisioned that the required CT values would be
based on the wastewater treatment technology, process control, and process monitoring
instrumentation. As part of developing the scope for this recommended investigation,
CDPH should review the 2006 WateReuse Research Foundation document entitled,
“Pathogen Removal and Inactivation in Reclamation Plants — Study Design” (Darby et
al., 2006).
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1.0 INTRODUCTION

Water quality standards and treatment reliability criteria for water recycling are contained in the
CDPH Water Recycling Criteria (Title 22, Division 4, Chapter 3, of the California Code of
Regulations). Because of adherence to these criteria, the use of recycled water for agricultural
food crop irrigation has a history of safe use in California. However, improved knowledge of
wastewater treatment effectiveness, changes in agricultural practices, and increased knowledge
of the behavior of pathogens and disease has prompted a re-evaluation of California’s Water
Recycling Criteria. Therefore, CDPH convened an expert Panel to consider whether recycled
water produced in conformance with California’s Water Recycling Criteria is sufficiently
protective of public health for agricultural food crop irrigation.

The scope of the review is limited to the irrigation of agricultural food crops (Table 1.1) and
excludes urban and residential irrigation, irrigation of non-food agricultural crops (such as turf,
seed, fiber, and ornamental crops), and all non-irrigation uses. Further, the review is limited to
exposure to waterborne pathogens of concern from the irrigation of a wide variety of food crops
requiring different recycled water qualities, as noted below.

Table 1.1 Agriculture Irrigation Reuse Option and Required Treatment

Agricultural Use Treatment

Orchards and vineyards (no contact with Undisinfected Secondary
edible portion of crops)

Food crops (edible portion above ground — Disinfected Secondary, 2.2 MPN/100 mL
no contact)

Food crops (edible portion in contact with
water)

Disinfected Tertiary

The following is a list of the potential CDPH topics presented to the Panel for consideration:

e Public health objectives and structure of the criteria.

e Auvailable risk assessment information, including exposure assessment and hazard
characterization.

e Filtration requirements, including the turbidity performance standard, acceptable filter
designs, filter loading rate, and treatment optimization.

e Disinfection requirements, including the coliform performance standard, CT required for
chlorination, and log reduction goal for virus and protozoan parasites (Cryptosporidium
and Giardia).

e Use area crop handling, irrigation practice assumptions, and other best management
practices.

e Treatment reliability requirements.

e Monitoring requirements.

e Role of multi-barrier treatment.
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1.1 The NWRI Independent Advisory Panel

Recognizing that consideration of the exposure to microbial pathogens and their potential effects
on human health is a significant concern, and that regulatory requirements need to be based on
best available science, CDPH and SWRCB included a provision in the Recycled Water Policy
(California State Water Resources Control Board, 2009) to establish an expert Panel.

The NWRI Independent Advisory Panel for the Review of California’s Water Recycling Criteria
for Agricultural Irrigation was formed in February 2008 and is administered by the National
Water Research Institute (NWRI), a nonprofit research organization. Nine members make up the
Panel, including academics, public agency representatives, independent consultants, and water
industry representatives. They are nationally recognized experts in the fields of public health
microbiology and virology, quantitative microbial risk assessment, public health infectious
diseases and epidemiology, water reuse, food safety and hazard analysis, agricultural practices,
irrigation management, contaminants of emerging contaminants, and water and wastewater
treatment effectiveness (as seen in Table 1-2). The Panel has over 150 years of combined
experience investigating water reuse and potential public health issues.

The Panel has significant expertise with California’s Water Recycling Criteria, and has a wide
range of experience nationally and internationally. Panel member qualifications were assembled
by NWRI and reviewed by CDPH staff prior to final selection.

Table 1.2 Panel Members

Area of Expertise Name Affiliation
Public Health/Microbiology Panel Chair: Robert C. Cooper, Ph.D. University of California, Berkeley
Virology
Microbial Risk Assessment Vice Chair: Adam W. Olivieri, Dr.P.H., P.E. | EOA, Inc.
Irrigation Management of Food Michael D. Cahn, Ph.D. University of California,
Crops and Microbial Food Safety Cooperative Extension
Public Health/Epidemiology John M. Colford, Jr., M.D., Ph.D., M.P.H. University of California, Berkeley
Water Reuse James Crook, Ph.D., P.E. Water Reuse Consultant
Contaminants of Emerging Jean-Francois Debroux, Ph.D. Kennedy/Jenks Consultants
Concern
Food Safety/Hazard Analysis Robert Mandrell, Ph.D. U.S. Department of Agriculture
Critical Control Point
Agricultural Practices and Trevor Suslow, Ph.D. University of California, Davis
Contaminant Controls
Water Treatment Effectiveness George Tchobanoglous, Ph.D., P.E., NAE University of California, Davis

A brief biography of each Panel member is provided in Appendix 1-1.

While the Panel was formed in 2008, it did not begin work until the spring of 2010. Over the
past 2 years, the Panel held four meetings, a number of subcommittee meetings, and numerous
conference calls. The Panel meetings included the opportunity for stakeholder input in clarifying
the Panel’s charge, exchange of information, dialogue with the Panel, and consideration of
comments from SWRCB and CDPH staff on this draft report, which was prepared by the Panel
and provides the results from deliberations.
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1.2 Charge to the Panel

The Panel was provided with a summary of a number of CDPH concerns (Appendix 1-2). The
Panel reviewed and discussed the CDPH summary and developed the following list of priority
questions that it felt were within the Panel’s charge:

1. How to characterize acceptable (safe) recycled water for irrigation?

2. What is the basis/support for the current assumption that “essentially pathogen free” is
comparable to a 1 in 10,000 annual risk of infection? Is this level of public health risk
and the associated assumptions appropriate for agricultural irrigation associated
exposures? If not, what are appropriate assumptions regarding an acceptable/tolerable
public health risk?

3. What is the basis for the current 5-log virus reduction criteria? Is the criterion still
relevant? If not, how should it be modified (including potential indicator organism)?

4. What is the basis for the 450 mg-min/L CT chlorine disinfection criteria? Is this CT level
appropriate and, if not, how should it be modified?

5. How should multi-barrier treatment and effectiveness be defined? How should it be
evaluated?

6. Isthe current <2 NTU (average daily) turbidity criteria still a valid filtration performance
standard? If not, how should it be modified?

7. Should performance standards be used to define/characterize secondary treatment? If
yes, how should they be described?

8. Are total coliforms still an appropriate indicator of overall disinfection performance? If
not, how should it be modified?

9. Do crops take up pathogenic viruses? If yes, is this route of exposure a public health
concern regarding agricultural irrigation water recycling?

1.3 Organization of the Report

This report contains five sections and associated appendices. Section 1 describes the Panel’s
charge and key questions that the Panel addressed. Section 2 describes the current and projected
levels of water recycling in California, the regulatory framework, an overview of microbial
pathogens of concern, and a brief summary of epidemiological evidence of infectious disease
incidence associated with water recycling. Section 3 provides the results of the QMRA
conducted for this report and a weight-of-evidence discussion of acceptable public health risk.
Section 4 contains the Panel’s review of key questions related to performance standards and the
question of equivalency, and Section 5 contains the Panel’s findings and recommendations.

Reference
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2.0 CALIFORNIA WATER REUSE AND PUBLIC HEALTH REGULATIONS
The purpose of this section is to provide a brief summary of the following:

California levels of water recycling.

SWRCB and CDPH water reuse regulations and guidance.
Overview of microbial pathogens and public health concerns.
Available information on water recycling epidemiological studies.

2.1 California Water Recycling

Water reclamation, recycling, and reuse are integral components of water resource planning and
management in California. In the past, the driving motivation for water recycling was to
supplement scarce resources and to provide a means of avoiding effluent disposal into surface
waters. With increased water demand brought on by continued drought and increasing
population, recycled wastewater is now considered an important water resource. Nonpotable and
potable recycled water can enable communities to maximize and extend the use of limited water
resources.

The use of appropriately treated wastewater as alternative and/or supplemental water sources for
potable uses includes applications such as:

Landscape irrigation (e.g., parks, golf courses, residential).

Agricultural irrigation (e.g., crops, commercial).

Industrial uses (e.g., cooling towers, construction).

Urban nonpotable (e.g., toilet flushing, firefighting).

Recreational/environmental uses (e.g., lakes, marshes, stream flow augmentation).

In addition, adequately treated wastewater can be used for supplementing drinking water
supplies, as is the case in currently approved projects that recharge groundwater for indirect
potable use.

2.1.1 Current Levels of Water Reuse and Future Resource Demands

For nearly a century, recycled water has been used intentionally as a nonpotable water supply
source in California. The implementation of reclamation projects has increased significantly
over the years, even in the face of regulatory, economic, and social constraints. In 1989, the
reuse of municipal wastewater in California was estimated at 325,000 acre-feet per year.” In
2002, the SWRCB conducted a comprehensive statewide survey of municipal facilities that
focused on documenting the current levels of nonpotable reuse of treated municipal wastewater.
The results of the 2002 survey indicated that, as of the end of 2001, approximately 525,460 acre-
feet per year of recycled water was used in California (State Water Resources Control Board,
2011). More recent SWRCB data indicate that, during 2009, approximately 669,000 acre-feet

"One acre-foot is equivalent to approximately 325,851 gallons of water.
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per year of recycled water was used (State Water Resources Control Board, 2012). A summary
of the statewide survey is shown in Figure 2.1, suggesting that the top three reuses are for
agricultural uses (37 percent), landscape irrigation (17 percent), and groundwater recharge and
seawater intrusion barrier uses (19 percent). At present, estimates indicate that about 8 to 10
percent of municipal wastewater is recycled in planned reuse projects. Estimates regarding
future recycling indicate that California has the potential to recycle an additional 1.4 to 1.6
million acre-feet per year of water by the year 2030 (Smith, 2010).

BenEfic_ia_I Uses j Commercial (6,400) ~ 1%

of Munlqpa! j Geothermal Energy Production (14,900) ~ 2%

Recycled Water 7] Other (15,800) ~ 2%

in the | Recreational Impoundment (25,800) ~ 4%

2009 Survey | Natural System Restoration, Wetlands, Wildlife Habitat (29,600) ~ 4%
- Golf Course Irrigation (43,600) ~ 7%

Industrial (47,100) ~ 7%
Seawater Intrusion Barrier (49,000) ~ 7%
Groundwater Recharge (79,700) ~ 12%
R Landscape Irrigation (112,600) ~ 17%
Agricultural Irrigation (244,500) ~ 37%

| 1 | 1 | 1 | ]
0 5 10 15 20 25 30 35 40

(units in acre-feet
2009 total:
669,000 acre-feet)

Figure 2.1 Types of wastewater reuse in California as a percentage of annual use (2009)
(Source: State Water Resources Control Board, 2012).

2.1.2 Agqricultural Irrigation Reuse

Agricultural reuse in California represents a large percentage of the total recycled water in the
state: approximately 37 percent (or roughly 240,000 acre-feet per year). Agricultural reuse in
California can be further divided into six main categories (U.S. EPA, 2004):

e Mixed (approx. 16 percent of total reuse).

e Harvested feed, fiber, and seed (approx. 14 percent).
e Pasture (approx. 4 percent).

e Orchards and vineyards (approx. 1 percent).

e Food crops (approx. 1 percent).

e Nursery and sod (approx. 1 percent).

Estimated future demand, as noted above, could increase agricultural reuse by a factor of 3.2 to
3.5 times current reuse levels by 2030.%

® Current estimates indicate that approximately 2 percent of edible food crops are irrigated with reclaimed water and,
based on a linear extrapolation, estimated food crop use could increase to 8 percent.
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2.2 SWRCB and CDPH Regulations/Guidance and Relationship

For recycled water to be used safely, there are several necessary regulatory controls, which
include:

1. Clear, effective, and appropriate standards (which is the focus of this Panel review).

2. An effective regulatory structure (which is outside the scope of this Panel review, but is
briefly discussed below and in Appendix 2-1).

3. Proper operation and oversight by the permitted agency to ensure that the irrigation is
being conducted properly and consistent with State regulations (which is outside the
scope of this Panel review).

4. Regulatory oversight of the agricultural products and field operations (which is outside
the scope of this Panel review).

Recycled wastewater in California is mainly regulated by the following state agencies: CDPH,
SWRCB, and the nine Regional Water Quality Control Boards (RWQCBSs). The State and
Regional Water Boards have the primary responsibility for the protection and enhancement of
the waters of the State. SWRCB also has the primary responsibility for administering water
rights. CDPH has the authority and responsibility to establish public health criteria for
wastewater reclamation, including groundwater recharge, and reviews all proposals and plans for
such projects throughout the State. Local health agencies and water districts can develop
policies and programs that are more stringent than those specified by CDPH.

State statutes and regulations pertaining to the recycling of treated wastewater in California can
be found in the California Water Code (CWC), California Health and Safety Code, and the
California Code of Regulations (CCR). Water quality control plans (Basin Plans) may also
contain the recycled water use policy of individual RWQCBs. The CDPH Water Recycling
Criteria governing the production and use of recycled water are contained in Title 22, Division 4,
of the CCR (State of California, 2000). A summary of the CDPH criteria is presented in Table
2.1. A more detailed discussion is contained in Appendix 2-1.

As noted in Table 2.1, specific treatment processes have been relied on in California to
significantly reduce the numbers of viruses and parasites (i.e., a process or performance standard
rather than a strict pathogen standard). Specifically, the regulations include process standards for
crop irrigation (unrestricted) to ensure that the recycled water has a total coliform concentration
of less than or equal to 2.2 MPN per 100 milliliters (mL). Water meeting these criteria is
considered safe for human contact, and is based on the past experience of health professionals
and on a lack of detectable health problems associated with agricultural irrigation (National
Research Council, 1996).
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Table 2.1 Summary of California Department of Public Health
Water Reuse Treatment Requirements

Purpose of Use Treatment Requirement

Orchards and vineyards (no contact with edible crops), nonfood- Undisinfected Secondary®
bearing trees, fodder or fiber crops, seed crops (not eaten by
humans), food crops (with additional pathogen treatment for
crop), and flushing sanitary sewers.

Cemeteries, freeway landscaping, golf courses (restricted access), | Disinfected Secondary, 23 MPN/100 mL°
ornamental nursery stock, sod farms, pasture (milk animals),
non-edible vegetation (controlled access), commercial/industrial
cooling towers (with drift reduction), landscape impoundments
(no decorative fountains), industrial boiler feed, soil compaction,
mixing concrete, dust control (roads), cleaning roads,
nonstructural firefighting.

Food crops (edible portion above ground — no contact), restricted | Disinfected Secondary, 2.2 MPN/100 mL®
recreational impoundments.

Food crops, parks and playgrounds, school yards, residential Disinfected Tertiaryd
landscaping, golf courses (unrestricted), commercial/industrial
cooling towers (mist devices), unrestricted recreational
impoundments (with specific pathogen monitoring), flushing
toilet and urinals, structural firefighting, decorative fountains,
artificial snow making, commercial car washes, groundwater
recharge (with additional treatment —see CDPH draft
groundwater regulations).

Notes:

a) Undisinfected secondary treatment: means oxidized wastewater (oxidized wastewater: wastewater in which the organic
matter has been stabilized, is non-putrescible, and contains dissolved oxygen).

b) Disinfected secondary — 23 MPN per 100 mL recycled water: oxidized and disinfected so that the median concentration of
total coliform bacteria does not exceed a most probable number of 23 MPN per 100 mL, and the MPN does not exceed
240/100 mL in more than one sample in any 30-day period.

c) Disinfected secondary — 2.2 MPN per 100 mL recycled water: oxidized and disinfected so that the median concentration of
total coliform bacteria does not exceed a most probable number of 2.2/100 mL, and the MPN does not exceed 2/100 mL
in more than one sample in any 30-day period.

d) Disinfected tertiary recycled water: a filtered and disinfected wastewater (see definition below) that meets a CT (product of
total chlorine residual and modal contact time measured at the same point) value of not less than 450 mg-min/L at all
times, with a modal contact time of 90 minutes (min.) (based on peak dry weather design flow) or provides a 5-log
removal/reduction of MS2 F-specific phage or poliovirus or similar virus.

Filtered wastewater: an oxidized, coagulated, clarified wastewater that has been passed through natural
undisturbed soils of filter media, such as sand or diatomaceous earth, so that the turbidity, as determined by an
approved laboratory method, does not exceed 5 turbidity units more than 5 percent of the time during any 24-
hour period, an average of 2 NTU during a 24-hour period, and does not exceed a 10 NTU at any time; in addition,
the filter may not exceed 5 gallons per min. per square foot (traveling bridge automatic backwash filters cannot
exceed 2 gallons per min.).

Source: Summary adapted from the State of California, 2000.
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2.3 Overview of Microbial Pathogens and Public Health Concerns

Water recycling is becoming an increasingly common component of water resource planning.
Thus, people may raise the question, “What human health effects are associated with the use of
reclaimed wastewater effluent for nonpotable purposes?” The following discussion provides a
brief summary of public health concerns about water-related infectious disease agents associated
with nonpotable uses (e.g., landscape irrigation, agricultural irrigation for food crops) of recycled
water. Water-related infectious diseases (waterborne) include those diseases for which water
acts only as the passive vehicle for the infectious agents (Saunders and Warford, 1976).

A fundamental requirement of all water reclamation programs is to assure that public health is
not compromised. The presence of pathogenic microorganisms in untreated wastewater creates
the potential for adverse health effects where there is contact, inhalation, or ingestion of the
microbiological agents of concern. The objective is to reduce potential adverse health effects
and keep them below acceptable levels. In general, the public health risk is in proportion to the
extent and reliability of the wastewater treatment provided and the degree of human contact with
the treated water. Therefore, the protection of public health is accomplished by:

e Reducing the concentration of pathogenic agents in the wastewater through treatment,
including disinfection; and
e Limiting exposure through the implementation of management practices.

2.3.1 Pathogenic Microorganisms

The infectious disease agents associated with municipal wastewater are those found in the
domestic sanitary waste of the population. These microbial pathogens include bacteria, viruses,
and parasites. A summary of the important water-related microbial agents is included in Table
2.2. In addition, a brief description of the characteristics of the various categories of microbial
agents is provided below.

Bacterial Pathogens

Bacteria are microscopic organisms that range in size from 0.2 to 10 micrometers (um). Fecal
material contains many types of harmless bacteria that colonize the human intestinal tract. A large
portion of fecal weight is bacterial biomass. One group of intestinal bacteria, the coliform
bacteria, has historically been used as an indicator organism to address fecal pollution by
wastewater and as an assessment of wastewater treatment plant performance. In domestic
wastewater, the fecal coliform concentration may constitute 30 to 40 percent of the total coliforms.
Most strains of E. coli present in the gastrointestinal tract of humans and warm-blooded animals
are harmless; however, there are multiple pathogenic types of E. coli that have been identified.
The types of E. coli that cause the most cases of diarrhea are enterotoxigenic, enteropathogenic,
and enteroinvasive E. coli. These strains represent a small percentage (approximately 2 to 8
percent of the coliforms found in water) of the total concentration of E. coli organisms. As shown
in Table 2.2, other species of important pathogens may be present in human feces and
transmittable via the water route (i.e., those associated with gastroenteritis, diarrhea).



Table 2.2 Water-Related Infectious Agents

Vibrio cholera

Vibrio parahaemolyticus
Campylobacter jejuni
Enteropathogenic E. coli
Yersinia enterocolitica

Organism Disease/Symptom
Bacterial:
Salmonella spp. Typhoid, paratyphoid
Shigella spp. Bacillary dysentery

Cholera

Gastroenteritis

Gastroenteritis, paralytic disease (rare)
Gastroenteritis, hemolytic uremic syndrome
Gastroenteritis

Enteric Viruses:
Enteroviruses (polio-, Coxsackie-A
and B, Echo-, Hepatitis A)

Paralysis, meningitis, respiratory illness, myocarditis,
Gastroenteritis, infectious hepatitis

Rotavirus Gastroenteritis
Adenovirus Respiratory illness, gastroenteritis
Norovirus Gastroenteritis
Astrovirus Gastroenteritis
Protozoa:
Giardia lamblia Diarrhea
Entamoeba histolytica Amoebic dysentery
Cryptosporidium spp. Diarrhea

Sources: Adapted from Feachem et al. (1983) and Bitton (1994).

Viral Pathogens

Viruses are obligate intracellular infectious agents that are incapable of replication outside a host
organism. Enteric viruses replicate in the human intestinal tract and are shed in the fecal
material of infected individuals. They range in size from approximately 25 to 350 nanometers
(nm) and, therefore, can only be observed with an electron microscope. There are over 100
known varieties of human enteric viruses, not all of which have been determined to cause water-
related infections or disease. Some of the more important waterborne enteric viruses are listed in
Table 2.2. There is no evidence that the human immunodeficiency virus (HIV), the pathogen
that causes the acquired immunodeficiency syndrome (AIDS), can be transmitted via a
waterborne route (Riggs, 1989).

Protozoan Parasites

Most protozoan parasites produce cysts or oocysts that are life-cycle resting stages that can
survive outside their host under adverse environmental conditions. In general, protozoan
parasitic cysts are larger than bacteria. They range in size from 2 um to 15 um. Both
symptomatic and non-symptomatic individuals excrete protozoan cysts or oocysts. Protozoan
parasites are similar in nature to viruses in that they do not reproduce outside the host organism
(i.e., in the environment). The major waterborne protozoan parasites affecting humans are listed
in Table 2.2.
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2.3.2 Infectious Disease Transmission

To produce infectious disease in a population, three conditions (criteria) are necessary: (1) the
disease agent must be present, (2) the disease agent must be present in sufficient concentration to
be infectious, and (3) susceptible individuals must come into contact with the agent in a manner
that causes infection and disease (Cooper, 1991a).

Criterion 1

From a public health perspective, it is wise to assume that raw wastewater contains pathogenic
organisms; thus, the first condition is always met. The concentration of these agents in
wastewater is a function of disease prevalence in the community. Typical concentrations of
some of the pathogenic microorganisms found in raw wastewater are shown in Tables 2.3
through 2.5.

Criterion 2

Human dose-response data for specific pathogens is required to address the second criterion.
Although some data are available, they are limited and require careful interpretation when used
to estimate effects at the population level. The available dose response data clearly indicate that
it typically takes more than a single pathogenic microorganism to produce disease and, in many
cases, low doses produce infection rather than disease. The nature of the severity of responses is
variable, as documented in the literature (Bryan, 1974). Some examples of the dose of pathogens
required to produce disease in 25 to 75 percent of the exposed individuals are noted below in
Table 2.6.

Criterion 3

The third criterion (and final link) in the infectious disease transmission chain is the exposure of
the susceptible human population to infectious agents. The most common route of exposure to
wastewater-associated pathogens is by ingestion, although other routes, such as respiratory and
eye, can be involved.

Therefore, while it is important to consider all three criteria when evaluating the potential public

health risk of any water reuse operation, if treated wastewater is to be recycled, there is a greater

need to reduce the pathogen numbers to levels low enough to minimize the possibility of a public
health problem prior to use of the water.



Table 2.3 Summary of Literature Review for Enteric Virus Mean Concentrations
in Wastewater Treatment Process Effluent (Units in MPN/100 L)?

Source Influent | Secondary” | Filtered ?;élflii:i: Original Units
Rose et al., 2004° 9E+03 4E+01 6E+00 1E+00 MPN/100 L
Rose et al., 1996 1E+03 2E+01 3E+00 3E-01 PFU/100 L
Cooper et al., 1997 2E+03 3E-01 PFU/100 ML
Buras, 1976 1E+07 PFU/100 ML
Funderburg and Sorber, 1983 6E+03 S5E+02 PFU/L
Grabow et al., 1980 1E+04 2E+03 S5E+02 ND(Ozone) Count/10 L
Irving and Smith, 1981 1E+05 1E+04 IU/L
Leong et al., 1983 1E+02 PFU/L
Leong et al., 1989 4E+00 1E-01 MPN/378 L
Lewis et al., 1986 2E+04 PFU/L
Morris, 1984 1E+06 PFU/L
Schwartabrod et al., 1985 4E+03 6E+02 PFU/L
Rose and Gerba, 1991 1E+02 1E-01 1E+00 PFU/100 L
Rolland et al., 19833; 1983° 1E+03 2E+02 PFU/L
Rao et al., 1981 1E+05 PFU/L
Payment et al., 1986 1E+04 1E+02 MPN IU/L
Sedmak et al., 2005 1E+05 5E+02
MRWPCA data (1997-2010) <1-<4 TC/100 L (n=53)
MRWPCA data (1997-2010)° <1-<2 TC/100 L (n=26)
Bambic et al., 2011 2E+06 6E+04 PFU/100 ML
(C)lr;:\;sg_(elggr)r;ty Water District data 2E+00 PFU/100 L (GM)
MRWPCA data (1980-1985)2 2E+02 PFU/100 L (GM)
Sanitation Districts of Los Angeles
County (Pomona) data (1975?g 6E+00 PFU/100 L (GM)
Las Virg,ines Municipal Water District 2E+00 PFU/100 L (GM)
(1975)
CDPH (San Jose Creek/Whittier PFU/1000 gal
NarrO\fvs) data (1987)’ 2.6E+4 2E+01 >E-02 (median)g
Gray et al., 2009; Konnan et al., 2009" 1E+02 1.6E+02 PFU or MPN/L

Notes:
a. Data represent information from treatment plants in Australia, Southern California, Central Coast of California, Florida,
Texas, South Africa, Israel, France, and Arizona.
b. Secondary treatment means activated sludge plants.
Overall, n equals 32-33 samples across six plants and unit process.
The summary assumes that all methods are comparable, and that measurement units can be directly converted to MPN
estimates.
Detection level change data from MRWPCA (2010).
Dry weather operation (Geometric Mean, or “GM”).
Adapted from California Department of Health Services (1991) and Tanaka et al. (1998).
Adapted from California Department of Health Services (1991).
. Adapted from Department of Public Health (1987).
MPN = Most probable number.
L = Liter
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Table 2.4 Summary of Literature Review for Cryptosporidium Mean Concentrations
in Wastewater Treatment Process Effluent (Units in total oocysts/100 L)

Source Influent Secondary Filtered Disinfected
Rose et al., 2004° 6E+03 1E+02 7E+01 3E+01
McCuin and Clancy, 2006 6E+02 3E+02
Rose et al., 1996° 1E+03 1E+02 4E+00 2E+00
Cooper et al., 1997 2E+02 4E-01
Rose and Gerba, 1991 5E+00
MRWPCA data (1997- 2010)b 6E+1
Sacramento Regional Wastewater
Treatment Plant data (1997/2002, 8E+02
2011)°
MRWPCA data (1997)d 7E+03 4E+01 2E+00
Bambic et al., 2011° 1E+06 6E+02 6E+00
Grayfet al., 2009; Konnan et al., 1E+02 NA None 5E4+02
2009
Notes:

a) Infectious oocysts ranged from 0 to 25 percent of samples tested. Overall, n equals 32-33 samples
across six plants and unit process.

b) Effluentis disinfected. N equals 57 with 28 samples detected and the remainder ND. Mean values
based on ND values set to ND. Data from MRWPCA (2010).

c¢) Noinfectious information, n equals 65. Effluent is disinfected. Reported 80-percent detection in
samples. 2011 data excerpted from Sacramento Regional Wastewater Treatment Plant (SRWTP)
process control data spreadsheet dated June 6, 2011, per H.L. Ramil. 1997/2002 data adapted
from Central Valley Water Board administrative draft anti-degradation analysis dated May 2009.

d) N equals 7 for raw and secondary and 6 for disinfected filtered. Filtered value is based on average
detection level; none were detected. Adapted from California Department of Health Services
(1991) and Tanaka et al. (1998).

e) Water Environment Research Foundation (WERF) literature review. Secondary effluent is
disinfected.

f)  Dry weather operation (Geometric Mean, or “GM”) — non infective.



Table 2.5 Summary of Literature Review for Giardia Mean Concentrations in Wastewater

Treatment Process Effluent (Units in total cysts/100 L)

Source Influent Secondary Filtered Disinfected
Rose et al., 2004° 1E+05 1E+03 9E+01 8E+01
Rose et al., 1996 7E+03 4E+02 4E+00 1E+00
Cooper et al., 1992 2E+04
Cooper et al., 1997 3E+04 1E+00
Sykora et al., 1991 1E+05 2E+03
Roach et al., 1993 1E+05
Enriquez et al., 1995 2E+01
Rose and Gerba, 1991 8E+01
MRWPCA data (1997- 2010)° 4E+01
Sacramento Regional 4E+03
Wastewater Treatment Plant
data (1997/2002, 2011)°
Bambic et al., 2011° 3E+03 1E+03 4E+02
MRWPCA data (1997- 2010)° 1E+06 6E+02 6E+00
Gray et al., 2009; Konnan et al., 3E+05 NA None 1E+03
2009°

a)
b)

c)

Overall, n equals 32-33 samples across six plants and unit process.

Effluent is disinfected. N equals 56 with 13 samples detected and the remainder ND. Mean values based on
ND values set to ND. Data from MRWPCA, 2010. N equals 61.

Effluent is disinfected. Reported 100-percent detection in samples. 2011 data excerpted from Sacramento
Regional Wastewater Treatment Plant (SRWTP) process control data spreadsheet dated June 6, 2011, per H.L.
Ramil. 1997/2002 data adapted from Central Valley Water Board administrative draft anti-degradation
analysis dated May 2009.

Water Environment Research Foundation (WERF) literature review.

N equals 7 for raw and secondary and 5 for disinfected filtered. 100 percent of cysts were empty and noted as
non-human based on anti-body reagent. Data from MRWPCA, 2010.

Dry weather operation.

Table 2.6 Dose of Pathogens Required for 25 to 75 Percent IlIness
(Disease or Infection) Response in Humans

Organism Dose .
(Number of Organisms)

Salmonella spp. 100,000 to 1,000,000,000 organisms
Salmonella typhi 1,000 to 10,000,000 organisms
Giardia lamblia 1 to 100 cysts
Enteroviruses 1 to 100 plaque-forming units (PFUs)
E. coli (pathogenic) 100,000 to 10,000,000 organisms
E. coli 0157:H7 50 to 50,000,000 organisms®
Cryptosporidium spp. 3to14 oocyctsb

Sources: Bryan, 1974; Feachem et al., 1983; Bitton, 1994; Rowe and Abdel-Magid, 1995.

a) Based on E. coli 0157 dose-response function (Teunis et al., 2004) (approximated
by beta-poisson distribution).

b) Based on the mean of the dose response parameter range, r=uniform [0.04, 0.16].
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2.4 Summary of Epidemiological Evidence of Infectious Disease Incidence Associated with
Water Reuse

Epidemiological studies of exposed populations at water reuse sites that use disinfected recycled
water treated to relatively high levels are difficult to conduct. Factors such as population
mobility (particularly as it relates to other non-waterborne sources of these pathogens), the
ability to measure low levels, if any, of health effects, and determining exposure levels limit the
ability to conduct such studies. Thus, epidemiological studies have focused on a number of
parameters and endpoints, including wastewater-contaminated drinking water supplies, the use of
raw or minimally treated wastewater for food crop irrigation, health effects to farm workers who
routinely come in contact with poorly treated wastewater, health effects associated with
wastewater treatment plant workers, and the exposure to and health effects associated with
aerosols from spray irrigation (U.S. EPA, 2004).

A number of studies dating back to 1931 have documented evidence of infectious disease
transmission from practices associated with the consumption of uncooked vegetables irrigated
with untreated and poorly treated wastewater (e.g., Khalil, 1931; Lund, 1980; Shuval et al., 1984;
Blumenthal et al., 2000). In addition, a more recent critical review of selected epidemiological
studies of wastewater and excreta use in agriculture was reported by Blumenthal and Peasey
(2002), again documenting the above conclusions and further noting that wastewater treatment
markedly reduced the risk of helminth infections related to the consumption of wastewater-
irrigated crops. A 1992 study in St. Petersburg, Florida, showed helminths were completely
removed in secondary clarifiers (Rose and Carnahan, 1992). Excluding the use of raw and
poorly treated wastewater, the EPA (as well as other respected research organizations) notes that
there is no evidence of confirmed cases of infectious disease resulting from the use of recycled
wastewater in the United States where such uses have been in compliance with public health
regulations (U.S. EPA, 2004; Water Pollution Control Federation, 1989).

Further, the most extensive literature available on human exposure to wastewater addressed the
risk of infectious disease to wastewater treatment plant operators and maintenance personnel. A
review of that literature indicates that the occurrence of clinical disease associated with
occupational exposure among these workers is rarely reported, although infections of new
workers have occurred prior to the build-up of immunity (Cooper, 1991b). It is important to note
that wastewater treatment plant operators are potentially exposed to much higher concentrations
than individuals potentially exposed to disinfected tertiary recycled water.
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3.0 PUBLIC HEALTH RELEVANCE OF MICROBIAL PATHOGENS IN
RECYCLED WATER TO HUMAN HEALTH

The purpose of this section is to present:

Pathogens of public health concern for agricultural water reuse.
Microbial risk assessment methodology and its assumptions.
Findings of the microbial risk assessment for agricultural reuse.
Sensitivity of the findings to assumptions.

A discussion of acceptable or tolerable risk.

3.1 Pathogens of Public Health Concern

When considering the infectious disease implications of human exposure to raw (as well as
treated) wastewater, the following factors need to be considered: (1) for waterborne illness or
disease to occur, an agent of disease (pathogen) must be present; (2) the agent must be present in
sufficient concentration to produce disease (dose); and (3) a susceptible host must come into
contact with the dose in a manner that results in infection or disease (Cooper et al., 1986;
Cooper, 1991).

Although a wide range of pathogens have been identified in raw wastewater, relatively few types
of pathogens appear to be responsible for the majority of the waterborne illnesses caused by
pathogens of wastewater origin (Mead et al., 1999). The pathogens of public health concern,
based on foodborne disease in the U.S., were identified by the Centers for Disease Control
(CDC) (Mead et al., 1999). In characterizing food-related illness and death in the United States,
Mead and co-workers estimated the annual total number of illnesses caused by known pathogens,
adjusted for the fact that many illnesses are not reported, at 38.6 million cases — with 5.2 million
cases (13.5 percent) from bacterial pathogens, 2.5 million cases (6.5 percent) from parasitic
pathogens, and 30.9 million cases (80 percent) from viral pathogens. Noroviruses (provisionally
known as Norwalk-like viruses) have been reported to account for 23,000,000 illnesses each
year, of which 60 percent are estimated to be non-foodborne. Rotavirus accounts for 3,900,000
illnesses each year, of which 99 percent are non-foodborne (Mead et al., 1999). With this
background, it follows that many of these pathogens find their way into domestic wastewater.

Review of the CDC research data approximates that 85 to 90 percent of all non-foodborne cases
(i.e., cases related to other routes of transmission such as waterborne) in the United States are
thought to be caused by viral pathogens (i.e., enteric viruses). The relative importance of viral
pathogens in waterborne transmission of disease is supported by data from the World Health
Organization (WHO) (World Health Organization, 1999) and by research conducted over the last
20 years on exposure to waterborne pathogens through recreational activities (Cabelli, 1983;
Fankhauser et al., 1998; Levine and Stephenson, 1990; Palmateer et al., 1991; Sobsey et al.,
1995; Wade et al., 2003).°

® As part of defining “tolerable” risk, WHO has placed an emphasis on incorporating the concept of adjusting life years based on
disability (i.e., considering severity and duration of a disease/infection allows shifting from parasites to viruses as the waterborne
pathogen of concern).



3.2 Pathogens of Public Health Concern for Agricultural Reuse on Food Crops

From the long list of possible pathogens, those known to be present in wastewater, the major
waterborne pathogens listed in Table 2.2, CDC’s estimated disease burden in the United States,
and those where water recycling plant performance and exposure data may exist, the following
list comprises the suggested “pathogens of public health concern” for this project:

e Human enteric viruses as estimated by enterovirus occurrence in recycled water and
rotavirus dose response (representative of human viruses).

e Cryptosporidium parvum and Giardia lamblia (representative of protozoa).

e E.coli O157:H7.

In addition, several other organisms of interests include adenovirus and noroviruses. However,
for reasons noted below, these pathogens were not investigated as part of this analysis.

e Adenoviruses™® were discussed with the Panel, and adenovirus data were ultimately not
analyzed for this report due to the discrepancy between the dose-response relationship
and the route of exposure considered for this study of agricultural reuse. The existing
dose-response data and mathematical relationship (Couch et al., 1966; Crabtree et al.,
1997) apply to inhalation and, thus, may not be applicable to the exposure routes
considered.

e Norovirus was not explicitly analyzed because a comparison of the dose-response
relationship for norovirus (Teunis et al., 2008) with rotavirus indicates that use of the
rotavirus dose-response was more conservative (i.e., health protective) with respect to
estimating the risks from enteric viruses.

1% Adenoviruses were first recognized by Rowe et al. (1953) while they searched for the cause of the common cold. Mena and
Gerba (2008) make the following points about adenovirus:

e  Currently, there are some 51 human adenovirus serotypes that are divided into six subgenera.

e Routes of infection include the mouth, nasopharynx, and ocular conjunctiva, and illnesses include upper and lower
respiratory illnesses, conjunctivitis, cystitis, and gastroenteritis, with disease outbreaks generally associated with day
care centers, children’s camps, hospitals, and other healthcare facilities.

e  Several investigations have reported that adenovirus is second only to rotavirus as the causative agent of gastroenteritis
in infants and young children; however, most illnesses appear to be acute and self-limiting.

e  Serotypes Ad40 and 41 tend to be associated with gastroenteritis; however; because all serotypes besides the enterics
are excreted in feces (i.e., roughly one-third are associated with human disease), contaminated water may be a source of
exposure.

e  While no recreational receiving water or recycled water outbreaks of enteric adenovirus have been reported, several
outbreaks associated with swimming pools and drinking water have occurred.

e Adenoviruses are commonly detected in raw wastewater, and both enteric and respiratory adenoviruses have been
detected throughout the world in surface waters.

Foy (1997) has noted that it is difficult to link adenovirus to specific illnesses because asymptomatic, healthy people can shed the
virus. Based on some limited studies, adenovirus sensitivity to oxidizing agents appears to be equal to or greater than other
enteric viruses (e.g., Ad40 appears to be very sensitive to chlorine, CT of 2.4 for 4-log reduction at 2 degrees Celsius). However,
adenoviruses, relative to enteric viruses, appear to be quite resistant to ultraviolet irradiation (Gerba et al., 2002; Mena and Gerba,
2008). Currently, dose-response data (i.e., Ad4) are only available for the inhalation route of exposure (Couch et al., 1966), and
it is possible that the dose-response relationship for enteric adenovirus and ingestion via the water route at very different. EPA
placed adenovirus on the federal drinking water contaminant candidate list (CCL) as an unregulated emerging contaminant.
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3.3 Quantitative Microbial Risk Assessment

QMRA involves evaluating the likelihood that an adverse health effect may result from human
exposure to one or more pathogens. It involves the selection of pathogens where literature
demonstrates that exposure will likely result in disease, and selection of a model to calculate
risks to an individual or population. A review of recent work conducted in the QMRA field
indicates that calculating exposure to a limited number of pathogens is appropriate and will be
conservative (public health protective), as discussed in the following sections. For risk
assessment, two fundamental approaches are pervasive in the literature. They may be
categorized as static, individual-based risk assessment, or dynamic, population-based risk
assessments. Each of these approaches is discussed in the following sections.

Static Model

The static model (National Research Council, 1983) is commonly used as a generic framework
for conducting MRAs of waterborne and foodborne pathogens (Crabtree et al., 1997; Farber et
al., 1996; Hass et al., 1999, Sanaa et al., 2000; Voysey and Brown, 2000). Assessments using a
static model typically focus on estimating the probability of infection or disease to an individual
as a result of a single exposure event. These assessments generally assume that multiple or
recurring exposures constitute independent events with identical distributions of contamination
(Regli et al., 1991). Secondary transmission (e.g., person-to-person transmission) and immunity
are assumed negligible or that they effectively cancel each other out. In actuality, secondary
transmission would increase the level of infection/disease in a community relative to a specific
exposure to pathogens, and immunity would decrease the level of infection/disease in a
community relative to a specific exposure to pathogens (Soller et al., 2003a).

In the static model, it is assumed that the population may be categorized into two
epidemiological states: a susceptible state and an infected or diseased state. Susceptible
individuals are exposed to the pathogen of interest and move into the infected/diseased state with
a probability that is governed by the dose of pathogen to which they are exposed and the
infectivity of the pathogen. A schematic diagram of the static model is presented in Figure 3.1
(Colford et al., 2003). Early examples of this approach applied to recreational waters in the State
of Illinois were conducted by Haas (1983) and in Southern California by Olivieri et al. (1986).

The epidemiological states represented in this static model are Susceptible and
Infected/Diseased. The probability that a susceptible individual becomes infected or diseased is
a function of the dose of pathogens to which that individual is exposed and the infectivity of the
pathogen.

Although static models typically focus on estimating the risk per exposure event, in cases where
the risk is expressed “per day,” the risk may be annualized:

P =1 - (1-Probinf(d))"

Where P is the probability of being infected at least once during the year, Probinf(d) is the
probability of being infected for a given daily dose d, and the number of days of exposure is n.
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Figure 3.1 Static risk assessment conceptual model.
Dynamic Model

Another methodology that has been employed for MRAs is a dynamic model (Eisenberg et al.,
19964, b; Eisenberg et al., 1998; Olivieri et al., 1995a,b; Soller et al., 1999; Soller et al.,
2003a,b,c; Soller et al., 2006; Gupta and Haas, 2004). In a dynamic risk assessment model, the
population is assumed to be broken into a group of epidemiological states. Individuals move
from state to state based on the natural history of the specific infectious disease (duration of
infection, duration of immunity, etc.). Only a portion of the population is in a susceptible state at
any point in time, and only those in the susceptible state can become infected or diseased through
exposure to microorganisms.

In a dynamic model, the probability that a susceptible person moves into an exposed state is
governed not only by the dose of the pathogen to which they are exposed and the infectivity of
that pathogen, but also by the number of infected/diseased individuals with whom they may
come into contact (Anderson and May, 1991; Hethcote, 1976). Because the infectious disease
process in a population is fundamentally a dynamic process, the most rigorous approach for
modeling the infectious disease process mathematically is to employ a dynamic model.

Recommended Microbial Modeling Approach

A static risk assessment approach was selected because of the available, but limited, information
necessary for use of dynamic models (e.g., total number of diseased individuals, host immunity,
etc.). This study’s use of the static model employing Monte Carlo simulations in a comparative
screening level risk characterization is consistent with the literature in the field describing
conditions in which the use of the static model is appropriate (Cooper et al., 1986; Hass et al.,
1983; Hass et al., 1999; Soller et al., 2004). Also, as part of the Water Environment Research
Foundation (WERF) 2004 development of QMRA tools, the question of convergence using a
dynamic versus the static model was investigated. The analysis indicated that, generally, as
acceptable risk levels approached <1/10,000 per year for low doses, the static and dynamic
model estimates were similar (Soller et al., 2004). A comparison of the models is provided in
Table 3.1.




Table 3.1 Comparison of Static and Dynamic Risk Assessment Models

Static Risk Assessment Model Dynamic Risk Assessment Model
Static representation. Dynamic representation.
Direct exposure (environment-to-person). Direct and indirect exposure (environment-to-person and

person-to-person).

Individual-based risk. Population-based risk.

Potential for secondary transmission of infection or | Potential for secondary or person-to-person transmission

disease is assumed to be negligible. of infection or disease exists.

Immunity to infection from microbial agents is Exposed individuals may not be susceptible to infection or

assumed to be negligible. disease because they may already be infected or may be
immune from infection due to prior exposure.

Dose-response function is the critical health The dose-response function is important; however,

component. factors specific to the transmission of infectious diseases

may also be important, such as the duration of infection
and immunity.

3.4 Quantitative Microbial Risk Assessment Approach

The general approach for this project was to utilize existing data and QMRA methods to derive a
matrix of relative risks based on: combinations of specific pathogens that are representative of
the pathogens most likely to be of public health concern; treatment processes that are
representative of those currently used to produce recycled water used for irrigation of food crops;
and relevant exposure routes based on food crop irrigation.

Data, for the purposes of this review, were obtained from the literature (see Section 2, Tables 2.3
through 2.5) to provide a representative characterization of the concentrations of the pathogens at
various points in the wastewater treatment process and the expected levels of reductions of those
pathogens through wastewater treatment for the treatment levels investigated.

Literature data were also used to estimate the volume of water ingested for each of the routes of
exposure, as well as the relation between the number of organisms ingested (dose) and the
probability of infection and/or illness (depending on the pathogen of interest). Numerical
simulation (Monte Carlo simulation) was used to address variability and uncertainty in the
computed estimates of risk. The QMRA simulations were conducted using the R language.™
Static (individual-level) microbial risk assessment simulations were used as the base model.
Risks were annualized according to the formula given above for annualized risk using the static
modeling approach. Finally, the sensitivity of the model results to assumptions was explored.

Quantitative Microbial Risk Assessment Assumptions

The overall process by which risks were estimated for this investigation is illustrated in Figure
3.2.

1 R is a system for statistical computation and graphics.
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Figure 3.2 Flow diagram for conducting the microbial risk assessments.

For each pathogen/treatment process/route of exposure combination of interest, the following
process was used. First, representative values were utilized to characterize the pathogen
concentration in raw wastewater (1). The next step was to fit these data to a lognormal
distribution (2) via the method of maximum likelihood (Ott, 1995; Olivieri et al., 1999).
Statistical distributions were used rather than the actual raw data so that the effects of variability
and uncertainty could be efficiently encapsulated in the resultant risk estimate. Reductions in the
concentrations of the pathogens of interest that are expected to occur through wastewater
treatment were estimated (3) and applied (4) to estimate effluent concentrations (5). Based on
the exposure route of interest, ingestion rates were estimated (6). By combining the ingestion
rate (7) with the effluent concentration, the dose of pathogen ingested per exposure event was
estimated (8). A dose-response relationship, derived from the literature (9), was then used to
estimate the risk associated with the dose for the exposure event and to estimate an annualized
risk if the dose occurs throughout the year (10); the process was repeated 10,000 times to
generate a distribution of estimated risk. Because all the dose-response functions for the
pathogens considered have infection as an endpoint, the risk was expressed in terms of risk of
infection.

Pathogen Concentrations in Untreated Wastewater and Recycled Waters

As introduced in Section 3.2, the waterborne pathogens of public health concern analyzed in this



investigation were the following:

e Human enteric viruses as estimated by enterovirus occurrence in reclaimed water and
rotavirus dose response (representative of human viruses).

e Cryptosporidium parvum and Giardia lamblia (representative of protozoa).

e E. coli O157:H7 (representative of bacterial pathogens).

Data taken as representative of concentrations of each of the above pathogens in raw wastewater
and secondary effluent were obtained from the literature. A bar graph summary of the relevant
pathogen occurrence data from the literature is contained in Appendix 3-1.

The results of a comprehensive literature review, a previously-published WERF report (Rose et
al. (2004), was a key source of data used as input in this characterization of the potential risk
associated with exposure to selected pathogens. In the investigation by Rose et al. (2004), six
full-scale wastewater treatment and reclamation facilities in Arizona, California, and Florida
were each monitored over a 1-year period for a variety of pathogens and indicator organisms.
For the purposes of this evaluation, it is assumed that the six wastewater treatment facilities
evaluated in the WERF investigation are representative of the types of reclamation facilities that
are currently being employed in California. In addition, a comparison of the results of the brief
literature review presented in Tables 2.3 through 2.5 and the Rose et al. data (also see Appendix
3-1) indicates that the Rose et al. data are appropriate to use for a representative characterization
of the concentration of enteroviruses, Cryptosporidium spp., and Giardia spp. in both raw
wastewater and secondary effluent.

The raw plant influent data employed as input for the QMRA simulations are included in Table
3.2 and are based on the Rose et al. (2004) data, as discussed above.

Data available to characterize E. coli 0157:H7 concentrations in raw wastewater and secondary
effluent were extremely limited. Quantitative data for E. coli O157:H7 in raw wastewater were
reported by three research teams (Garcia-Aljaro et al., 2005; Heijnen and Medema, 2006;
Muniesa et al., 2006). A summary of those data is provided in Table 3.3. The results reported
by Garcia-Aljaro et al. (2005) were used as the basis for input to this QMRA.

Table 3.2 Summary of Raw Wastewater Pathogen Concentration
Distributions Used for Modeling

Pathogen Distribution
Enterovirus (MPN per L) Lognormal (log mean 3.19, log SD 1.74)°
Giardia lamblia (cysts per L) Lognormal (log mean 5.66, log SD 1.91)°
Cryptosporidium parvum (oocysts per L) Lognormal (log mean 2.85, log SD 1.75)°
E. coli 0157:H7 (organisms per L) Uniform (min 0, max 5000)"

a) Based on Rose et al. (2004) data.
b) Based on Heijnen and Medema (2006) data.



Table 3.3 Table From Literature Review for E. coli O157:H7 (Units #/L)

Source Influent. Notes
Concentration
Heijnen and Medema, 2006 0-5000 Two samples below detection: one at
400, and one at 5000
Muniesa et al., 2006 100-1000
Garcia-Aljaro et al., 2005 2x 10° Based on eight samples, log (CFU)/ml

=0.2 with sd=0.2

To rigorously account for the variability observed in pathogen concentrations in raw wastewater
and secondary effluent, the pathogen concentration data summarized above were fit to lognormal
probability distributions using Maximum Likelihood Estimation (MLE) (Ott, 1995), as shown in
Figure 3.2. The lognormal distribution is a commonly used distributional form for
environmental data fitting for concentrations of microorganisms in water (U.S. EPA, 1991). Ten
thousand random samples from the lognormal MLE were generated and used in subsequent
calculations.

The values shown in Table 3.4 are the expected log reductions due to the corresponding

wastewater treatment processes.

Table 3.4 Summary of Pathogen Reductions through Wastewater Treatment
Used in the Simulations (Units of Log Reduction)

Giardia spp. Cryptosporidium Rotavirus E. coli 0157:H7
Treatment spp.

Mean SD Mean SD Mean SD Mean SD
Raw through disinfected secondary 39 0.7 23 0.7 36 07 6.53 0.93
effluent
secondary treatment through 10 | 06 | 08 0.5 13 | 06 | 42 13
disinfected filtered effluent
F|.It.ered §econdary treatment through 0.2 0.2 0.2 03 06 05 20 14
disinfection

Note: Normal distributions were zero truncated so that negative values were not sampled. Based on a re-analysis of the Rose
et al. (2004) data.

These data are also taken from the report by Rose et al. (2004) and are considered to be
representative values for purposes of this report. The values were generated by pairing
concentrations taken at each plant at different stages of the treatment process based on rank order
(e.g., pairing the highest influent concentration with the highest secondary treatment
concentration, and pairing the highest influent concentration with the highest tertiary filtered
disinfected concentration). A log reduction was generated for each set of paired concentrations.
Shown are the mean and standard deviation of a normal distribution for the log reductions. The
reduction of 1 log corresponds to 90-percent, the reduction of 2 logs corresponds to 99-percent
reduction, etc. For E. coli O157:H7, the log reductions were estimated using fecal coliform data
as a surrogate.
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Two slightly different methods for estimating effluent concentrations via treatment were
employed in this investigation. To estimate the concentrations of pathogens in disinfected
secondary effluent, the estimated distributions of pathogen reductions across the disinfection unit
process were used in conjunction with the reduction between secondary effluent and influent
pathogen concentration distributions. To estimate the concentrations of pathogens in disinfected
tertiary effluent, the estimated distributions of pathogen reductions from raw wastewater through
filtered (tertiary) disinfected water were used in conjunction with raw wastewater concentration
distributions.

For each set of simulations, 10,000 pathogen concentrations were sampled from the MLE
lognormal distribution and the reduction distributions were subsequently multiplied. The
products from these multiplications resulted in 10,000 estimated effluent concentrations (#/L).
Additionally, a sensitivity analysis, in which treatment efficacy was set to fixed values from 1- to
8-log removal, was performed.

Route of Exposure via Food Crop Irrigation

The scope of the Panel’s review of the Water Recycling Criteria applications, as discussed
previously, is limited to irrigation of agricultural food crops and excludes urban and residential
irrigation, irrigation of non-food agricultural crops (such as turf, seed, fiber, and ornamental
crops), and all non-irrigation uses. Further, the QMRA is limited to the exposure to waterborne
pathogens of concern from irrigation of a wide variety of food crops requiring different recycled
water qualities, as noted below in Table 3.5. In addition, several assumptions regarding exposure
must be made and are shown below as well.

For Scenario I, the method used to characterize human exposure through the irrigation of food
crops is based on that described by Hamilton et al. (2006) and is consistent with earlier work
conducted by other researchers in the field (van Ginneken and Oron, 2000; Petterson et al.,
2001). The exposure approach is based on the assumption that the ingestion of recycled water is
the product of three distributions: the rate of consumption of crops irrigated with recycled water
(9/kg-day), body mass (kg), and volume uptake (mL/g). Lettuce consumption was used as the
model crop for consumption because the consumption value is health protective relative to other
vegetables (U.S. EPA, 2003). The consumption value for lettuce is a point estimate of 0.205
g/kg-day (U.S. EPA, 2003). Body mass is estimated by a lognormal distribution with mean of
61.429 and standard deviation of 13.362 kg (U.S. EPA, 1997). Volume uptake is estimated as a
normal distribution with mean 0.108 and standard deviation of 0.02 mL/g (Hamilton et al.,
2006).

The resultant distribution of ingestion volume (Figure 3.3); that is, the amount of irrigation water
ingested via lettuce, has a median value of approximately 1.3 mL/day.

Because Scenarios Il and I11 do not involve irrigation to the edible portion of the crop, we
assumed an order of magnitude less exposure than the above lettuce case, and set exposure at 0.1
mL/day. At the request of the Panel, sensitivity analyses were performed on this by also
considering a lower exposure rate of 0.01 mL/day.



Table 3.5 Agriculture Reuse, Treatment, and Exposure Assumptions

Scenario Agricultural Use Treatment Exposure Assumptions
One (I) Food crops (edible portion in | Disinfected Tertiary Average daily consumption of
contact with water) lettuce per body weight: 0.205
g/kg-day;
Body weight: lognormal
distribution with mean 61.4 and
SD 13.4 kg;
Volume of water on lettuce: zero-
truncated normal distribution
with mean 0.108 and SD 0.02
mL/g;
7-day environmental decay®
Two (II) Orchards and Vineyards (no Undisinfected 0.1 mL/day, assumes daily
contact with edible portion Secondary exposure and consumption;
of crops) 7-day environmental decay®
Three (ll1) Food crops (edible portion Disinfected Secondary, | 0.1 mL/day, assumes daily

above ground — no contact) 2.2 MPN/100 mL

exposure and consumption;
. a
7-day environmental decay

a) Over a 7-day decay period, a mean 3.3-log reduction for enterovirus, 3-log reduction for E. coli, and 2-log reduction
for Giardia and Cryptosporidium were assumed.
g/kg-day = grams per kilogram per day kg = kilogram

MPN =

most probable number mL = milliliter

mL/day = milliliters per day

mL/g = milliliters per gram
SD = standard deviation

Ingestion

0.2

Density

0.1

I T T T
-8 -6 -4 2

log L per day

Figure 3.3 Distribution of ingestion volumes for the crop irrigation
route of exposure for Scenario 1.
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Environmental Decay Assumptions

As discussed below, the environmental decay assumptions were pathogen specific. First, for
enterovirus, it was assumed that virus concentrations in the environment decayed exponentially
with time after application to crops (i.e., decay factor = e™) based on findings from Petterson et
al. (2001, 2002) and the approach of Hamilton et al. (2006). Based on Petterson’s study, the
decay constant k was assumed to be normal distributed with a mean of 1.07 and standard
deviation of 0.07 (zero-truncated). This k is conservative due to Petterson’s use of B. fragilis
phage, a relatively hardy organism. Based on standard agricultural practices employed in
California (February 21, 2012, Panel Meeting; see Appendix 1-3), 7 days of environmental decay
was assumed (i.e., mean of 3.3-log removal due to environmental decay).

Second, based on assumptions of the relative differences in decay between viruses, bacteria, and
protozoa made in the modeling study by Mara et al. (2007), it was assumed that bacteria were
slightly more resistant to environmental decay than viruses. Hence, it was assumed that E. coli
decayed at 3-log removal over the 7 days. And, for the even more resistant organisms, Giardia
and Cryptosporidium, it was assumed a 2-log reduction due to environmental decay over the 7
days. Additionally, for enteroviruses, a sensitivity analyses on the number of days of
environmental decay was conducted as discussed below.

Dose-Response Assumptions

Pathogen-specific dose-response relationships were used to estimate the probability of infection
(for all pathogens) associated with the computed doses. For each of the pathogens investigated,
a summary of the functional forms, distributions used to describe the dose-response parameters,
and the dose-response parameters (along with corresponding references to support those data) is
presented in Table 3.6. For enterovirus, rotavirus dose response was used as a surrogate. The
dose-response relations for rotavirus, Cryptosporidium, and Giardia are relatively
straightforward and commonly used in the field of MRA. The relations utilized for E. coli
0157:H7 is explained in more detail below.

Table 3.6 Summary of Pathogen Dose Response Relations

Dose-response Parameter
Pathogen Form and c . Value(s) Value(s) References
. Distribution
Endpoint
Hypergeometric | Point Teunis and
Rotavirus (Infection) estimates a=0.167 =0.191 Havelaar, 2000
Cryptosporidium | Exponential
spp. (Infection) Uniform MNower = 0.04 Fupper = 0.16 U.S. EPA, 2006
Rose et al., 1991;
Exponential Point Teunis et al.,
Giardia spp. (Infection) estimate r=0.0199 1996
Hypergeometric | Point Teunis et al.,
E. coli0157:H7 | (Infection) estimates a=0.08 B=1.44 2004
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The dose response relation for E. coli O157:H7 is based on a reported outbreak that occurred in
Japan in 1996 (Teunis et al., 2004). The outbreak occurred in an elementary school, and school
lunches were implicated as the source of contamination. An extraordinary amount of
information was available for this outbreak because: 1) in Japan, it is common for catering
services to store refrigerated samples of prepared meals and, thus, the suspected foods were
available for estimating the concentration of bacteria they contained; 2) all of the exposed
subjects (pupils and teachers) were examined for the occurrence of symptoms and illness (fecal
specimens were taken) and, thus, health authorities were able to record the occurrence of illness
and infection; and 3) the average numbers of bacteria consumed could be estimated relatively
accurately (Teunis et al., 2004). Based on the available data, different dose response
relationships for teachers and pupils were derived using a Bayesian approach. The relation that
was derived by Teunis et al. for students was used in this investigation.

We note that, in one recent recreational water QMRA (Bambic et al., 2011), attention was paid
towards harmonizing virus units — making consistent the concentration units from water quality
testing with the units reported in dose response studies. For instance, that study acknowledged
that their water samples were analyzed by quantitative polymerase chain reaction (qPCR) for
rotavirus, while the dose-response relationship of Ward et al. (1986) was in terms of doses of
“Focus Forming Units” (FFU). These seemingly incompatible units were equated using a ratio
of genome:FFU of ~ 2000. The units used in our study are “most probable number” (MPN),
which shares greater similarity with FFU and, hence, alleviates the need for harmonization.

Adenovirus was discussed with the Panel, and was ultimately not analyzed for this report due to
the discrepancy between the dose-response relationship and the route of exposure considered for
this study of agricultural reuse. The existing dose-response data and relationship (Couch et al.,
1966; Crabtree et al., 1997) apply to inhalation; therefore, they may not be applicable to the
exposure routes considered (please refer to Section 3.2 for a more detailed discussion of
adenovirus).

3.5 Quantitative Microbial Risk Assessment Results and Conclusions

Median annualized risk*? results for the three application scenarios are shown in Tables 3.7 to
3.9. These scenarios incorporate conservative exposure assumptions — specifically, every
exposure event, which is assumed to be daily, is to crops that have been irrigated with reclaimed
water.

Because the risk estimates presented here have a right skewed distribution (i.e., longer tail to the
right of the histogram), the median is a better indicator of the central tendency of the annualized
risk distribution and the estimate of annualized risk than the mean. Thus, for the purpose of this
QMRA and addressing the Panel’s primary charge relative to evaluating whether recycled water
produced in conformance with California’s Water Recycling Criteria are sufficiently protective

of public health for agricultural food crop irrigation, the Panel selected the median risk estimate.

12 See Appendix 3-2 for “per event” risks for Scenario I, which are approximately two orders less than annualized estimates.
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In summary, all median annualized risks of infection, based on the representative microbial
concentrations and daily exposure scenarios described above, are at the 1 per 10,000 level or
lower of infection.** For example, the estimated median annualized risk of infection for
enterovirus for Scenario | (see Table 3.7) is on the order of 7 per 10,000,000 (or 0.7 per
1,000,000). Also, the highest median annualized risk of infection was for Cryptosporidium,
which was on the order of 1 in 10,000 for Scenario | (see Table 3.7).

Table 3.7 Scenario I. Tertiary Treatment Applied Directly to Crops.
Summary of Median Annualized Risk of Infection Assuming All Exposures in the Year

Are to Crops Irrigated with Recycled Water (1.3 mL/day)

Statistic

Enterovirus

Giardia

Cryptosporidium

E. coli 0157

Median

7.00x10”

8.54x10°

2.04x10™

8.45x10°

Table 3.8 Scenario I1. Secondary Undisinfected Effluent, Not Directly Applied to Edible

Portion of Crop. Summary of Median Annualized Risk of Infection Assuming All
Exposures in the Year Are to Crops Irrigated with Reclaimed Water (0.1 mL/day)

Statistic

Enterovirus

Giardia

Cryptosporidium

E. coli 0157

Median

1.08x10°

6.49x10°

9.15x10°

1.08x10™

Table 3.9 Scenario I11. Secondary Disinfected, Not Directly Applied to Edible Portion of
Crop. Summary of Median Annualized Risk of Infection Assuming All Exposures in the

Year Are to Crops Irrigated with Reclaimed Water (0.1 mL/day)

Statistic

Enterovirus

Giardia

Cryptosporidium

E. coli 0157

4.70x10°

5.78x10°

1.23x10°

Median 2.69x10”

To provide a better understanding of the distribution of uncertainty on the risk estimates, the
results of the static assessment method are presented in Appendix 3-3 through a series of
statistical tables that contain the minimum, maximum, mean, and standard deviation (SD) of risk
estimate from Monte Carlo simulations. Additionally, the 25th, 50th (median), 75th, 90th, and
95th percentiles of the risk estimate are also shown in Appendix 3-3.

3 CDPH considers a 1 in 10,000 (i.e., 1x10™) mean risk of infection to be an acceptable risk from exposure to treated wastewater
effluent (CDPH, 2010).

% From a risk management perspective, it may be useful to consider the 75th, 90th, and 95th percentile risks estimates if the
policy is to be more conservative in protecting against infection. In Hamilton et al. (2006), the risk assessment focus was placed
on the 95 percentile in the interest of conservativeness with respect to health protection. In the Tanaka et al. (1998) risk
assessment, both the 90th and 95th percentiles were considered, and focus was placed on the 95th percentile based on the EPA’s
Surface Water Treatment Rule (SWTR) criterion that turbidity in finished water be below the maximum level at least 95 percent
of the time. However, in estimating annualized risk, the authors use the term “expectation of annual risks” defined as an average
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Sensitivity Analyses

Several sensitivity analyses were explored. Except where noted, all sensitivity analyses were
performed for enterovirus with tertiary treatment and direct application to edible crops (see
Scenario I).

The first analysis considers that not all exposures over the year are likely to be to crops irrigated
with recycled water. As described in Section 2.1, projections suggest that recycled water may be
applied to approximately 8 percent of crops. Applying this percentage as the approximate
percentage of exposures to recycled water-irrigated crops over the year results in the adjusted
annualized risks for Scenario 1, as shown in Table 3.10. These risks are approximately one order
of magnitude lower than the risks, assuming exposure to recycled water-irrigated crops every day
(see Table 3.7).

Table 3.10 Scenario I. Tertiary Treatment Applied Directly to Crops. Summary of
Annualized Risks of Infection Assuming 8 Percent of Exposures in the Year Are to Crops
Irrigated with Reclaimed Water

Statistic Enterovirus Giardia Cryptosporidium E. coli 0157
Min 0 9.80x10™" 4.72x10™ 0
0.25 5.16x10° 6.24x107 1.55x10° 6.43x10"°
Median 5.76x10°® 7.02x10° 1.68x10° 6.94x10°
0.75 6.30x107 7.88x10° 1.75x10™ 7.78x10°®
0.9 5.48x10° 7.03x10™ 1.41x10° 6.63x10”
0.95 2.00x10° 2.66x10° 5.10x10° 2.43x10°
Max 2.29x10™ 1.00 1.00 8.91x10™
Mean 4.76x10° 2.03x10° 3.12x10° 1.66x10°°
SD 2.39x10° 2.57x1072 3.07x102 1.96x107

value of the risks for many exposures. Further, the authors state it may be argued that this may be overly stringent, citing Regli et
al. (1988), who report risks that are generally higher from swimming in natural waters, and the work of Cabelli et al. (1979,

1982) that suggests even one order of magnitude larger risks are still acceptable to voluntary swimmers. As another example, the
existing Ambient Water Quality Criteria for bacteria in recreational waters are set to limit the rate of highly credible
gastrointestinal illness in swimmers, based on a geometric mean of indicator organisms, to no more than eight per 1,000 people
per year (or 0.008 pppy) in freshwater and 19 per 1,000 in marine waters (or 0.019 pppy) (U.S. EPA, 1986)

Ultimately, in selecting the median versus one of the upper percentile risk estimates for managing risk, there is a need to consider
many factors, including the conservativeness of the model assumptions, comparable risks, what level of risk is deemed
acceptable, available technology for control, cost-efficacy of control, and perceived (as well as observed) health impacts
associated with the risk of infection.
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A more comprehensive analysis of the numbers of days of exposure is presented in Figure 3.4,
which illustrates the shift in the distribution of modeled annualized risks for different exposure
assumptions: exposure every day of the year, exposure every other day, 70 days out of the year
(consistent with assumptions made by Kahn, 2008), and 8 percent of exposure in the year. The
risk results are relatively insensitive to this exposure factor, varying by 1.5 orders of magnitude.

Second, a sensitivity analysis was performed on the number of days of environmental decay and
an alternative decay rate from Asano et al. (1992) of k=0.69 was considered. The annualized
risk results for different assumptions are shown in Table 3.11. The risk results are highly
sensitive to environmental decay assumptions, varying by four to six orders of magnitude,
depending on the assumption.

Third, a sensitivity analysis was performed on treatment efficacy. In this analysis, a single point
estimate of log removal was specified to generate annualized risk. The distributions of
annualized risk for different log-removal efficacy assumptions are shown in Figure 3.5. Risks
vary across a wide range because a wide range of treatment efficacies were considered.

Generally, each additional log removal results in approximately one order of magnitude lower
annual risk.
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Figure 3.4 Distribution of annualized risk for different exposure assumptions.

Table 3.11 Sensitivity Analysis for Enterovirus Annualized Risk Estimates of

Environmental Decay Rates (Log Reduction over Time)

K Rate Statistic 1 Day 7 Days 14 Days
Asano et al. (1992) Median 6.46x10™ 1.03x10” 8.21x10°
Asano et al. (1992) Mean 3.71x10” 2.51x10° 4.32x10°
Asano et al. (1992) SD 1.38x10" 3.04x107 1.40x10°
Petterson et al. (2001) | Median 4.35x10™ 7.00x10” 4.65x10™°
Petterson et al. (2001) | Mean 2.99x10” 3.68x10™ 7.35x10”
Petterson et al. (2001) | SD 1.23x10" 1.17x10° 4.91x10”
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Figure 3.5. Sensitivity analysis of treatment efficacy.

Finally, for Scenarios Il and 111, which consider applications of water reuse to non-edible
portions of crops, an alternative exposure assumption that was one order of magnitude lower was
considered (ingestion volume of 0.01 mL/day). This resulted in the annualized risks presented in
Tables 3.12 and 3.13. These are approximately one order of magnitude lower risks than their
higher exposure counterparts (see Tables 4.7 and 4.8 in Section 4).

In summary, the sensitivity analyses suggest linear sensitivities to treatment efficacy (one order
of magnitude risk per 1-log removal), and especially large sensitivities with respect to
environmental decay assumptions (four to six orders of magnitude in risk). The risk results are
relatively insensitive to days of exposure (1.5-orders of magnitude). And, the Scenario Il and 11
results are somewhat insensitive to exposure volumes assumed (one order of magnitude of risk
for one order of magnitude lower volume).
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Table 3.12 Scenario Il. Secondary Undisinfected, Not Directly Applied to Edible Portion of
Crop. Summary of Annualized Risks of Infection Assuming All Exposures in the Year Are
to Crops Irrigated with Reclaimed Water (0.01 mL/day)

Statistic Enterovirus Giardia Cryptosporidium E. coli 0157
Min 0.00 1.20x10™° 9.67x10*° 1.60x10™
0.25 2.66x10°® 1.02x10°® 1.84x10° 2.21x10°

Median 1.08x10” 6.49x10° 9.15x10°® 1.08x107
0.75 4.19x10” 3.86x10° 4.53x10” 5.05x10°
0.9 1.37x10°® 1.87x10™ 1.80x10™ 2.08x10™
0.95 3.00x10°® 5.06x10™ 4.21x10™ 5.04x10™
Max 1.36x10™ 1.25x10™ 3.85x10° 9.69x10

Mean 7.58x10” 1.85x10™ 1.24x10™ 1.44x10™
SD 3.40x10° 1.83x10° 7.88x10™ 1.19x10°

Table 3.13 Scenario I1l. Secondary Disinfected, Not Directly Applied to Edible Portion of
Crop. Summary of Annualized Risks of Infection Assuming All Exposures in the Year Are
to Crops Irrigated with Reclaimed Water (0.01 mL/day)

Statistic Enterovirus Giardia Cryptosporidium E. coli 0157
Min 0 1.09x10™° 3.87x10™"° 0
0.25 5.11x10° 7.70x10” 1.09x10°® 7.53x10”
Median 2.69x10°® 4.70x10°® 5.78x10°® 1.23x10”
0.75 1.33x10” 2.68x10° 3.10x10° 1.74x10°
0.9 5.52x10” 1.25x10™ 1.33x10™ 1.99x107
0.95 1.36x10° 3.30x10™ 3.26x10™ 9.33x10°
Max 1.98x10™ 7.02x10° 3.52x10° 6.05x10"
Mean 4.18x10” 1.15x10™ 1.02x10™ 1.63x10™
SD 3.18x10° 1.07x10° 7.15x10™ 6.22x10°

Relationships between Panel findings and other previous risk assessment modeling studies

Previous studies have considered the degree to which wastewater reuse treatment processes meet
acceptable use criteria. Using numerical simulation, Tanaka et al. (1998) evaluated four
exposure scenarios, including one for food crop irrigation (using enteric virus data collected from
unchlorinated secondary effluent grab samples from wastewater plants in Southern California)
with the goal of determining whether the 1989 EPA’s Surface Water Treatment Rule (SWTR)
for acceptable risk (less than one infection per 10,000 population per year) is met.
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The approach of Tanaka et al. (1998) is similar to that described in this Panel report, which is
based on assessing the distribution of concentrations before and after tertiary treatment, factoring
in ingested dose based on exposure assumptions, and using a dose-response relationship to
estimate risk. They assume virus reductions according to the Pomona Virus Study, in which
seeded poliovirus was recovered from tertiary treatment processes (CSDLAC, 1977; Dryden et
al., 1979; Miele and Selna, 1977). Their assumptions for crop irrigation exposure are that
consumers are exposed every day to 10 mL of recycled water through the ingestion of spray-
irrigated food. Also, it is assumed that irrigation is stopped 2 weeks before harvest and
shipment, and that virus reduction occurs from sunlight exposure over this period, which follows
an exponential decay ™', where k=0.69 and t=14 days as assumed by Asano et al. (1992).
Accordingly, over 14 days, the proportion of remaining virus is 0.00006. Finally, a beta-Poisson
rotavirus dose-response (Rose and Gerba, 1991) was used.

Working backwards, Tanaka et al. (1998) found that between 0 and 2.1 log removal of enteric
virus by tertiary treatment is necessary to reliably reach the SWTR 95 percent of the time. Also,
they found that, based on the Pomona Virus Study log-removal efficiencies (which range from
3.9 10 5.2 logs), tertiary treatment should be 100-percent reliable at meeting the SWTR at the
plants where virus was measured. In addition, their expected annualized risks'® ranged from
approximately:

e 10" to 10°® for full treatment (5.2-log removal).
e 107 to 10 for chlorination of secondary effluent (3.9-log removal).
e 10”to 10° for unchlorinated secondary effluent (0 log removal).

Using their assumptions, the QMRA model used in this investigation is able to reproduce the
Tanaka et al. findings to the same order of magnitude. The assumptions used by the Panel are
somewhat more conservative in some respects (e.g., only 7 days of environmental decay, and
less treatment efficacy than 5.2-log removal for full treatment) and, in many ways, allow more
uncertainty and variability than Tanaka et al. (1998) (e.g., distributions on treatment efficacy and
ingestion rates). The Panel’s findings of infection risk of 10" are more conservative than
Tanaka’s 10™° to 107 for full treatment.

The study by Hamilton et al. (2006) provides another comparison. This study reassessed Tanaka
et al. (1998) wastewater plant data from Southern California, but used an updated exposure
relationship (the same as our approach) and allowed for three different amounts of environmental
decay (1, 7, and 14 days). Their annualized infection risk for lettuce consumption with a 7-day
decay period for the application of non-disinfected secondary recycled water ranged from 10 to
10, Their estimates, as expected, are considerably higher than those developed as part of the
above analysis for Scenario 111 of lettuce consumption based on full disinfected tertiary
treatment.

!> Results shown are from Table 7, Scenario 11 of Tanaka et al. (1998). The term “expectation of annual risks” is defined by
Tanaka et al. as an average value of the risks for many exposures.
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3.6 Acceptable or Tolerable Risk

One of the most important issues that should be addressed is that of defining “acceptable™® or
“tolerable risk” as it relates to water recycling for nonpotable uses. Evaluating the adequacy of a
particular treatment train requires a benchmark level (or set of criteria) that can be used for
comparison. Selecting a benchmark level of risk (or de minimis level) is a complicated process
that involves the evaluation of technical, political, and social factors, which is outside of the
Panel’s charge. However, to provide input and guidance to CDPH on this subject, the Panel
utilized a “weight-of-evidence” approach that looked at four key factors:

e Current regulatory examples of acceptable and/or tolerable risk.

e CDPH historical background information and assumptions regarding public health risk
associated with developing recycled water standards.

e Past and current QMRAs for recycled water.

e Comparison of estimated public health risk to diarrheal disease incidence rates in the
United States.

There are a number of examples of how “acceptable “risk has been defined that are described
below.

e For the SWTR (which was developed as one component of the Safe Drinking Water Act),
a risk of one infection per 10,000 people per year (or 0.0001 pppy) was taken as a
reasonable and acceptable health goal (Macler and Regli, 1993). As drinking water
regulations evolved, so did the process that is used to evaluate the adequacy of treatment.
One of the more recent drinking water regulations, the Long Term 2 Enhanced Surface
Water Treatment Rule (LT2 Rule), requires public water systems to augment their water
treatment processes if the mean source water Cryptosporidium levels correspond to an
estimated annual infection level of two per 1,000 persons or greater (U.S. EPA, 2006).
The process that was used to arrive at the levels described in the Final LT2 Rule involved
review by a scientific advisory committee, public comment, and numerous technical
considerations, including monitoring feasibility.

e As another example, the existing Ambient Water Quality Criteria for bacteria in
recreational waters are set to limit the rate of highly credible gastrointestinal illness*” in
swimmers to no more than eight per 1,000 (or 0.008 pppy) in freshwater and 19 per 1,000
in marine waters (or 0.019 pppy), based on Geometric Mean values for indicator
organisms (U.S. EPA, 1986).

16 Acceptable risk can be defined as the level of risk that is protective of public health for a population considering cost,
feasibility, and other considerations. WHO recommends “tolerable” risk that can be borne by a particular community and has
placed an emphasis on incorporating the concept of adjusting life years based on disability (i.e., considering severity and duration
of a disease/infection allows shifting from parasites to viruses as the waterborne pathogen of concern).

Y7 The following definition is currently used by the EPA for defining Highly Credible Gastrointestinal lliness (HCGI): “Any one
of the following unmistakable or combinations of symptoms (within 8 to 10 days of swimming): 1) vomiting, 2) diarrhea with
fever or disabling condition (remained home, remained in bed, or sought medical advice because of symptoms), and 3) stomach
ache or nausea accompanied by a fever.”

18 EPA estimated acceptable risk values based on the observed relationships between the fecal indicator bacteria (FIB)
concentrations and gastrointestinal illness (U.S. EPA, 1986).
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e WHO (2004) defined the “tolerable” risk of disease for fully treated drinking water to be
one per 1,000 (or 0.1 percent of disease in the community per year). Some public health
experts have indicated that a more “acceptable” level of risk should be based on infection
and be on the order of 1 per 100 (or 1 percent of the community infected per year) (Mara
et al, 2007).

A brief review of the historical CDPH record (California Department of Health Services, 1991,
1987) for the development of the CDPH water reuse regulations and the CDPH guidance on
wastewater disinfection indicates the following:

e The acceptable incidence of symptoms for diarrhea, fever, rash, mild infectious hepatitis,
and vomiting for persons exposed to recycled water is four per 100,000 (this could be as
low as one per 100,000, depending on the symptom or disease), and the assumed
probability of infection associated with the above symptoms is on the order of one per
1,000 (based on a ratio of disease to infection of 1 to 100 [Pipes, 1978]).

e The assumptions used to estimate an acceptable risk of infection for swimming in
receiving waters where secondary treated disinfected wastewater is discharged (fecal
coliform <23 MPN/100 mL) and 100 mL of water is consumed was calculated by CDPH
staff to be on the order of two per 1,000 for Giardia lamblia and eight per 100,000 for
enteroviruses (Polio I). The CDPH report notes that the estimates reduced the 1986 U.S.
EPA acceptable risk of illness for recreation by roughly 50 percent.

Currently, there are no Federal or State laws and/or regulatory standards defining “acceptable”
risk for nonpotable water recycling. While numerical standards are useful, they can never be
applicable and/or protective for all exposures, all pathogens, and all individuals. Further, from a
public health perspective, they may or may not be necessary depending on how regulations are
developed, implemented, and enforced. While this is the case for the California Water Recycling
Criteria, CDPH appropriately developed treatment-based standards that include the need for
multiple barriers, a high level of plant reliability, and process redundancy.

CDPH implementation of the Water Recycling Criteria is based on a goal that the treatment-
based standards provide sufficient overall plant reliability to achieve the U.S. EPA SWTR (i.e.,
potable drinking water) acceptable risk goal of one infection per 10,000 people per year for
enteric viruses (or de minimis level applied as a mean™®). Achieving the SWTR acceptable risk
goal was evaluated from a plant reliability perspective at four California water recycling
operations (i.e., Orange County Sanitation District separately for activated sludge and trickling
filter processes, Pomona, and the Monterey Regional Water Pollution Control Agency) for a
number of exposure routes, including food crop irrigation (i.e., based on the assumption that
crops are consumed every day, 10 mL of exposure volume per day, no irrigation for 2 weeks
before harvest, and sunlight inactivation) for enteric viruses. Tanaka et al. (1998) concluded that
the estimated annual risk of infection for full treatment (i.e., secondary plus filtration per the

'® CDPH considers a 1 in 10,000 (i.e., 1x10™) mean risk of infection to be an acceptable risk from exposure to treated wastewater
effluent (CDPH, 2010).
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recycling criteria) or contact filtration (i.e., direct filtration) and high chlorine dose (i.e., 5.2-log
removal of seeded polio virus) and for secondary treatment and high chlorine dose (i.e., 3.9-log
removal) are less than one per 10,000, even at a 95-percent confidence level (CL). In addition,
WateReuse Research Foundation (WRRF) (Olivieri et al., 2007) recently conducted an MRA for
several nonpotable reuses (i.e., full body contact-unrestricted recreation, landscape irrigation—
restricted and unrestricted, and food crop irrigation—edible and non-edible) and concluded that
the estimated daily risk of infection for exposure through food crop irrigation was
approximately:

e A median of 3.1 to 3.9 per 100,000 (disinfected secondary) to 1 per 100,000 to 4.5 per
1,000,000 (disinfected tertiary) for parasites (i.e., Giardia and Cryptosporidium spp.).

e A median of 1.7 per 100,000 (disinfected secondary) to 3.9 per 1,000,000 for enteric
Viruses.

Although Tanaka et al. (1998) and WRRF (Olivieri et al., 2007) employed slightly different
assumptions for exposure, dose-response, field decay period, and treatment effectiveness, a
comparison of the overall results for the risk of infection from enteric viruses for water recycling
on edible food crops are within an order of magnitude.

Finally, the results of the QMRA conducted as part of this Panel’s investigation indicate that
annualized median risks of infection for full tertiary treatment range from 10°® to 10™* (for the
selected pathogens), and accounting for the likelihood that only 8 percent of crops will be
irrigated with recycled water, the annualized median risks are an order of magnitude lower, 10°°
to 10™°. Furthermore, it is important to note that the estimated median risks are for infection
rather than disease (not all infections result in clinical disease).

To bring this work into overall perspective, the estimated diarrheal disease incidence for all ages
in developed countries is on the order of 0.2 per person per year (Mathers et al., 2002) to 0.72
per person per year (Imhoff et al., 2004).*** Comparison of the 0.2 per person per year (pppy)
disease incidence (assuming that the ratio of infection/disease is 1, which is highly conservative
and unlikely??) against the “tolerable and/or acceptable” levels currently used for drinking water
and surface water regulations indicates that those levels are several (at least 2) orders of
magnitude lower than the diarrheal disease incidence in developed countries and, most likely,
would not measurably raise the incidence level. This comparison does not assume that the
diarrheal disease incidence rate is considered acceptable by the Panel. However, the above
weight-of-evidence allows the Panel to address two key questions:

2 Re-analysis of the FoodNet population survey data in the United States for the period 2000-2003 resulted in an adjusted rate of
0.65 pppy (Roy et al., 2006).

2L Roy et al. (2006) further indicate that the FoodNet studies are the most generalizable to the United States population, probably
provide the best data currently available for the United States, and could have resulted in an over-reporting and, thus,
overestimate of the rate due to the retrospective study design.

22 pipes (1978) estimated that one of every 100 infections may result in disease.
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1. Should CDPH develop an “acceptable” or “tolerable” risk metric for Water Recycling
Criteria reuse applications? Based on this Panel’s review and analysis, the Panel does not
believe at this time that developing an acceptable or tolerable risk metric is warranted.

2. Is there any evidence that the current treatment-based Water Recycling Criteria increase
the risk to public health through irrigation of food crops with recycled water? The
Panel’s review of the available weight-of-evidence, including past (Tanaka et al. [1998]
and Olivieri et al. [2007]) and current QMRA results (Section 3.0), confirms that current
agricultural practices consistent with the Water Recycling Criteria do not increase public
health risk and that modifying the standards to make them more restrictive will not
improve public health.
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40 REVIEW OF KEY CDPH WATER RECYCLING CRITERIA PERFORMANCE
STANDARDS

As discussed previously, the Panel was provided with a summary of a number of specific CDPH
concerns (see Appendix 1-2) for the purpose of informing the Panel of the specific issues that
collectively may warrant the Panel’s review. The Panel reviewed and discussed the CDPH
summary and developed the following list of priority questions that it felt were within the
Panel’s charge:

Basis for 5-log reduction.

Basis for 450 CT.

Define multiple barriers.

Relevance of < 2 NTU.

e Defining secondary treatment.

e Relevance of total coliforms.

e Uptake by crops of pathogenic viruses.

The following discussion provides a statement of question, and the Panel’s analysis and
finding(s). Note that Question Numbers 1 and 2 are addressed in Section 3.0.

4.1 Question No. 3: What Is the Basis for the Current 5-Log Virus Reduction Criteria? Is
the Criterion Still Relevant?

and
Question No 4: What Is the Basis for the 450-mg/min/L CT Requirement?

Prior to adoption of the CDPH Water Recycling Criteria in 2000 (State of California, 2000),
recycled water treatment and quality criteria did not include disinfection requirements expressed
in terms of either CT or virus removal. Both the 1975 and 1978 versions of the Wastewater
Reclamation Criteria (State of California, 1975; 1978) included the following treatment and
disinfection requirements for the spray irrigation of food crops:

“60302. Spray Irrigation. Reclaimed water used for the spray irrigation of food crops shall
be at all times an adequately disinfected, oxidized, coagulated, clarified, filtered wastewater.
The wastewater shall be considered adequately disinfected if at some location in the
treatment process the median number of coliform organisms does not exceed 2.2 per 100
milliliters and the number of coliform organisms does not exceed 23 per 100 milliliters in
more than one sample within any 30-day period. The median value shall be determined from
the bacteriological results of the last 7 days for which analyses have been completed.”

CT Requirement: In the mid-1970s, the Sanitation Districts of Los Angeles County initiated a
study to evaluate alternative treatment trains to the train required in the Wastewater Reclamation
Criteria. The study, known as the Pomona Virus Study (Sanitation Districts of Los Angeles
County, 1977), evaluated the following treatment trains:
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System A: Alum coagulation, flocculation, sedimentation, filtration, disinfection
(Wastewater Reclamation Criteria treatment train).

System B: Low dose alum coagulation, filtration, disinfection (abbreviated treatment train,
also known a “direct filtration”).

System C: Carbon adsorption, disinfection, carbon adsorption.

System D: Low dose alum coagulation, filtration, disinfection (nitrified effluent feed).

Both ozone and chlorine were tested as the disinfectant. Only the results for chlorine
disinfection are discussed here. The pilot plant treatment trains for Systems A and B, which are
the most common in California, are shown in Figures 4.1 and 4.2. The differences between
Systems A and B are that the coagulant dose was reduced from 150 milligram per liter (mg/L) to
5 mg/L in System B, and the flocculation and sedimentation steps were eliminated. Tracer
studies determined that the modal chlorine contact time for both systems was about 98 minutes,
both had combined chlorine residuals at the end of the chlorine contact retention time, and both
met the total coliform requirements specified in the 1975 Wastewater Reclamation Criteria.

Seeded attenuated polio virus was injected into a secondary effluent line feeding each system.
The cumulative log removals of poliovirus for all of the tertiary systems evaluated are shown in
Figures 4.3 and 4.4. Chlorine addition was adjusted to produce combined residuals of
approximately either 5 mg/L or 10 mg/L at the end of the chlorine contact tanks. Virus
monitoring results indicated that the cumulative log virus removal was approximately 5 logs
(some slightly below that level and some slightly above that level) in all of the systems having 5-
mg/L or 10-mg/L combined chlorine residuals.

Figure 4.1 1978 wastewater reclamation Figure 4.2 Abbreviated treatment train.
treatment train. Criteria treatment train.



Figure 4.3. Polio virus removal for Figure 4.4. Polio virus removal for
chlorine residual ~ 5 mg/L. chorine residual ~ 10 mg/L.

Upon completion of the Pomona Virus Study?*, CDPH initially recommended that several
specific design and operational requirements be followed when employing the alternative
methods of treatment that were studied at Pomona, including a combined chlorine residual of 10
mg/L and a modal chlorine contact time of at least 98 minutes. SWRCB requested that CDPH
reconsider these preliminary requirements based on operating data from Los Angeles County
Sanitation plants and the Pomona Virus Study. Upon review of the data, CDPH determined that,
where the basic design and water quality conditions achieved during the Pomona Virus Study are
met, an adequate degree of public health protection can be provided without reference to a
specific chlorine residual (California Department of Health, 1978). System B (abbreviated
treatment train) was determined to be equivalent to System A (i.e., the treatment train required in
the 1978 Wastewater Reclamation Criteria) if the following conditions were met:

Turbidity in the secondary effluent of less than 10 turbidity units.

Coagulation ahead of the dual media filters.

Comparable filter depths and loading rates to those used during the Pomona Virus Study.
Average turbidity in the filtered effluent of less than or equal to 2.0 turbidity units.

High energy rapid mix of chlorine.

Theoretical contact time of 2 hours and a modal time between 90 to 100 minutes, based
on peak dry weather flow.

Chlorine contact chamber length to depth or width ratio of 40:1.

8. Median (2.2/100 mL) and maximum (23/100 mL) total coliform requirements.

ook~ wdE

~

CDPH subsequently determined that — for alternative treatment processes to be used in lieu of
the requirements in the 1978 Wastewater Reclamation Criteria that require an adequately
disinfected, oxidized, coagulated, clarified, filtered wastewater — a chlorine residual was

2 Virus monitoring by the County Sanitation Districts of Los Angeles County (Yanko, 1993) and the Monterey Regional Water
Pollution Control Agency (Jaques et al., 1999) at full-scale operational tertiary treatment plants meeting the CT and other
requirements specified in the Water Recycling Criteria for disinfected tertiary recycled water did not detect naturally occurring
pathogenic viruses in the treated recycled water.



necessary to ensure adequate disinfection. In 1978, CDPH published a policy statement (Policy
Statement for Wastewater Reclamation Plants with Direct Filtration) that required a chlorine
residual of at least 5 mg/L after a modal contact time of at least 90 minutes (California
Department of Health Services, 1988), which resulted in a minimum allowable CT of 450 mg-
min/L. The CT and modal contact time requirements ultimately were incorporated into the 2000
revision of the 1978 criteria. The Final Statement of Reasons (California Department of Health
Services, 1999) prepared prior to adoption of the 2000 CDPH Water Recycling Criteria (State of
California, 2000) included the following rationale for requiring a minimum CT of 450 mg-min/L
after a minimum contact time of 90 minutes:

“Proposed section 60301.230 would be adopted to define a wastewater that has been
‘adequately disinfected, oxidized, coagulated, clarified, and filtered’; these terms are used
in the existing sections 60303 through 60305. This definition contains specific proposed
criteria relating to the disinfection process. EXxisting regulations (sections 60303 through
60317) specify a median concentration of coliform bacteria of 2.2 per 100 milliliters and
a maximum of 23 coliform per 100 milliliters which may be exceeded in only one sample
within a 30 day period. These bacterial requirements are unchanged in the proposed
regulations but are made a part of the definition for greater clarity. The existing
regulation does not specify a maximum for the one sample exceedance. The Department
believes that this should not be unlimited because it could create a short period of
substantial contamination to users. A maximum of 240 MPN has been inserted for the
one sample exceedance. This would allow ample operational flexibility without creating
an unreasonable risk to the public.

Currently, the term *adequate disinfection’ is defined strictly in terms of coliform
concentrations. The Department does not believe this provides sufficient reliability for
inactivation of viruses. A report on a major study of the effectiveness of wastewater
treatment processes in controlling viruses (the Pomona Virus Study) was released in
February 1977. That report made specific technical recommendations on minimum
disinfection concentration and contact time necessary to control viruses. Since the
release of that study, the Department has used those recommendations as the basis for
comments to the regional water quality control boards on proposed recycling project
requirements, to ensure adequate public health protection when recycled water is used.
Proposed section 60301.230, therefore, also adds a requirement for a minimum chlorine
concentration versus time (generally referred to as CT values) of 450 based on a
minimum 90-minute contact time. These requirements are based on the Department's
experience with several demonstration projects (including the 1977 report on the Pomona
Virus Study) where these concentrations and detention times were shown to be effective
in inactivating viruses and on operational testing data submitted by the Los Angeles
County Sanitation Districts. An alternative disinfection method can be used provided
that it is demonstrated to be capable of removing or inactivating viruses to a level of
1/100,000 (5 logs) of the initial concentration. The demonstration of a 5 log reduction or
use of the specified CT values were determined by the Department to be necessary to
assure effective and reliable removal and inactivation of enteric viruses for those uses
where the public exposure to the recycled water is exceptionally high.”



The current CDPH Water Recycling Criteria (State of California, 2000) require that recycled
water used for the irrigation of food crops where the recycled water comes in contact with the
edible portion of the crop must be an oxidized, filtered, and disinfected wastewater that meets the
definition of “disinfected tertiary recycled water” in the criteria, as follows:

“Section 60301.230. Disinfected Tertiary Recycled Water.
“Disinfected tertiary recycled water” means a filtered and subsequently disinfected
wastewater that meets the following criteria:

(a) The filtered wastewater has been disinfected by either:

(1) A chlorine disinfection process following filtration that provides a CT (the
product of total chlorine residual and modal contact time measured at the
same point) value of not less than 450 mg-min/L at all times with a modal
contact time of at least 90 minutes, based on peak dry weather flow; or

(2) A disinfection process that, when combined with the filtration process, has
been demonstrated to inactivate and/or remove 99.999 percent of the plaque-
forming units of F-specific bacteriophage MS2, or polio virus in the
wastewater. A virus that is at least as resistant to disinfection as polio virus
may be used for purposes of the demonstration.

(b) The median concentration of coliform bacteria measured in the disinfected
effluent does not exceed an MPN of 2.2 per 100 mL utilizing the bacteriological
results of the last 7 days for which analyses have been completed and the number
of total coliform bacteria does not exceed an MPN of 23 per 100 mL in more than
one sample in any 30-day period. No sample shall exceed an MPN of 240 total
coliform bacteria per 100 mL.”

Panel Findings:

1. Based on seeded polio virus studies on tertiary treatment using direct filtration
(Pomona Virus Study [Sanitation Districts of Los Angeles County, 1977] and
Monterey Wastewater Reclamation Study for Agriculture [Engineering-Science,
1987]) and other data from operational water reclamation facilities in California, the
Panel concurs with CDPH that — for irrigation of food crops eaten raw — requiring a
CT of 450 mg-min/L for disinfected tertiary recycled water (or a 5-log
inactivation/removal of poliovirus or MS2 through filtration and disinfection®) is
appropriate. This is not meant to imply that alternative treatment technologies and/or
different CTs would not ensure adequate health protection; however, studies would be
needed to document that an equivalent level of health protection would be provided
by the alternative treatment technologies or CTs (e.g., see Finding 2 below).

** please note that achieving a 5-log reduction relying on MS2 is not feasible based on available data (EOA and Public Health
Institute, 2007; Olivieri et al., 1998 [see Appendix 4-1 for data and inactivation curves]). This is the case since MS2 is more
resistant to combined chlorine than poliovirus.



2. The CT requirement specified in the Water Recycling Criteria principally is based on
the Pomona Virus Study, which used combined chlorine and a modal contact time of
about 90 minutes, seeded with poliovirus I. 1t would be worthwhile for the water
industry to commission a follow-up study to determine whether the use of free
chlorine at different modal contact times would be able to achieve 5 logs of seeded
virus removal at lower chlorine contact times, thus resulting in lower CT
requirements.”

3. The Panel recognizes that the drinking water regulations allow a lower CT to
demonstrate 5 logs of virus removal, but is of the opinion that it is inappropriate to
use drinking water CT criteria for recycled water because recycled water is more
complex than drinking water, and a safety factor is needed.
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4.2 Question No. 5: How Should Multi-Barrier Treatment and Effectiveness Be Defined?
How Should It Be Evaluated?

The primary concern of wastewater treatment for reuse for agricultural irrigation is the
inactivation or removal of pathogenic microorganisms. Within the typical water reclamation
process train, although primary treatment, secondary treatment, and filtration can all provide
removal of pathogens, the burden of pathogen removal or inactivation lies with disinfection (see
Figures 3.3 and 3.4 on the Pomona Virus Study).

A simple approach to a multiple barrier is to provide a process train of multiple units that
provides a high level of performance such that the treatment train can meet the overall removal
goal even if the most effective single unit process fails. However, this approach generally is not
useful for most nonpotable uses of recycled water, since disinfection is the key step in the
treatment of recycled water for such uses, and total failure of the disinfection process will almost
always result in product water that does not meet microbial requirements. A better approach is
to focus on the reliability and control of the disinfection process.

4.3 Question No. 6: Is the Current <2 NTU (Average Daily) Turbidity Criteria Still a
Valid Filtration Performance Standard?

The removal of suspended matter in wastewater to be used for crop irrigation is related to health
protection as particulates can shield pathogens from disinfectants such as chlorine and ultraviolet
radiation. In California, turbidity is used as the measure of particulates in recycled water.
Turbidity, by itself, is not used as an indicator of microbial quality, but rather as a quality
criterion prior to disinfection. Disinfection capability is inversely related to turbidity (i.e., the
lower the turbidity, the greater the level of disinfection for any particular disinfectant dose).



Turbidity requirements first appeared in California’s water reuse regulations in the 1968
Statewide Standards for the Safe Direct use of Reclaimed Waste Water for Irrigation and
Impoundments (State of California, 1968). Those regulations required that the turbidity of
filtered effluent not exceed 10 turbidity units. Prior to revision of the 1968 standards, CDPH
evaluated data from several tertiary wastewater treatment facilities in California and elsewhere
(California Department of Health, 1974) and determined that establishment of a more
conservative standard was required to ensure that effective coagulation and filtration has taken
place. Thus, turbidity requirements in the 1975 and 1978 Wastewater Reclamation Criteria were
more restrictive than those in the 1968 standards and required that turbidity after filtration “does
not exceed an average operating turbidity of 2 turbidity units and does not exceed 5 turbidity
units more than 5 percent of the time during any 24-hour period” (State of California, 1975; State
of California, 1978).

The 2000 California Water Recycling Criteria (State of California, 2000) further revised the
turbidity requirements (that apply to treated wastewater after media filtration) to include a
maximum turbidity that cannot be exceeded at any time, determination of turbidity as NTU, and
other minor changes for clarity. The 2000 criteria require that the turbidity of filtered wastewater
cannot exceed an average of 2 NTU within a 24-hour period, 5 NTU more than 5 percent of the
time within a 24-hour period, and 10 NTU at any time. The criteria also include turbidity
requirements for wastewater that has received treatment via microfiltration, ultrafiltration,
nanofiltration, or reverse osmosis membranes that are considerably more restrictive than those
that apply to wastewater that has received media filtration (i.e., the turbidity cannot exceed 0.2
NTU more than 5 percent of the time within a 24-hour period and cannot exceed 0.5 NTU at any
time). The Final Statement of Reasons (California Department of Health Services, 1999) for the
Water Recycling Criteria included the rationale for the turbidity requirements, as follows:

“Subsection (r) would be re-designated as new section 60301.320. The wording would be
changed to remove the clarification unit process requirement from this definition. The
existing requirement would be adequately covered by other definitions and is unnecessary. A
maximum turbidity limit of 10 NTU would be adopted into the previous definition. The
existing definition allows the 2 NTU daily average to be exceeded up to 5 percent of the
time. Not specifying an absolute maximum, however, would allow a treatment facility to
produce an effluent with unlimited turbidity 5 percent of the time. This could cause the
disinfection process to be ineffective for short periods. Imposing a 10 NTU maximum would
preclude this possibility while not imposing unreasonable operational restrictions on existing
plants. Existing plants that are well operated have demonstrated the capability to meet this
requirement consistently. Other minor changes would be made in this section for greater
clarity, such as specifying that “of the time” refers to a 24-hour period.

Subsection 60301.320(b) requires the use of filtration technologies with membranes to
physically screen particulate matter, including certain pathogens (microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis). Membrane filtration has been
demonstrated to achieve virus removal when the turbidity performance objectives in this
subsection have been met.”

The more restrictive turbidity requirement for membranes is based on observed turbidity levels



in product water from properly designed and operated microfiltration unit processes having a
nominal pore size in the 0.1- to 0.2-pum range and reflects attainability and good engineering
practices.?

Panel Findings:

1. The Panel concurs with the turbidity requirements in the Water Recycling Criteria for
wastewater that has received media filtration.

2. While the Panel understands the rationale for the more restrictive turbidity requirements
where membranes are used in place of media filters, as attainability and good practice has
always been considered during development of water recycling criteria through the years, we
are of the opinion that more information is necessary to document the need for the low
turbidity requirements when membranes are used in place of media filters. For example, it
would be important to find out whether membrane treatment that produces wastewater
meeting a turbidity limit of 2 NTU indicates that more pathogens are present in the
wastewater before disinfection than that for media filtration meeting the same turbidity limit.
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