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Executive Summary

The population of California is projected to increase from 38 million to 50 million by the
year 2049. This population increase will have a dramatic impact on the water needs of
the State. To address this increased water need, the State will take a variety of actions
as outlined in the Governor’s California Water Action Plan, first released in 2014 and
recently updated in 2016 (CA Natural Resources Agency, 2016). One component of that
plan is to increase the use of recycled water. The State Water Board has set a mandate
of increasing the use of recycled water by 200,000 acre-foot per year (AFY) by 2020
and an additional 300,000 AFY by 2030. Although the use of recycled water for non-
potable uses such as agricultural and landscape irrigation is already well established
and has been regulated for decades in California, increasing the use of recycled water
for both non-potable uses as well as a source of potable water (“potable reuse”) is
important for the State to be able to meet this mandate. For example, groundwater
replenishment (groundwater recharge), which is an indirect form of potable reuse, has
the capacity to reuse 200,000 acre-feet of recycled water a year via just eight projects
throughout California. Accordingly, the State Water Board revised and adopted uniform
water recycling criteria for groundwater replenishment in 2014 and is in the process of
establishing uniform water recycling criteria for the augmentation of surface water
reservoirs used as a source of drinking water supply, which is another form of indirect
potable reuse.

Legislative Mandate

In 2010, the California Legislature enacted Senate Bill (SB) 918 (Chapter 700, Statutes
of 2010), which added sections 13560-13569 (Division 7, Chapter 7.3) to the Water
Code regarding potable reuse of recycled water. SB 918 defined the term “direct
potable reuse” and directed the California Department of Public Health (CDPH) to
investigate the feasibility of developing uniform water recycling criteria for direct potable
reuse (DPR), convene an expert panel to study the technical and scientific issues, and
provide a final report to the Legislature by December 31, 2016. The main difference
between DPR and indirect potable reuse (IPR) is DPR’s lack of a meaningful
environmental buffer.

In 2013, the Legislature enacted SB 322 (Chapter 637, Statutes of 2013), which
amended Chapter 7.3 of the Water Code to require that an advisory group subject to the
Bagley-Keene Open Meeting Act be convened to advise the expert panel and the State
Water Board in the development of the feasibility report. SB 322 additionally tasked the
expert panel to assess whether additional areas of research are needed to be able to
establish uniform regulatory criteria for DPR and to recommend an approach for
accomplishing any additional needed research in a timely manner. SB322 required that
a draft report summarizing the expert panel research recommendations be prepared by

! "Direct potable reuse" means the planned introduction of recycled water either directly into a
public water system, as defined in Section 116275 of the Health and Safety Code, or into a raw
water supply immediately upstream of a water treatment plant.
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June 30, 2016, and a draft feasibility report be provided to the public for comment by
September 1, 2016.

Experience in Direct Potable Reuse

The State Water Board reviewed DPR regulations and DPR projects nationally and
internationally to determine what other regulatory approaches have been taken. There
have been no regulations developed for DPR to date. There are two DPR projects
currently operating worldwide as permanent sources of drinking water. The two DPR
projects, one in Windhoek, Namibia, and the other in Texas, were pursued out of
necessity after the communities suffered through severe drought, despite conservation
efforts and efforts to find better sources of water. Both projects were constructed before
there was significant guidance available on the safety of using DPR. In both cases, the
regulating authority provided oversight of these projects via a site-specific permitting
process rather than via a uniform regulatory process that would be applicable to other
facilities.

Both projects continue to operate today under permit by regulating agencies in the
absence of DPR regulations.

Independent Review

The State Water Board convened two independent groups, an expert panel of scientists
and engineers, and an advisory group of stakeholders, in early 2014 to advise the State
Water Board on issues related to the investigation of the feasibility of developing
uniform water recycling criteria for DPR that is protective of public health. The Expert
Panel was tasked with advising on public health issues and scientific and technical
matters, assessing the need for additional research on DPR, and recommending an
approach for completion of needed research. The Advisory Group was tasked with
advising the Expert Panel and the State Water Board on relevant topics such as
practical considerations for DPR criteria that are protective of public health and
achievable by project proponents. The recommendations of the Expert Panel and
Advisory Group established the foundation of the State Water Board'’s investigation and
findings.

Expert Panel Findings

The Expert Panel found that it is technically feasible to develop uniform water recycling
criteria for DPR in California, and that those criteria could incorporate a level of public
health protection as good as or better than what is currently provided by conventional
drinking water supplies and IPR. The Expert Panel found that the functionality of an
environmental buffer (i.e., storage, attenuation, and response time) as provided by IPR
projects is an important level of protection that would be absent in DPR projects. The
Expert Panel indicated that for DPR projects, this level of protection can be addressed
by enhancing the reliability of mechanical systems and treatment plant performance.

Additionally, the Expert Panel found that there is no need for additional research to be
conducted to establish criteria for DPR, but provided six research recommendations that
would enhance the understanding and acceptability of DPR, and further ensure that
DPR is protective of public health. The Expert Panel suggested that the research be
supported directly by the State of California, and noted that the recommended research
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could be done either before and/or concurrently with the development of DPR criteria.
The research recommendations are summarized as follows:

1. To continue to improve on source control and final water quality monitoring, carry out
an ongoing literature review to identify new compounds that may pose health risks
particularly to fetuses and children from short term exposures.

2. Implement a probabilistic method (Quantitative Microbial Risk Assessment, QMRA)
to confirm the necessary removal values for viruses, Cryptosporidium and Giardia
based on a literature review and new pathogen data collected, and apply this
method to evaluate the performance and reliability of DPR treatment trains.

3. Require monitoring of pathogens in raw wastewater to develop better empirical data
on concentrations and variability.

4. Investigate the feasibility of collecting raw wastewater pathogen concentration data
associated with community outbreaks of disease, and implement where possible.

5. ldentify suitable options for final treatment processes that can provide some
“averaging” with respect to potential chemical peaks, particularly for chemicals that
have the potential to persist through advanced water treatment.

6. Develop more comprehensive analytical methods to identify unknown contaminants,
particularly low molecular weight compounds potentially in wastewater that may not
be removed by advanced treatment and is not presently detectable by current
regulatory monitoring approaches.

While the Expert Panel believed that the absence of better information that will be
provided by this research may not be an impediment to establishing uniform criteria for
DPR, the State Water Board finds the research results will make a significant
contribution to the development of criteria for DPR, and most importantly, will provide a
higher level of certainty that the criteria are protective of public health, and therefore
must be conducted concurrently with the development of DPR criteria.

Additional Knowledge Gaps

The State Water Board finds that there are additional knowledge gaps that remain
before criteria can be written to address issues unique to DPR. These knowledge gaps
primarily relate to the quantification of reliability, which is critical to ensuring the level of
protection that otherwise would be afforded by an environmental buffer. These critical
knowledge gaps must be addressed in order to develop well-crafted objective criteria
that are unambiguous and enable an objective determination of compliance. The State
Water Board plans to work with subject matter experts and is monitoring the progress of
a number of research projects that are underway or planned that could help fill in the
knowledge gaps.

Potential New Programs and Initiatives

The Expert Panel and the Advisory Group provided recommendations that will need to
be addressed regarding the non-treatment barriers that are part of enhancing the safety
of DPR, including source control, wastewater treatment plant optimization, advanced
operator certification, and technical, managerial, and financial capacity. While these
recommendations need not be implemented before the adoption of criteria for DPR, the
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State Water Board must evaluate these potential new programs and initiatives that may
be necessary to enhance the regulation of DPR to protect public health.

Process Going Forward

The use of recycled water for DPR has great potential but it presents very real scientific
and technical challenges that must be addressed to ensure the public’s health is reliably
protected at all times. Given the various possible types of DPR projects, a common
framework will be needed to avoid discontinuities in the risk assessment/risk
management approach as progressively more difficult conditions are addressed. This
report presents an assessment of the issues associated with DPR as directed by the
Legislature, carefully considers the findings and recommendations of the Expert Panel
and the Advisory Group, and presents a number of conclusions and recommendations
that are summarized in Chapter 4 and an Implementation Plan for the development of
criteria for DPR in Chapter 5.
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Chapter 1. Introduction

1.1. Requirement for this Report

In 2010, the California Legislature enacted Senate Bill (SB) 918 (Chapter 700, Statutes
of 2010), which added sections 13560-13569 (Division 7, Chapter 7.3) to the Water
Code regarding potable reuse of recycled water. SB 918 defined the term “direct
potable reuse” and directed the California Department of Public Health (CDPH) to
investigate the feasibility of developing uniform water recycling criteria for direct potable
reuse (DPR) and provide a final report to the Legislature by December 31, 2016. The
responsibility for completing and submitting the final report to the Legislature was
transferred to the State Water Resources Control Board (State Water Board) on July 1,
2014. SB 918 also required that an expert panel be convened for the purposes of
advising the State Water Board on public health issues and scientific and technical
matters regarding the investigation.

In 2013, the Legislature enacted SB 322 (Chapter 637, Statutes of 2013), which
amended Chapter 7.3 of the Water Code to require that an advisory group subject to the
Bagley-Keene Open Meeting Act be convened to advise the expert panel and the State
Water Board in the development of the feasibility report. SB 322 additionally tasked the
expert panel to assess whether additional areas of research are needed to be able to
establish uniform regulatory criteria for DPR, recommend an approach for
accomplishing any additional needed research in a timely manner, and provide the
recommendations to the State Water Board by June 30, 2016. SB 322 required that the
draft feasibility report be provided to the public for comment by September 1, 2016.

In performing the investigation of the feasibility of developing uniform water recycling
criteria for DPR, Water Code Section 13565 requires the State Water Board to consider
the recommendations from the expert panel; the recommendations of the advisory
group; available research regarding unregulated pollutants as developed pursuant to
the State Water Board’s Recycled Water Policy; the regulations and guidelines in place
for DPR from jurisdictions in other states, federal government and other countries; water
guality and health risk assessments associated with existing potable water supplies
subject to the discharges from municipal wastewater, stormwater and agricultural runoff;
and, pursuant to Water Code section 13563, the results of the State Water Board’s
evaluation of all of the following:

(1) The availability and reliability of recycled water treatment technologies necessary
to ensure the protection of public health;

(2) Multiple barriers and sequential treatment processes that may be appropriate at
wastewater and water treatment facilities;

(3) Available information on health effects;

(4) Mechanisms that should be employed to protect public health if problems are
found in recycled water that is being served to the public as a potable water
supply, including, but not limited to, the failure of treatment systems at the
recycled water treatment facility;
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(5) Monitoring needed to ensure protection of public health, including, but not limited
to, the identification of appropriate indicator and surrogate constituents;

(6) Any other scientific or technical issues that may be necessary, including, but not
limited to, the need for additional research.

1.2. Regulation of Recycled Water for Potable Reuse

The regulation of recycled water for potable reuse is the responsibility of the State,
since there are no federal regulations for water recycling or recycled water reuse. The
Porter-Cologne Water Quality Control Act, Division 7 of the California Water Code
provides that CDPH shall establish uniform criteria for each varying type of use of
recycled water where the use involves the protection of public health. The Drinking
Water Program (DWP) within CDPH carried out the responsibility of developing uniform
criteria for the use of recycled water, and continues that authority as the Division of
Drinking Water (DDW) within the State Water Board when the DWP was transferred to
the State Water Board on July 1, 2014.

The Regional Water Quality Control Boards (RWQCBS) are responsible for the
protection of the quality of ambient surface water and groundwater (i.e., lakes, rivers,
and groundwater basins) up to the point where the water enters a drinking water well or
surface water intake. DDW and the RWQCBs work cooperatively on regulating potable
reuse projects such as those that are designed to replenish groundwater supplies or
augment surface water supplies using reservoirs. The RWQCBs incorporate the DDW
criteria in Water Reclamation Permits or Waste Discharge Requirements that define the
requirements that a water recycling project must meet.

The State Water Board is also responsible for regulating public water systems pursuant
to the federal Safe Drinking Water Act (SDWA) and the California SDWA? and
establishing regulations that carry out the California SDWA (Titles 17 and 22 of the
California Code of Regulations). DDW carries out those responsibilities including
ensuring the delivery of safe drinking water from drinking water supplies such as
groundwater or surface water sources that are replenished or augmented by recycled
water. DDW'’s drinking water regulatory responsibilities include the issuance of water
supply permits covering the approval of the drinking water supply, water system design
and operation procedures, inspection of water systems, the enforcement of laws and
regulations to assure that all public water systems routinely monitor water quality and
meet current standards, and assuring notification is provided to consumers when
standards are not being met. Additional information on the regulation of the water
supply and water quality to promote safe drinking water by DDW and other State and
local agencies can be found in the “Safe Drinking Water Plan for California” (SWRCB,
2015).

1.3. History of Potable Reuse in California

There has been considerable development in the planned use of recycled water to
supplement drinking water supplies in California. Recycled water is obtained from

2 Health and Safety Code, div. 104, pt. 12, ch. 4, §116270 et seq.
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municipal wastewater (sewage) treatment plants and is treated prior to its reuse.
Recycled water may be used as an indirect source of drinking water (called indirect
potable reuse, IPR), wherein recycled water is used to augment groundwater basins or
surface water reservoirs that are used as sources of drinking water. The highly treated
recycled water is introduced into those sources and remains within these natural bodies
for some period of time, sometimes provided with additional treatment, until drawn out
for use by public drinking water systems and other public and private entities that
depend on these sources to meet water needs.

The planned replenishment of groundwater basins with recycled water has been
practiced in California for over 50 years. The Montebello Forebay Spreading Grounds
has been operated since the 1930’s to replenish the groundwater basins underlying the
greater Los Angeles metropolitan area with imported water and local storm water;
recycled water produced by the Los Angeles County Sanitation Districts was used as an
additional source of recharge water starting in 1962. Recycled water use for
groundwater recharge at the Montebello Forebay has expanded from about 12,000
acre-foot per year (AFY) in 1962 to about 50,000 AFY today. The Orange County Water
District, which has operated a system of groundwater injection wells at the Talbert Gap
to keep seawater out of the groundwater basin underlying Orange County since 1965
using local and imported water, started using recycled water produced by Water Factory
21 in 1976 as an additional source of injection water. Less than 5,000 AFY was injected
at the beginning of this potable reuse project; currently the project injects about 35,000
AFY of recycled water. Potable reuse for groundwater replenishment has expanded to 8
approved projects, mostly in southern California, that have the capacity to reuse
200,000 AFY of recycled water, with more than a dozen planned by local groundwater
management agencies and water utilities throughout the State.

The planned augmentation of a surface water reservoir (that is used as a source of
drinking water supply) with recycled water has not been implemented in California to
date. The concept was first proposed by the City of San Diego as part of its Total
Resource Recovery Project in the 1990’s, and conceptually approved by the
Department of Health Services in 1994. The City had conducted studies over a decade
to evaluate an advanced water treatment system to produce recycled water quality
suitable for discharge to the City’s San Vicente Reservoir, a raw surface water reservoir,
for storage and subsequent withdrawal and treatment at its Alvarado surface water
treatment plant. The City Council canceled the project in May 1999 due to public
opposition. In 2009, the City of San Diego revisited surface water augmentation by
initiating a demonstration project at its North City Water Reclamation Plant (WRP). The
City made a renewed proposal to CDPH to use advanced treated water from the North
City WRP to augment the City’s San Vicente Reservoir. CDPH conceptually approved
the project in 2012. In 2016, the City of San Diego revised its project proposal to instead
augment the City’s Miramar Reservoir, a much smaller reservoir than the San Vicente
Reservoir. The State Water Board is reviewing the revised project proposal.

In February 2009, the State Water Board adopted Resolution 2009-0011, Policy for
Water Quality Control for Recycled Water (Recycled Water Policy), which set a
mandate of increasing the use of recycled water by 200,000 AFY by 2020 and an
additional 300,000 AFY by 2030 over 2009 recycled water use levels, with a goal of
replacing the use of potable water with recycled water for appropriate non-potable water

State Water Resources Control Board Page |3



Feasibility of Developing Uniform Water Recycling Criteria for DPR

uses such as landscape irrigation, thereby allowing potable water supplies to be
conserved for potable uses. In 2013, the Policy (SWRCB, 2013) was amended to
establish a process for addressing chemicals of emerging concern (CECs) in the use of
recycled water, including a research plan and a set of CEC monitoring criteria for the
indirect potable reuse of recycled water for groundwater replenishment.

SB 918 required that recycled water regulations be developed for IPR, including the
planned replenishment of a groundwater basin with recycled water, and the planned
augmentation of a surface water reservoir used as a source of drinking water with

recycled water. CDPH adopted revised regulations for groundwater replenishment in
2014, which replaced an earlier version adopted in 1978. The regulations for surface
water augmentation (SWA) with recycled water are in the process of being adopted.

1.4. Direct Potable Reuse (DPR)

Water Code section 13561, established via SB 918, defines direct potable reuse (DPR)
as “the planned introduction of recycled water either directly into a public water system,
as defined in Health and Safety Code section 116275, or into a raw water supply
immediately upstream of a water treatment plant.” The major distinction between DPR
and indirect potable reuse (IPR) is that, under IPR, a meaningful environmental buffer is
present between the discharge point of the recycled water into a drinking water source,
and the extraction point from that source, sometimes being transmitted to a water
treatment plant before distribution. As a result, in IPR projects such as groundwater
replenishment or surface water augmentation with recycled water, the recycled water
may be retained in the environment for an extended period of time prior to extraction.
Among other things, this extended period of retention allows time for action to be taken
if the recycled water quality is compromised due to a treatment failure.

To compensate for the lack of an environmental barrier, DPR must depend on
engineered barriers to provide an equivalent level of public health protection. These
engineered barriers can include advanced treatment technologies and monitoring tools
that are demonstrated to be effective and reliable. Concepts such as redundancy,
robustness and resiliency are also important when evaluating the engineered barriers.

1.5. DPR Regulations and Guidance

To date, no regulations exist in the United States at the federal or the state level for
DPR. There has, however, been ongoing interest regarding the planned use of treated
wastewater to directly supplement water supplies, and federal and state agencies have
undertaken studies, convened panels of experts to identify the issues and address
guestions regarding the safe use of treated wastewater to supplement water supplies,
and developed general guidance documents on potable reuse, which has only within
the last decade focused on DPR.

1.5.1. United States Environmental Protection Agency

The United States Environmental Protection Agency (USEPA) has studied potable
reuse as early as the 1970’s, convening several workshops to study the issue and
commissioning the National Research Council to study the issue in the 1980’s and
1990’s. A 1975 EPA report (USEPA, 1975) looked at the research needs for the
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planned potable reuse of municipal wastewater, acknowledging that unplanned reuse is
already occurring as wastewater is discharged into major river systems that are sources
of potable water for downstream users. In 1980, USEPA convened a workshop
(USEPA, 1982) to review and provide guidance with respect to the approaches, issues
and needed research for establishing a pathway to protocol development for potable
reuse criteria and for consideration of non-potable reuse options. The 1982 USEPA
report acknowledged that the drinking water standards were established based on the
assumption that the source water used is relatively pollution-free, and hence the
development of criteria and standards for potable reuse would be necessary if the reuse
of wastewater for potable purposes was to be considered. Water recycling and water
reuse standards would be the responsibility of the states, not the federal government.

In 1980, USEPA published “Guidelines for Water Reuse” (USEPA, 1980) as a technical
research report to develop awareness and encourage the beneficial reuse of
wastewater. The 1980 report addressed the main areas of concern for water reuse,
including technical issues, economic issues, legal and institutional issues, financing,
and public involvement in planning, concentrating mostly on non-potable reuse,
although IPR via groundwater recharge was discussed. USEPA provided updates of the
“Guidelines for Water Reuse” report in 1992, 2004 and 2012. The 1992 USEPA report
(USEPA, 1992) included a survey of potable reuse projects operating within the country,
a compilation of state-level regulatory requirements for potable reuse, as well as an
international survey of water reuse. Because most of the potable reuse projects at the
time involved IPR, the report discussed DPR but did not provide any guidance on DPR.
The 2004 (USEPA, 2004) and 2012 (USEPA, 2012) reports provided updates on the
state of the knowledge and practice on potable reuse, including new issues such as
emerging chemicals and pathogens of concern, provided new information on treatment
and disinfection technologies, and updates on case studies and regulations. Each
successive report addressed IPR to a greater degree, but did not provide guidelines for
DPR.

1.5.2. National Research Council

The National Research Council (NRC), organized in 1916 by the National Academy of
Sciences to provide scientific and technical advice on topics of national interest to
governmental and other organizations, evaluated the issues relating potable reuse in
the 1970’s. The NRC convened the Panel on Quality Criteria for Water Reuse in 1982 at
the request of USEPA, the US Department of Agriculture, and the US Army Corps of
Engineers, who were studying whether the Potomac Estuary, which was heavily
impacted by wastewater discharges, was suitable as a drinking water supply for
Washington DC. The panel of experts made findings in a report (NRC, 1982) that
outlined the scientific questions with respect to water quality criteria that should be
applied to impaired sources of water such as the Potomac Estuary. The panel provided
the following perspective: “There appears to be no scientific or societal consensus as to
what constitutes an “ideal” potable water. Potability is determined by acceptability of
taste and odor and the presumed absence of unacceptable adverse health effects. In
the absence of an absolute, ideal water standard, the performance of a wastewater
treatment facility to produce potable water should be judged in comparison with
conventional drinking waters. The philosophy behind the Interim Primary Drinking Water
Regulations requires that water intended for human consumption should be taken from
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the highest quality source that is economically feasible. Accordingly, in assessing the
adequacy of water being considered for potable reuse, comparison should be made
with the highest quality water that can be obtained from that locality even though that
source may not be in use.”

In 1998, NRC convened the Committee to Evaluate the Viability of Augmenting Potable
Water Supplies with Reclaimed Water at the request of the US Bureau of Reclamation,
USEPA, the Water Environment Research Foundation (WERF), American Water Works
Association Research Foundation (now Water Research Foundation), National Water
Research Institute (NWRI) and several water and wastewater agencies. The Committee
made findings in a report (NRC, 1998), which determined that “...indirect potable reuse
is a viable application of reclaimed water — but only when there is a careful, thorough,
project-specific assessment that includes contaminant monitoring, health and safety
testing, and system reliability evaluation.... Further, indirect potable reuse is an option
of last resort. It should be adopted only if other measures — including other water
sources, non-potable reuse, and water conservation — have been evaluated and
rejected as technically or economically infeasible.” The Committee also noted that
“Direct use of reclaimed wastewater for human consumption, without the added
protection provided by storage in the environment, is not currently a viable option for
public water supplies.”

In 2012, NRC convened the Committee on the Assessment of Water Reuse as an
Approach for Meeting Future Water Supply Needs at the request of USEPA, the
National Science Foundation, US Bureau of Reclamation, NWRI, Water Research
Foundation, and several water and wastewater agencies. The Committee revisited the
issue of DPR from a new context that emphasized water supply needs for the future
combined with renewed emphasis that unplanned, or de-facto reuse, is already
occurring in many of the nation’s surface water supplies. The Committee felt that
advances in technology would improve the capability for treatment removal and
monitoring such that an environmental buffer would not be needed, and supported the
concept that the benefits provided by storage in natural systems can be replaced with
engineered alternatives. The Committee communicated the following on the
understanding of the risks: “Health risks remain difficult to fully characterize and quantify
through epidemiological or toxicological studies, but well-established principles and
processes exist for estimating the risks of various water reuse applications. Absolute
safety is a laudable goal of society; however, in the evaluation of safety, some degree of
risk must be considered acceptable.” (NRC, 2012)

1.5.3. Texas Direct Potable Reuse Resource Document

The State of Texas, which in 2013 was the first state to approve the operation of a DPR
project, does not have any regulations for DPR. The DPR projects that were, or are
being approved in Texas have been evaluated on a case-by-case basis with site-
specific requirements. The state commissioned a technical team to develop a guidance
document that could be used as a technical resource for water utilities, consultants, and
others who are considering a DPR project in the state. The “Direct Potable Reuse
Resource Document” (Texas Water Development Board, 2015) presents the current
understanding on the issues surrounding DPR, makes suggestions on how these issues
could be addressed by a project, what information should be included in a permit
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application for a DPR project, and when to consult with various state regulators to
discuss key issues and site-specific requirements. The document provides guidance on
source control and treatment considerations for the management of pathogens and
chemicals in the wastewater, gives examples of DPR treatment trains, and suggests
that project proponents conduct site-specific bench scale and pilot scale studies to help
determine the selection of specific treatment processes based on the site-specific
wastewater quality and to help verify treatment performance.

1.5.4. New Mexico Guidelines

The State of New Mexico does not have any regulations for either indirect or direct
potable reuse. The state commissioned an independent advisory panel in 2014 to study
and propose a set of recommendations for DPR that the state could use to develop
guidelines or regulations. The same panel is also evaluating a DPR project under
consideration in the Village of Cloudcroft, New Mexico. In the 2016 “Final Report of an
NWRI Independent Advisory Panel: Recommended DPR General Guidelines and
Operational Requirements for New Mexico” (Crook, Cotruvo, Salveson, Stomp, &
Thompson, 2016), the panel advised that DPR is feasible, and provided
recommendations to the state on issues that should be considered in a DPR project.
Among other things, the panel considered the technical, financial and managerial
capacity (TMF) required to implement DPR projects and determined that “small water
systems present unique challenges for the State” and “it is clear that the complexity of
the treatment processes will require significant technical support for O&M [operation
and maintenance]....” The panel suggested that New Mexico may need to consider
modifying or expanding its existing TMF capacity development program required per the
Safe Drinking Water Act to include public water systems considering DPR projects.

1.5.5. Water and Wastewater Research Foundations

The water industry, as represented by industry associations such as Water Environment
Federation (WEF), Water Research Foundation, WateReuse Research Foundation?,
WERF, and NWRI, have also undertaken studies to help address the technical and
regulatory issues associated with DPR, such as a 2010 NWRI report entitled
“Regulatory Aspects of Direct Potable Reuse in California” (Crook, Regulatory Aspects
of Direct Potable Reuse in California - White Paper, 2010). Some of these studies
convened expert panels to provide recommendations on DPR, such as a 2011
WateReuse report entitled “Direct Potable Reuse: A Path Forward” (Tchobanoglous,
Leverenz, Nellor, & Crook, 2011), a 2013 WateReuse report prepared by a NWRI
Independent Advisory Panel entitled “Examining the Criteria for Direct Potable Reuse”
(Crook, Bull, Collins, Cotruvo, & Jakubowski, 2013), and a 2015 WateReuse report
entitled “Framework for Direct Potable Reuse” (Tchobanoglous, et al., 2015) sponsored
by WateReuse, American Water Works Association (AWWA), WEF, and NWRI. These
reports are often cited in articles on DPR, and by other expert panels engaged in
projects to advise states on DPR issues or to advise specific utilities on proposed DPR
projects.

3The WateReuse Research Foundation and the Water Environment Research Foundation
merged to establish the Water Environment & Reuse Foundation (WE&RF) in May 2016.
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1.6. Survey of DPR Projects

Two DPR projects worldwide are recognized to be currently operating as a permanent
source of drinking water for the community, one in Namibia and the other in the United
States. Both projects were pursued out of necessity after the communities suffered
through severe drought, and despite conservation efforts and efforts to find better
sources of water, turned to DPR as the remaining alternative. Both these projects were
constructed before there was any guidance available on the safety of using DPR. Both
still operate today under permit by regulating agencies that do not have any DPR
regulations in place. Evaluations of these projects have been done on a case-by-case
basis.

1.6.1. Windhoek, Namibia, 1968

The longest operating DPR project is operated by the City of Windhoek, the capital of
Namibia on the southwestern coast of Africa. Namibia is the driest country south of the
Sahara, with an arid desert climate. Windhoek has an average annual rainfall of 14
inches, and an annual evaporation of 136 inches, resulting in a significant loss of stored
surface water. Historically dependent on groundwater, the City constructed the
Goreangab Dam and the Goreangab surface water treatment plant (SWTP) in 1958, to
treat local river water and supply drinking water to the City. Additional surface water
sources were developed further away from the City between 1970 and 1981 to meet
increasing water demands. To help conserve drinking water supplies, the City’s water
conservation program reduced water consumption from 185 gallons per capita per day
(gpcd) in the 1980’s to 48 gpcd by 2000 (Biggs & Williams, 2008).

Windhoek grew from a population of 50,000 in 1969 to 325,000 in 2011. An increasing
population, increasing water demand, and regularly occurring droughts resulted in
routine water scarcity. In 1968, during a prolonged drought, the City proceeded with a
plan to use secondary treated wastewater from the Gammams Waste Water Treatment
Plant (WWTP) as a source of supply for its Goreangab SWTP, a 1.3 MGD (million
gallons per day) drinking water treatment plant. The Goreangab SWTP continued to use
secondary wastewater as a source of supply after the drought emergency passed, and
effectively became a water reclamation plant, directly supplying drinking water to the
City on a permanent basis. It was upgraded several times between 1969 and 1996 to
upgrade the treatment technology, improve water quality, and increase capacity,
ultimately to 3.7 MGD (Menge, 2006).

In 2002, the New Goreangab Reclamation Plant (NGRP) was built to supply drinking
water to the City, with a design capacity of 5.5 MGD. The new treatment train was
developed based on the multiple barrier principle, with treatment and non-treatment
barriers used to ensure the quality of the water. Significant non-treatment barriers
employed by NGRP are the diversion of industrial wastewater away from the Gammams
WWTP to aid in source control, a rigorous monitoring program, and a cap on the
wastewater contribution to 35% of the total flow (liputa, Nikodemus, & Menge, 2008).
The potable water supply portfolio for Windhoek is on average 77% surface water, 19%
DPR, and 4% groundwater, but the percentage of DPR water could increase
significantly during drought periods, when surface water and groundwater source
capacity diminishes.
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1.6.2. Big Spring, Texas, 2013

The Colorado River Municipal Water District (CRMWD) is a regional water agency that
was formed in 1949 to supply water for the communities in arid west Texas, including
the cities of Big Springs, Odessa, Snyder, and others, with a current combined
population of about 500,000. Between 1950 and 1990, CRMWD built three dams to
create surface water reservoirs storing water from the upper reaches of Texas’
Colorado River, which runs about 800 miles southeast within the State of Texas before
discharging into the Gulf of Mexico. CRMWD also developed four large groundwater
well fields during this time. Although CRMWD'’s surface water reservoirs have a
combined storage capacity of over 1.2 million acre-feet, recurring drought cycles often
resulted in water levels dropping below intake levels or the reservoirs going dry (Texas
Water Development Board).

In the middle of an extended drought cycle that started in the 1990’s, CRMWD began to
consider using treated wastewater as a new water source. In 2005, CRMWD completed
a feasibility study that looked at three potential regional water reclamation projects that
would further treat wastewater from wastewater treatment facilities operated by the
cities of Big Spring, Snyder, Midland and Odessa, to drinking water standards.
(CRMWD, 2005) The selected Big Spring project would take secondary treated
wastewater from the Big Spring Wastewater Treatment Plant and provide advanced
wastewater treatment using microfiltration, reverse osmosis (RO), and advanced
oxidation (peroxide/UV) at CRMWD’s Raw Water Production Facility located nearby,
with the advanced treated water pumped into CRMWD'’s pipeline carrying raw surface
water from the E.V. Spence Reservoir. CRMWD completed the preliminary design in
2007, conducted pilot testing of the treatment train in 2009, and completed final design
in 2010. CRMWD'’s Raw Water Production Facility started operating in May 2013, with a
production capacity of 2 MGD, providing about 15% of the water flowing in the pipeline.
The City of Big Spring’s SWTP is the first downstream user to withdraw from the
pipeline. The cities of Snyder, Odessa, Stanton, and Midland also operate SWTPs that
take water downstream of that pipeline.

1.6.3. DPR as an Emergency Water Supply

In the United States, a few communities have turned to DPR as an emergency drinking
water source during a drought, but discontinued DPR when the emergency ended.
Chanute, Kansas (population 12,000) turned to DPR during a 1952-1957 drought, and
the city operated the DPR project for seven months in 1956/57 (Crook, Regulatory
Aspects of Direct Potable Reuse in California - White Paper, 2010), where disinfected
secondary treated wastewater was diverted to the city’s surface water treatment plant
for treatment to the drinking water standards at the time.

A more recent example of DPR used as an emergency water supply is with Wichita
Falls, Texas (population 100,000), where the city operated a DPR project for about 12
months in 2014/2015 during the 2010-2015 drought. Secondary treated wastewater was
provided with additional treatment, which included microfiltration and RO, before the
water was piped to the city’s surface water treatment plant for treatment to drinking
water standards. The emergency DPR project was decommissioned after the drought
was over, but the city has plans to undertake a larger IPR project with surface water
augmentation.
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1.7. Research on Direct Potable Reuse

A number of water research foundations, institutes, and associations are supporting
research projects to advance the science of DPR.

1.7.1. State Water Board

The State Water Board adopted the Recycled Water Policy in 2009 to encourage the
use of recycled water. In 2009, in accordance with the Recycled Water Policy, the State
Water Board convened a “blue ribbon” advisory panel (panel) to provide guidance for
developing monitoring programs that assess the CECs from various water recycling
practices, including IPR via groundwater replenishment and non-potable reuse. The
panel report (Anderson, et al., 2010), provided conceptual frameworks for determining
which CECs to monitor for and how to interpret the CEC monitoring results, applied the
framework to identify a list of chemicals that should be monitored, made
recommendations for monitoring specific CECs in recycled water, and made
recommendations on research needs for CECs. The Recycled Water Policy requires
that the panel or a similarly constituted panel be convened every five years to continue
providing guidance on future State Water Board actions relating to CECs.

Following up on a panel recommendation on the development of bioanalytical
techniques (or “bioassays”) for assessing CECs, the State Water Board in 2011
sponsored a team of investigators to develop bioassays to identify known and unknown
CECs that may potentially be found in recycled water. In the report titled “Development
of Bioanalytical Techniques for Monitoring of Constituents/Chemicals of Emerging
Concern (CECs) in Recycled Water Applications for the State of California” (SCCWRP,
2014), the investigators identified an appropriate extraction protocol for isolating and
concentrating the CECs from recycled water, identified and tested currently available
bioanalytical kits that could potentially be used to assess CECs in recycled water, and
suggested a framework to interpret results and assess the significance from a human
health standpoint.

The State Water Board initiated a recycled water research workshop process in 2014 to
identify knowledge gaps for the potential new uses of recycled water and storm water to
augment existing water supplies. The workshops would provide a forum where invited
experts representing water districts, sanitation districts, utilities districts, joint power
authorities, cities, trade associations, research groups, federal government, and state
government would collaborate to assess the current state of the science and reassess
research needs, in order to develop a multi-year research plan with short and long-term
goals to further recycled water research.

Topic areas discussed at the first workshop included water quality and human health;
performance reliability (treatment, operations, and training); ambient water effects; and
financial, environmental, and social factors of water reuse. On water quality and human
health, participants agreed that research should be focused on microbes and unknown
chemicals, including CECs and disinfection by-products, but that more research was
needed on the assessment of chemical risks due in part to challenges posed by
chemical mixtures and transformation products in the recycled water for which methods
of detection and toxicity data are not currently available. Topic areas discussed at the
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second workshop in 2015 included chemical testing; bioanalytical screening and
application of bioassays in recycled water; non-targeted analysis for CECs; source
control, operations, maintenance and training; assessing CEC removal by treatment
technologies; assessment of emerging and innovative technologies; and reliability and
resiliency of treatment trains. A follow-up meeting occurred on August 1, 2016 between
the State Water Board and WE&RF to discuss priorities and opportunities for
collaboration on funding new research projects. Workshop summary reports (SWRCB,
2015) are developed and posted on the State Water Board website.

Since 2001, the State Water Board has also funded $2.65 million in water recycling
research through contracts primarily with WateReuse Research Foundation (SWRCB,
2016). The research covered a broad spectrum of issues, including chemical
contaminants, pathogens, treatment technologies, concentrate disposal, public
perception and economics of water reuse.

1.7.2. WateReuse Research Foundation DPR Initiative

In 2009, WateReuse California developed its California DPR Initiative to help promote
DPR as a viable water supply option that is safe and cost-effective, and address
obstacles to DPR. In April 2010, three utility associations, WateReuse California, NWRI,
and California Urban Water Agencies (CUWA) held a DPR Workshop to identify
information gaps and barriers to development of potable reuse regulations in California,
and help support the needs of water, wastewater and recycled water utilities in planning
and prioritization of research. Also in 2010, WateReuse California and WateReuse
Research Foundation sponsored a report “Direct Potable Reuse: A Path Forward”
(Tchobanoglous, Leverenz, Nellor, & Crook, 2011) to provide an overview of the current
understanding of issues surrounding DPR and identify the research needed to inform
the public, water utilities and regulators, so that the feasibility of DPR can be evaluated
as required by SB 918.

In 2012, WateReuse Research Foundation and WateReuse California launched its
California DPR Research Initiative to raise funds and conduct the necessary research to
support the development of statewide criteria for DPR in California. The initial research
projects were those identified as priority projects in the 2011 report, including
developing guidelines for engineered storage for DPR (Project 12-06), treatment
reliability (Project 11-02), monitoring for reliability and process control (Project 11-01),
including a review of methods for testing the integrity of nanofiltration and RO
membranes (Project 12-07), and risk reduction principles for DPR (Project 11-10).

In March and July 2014, the WateReuse Research Foundation presented an overview
of the California DPR Research Initiative, the research plan, and a research status
update to the Expert Panel. The Panel found that the research plan was comprehensive
in addressing regulatory and utility concerns about DPR, and provided preliminary
feedback on research questions that are outstanding, additional research needed, and
research areas that should be strengthened. WateReuse Research Foundation
currently has about 30 projects as part of its DPR Research Initiative, with about six
projects that were expected to be completed by June 2016. Most of the projects will be
completed after December 31, 2016. The results of this research will provide additional
information that could help in the development of criteria for DPR.
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Chapter 2. Independent Review

In accordance with SB 918 and SB 322, an expert panel and an advisory group were
established for the purpose of advising the State Water Board on the feasibility of
developing uniform water recycling criteria for DPR. The State Water Board contracted
with NWRI (Fountain Valley, CA) to help convene and administer the Expert Panel and
the Advisory Group.

2.1. Expert Panel

In 2013, the State Water Board convened a 12-member expert panel comprised of a
toxicologist, engineers with experience in the treatment of drinking water supplies and
knowledge of drinking water standards, a wastewater treatment engineer, an
epidemiologist, a microbiologist, a chemist, and a limnologist. The panel members were
selected to provide expertise in microbiology and the control of pathogenic
microorganisms, microbial risk assessment, chemical occurrence in wastewater and
fate in wastewater treatment, public health significance of chemicals found in
wastewater and the chemical byproducts of treatment, water and wastewater treatment,
quantifying the reliability of various multi-barrier systems, evaluation of health outcomes
from exposure to various qualities of drinking water and the potential for iliness with
potable reuse. This range of expertise was needed in order to ensure a comprehensive
review of all the relevant scientific and technical issues involved in the determination of
whether it is feasible to develop uniform criteria for DPR.

The Expert Panel was tasked with advising the State Water Board on the public health
issues and scientific and technical matters regarding the feasibility of developing
uniform water recycling criteria for DPR, assessing the need for additional research on
DPR, and recommending an approach for completion of any needed research. The
State Water Board provided background information to the Expert Panel on the
regulation of drinking water in California, the State Water Board’s regulation
development process, the regulation of recycled water and IPR in California, reference
lists for reports and studies relevant to the investigation, focus questions that should be
addressed, and other information as requested by the Expert Panel throughout the
process. The Expert Panel prepared a final consensus report on the feasibility of
developing criteria for DPR, included in Appendix A. The meeting reports and final draft
of the Expert Panel’s report are available on the State Water Board website

at: http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/RW_SWA DPRe
xpertpanel.shtml .

2.2. Advisory Group

The State Water Board convened an advisory group in February 2014 made up of
representatives of water and wastewater agencies, environmental organizations,
environmental justice organizations, public health nongovernmental organizations,
ratepayer or taxpayer advocate organizations, the business community, local public
health officers, the USEPA, and the State Water Board.
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The Advisory Group was tasked with advising the Expert Panel regarding their scientific
and technical deliberation of the feasibility of developing uniform water recycling criteria
for DPR, and making recommendations to the State Water Board on relevant topics
such as practical considerations for DPR criteria that are protective of public health and
achievable by project proponents. The State Water Board consulted the Advisory
Group, who approved the slate of Expert Panel members at their first meeting in 2014.
A total of 11 advisory group meetings were held between 2014 and 2016 at various
publicly noticed locations throughout the State. The meetings were also broadcast using
web conferencing so that members of the public who were not able to attend in person
could attend and participate remotely. The Advisory Group prepared a consensus report
on its recommendations on the feasibility of developing criteria for DPR, included in
Appendix B. The meeting agendas, meeting minutes, meeting presentations, and the
Advisory Group consensus report are available on the State Water Board website

at: http://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/RW_DPR_advis
orygroup.shtml
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Chapter 3. Feasibility of Developing Uniform Water
Recycling Criteria for DPR

In carrying out the investigation of the feasibility of developing uniform water recycling
criteria for DPR, Water Code section 13566 requires the State Water Board to consider
all of the following:
(a) Recommendations from the expert panel;
(b) Recommendations from an advisory group;
(c) Regulations and guidelines for these activities from jurisdictions in other states,
the federal government, or other countries;
(d) Research by the state board regarding unregulated pollutants;
(e) Results of investigations pursuant to Section 13563; and
() Water quality and health risk assessments associated with existing potable water
supplies subject to discharges from municipal wastewater, stormwater, and
agricultural runoff.

The State Water Board considered all these factors in evaluating the feasibility of
developing uniform water recycling criteria for DPR; however, the State Water Board
has determined that discussion or development of the specific criteria for DPR is out of
the scope of this report.

In considering all these factors, the State Water Board prioritized the recommendations
of the Expert Panel. Consequently, the State Water Board identified several areas
consistent with Water Code section 13563 that the Expert Panel was asked to address
in its evaluation of the feasibility of developing uniform water recycling criteria for DPR,
including: 1) the availability and reliability of treatment technologies; 2) the reliability of
treatment trains, including multiple barriers and sequential treatment, to ensure the
protection of public health; 3) available information on health effects; 4) mechanisms
that should be employed to protect public health in the event of problems such as
treatment failures; and 5) monitoring needed to ensure protection of public health.

To address these areas, the Expert Panel focused their evaluation around the seven
topics as listed below.

1. Potential hazards of potable reuse

Public health surveillance

Analytical methods for measuring chemical water quality

Application of bio-analytical tools

Molecular methods for assessing microbial water quality

Antibiotic resistant bacteria and antibiotic resistant genes

Quantifying treatment facility reliability, including evaluation of multiple barriers

No gk wbN

The Expert Panel found that it is technically feasible to develop uniform water recycling
criteria for DPR and that those criteria could incorporate a level of public health
protection as good as, or better than what is currently provided by conventional drinking
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water supplies, IPR projects using groundwater replenishment, and proposed IPR
projects using surface water augmentation in California. However, the Expert Panel
further indicated that for DPR to provide the levels of protection afforded by IPR, the
functionality provided by the environmental buffer (i.e., storage, attenuation, and
response time) for IPR must be addressed by other means. The Expert Panel indicated
that for DPR, this level of protection can be addressed by enhancing the reliability of
mechanical systems and treatment plant performance. The Expert Panel identified
several reliability features that need to be provided in addition to requirements already
specified in IPR criteria to provide those levels of protection. Those features include: 1)
providing multiple, independent barriers; 2) ensuring the independent barriers represent
a diverse set of processes; 3) benefits of using parallel independent treatment trains; 4)
providing diversion of inadequately-treated water; 5) providing a final treatment step to
“average” out any chemical peaks; 6) incorporating frequent monitoring of surrogate
parameters at each step to ensure treatment processes are performing properly; and 7)
developing and implementing rigorous response protocols, such as a formal Hazard
Analysis Critical Control Point (HACCP) system. The Expert Panel suggested that a
new formal process be established by the State Water Board to administer the periodic
review of treatment performance data of permitted potable reuse projects.

The Expert Panel also cautioned that the chemical and biological stability of DPR water
must be ensured, and that the introduction of DPR water into a public water system
must be staged such that the reliability of treatment is well-demonstrated before the
recycled water contribution into a public water system is increased. A detailed
discussion of these reliability features as well as additional findings and
recommendations related to reliability can be found in Section 11.1 of the Expert
Panel’s report.

The Expert Panel found that there is no need for additional research to be conducted to
establish uniform water recycling criteria for DPR. However, the Expert Panel identified
important areas related to public health that have not been addressed, and provided six
research recommendations that would enhance the understanding and acceptability of
DPR in California, noting that the recommendations could be undertaken either before
and/or concurrently with the development of DPR criteria. The Expert Panel also felt
that the research should be supported directly by the State of California, where the
State Water Board and other agencies having expertise should provide oversight and
direction for research efforts designed to address these areas. The six research
recommendations are summarized as follows:

1. To continue to improve on source control and final water quality monitoring, carry
out an ongoing literature review to identify new compounds that may pose health
risks particularly to fetuses and children from short term exposures.

2. Implement a probabilistic method (Quantitative Microbial Risk Assessment,
QMRA) to confirm the necessary removal values for viruses, Cryptosporidium
and Giardia, based on a literature review and new pathogen data collected, and
apply this method to evaluate the performance and reliability of DPR treatment
trains.

3. Require monitoring of pathogens in raw wastewater to develop better empirical
data on concentrations and variability.
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4. Investigate the feasibility of collecting raw wastewater pathogen concentration
data associated with community outbreaks of disease, and implement where
possible.

5. ldentify suitable options for final treatment processes that can provide some
“averaging” with respect to potential chemical peaks particularly for chemicals
that have the potential to persist through advanced water treatment.

6. Develop more comprehensive analytical methods to identify unknown
contaminants, particularly low molecular weight compounds potentially in
wastewater that may not be removed by advanced treatment and is not presently
detectable by current regulatory monitoring approaches.

A detailed discussion of the rationale for these research recommendations can be found
in Section 11.3 of the Expert Panel’s report.

While the Expert Panel believes that the absence of better information that will be
provided by this research may not be an impediment to establishing uniform criteria for
DPR, the State Water Board finds the research results will make a significant
contribution to the development of criteria for DPR, and most importantly, will provide a
higher level of certainty that the criteria are protective of public health. Therefore, the
State Water Board believes that the research must be conducted concurrently with the
development of DPR criteria.

The State Water Board finds that there are additional knowledge gaps that remain
before criteria can be written to address issues unique to DPR. These knowledge gaps
primarily relate to the quantification of reliability, and the associated concepts such as
redundancy, resiliency, and robustness, such that adequate public health protection is
ensured. These issues are particularly important because the Expert Panel has
identified them as critical to ensuring the level of protection that otherwise would be
afforded by an environmental buffer, and the ability to quantify these concepts and
translate the Expert Panel’s key findings on reliability into well-crafted objective criteria
that are unambiguous and enable an objective determination of compliance is
fundamental to adopting criteria that adequately address the issues. Many of the Expert
Panel findings on DPR performance and reliability are qualitative such as:

e The use of a DPR treatment train with multiple, independent treatment barriers
that meet performance criteria greater than the public health threshold log
removal value (LRV) goal for microorganisms

e Ensuring the independent treatment barriers represent a diverse set of processes
in the treatment train that are capable of removing particular types of
contaminants by different mechanisms

e Incorporating a final treatment process in addition to the core advanced water
treatment train that can provide some “averaging” with respect to potential
chemical peaks

e Developing and implementing rigorous response protocols.

These findings lead to questions that will need to be addressed. For example, what
additional LRV capacity is necessary? How should treatment “diversity” be measured?
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How much “diversity” is necessary? How much “averaging” is necessary and how
should it be specified? What criteria are necessary to ensure a “rigorous” response
protocol? The Expert Panel's evaluation of treatment performance used a variety of
approaches that foster an understanding of the efficacy of treatment options and show
how they could be used to meet the health goals. However, these concepts cannot be
easily translated into quantified criteria. Metrics and specific criteria for concepts such
as reliability, robustness, redundancy, and resilience must be developed.

The Expert Panel also concluded that “Although it is prudent to include reverse osmosis
in the first set of DPR projects due to the water quality benefits and performance
reliability that reverse osmosis provides, proposals for DPR projects that do not employ
reverse osmosis could be considered and ultimately approved by the State Water
Board.” Because of the critical importance of reverse osmosis (RO) in meeting
performance requirements in IPR, it is not clear how to write criteria that allow
alternatives to RO while assuring no reduction of the high degree of reliability necessary
for DPR. Because of the pivotal role RO would serve in DPR projects, there should be
some specific reliability criteria for alternatives. The appropriate reliability metrics and
criteria must be developed.

The State Water Board is monitoring the progress of a number of WRF and WE&RF
research projects that are planned or underway that could help fill in the knowledge
gaps. The projects of interest are included in Appendix C. Some of these projects will
not be complete until 2018, and possibly later. The State Water Board plans to use a
workgroup process similar to that employed in the development of groundwater
replenishment regulations to address some of these remaining knowledge gaps. The
State Water Board has also identified a number of research topics that should be
addressed to improve the State Water Board’s ability to evaluate and approve
technologies for DPR, as well as some long-term research that would improve the
monitoring needed to ensure protection of public health. These long term research
topics are summarized in Appendix D.

It is important to recognize that there are at least three possible types of DPR projects
that will have different risk profiles:

1. A project delivering advanced treated recycled water to a surface water reservoir,
with the reservoir providing some benefits, but lacking the full complement of
benefits provided by IPR projects meeting SWA criteria and is therefore
considered DPR by the Expert Panel

2. A project delivering advanced treated recycled water directly to a surface water
treatment plant or a surface water reservoir, with the reservoir providing no
benefits

3. A project delivering finished water to a public water system’s distribution system

Each type of DPR will have its unique set of criteria. However, a common framework
across the various types of DPR will help avoid discontinuities in the risk
assessment/risk management approach as progressively more difficult conditions are
addressed. Developing such a common framework that addresses a variety of factors,
including the complexity of treatment, the high degree of reliability required, the very
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short time period to detect and respond to failures and treatment plant upsets, and the
lack of experience in operating DPR facilities in California, will require a deliberate and
phased approach to developing DPR criteria to ensure public health protection and
continued consumer confidence in the public water supply.

The Expert Panel and Advisory Group have made some recommendations regarding
the non-treatment barriers that are practical considerations in the implementation of
DPR, including source control, wastewater treatment plant optimization, advanced
operator certification, and TMF capacity. Summarized below, the details and rationale
for these recommendations can be found in the Advisory Group report as well as
Chapter 10 of the Expert Panel report:

e Advanced operator certification — a stringent operations, maintenance, and
monitoring program at complex DPR treatment plants must be conducted by
knowledgeable and well-trained advanced certified operators in order to ensure
the successful implementation of a DPR project. The State Water Board is
providing technical advice and is monitoring the progress of a joint effort between
the California-Nevada Section of the American Water Works Association (CA/NV
AWWA) and the California Water Environment Association (CWEA) to develop a
new advanced operator certification program to address this need. Developing
and implementing rigorous response protocols must be fully understood and
practiced by operations and management.

e Technical, managerial, and financial (TMF) capacity — the additional public health
responsibilities and complexity associated with the operation, maintenance and
monitoring of DPR facilities require DPR project proponents to have the
necessary TMF capacity; therefore a process must be established to evaluate
the TMF capacity of DPR project proponents.

e Wastewater treatment plant optimization — a higher quality feed water from the
wastewater treatment plant can improve the operations of the downstream DPR
treatment plant, to improve water quality and enhance public health protection.

e Source control — a rigorous source control program designed to control the
discharge of toxic chemicals and other contaminants of human health
significance to the sewer system must be implemented for any sewershed that
serves as the source for DPR.
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Chapter 4. Conclusions and Recommendations

The State Water Board has conducted a comprehensive review of the key issues
surrounding DPR, supported by crucial scientific and technical findings and
recommendations from the Expert Panel and important input on the practical aspects
and stakeholder feedback from the Advisory Group. The review of DPR, the use of
recycled water for the drinking water supply, necessarily touches on a broad array of
topics, and this effort sets the foundation for future work supporting the State’s
continuing interest in potable reuse. The Expert Panel’s report, other literature, and
DDW's extensive experience with impaired drinking water sources and IPR have done
much to prepare DDW to develop DPR criteria.

4.1. Conclusions

The Expert Panel has determined that it is technically feasible to develop uniform water
recycling criteria for DPR; however, the Expert Panel has also identified a range of
public health research needs that would enhance the understanding and acceptance of
DPR in California. While the absence of better information that will be provided by this
research may not be an impediment to establishing uniform criteria for DPR, the State
Water Board finds a significant benefit for the research to be conducted concurrently
with the development of DPR criteria, since the research and development of new
innovations should enhance the development of DPR criteria that are protective of
public health, while also providing sensible and practical solutions for the regulated
community.

The State Water Board appreciates the Expert Panel’s thorough analysis of the issues
surrounding the development of uniform water recycling criteria for DPR, and while we
agree generally with the conclusions reached by the Expert Panel, the State Water
Board finds that some critical knowledge gaps remain regarding the ability to translate
the Expert Panel’s key findings on reliability into well-crafted objective criteria that are
unambiguous and enable an objective determination of compliance.

The State Water Board finds that the key knowledge gaps and key research
recommendations must be addressed before uniform water recycling criteria for DPR
can be adopted. While the State Water Board can move ahead and start the process of
developing criteria for DPR, completion of the six research recommendations and filling
in the key knowledge gaps must be achieved in order to be able to successfully adopt a
set of uniform water recycling criteria for DPR that is protective of public health.

A common framework across the various types of DPR will help avoid discontinuities in
the risk assessment/risk management approach as progressively more difficult
conditions are addressed. Accordingly, developing DPR criteria will require a deliberate
and phased approach to ensure public health protection and continued consumer
confidence in the public water supply.

It is also important to note that significant work is needed to address the

recommendations provided by the Expert Panel and the Advisory Group regarding the
non-treatment barriers that are part of ensuring the safety of DPR, including source
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control, wastewater treatment plant optimization, operator certification, and technical,
managerial, and financial capacity.

4.2. Recommendations — Research and Knowledge Gaps

The State Water Board has completed its investigation into the feasibility of developing
uniform water recycling criteria for DPR in accordance with SB 918 and SB 322 and
hereby submits the following recommendations that the State Water Board finds must
be addressed in order to be able to successfully adopt a set of uniform water recycling
criteria for DPR that is protective of public health. Some of these recommendations will
be resource intensive and may require additional resources to administer and manage
their completion within an optimal timeframe.

1. The State Water Board recommends that the development of uniform water
recycling criteria for direct potable reuse be initiated concurrently with the six Expert
Panel research recommendations such that the findings from these parallel efforts
can be used to inform the development of criteria.

2. The State Water Board recommends that a "blue ribbon" panel be convened
pursuant to the State Water Board's Recycled Water Policy to review the scientific
literature and report on the current state of scientific knowledge regarding the risks
of emerging constituents to public health. The panel should research the potential
health risks of compounds likely to be present in recycled water that could present
serious harm to health over short durations of exposure, especially chemicals that
adversely affect the development of fetuses and children. The State Water Board will
reconvene a “blue ribbon” panel to update the panel report on CECs every 5 years.

3. The State Water Board will consider probabilistic QMRA as part of criteria
development for DPR, which should provide a better assessment of the performance
of DPR treatment trains, provide an opportunity to identify additional effective DPR
treatment trains, and result in DPR criteria that further ensure the protectiveness of
DPR. If itis determined that QMRA can be implemented, then the State Water
Board will incorporate it into DPR criteria.

4. The State Water Board will work with the RWQCBs and wastewater agencies to
include monitoring for pathogens (i.e., Giardia cysts, Cryptosporidium oocysts, and
several human viruses) in the raw (untreated) wastewater, using approved methods
that allow for characterization of pathogen levels and improved analytical precision
and recovery, to provide more complete information on concentrations and their
variability.

5. The State Water Board will work with CDPH, local health departments and
wastewater agencies to investigate the feasibility of collecting pathogen
concentration data for raw wastewater associated with community outbreaks of
disease. If feasible, the State Water Board recommends that a process be
developed to prioritize pilot projects and collect such data where possible.

6. The State Water Board recommends that short term research be conducted to
identify suitable treatment options for final treatment processes that can provide
some attenuation with respect to potential chemical peaks (in particular, for
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chemicals that have the potential to persist through advanced water treatment),
which may be best conducted by the water and wastewater industry. The State
Water Board will monitor the completion of WE&RF and WRF projects that address
this research need.

7. The State Water Board recommends that the research to develop more
comprehensive methods to identify low molecular weight unknown compounds for
DPR, including non-targeted analysis as a screening tool, be conducted. It is an
important research need that has been prioritized in the State Water Board’'s CEC
Research Prioritization Workshops. The State Water Board will also coordinate with
WRF, WE&RF and other research foundations to expedite the research.

8. The State Water Board will convene technical workgroups to address the remaining
knowledge gap questions regarding the development of DPR criteria.

9. The State Water Board will partner with university research centers and water and
wastewater research foundations such as WRF and WE&RF to develop the
research projects necessary to improve the science and public health knowledge
relevant to DPR, and continue to work with WE&RF on its DPR Research Initiative,
advising its project prioritization process and serving on Project Advisory
Committees.

10.The State Water Board will consult as needed with DWR and relevant agencies
within CalEPA, such as the Department of Toxic Substances Control (DTSC), the
Office of Environmental Health Hazard Assessment (OEHHA), and the RWQCBSs to
assess technical capability in areas relevant to DPR.

4.3. Recommendations — DPR Program Development

The State Water Board has identified program improvements designed to address some
of the non-treatment barriers related to management control that are a part of the
multiple barrier concept for achieving reliability, and hereby submits the following
recommendations that should be evaluated for implementation to enhance the safety of
DPR as interest in the development of DPR projects grows:

11.The State Water Board will advise CA/NV AWWA and CWEA in their development
of an operator training and certification program for advanced water treatment, and
develop a strategy for implementing such a program at the State Water Board.

12.The State Water Board will establish a TMF capacity assessment process to qualify
DPR projects.

13.The State Water Board will work with the RWQCBs and wastewater agencies to
develop a framework for optimizing WWTPs supplying DPR projects.

14.The State Water Board will work with the RWQCBs and wastewater agencies to
determine how pretreatment programs associated with DPR can be improved to
address CECs, monitoring of unauthorized discharges, characterization and
reduction of chemical spikes, and other concerns related to DPR.
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Chapter 5. Implementation Plan

The investigation of the feasibility of developing uniform water recycling criteria for DPR
has revealed a number of knowledge gaps and research recommendations that must be
addressed before criteria can be adopted. The State Water Board can start developing
criteria for DPR, but the milestones and metric for success for the implementation
recommendations in Table 1 must be achieved before criteria for DPR can be adopted.

The State Water Board has identified some program improvements designed to
enhance the safety of DPR from a management control perspective that should be
evaluated for implementation as interest in the development of DPR projects grows. The
recommendations in Table 2 address some of the non-treatment barriers that are part of
the multiple barrier concept for achieving reliability.

The State Water Board is developing more specific information on the work necessary
to carry out each of the recommendations in Tables 1 and 2 below. For each of these
recommendations, the following work will be considered:

1. Refine recommendations, using internal and external resources as needed;
2. Refine metrics, milestones, deliverables, oversight and reporting;

3. Detailed scoping of recommendations, using internal and external resources as
needed;

4. Formation of internal and/or external workgroups as needed,;

5. Assess the necessity and scope of any necessary contracts, including identifying
vendor and funding needed, developing contract scope, deliverables and
timelines;

6. Determine phases for work and develop an approximate timeline for phases;

Identify staffing needs associated with new regulatory and program
responsibilities;

8. Determine process to report on progress and evaluate results.

The State Water Board will consider the comments received during the public comment
period as we further develop and refine the implementation plan. As key milestones are
reached in the completion of research and the development of criteria, the State Water
Board will inform the public and stakeholders. Such information will be centralized and
maintained in the State Water Board DDW program page. The public and stakeholders
are encouraged to sign up for the State Water Board mailing list that has been created
to disseminate information regarding the development of the Report and implementation
of the Report recommendations. The public and stakeholders will receive information
and updates on progress achieved, availability and posting of new materials, as well as
notification of public meetings. State Water Board staff may present informational items
in a board meetings or board workshops, which provides the public the opportunity to
comment and ask any questions in person. Additionally, the Administrative Procedure
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Act which guides the regulation adoption process ensures that the process is
transparent and accessible by the public, with a rigorous public comment process.

The State Water Board is evaluating funding and staffing needs to accomplish the
milestones and metrics in Tables 1 and 2. Where available, the State Water Board is
identifying existing programs and will leverage existing funding sources to help manage
the workload and support the efforts to address the identified research needs and
knowledge gaps. For example, the State Water Board intends to utilize the existing
mechanism that has been adopted per the State Water Board’'s Recycled Water Policy
to convene a “blue ribbon” panel (Science Advisory Panel) every five years to update
the report on CECs, including updating the findings and recommendations of the
Science Advisory Panel.

The State Water Board is also identifying opportunities to use the research funds
available through Proposition 1 to fund some of the research identified by the Expert
Panel, such as the research needed to develop more comprehensive methods to
identify low molecular weight unknown compounds, including non-targeted analysis and
bioanalytical tools. The State Water Board will also look to the water and wastewater
associations and research foundations to consider redoubling their efforts to help fund,
participate in, and direct this important research.

The State Water Board anticipates that additional details forthcoming with the refining of

the Implementation Plan will allow a better estimate of the personnel and funding
needed in order to develop and adopt criteria for DPR.

State Water Resources Control Board Page | 23



Feasibility of Developing Uniform Water Recycling Criteria for DPR

Table 1: Implementation Plan — Research and Knowledge Gaps

Need to be
Completed
No Recommendation before Milestones Metric for Success
Adoption of
Criteria?

1 | The State Water Board recommends that the development of Yes * Monitor progress of | State Water Board
uniform water recycling criteria for direct potable reuse be initiated research develops DPR
concurrently with the six Expert Panel research recommendations criteria that are
such that the findings from these parallel efforts can be used to protective of public
inform the development of criteria. health

2 | The State Water Board recommends that a "blue ribbon" panel be Yes * Create a framework | State Water Board
convened pursuant to the State Water Board's Recycled Water for information establishes an
Policy to review the scientific literature and report on the current gathering, and ongoing process to
state of scientific knowledge regarding the risks of emerging complete a round assess health risks
constituents to public health. The panel should research the of review by panel | of CECs in recycled
potential health risks of compounds likely to be present in recycled water that present
water that could present serious harm to health over short serious harm to
durations of exposure, especially chemicals that adversely affect health
the development of fetuses and children. The State Water Board
will reconvene a “blue ribbon” panel to update the panel report on
CECs every 5 years.

3 | The State Water Board will consider probabilistic QMRA as part of Yes * Develop a State Water Board
criteria development for DPR, which should provide a better framework for using | determines whether
assessment of the performance of DPR treatment trains, provide probabilistic or not QMRA is an
an opportunity to identify additional effective DPR treatment trains, QMRA, and apply effective tool for
and result in DPR criteria that further ensure the protectiveness of method to evaluate | quantifying treatment
DPR. If it is determined that QMRA can be implemented, then the reliability of existing | reliability
State Water Board will incorporate it into DPR criteria. advanced

treatment trains
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Need to be
Completed
No Recommendation before Milestones Metric for Success
Adoption of
Criteria?

4 | The State Water Board will work with the RWQCBs and Yes * Determine State Water Board
wastewater agencies to include monitoring for pathogens (i.e., pathogens to gathers data on
Giardia cysts, Cryptosporidium oocysts, and several human monitor; establish pathogen levels in
viruses) in the raw (untreated) wastewater, using approved process for raw wastewater and
methods that allow for characterization of pathogen levels and sampling, analysis | their seasonal
improved analytical precision and recovery, to provide more and data collection; | variations
complete information on concentrations and their variability. and initiate

sampling

5 | The State Water Board will work with CDPH, local health Yes * Determine the If feasible, State
departments and wastewater agencies to investigate the feasibility feasibility of Water Board gathers
of collecting pathogen concentration data for raw wastewater collecting pathogen | data on pathogen
associated with community outbreaks of disease. If feasible, the data during levels in raw
State Water Board recommends that a process be developed to outbreaks of wastewater during
prioritize pilot projects and collect such data where possible. disease, and outbreaks of disease

initiate sampling if
feasible

6 | The State Water Board recommends that short term research be Yes * Evaluate State Water Board
conducted to identify suitable treatment options for final treatment demonstration determines how final
processes that can provide some attenuation with respect to projects to assess | treatment processes
potential chemical peaks (in particular, for chemicals that have the the efficacy of and attenuation of
potential to persist through advanced water treatment), which may these options chemical peaks will
be best conducted by the water and wastewater industry. The State be specified in DPR
Water Board will monitor the completion of WE&RF and WRF criteria
projects that address this research need.
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and water and wastewater research foundations such as WRF and
WE&RF to develop the research projects necessary to improve the
science and public health knowledge relevant to DPR, and
continue to work with WE&RF on its DPR Research Initiative,
advising its project prioritization process and serving on Project
Advisory Committees.

Need to be
Completed
No Recommendation before Milestones Metric for Success
Adoption of
Criteria?

7 | The State Water Board recommends that the research to develop Yes * Consider Summarize the state
more comprehensive methods to identify low molecular weight Proposition 1 of the science in
unknown compounds for DPR, including non-targeted analysis as a funding to support | advanced chemical
screening tool and bioanalytical tools, be conducted. It is an research detection techniques,
important research need that has been prioritized in the State and assess necessity
Water Board’'s CEC Research Prioritization Workshops. The State of new methods to
Water Board will also coordinate with WRF, WE&RF and other be available to
research foundations to expedite the research. manage risks of the

different types of
DPR

8 | The State Water Board will convene technical workgroups to Yes * Convene State Water Board
address the remaining knowledge gap questions regarding the workgroups to develops DPR
development of DPR criteria. address knowledge | criteria that are

gaps protective of public
health

9 | The State Water Board will partner with university research centers No Advise on research | State Water Board

needs and
priorities, and
monitor completion
of research projects

incorporates best
available science into
DPR criteria

State Water Resources Control Board
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Hazard Assessment (OEHHA), and the RWQCBs to assess
technical capability in areas relevant to DPR

Need to be
Completed
No Recommendation before Milestones Metric for Success
Adoption of
Criteria?
10 | The State Water Board will consult as needed with DWR and Yes * Establish contact State Water Board
relevant agencies within CalEPA, such as the Department of Toxic with internal develops DPR
Substances Control (DTSC), the Office of Environmental Health agencies criteria that are

protective of public
health

Both milestone(s) and “metric for success” must be achieved before adoption of criteria

State Water Resources Control Board
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Table 2: Implementation Plan — DPR Program Development

Need to be
Completed
No Recommendation before Milestone Metric for Success
Adoption of
Criteria?

11 | Operator certification program: the State Water Board will advise No Complete job Program for
CA/NV AWWA and CWEA in their development of an operator analysis; identify advanced operator
training and certification program for advanced water treatment, expected range of training and
and develop a strategy for implementing such a program at the knowledge; develop | certification is
State Water Board. examination established

12 | Technical managerial and financial (TMF) capacity: the State No Determine TMF State Water Board
Water Board will establish a TMF capacity assessment process to elements essential develops DPR
qualify DPR projects. to the success of framework for TMF

DPR projects capacity

13 | Wastewater treatment plant (WWTP) optimization: the State Water No Identify proper Implement
Board will work with the RWQCBSs and wastewater agencies to surrogates to framework for
develop a framework for optimizing WWTPs supplying DPR monitor WWTP optimization
projects. for DPR

14 | Source control: the State Water Board will work with the RWQCBs No Identify proper Implement pilot
and wastewater agencies to determine how pretreatment programs surrogates to rigorous source
associated with DPR can be improved to address CECs, monitor control program for
monitoring of unauthorized discharges, characterization and DPR
reduction of chemical spikes, and other concerns related to DPR.

State Water Resources Control Board
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Appendix A: Expert Panel Report

EXPERT PANEL FINAL REPORT: Evaluation of the Feasibility of Developing Uniform
Water Recycling Criteria for Direct Potable Reuse
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Appendix B: Advisory Group Report

FINAL REPORT: Recommendations of the Advisory Group on the Feasibility of
Developing Uniform Water Recycling Criteria for Direct Potable Reuse
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Appendix C: Existing and Planned DPR Research
Projects

A number of projects are underway or planned that could inform the development of
criteria for DPR, including the following:

Project | Project Description
4213 Advanced Oxidation of Pharmaceuticals and Personal Care Products:
Preparing for Indirect and Direct Water Reuse
4494 Evaluation of Current and Alternative Strategies for Managing CECs in
Water
4508 Assessment of techniques to evaluate and demonstrate the safety of
water from DPR treatment facilities
4536 Blending requirements for water from DPR treatment facilities
13-03/ | Critical Control Point assessment to quantify robustness and reliability of
4541 multiple treatment barriers of DPR scheme
13-12 Evaluation of source water control options and the impact of selected
strategies on DPR
13-13 Development of an operation and maintenance plan and a training and
certification framework for DPR systems
14-01 Integrated management of sensor data for real-time decision making and
response
14-02 Establishing additional log reduction credits for WWTPs
14-16 Operational, monitoring, and response data from unit processes in full-
scale potable reuse advanced treatment projects
14-19 Predicting RO removal of toxicologically relevant organics
15-02 Creating a roadmap for bioassay implementation in reuse waters
15-04 Characterization and treatability of TOC from DPR processes compared
to surface water supplies
15-05 Developing curriculum and content for DPR operator training
15-07 Molecular methods for measuring pathogen viability/infectivity
15-10 Optimization of ozone-biological activated carbon treatment processes
for potable reuse applications
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Appendix D: Other Research Topics

The State Water Board has identified a number of research topics that should be
addressed to improve the State Water Board’s ability to evaluate and approve
technologies for DPR, as well as some long-term research that would improve the
monitoring needed to ensure protection of public health, including the following:

* Determine if improved RO integrity testing techniques can be developed to make
it possible to receive higher log reduction credits for RO, which could result in
fewer treatment processes or modified operating and monitoring requirements.

» Determine if proper membrane integrity testing can be developed and
demonstrated for membrane bioreactors to eliminate the need for microfiltration
or ultrafiltration treatment.

* Determine if standardized techniques can be developed for establishing
advanced water treatment log removal credits.

* Investigation of possible alternative measures to the current bulk organic
surrogate measures (e.g., TOC, chemical oxygen demand) for the control of
trace organic compounds, which do not reflect the toxicity caused by the
presence of trace organic compounds and, therefore, the safety of the reuse
water.

» Evaluation of whether TOC is the appropriate surrogate to ensure the safety of
reuse water relative to trace organic compounds. Determine if newer systems
that target specific fractions of TOC are more appropriate.

* Investigation of surrogates to allow for real-time validation of virus removal in
membrane processes. Until a real-time surrogate is developed and accepted by
regulators, it will not be possible to obtain virus removal credit for most
membrane processes. RO membranes typically achieve credit by observation of
a surrogate such as conductivity, but that is typically limited to 1.5 to 2.0-log
removal. Commercial products such as TRASAR® may be available to monitor
RO performance beyond the 2.0-log from conductivity measurements but they
have yet to be accepted for creditable performance by state regulatory agencies.

* Development of alternative virus surrogate parameters that exhibit similar
removal relative to the contaminant of concern must be identified, tested, and
validated for use in process monitoring. Frequent monitoring of surrogate
parameters to ensure treatment processes are performing properly is common;
however, common surrogates such as turbidity may not be sufficiently sensitive
to measure changes in virus rejection.

» Evaluation of the various treatment technologies now in use for IPR and DPR to
determine the optimal coupling of these technologies.
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* Development of validation and verification programs to determine performance of
established and alternative treatment trains. Determine the best approach for
direct measurements of performance-based indicator contaminants. Establish
accurate correlation of performance-based surrogates with removal mechanisms
of treatment processes.

» Evaluation of full scale research on alternative measures for monitoring the
microbial quality of final effluent, such as total cell counts (e.g., using flow
cytometry)

The Expert Panel has identified a number of additional long-term research topics in
Sections 11.2 and 11.4 of the Expert Panel report.
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emeritus at the UC Berkeley School of Public Health. He was a teacher, colleague,
mentor, and friend to many members of the Expert Panel.

Dr. Cooper taught three generations of environmental engineers and environmental
health microbiologists about the relationships between managing water and
wastewater and the control of infectious diseases. When he retired from the
University of California Berkeley in 1991, he became vice-president of Biovir
Laboratories, where he remained active until his death in 2015.

His research ranged from the development of microbiological laboratory methods to microbiological risk
assessment. Notably, he was instrumental in the initial investigations on the fate of enteric viruses in
the environment and developed methods for virus isolation and detection from environmental media
(including reclaimed water). He first applied the concept of microbial health risk assessment in 1971
during work with the United States Army Corp of Engineers to evaluate the management of wastewater
disposal in the San Francisco Bay-Delta. These concepts were broadened as part of his work for
Governor Brown’s Office of Planning and Research on evaluating the public health effects of onsite
wastewater disposal systems in California. As principal investigator for the City of San Diego’s Total
Resource Recovery Health Effects Study (1985 to 1997), he led a team of researchers at six California
universities and the California Department of Health Services to study a number of topics related to the
indirect potable reuse of recycled water — the findings of which are directly relevant to California’s
current water challenges.

In addition, Dr. Cooper served on numerous California and national committees, including committees
for the National Research Council, California Department of Public Health, and California State Water
Resources Control Board. His contributions provided the direction and foundation for the State of
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measurement of Salmonella in sewage sludge.

Dr. Cooper will long be remembered as a key figure in advancing a clearer understanding of water
quality, water recycling, and public health.!

1Source: sph.berkeley.edu/robert-c-cooper-professor-emeritus-environmental-health-dies-86.
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PREFACE

P.1 Purpose of the Report

The purpose of this report is to document the efforts and outcomes of an Expert Panel that was
mandated by the California Legislature to advise the State Water Resources Control Board on public
health issues and scientific and technical matters regarding the feasibility of developing uniform water
recycling criteria for direct potable reuse (DPR). Within this report, the Expert Panel provided its opinion
and reasoning as to whether it is feasible for the State of California to develop and implement a uniform
set of water recycling criteria for DPR that would incorporate a level of public health protection as good
as or better than what is provided by current water supplies and by indirect potable reuse (IPR).

P.2 Overview of Direct Potable Reuse

DPR is a strategy being considered today by communities throughout the nation, particularly those in
the arid southwest, to help meet future water demands and develop more sustainable water supplies.
It involves using treated municipal wastewater effluents (i.e., recycled water) to augment public water
supplies. There are two forms of planned DPR:

e Direct potable reuse producing advanced treated water. For the first form of DPR, “advanced
treated water” produced in an advanced water treatment facility (AWTF) is introduced into the
raw water supply immediately upstream of a drinking water treatment facility (DWTF), where it
then undergoes surface water treatment before entering the drinking water distribution system.
The only two DPR projects in the United States that have been permitted to-date use this form
of DPR, both in Texas (i.e., the Big Spring Raw Water Production Facility operated by the
Colorado River Municipal Water District and the DPR Project used to produce an emergency
water supply for the City of Wichita Falls?).

o Direct potable reuse producing finished drinking water. For the second form of DPR, “finished
water” produced in an AWTF that also is permitted as a DWTF (and meets the requirements of
the Surface Water Treatment Rule) is introduced directly into a drinking water distribution
system. Finished water is expected to meet all federal, state, and local regulatory requirements
for a DWTF.

P.3 Interest in Regulatory Criteria for Direct Potable Reuse in California

As interest in potable reuse has grown, so has the need to provide guidelines for DPR; however,
guidance and regulations on DPR do not currently exist for California or nationally. In 2010, the
California State Legislature responded to this need through the passage of Senate Bill 918, a law that
modified the California Water Code to require the California State Water Resources Control Board (State

2The Raw Water Production Facility in Big Spring, Texas, has operated since 2013. The Direct Potable Reuse Project for the City
of Wichita Falls, Texas, was designed as a temporary means to assist the city during a time of drought and was decommissioned
in 2015 after 1 year of operation and the production of over 2 billion gallons of water.
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Water Board)? to report to the Legislature by December 31, 2016, on the feasibility of developing
uniform water recycling criteria for DPR. Refer to Sections 13560 to 13569 of Chapter 7.3 (entitled
“Direct and Indirect Potable Reuse”) of the California Water Code (CWC, 2014) for the exact wording of
the Legislative mandate (provided herein as Appendix P1). Per the California Water Code, the State
Water Board was required to examine the following as related to DPR:

e Availability and reliability of recycled water treatment technologies necessary to ensure the
protection of public health.

e  Multiple barriers and sequential treatment processes that may be appropriate at wastewater
and water treatment facilities.

e Available information on health effects.

e Mechanisms that should be employed to protect public health if problems are found in recycled
water that is being served to the public as a potable water supply, including (but not limited to)
the failure of treatment systems at the recycled water treatment facility.

e Monitoring needed to ensure the protection of public health, including (but not limited to) the
identification of appropriate indicator and surrogate constituents.

e Any other scientific or technical issues that may be necessary, including (but not limited to) the
need for additional research.

In addition, the State Water Board was required by the California Water Code to convene both (1) an
Expert Panel to advise the State Water Board in its efforts and (2) an Advisory Group to advise the State
Water Board and Expert Panel on issues related to DPR. Both the Expert Panel and DPR Advisory Group
documented their advice in final reports (the Expert Panel in this report and the DPR Advisory Group in
Advisory Group [2016]).

P.4 Role of the Expert Panel

The purpose of the Expert Panel is provided in Section 13565 of Chapter 7 of the California Water Code,
as follows (emphasis added):

“13565. (a) (1) On or before February 15, 2014, the department shall convene and
administer an expert panel for purposes of advising the department on public
health issues and scientific and technical matters regarding development of
uniform water recycling criteria for indirect potable reuse through surface water
augmentation and investigation of the feasibility of developing uniform water
recycling criteria for direct potable reuse. The expert panel shall assess what, if
any, additional areas of research are needed to be able to establish uniform
regulatory criteria for direct potable reuse. The expert panel shall then

3 The wording in the California Water Code directs the California Department of Public Health (CDPH) to undertake this
legislative mandate. It should be noted that on July 1, 2014, the Drinking Water Program officially transferred from CDPH to
the State Water Resources Control Board and was renamed the Division of Drinking Water; thereafter, the State Water
Resources Control Board became the entity responsible for investigating and reporting to the Legislature on the feasibility of
developing uniform water recycling criteria for direct potable reuse.
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recommend an approach for accomplishing any additional needed research
regarding uniform criteria for direct potable reuse in a timely manner.”

Because DPR is the subject of this report, emphasis is placed on the Expert Panel’s role to advise the
State Water Board regarding the development of water recycling criteria for DPR; however, it must be
noted that the California Water Code specified that the Expert Panel also provide advice to the State
Water Board regarding the State’s proposed regulatory criteria for another form of potable reuse, that
of IPR using surface water augmentation (SWA). Significantly (and as described in detail in this report),
IPR projects involving a surface water reservoir that does not meet the State Water Board’s proposed
criteria for IPR using SWA could be classified as DPR projects.

With respect to IPR using SWA, the Expert Panel’s charge — as stated in Section 13562 of the California
Water Code —is as follows:

“(B) Prior to adopting uniform water recycling criteria for surface water

augmentation, the department shall submit the proposed criteria to the expert
panel convened pursuant to subdivision (a) of Section 13565. The expert panel
shall review the proposed criteria and shall adopt a finding as to whether, in its
expert opinion, the proposed criteria would adequately protect public health.”

With respect to DPR, the Expert Panel worked with the State Water Board to meet the following State-
mandated deadlines, as required in Section 13563 of the California Water Code:

e On or before June 30, 2016, the State Water Board shall prepare a draft report summarizing the
research recommendations of the Expert Panel.

e By September 1, 2016, the State Water Board shall complete a public review draft of its report.

e On or before December 31, 2016, the State Water Board is to provide a final report to the
Legislature on the feasibility of developing uniform water recycling criteria for DPR.

P.4.1 Establishment of the Panel

In 2013, the State Water Board signed Agreement No. 13-21041 with the National Water Research
Institute (NWRI) of Fountain Valley, California, to administer the Expert Panel on the “Development of
Water Recycling Criteria for Indirect Potable Reuse through Surface Water Augmentation and the
Feasibility of Developing Criteria for Direct Potable Reuse.” NWRI is a 501c3 nonprofit research
organization with expertise in organizing and facilitating independent, third-party peer review panels for
water industry projects and policies. In particular, NWRI has over 15 years of experience in managing
panel review processes for potable reuse projects throughout the State of California and elsewhere (see
Appendix P2 for more information about NWRI’s Panel Program).*

4 More information about the National Water Research Institute and the Expert Panel can be found online at
WWW.nwri-usa.org/ca-panel.htm, as well as online at
http://www.waterboards.ca.gov/drinking water/certlic/drinkingwater/RW_SWA DPRexpertpanel.shtml.
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P.4.2 Members of the Expert Panel

With guidance and approval by the State Water Board, NWRI appointed national and international
water industry researches, practioners, and consultants to an independent, third-party Expert Panel to
provide advice to the State of California on (1) developing uniform water recycling criteria for IPR
through surface water augmentation (SWA) and (2) investigating the feasibility of developing uniform
water recycling criteria for DPR.

The Expert Panel consisted of 12 individuals who meet the requirement in Section 13565 of the
California Water Code that the Expert Panel “shall be comprised, at a minimum, of a toxicologist, an
engineer licensed in the state with at least three years’ experience in wastewater treatment, an
engineer licensed in the state with at least three years’ experience in treatment of drinking water
supplies and knowledge of drinking water standards, an epidemiologist, a limnologist, a microbiologist,
and a chemist.” Expert Panel members included:

e Expert Panel Co-Chair: Adam W. Olivieri, Dr.P.H., P.E., EOA, Inc. (Oakland, CA)

e Expert Panel Co-Chair: James Crook, Ph.D., P.E., Environmental Engineering Consultant
(Boston, MA)

e Michael A. Anderson, Ph.D., University of California, Riverside (Riverside, CA)
e Richard J. Bull, Ph.D., MoBull Consulting (Richland, WA)

e Dr.-Ing. Jorg E. Drewes, Technical University of Munich (Munich, Germany)

e Charles N. Haas, Ph.D., Drexel University (Philadelphia, PA)

e Walter Jakubowski, M.S., WaltJay Consulting (Spokane, WA)

e Perry L. McCarty, Sc.D., Stanford University (Stanford, CA)

e Kara L. Nelson, Ph.D., University of California, Berkeley (Berkeley, CA)

e Joan B. Rose, Ph.D., Michigan State University (East Lansing, Ml)

e David L. Sedlak, Ph.D., University of California, Berkeley (Berkeley, CA)

e Timothy J. Wade, Ph.D., United States Environmental Protection Agency (Durham, NC)®

Brief descriptions of the backgrounds of the Expert Panel members can be found in the Biography
section at the end of this report.

P.4.3 Activities of the Expert Panel

The Panel convened 12 times during the period of March 2014 to June 2016 to fulfill its legislative
mandate for both IPR using SWA and DPR. Meetings of the Expert Panel were held by NWRI at various
locations throughout the State of California, the majority in Orange County and the Berkeley area.
Typically, meetings included presentations on relevant subjects and interaction with staff from the State

5 Dr. Tim Wade’s role on the Expert Panel was to provide advice and contributions to the sections in this report on public health
surveillance and epidemiology as associated with direct potable reuse.
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Water Board.® Some portions of these meetings were open to the public. Later meetings involved the
development of this report, including outlining, writing, and reviewing drafts of the individual chapters.
Staff at NWRI and members of the Expert Panel (often, the Panel Co-Chairs) also interacted with the DPR
Advisory Group and Board Members of the State Water Board, as needed.

P.4.4 Specialty Seminar on Direct Potable Reuse in California

To assist the Expert Panel with its mandate regarding DPR, a one-day seminar that was open to the
public was held on September 23, 2015,” in Berkeley, California. The event, titled the “Specialty Seminar
on Direct Potable Reuse in California,” was sponsored by the State Water Board, NWRI, and UC Berkeley
School of Public Health. The specific purpose of the seminar was to bring together a diverse group of
university researchers, the public, regulators, utility representatives, and consultants to review and
discuss current issues related to DPR that would be addressed by the Expert Panel and, in particular,
focus on the use of bioanalytical tools in water analyses. The agenda featured the following key topics:

“California Water Supply: Where Does Recycling Fit In?” by Frances Spivy-Weber, California
State Water Resources Control Board

e “Regulating Potable Reuse in California” by Robert Hultquist, P.E., State Water Resources
Control Board (retired annuitant)

e  “Groundwater Replenishment System” by Jason Dadakis, P.G., C.Hg., Orange County Water
District

e “The Future of Potable Reuse” by George Tchobanoglous, Ph.D., P.E., University of California,
Davis

e “Update on WateReuse DPR Research Initiative” by Julie Minton, WateReuse

e  “Design of High-Throughput Screens and Their Application in Biomedical Sciences” by Michael
Denison, Ph.D., University of California, Davis

e “Translating High-Throughput Bioassay Results to Risk Estimates” by Kevin Crofton, Ph.D., U.S.
Environmental Protection Agency

o “Issues Related to Application of Bioassays to Wastewater and Drinking Water” by Richard Bull,
Ph.D., MoBull Consulting and Expert Panel member

e “Demonstrating Redundancy and Monitoring to Achieve Reliable Potable Reuse” by R. Shane
Trussell, Ph.D., P.E., Trussell Technologies, Inc.

As a result of this seminar, the Expert Panel was able to better focus its deliberations and identify issues
and concerns integral to evaluating the feasibility of developing criteria for DPR in California and
identifying potential research needs.

5 Downloadable copies of the reports that resulted from meetings of the Expert Panel are available at the State Water Board’s
website at www.waterboards.ca.gov/drinking water/certlic/drinkingwater/RW_SWA DPRexpertpanel.shtml.

7 Copies of the agenda and slide presentations provided at the “Specialty Seminar on Direct Potable Reuse in California” can be
downloaded online from the following links: http://www.nwri-usa.org/dpr-seminar.htm or
http://www.waterboards.ca.gov/drinking water/certlic/drinkingwater/RW_SWA DPRexpertpanel.shtml.
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P.5 Process to Develop this Report

As discussed in Chapter 1, the Expert Panel used a topic-based approach to prepare this report. Key
topics were divided into chapters, with these chapters prepared by subgroups of the Expert Panel whose
expertise pertained to the subject matter. The entire Expert Panel reviewed each draft of these
chapters, as well as the report in its entirety, for technical and editorial accuracy. NWRI staff also
provided editorial assistance, as well as formatted the report for organization and consistency.

Notably, the Expert Panel used a number of references (e.g., Tchobanoglous et al., 2015; Cotruvo et al.,
2012; Bull et al., 2011; Tchobanoglous et al., 2011) in addressing the legislative mandate. Citations and
credit to others are shown in the report, as appropriate; however, some text has been reused directly
from documents prepared by NWRI that were authored or co-authored by members of the Expert Panel
(e.g., Crook, 2010; NWRI, 2013), and citations of that work may not be shown herein on all occasions.

When needed, outside expertise was used to help gather, analyze, and/or document the information
contained herein. In addition, the Expert Panel benefited from the support of the WateReuse DPR
Research Initiative, which sponsored 34 projects to help investigate the technical feasibility of
implementing DPR. Through the DPR Research Initiative, the Expert Panel was privy to a large body of
current research data, some in the form of draft or final reports and some of which was in the process of
being collected and analyzed. Access to these projects and their principal investigators provided the
Expert Panel with useful insight and timely information to help prepare this report.

A full draft of this report was submitted to the State Water Board in July 2016. The State Water Board
responded with clarifying questions in mid-August 2016. After considering these questions, the Expert
Panel completed and submitted the final report to the State in late August 2016.
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EXECUTIVE SUMMARY

Per Section 13565(a)(1) of the California Water Code, the Expert Panel was charged with advising the
State Water Resources Control Board (State Water Board) on public health issues and scientific and
technical matters regarding the feasibility of developing uniform water recycling criteria for direct
potable reuse (DPR).2 After a yearlong investigation, the Expert Panel finds it is feasible for the State of
California to develop and implement a uniform set of water recycling criteria for DPR that would
incorporate a level of public health protection as good as or better than what is currently provided in
California by conventional drinking water supplies, indirect potable reuse (IPR) systems using
groundwater replenishment, and proposed IPR projects using surface water augmentation.

ES.1  Background on Potable Reuse in California

Public water supplies in California come from a variety of sources (i.e., groundwater and surface water),
but factors like population growth and extended droughts are stressing these supplies. Consequently,
alternative sources of water are needed to help meet current and future water demands and develop
more sustainable water supplies. One such alternative is planned potable reuse, in which treated
wastewater (or “recycled water”) is used to augment public drinking water supplies.

Planned potable reuse has been practiced in the form of IPR for over 50 years in California. With IPR,
treated wastewater is introduced into an environmental buffer (e.g., a groundwater basin or an aquifer
designated as a source of water supply for a public water system, as defined in Section 13561 of the
California Water Code) before being withdrawn and used as a water supply. Longstanding experience in
California has demonstrated that IPR can be practiced without having any apparent detrimental effects
on public health. In addition, the State Water Board currently is developing a regulation for IPR using
surface water augmentation, which is the introduction of highly treated recycled water into a surface
water body such as a drinking water reservoir. As part of its charge, the Expert Panel reviewed the State
Water Board’s proposed regulation for IPR using surface water augmentation and prepared draft
findings that were submitted to the State for consideration in developing the proposed regulation
(NWRI, 2015c).

A second form of planned potable reuse is DPR, defined in the California Water Code as the “planned
introduction of recycled water either directly into a public water system, as defined in Section 116275 of
the Health and Safety Code, or into a raw water supply immediately upstream of a water treatment
plant.” The Expert Panel defines DPR as the delivery of recycled water into a drinking water distribution
system or a raw water supply immediately upstream of a drinking water treatment facility (DWTF).
Interest exists at both the state and local levels to determine if DPR is protective of public health and
feasible to implement in California.

8 The Expert Panel was formed in 2013 to fulfill two purposes: to advise the State of California on public health issues and
scientific and technical matters regarding (1) the development of uniform water recycling criteria for indirect potable reuse
through surface water augmentation and (2) investigation of the feasibility of developing uniform water recycling criteria for
direct potable reuse.
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ES.2 Investigation of the Feasibility of Developing Uniform Water Recycling Criteria for Direct
Potable Reuse

National guidance or regulations currently do not exist for DPR. In 2010, the California State Legislature
signed into law SB 918, which requires the State Water Board to report by December 31, 2016, on the
feasibility of developing uniform statewide water recycling criteria for DPR. In 2013, the National Water
Research Institute (NWRI), with guidance and approval by the State Water Board, appointed
international experts to an independent, third-party Expert Panel to provide advice to the State of
California, per Section 13565(a)(1) of the California Water Code, on “public health issues and scientific
and technical matters regarding the development of uniform water recycling criteria for IPR through
surface water augmentation and the investigation of the feasibility of developing uniform water
recycling criteria for DPR.” Subsequently, the State Water Board is to provide a final report to the
Legislature on the feasibility of developing uniform water recycling criteria for DPR.°

ES.3  Purpose and Topics of This Report

The specific purpose of this report is to address the legislative mandate that requires the Expert Panel
to:

e Advise the State Water Board on public health issues and scientific and technical matters
regarding the feasibility of developing uniform statewide water recycling criteria for DPR.

e Assess what, if any, additional research is needed to enable establishing uniform regulatory
criteria for DPR, and recommend an approach for accomplishing the additional needed research
in a timely manner.

The Expert Panel selected the following main topics to review as part of addressing its legislative
mandate:

e Public health surveillance tools and methods to quantify and mitigate risks (Chapter 3).

e Analytical approaches for measuring chemical water quality (Chapter 4).

e Application of bioanalytical tools (i.e., bioassays) to water analyses (Chapter 5).

e Traditional and molecular methods for assessing microbial water quality (Chapter 6).

e Antibiotic resistant bacteria and antibiotic resistance genes (Chapter 7).

e Performance of DPR systems (Chapter 8).

e Potable reuse regulatory feasibility analysis comparing an example DPR system against an
existing potable water supply in California that is protective of public health (Chapter 9).

e Management controls (Chapter 10).

9 Refer to Sections 13560 to 13569 of Chapter 7.3 (entitled “Direct and Indirect Potable Reuse”) of the California Water Code
(provided in Appendix P1) for a description of required activities of the State Water Resources Control Board and Expert Panel
as pertaining to evaluating the feasibility of developing uniform statewide water recycling criteria for direct potable reuse.
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In terms of public health protection, microbial contaminants — including bacteria, viruses, and protozoan
parasites — are acknowledged as the most critical constituents to regulate in recycled water due to the
potential impacts to human health resulting from short-term exposure (most effects arise shortly after
exposure, although chronic sequelae of acute infection are known to occur). Among the large number
of chemicals that can be present in recycled water, some are of concern due to their potential adverse
health effects associated with both short-term and long-term exposures. Determining which
constituents to regulate can be challenging, but has been done for planned IPR. The possibility of doing
the same for DPR is considered in this report.

Notably, although DPR is the subject of this report, many of the key aspects presented and discussed
herein can be applied to IPR; accordingly, relevant aspects of IPR also are discussed.

ES.4  Overall Expert Panel Findings Relative to the Feasibility of Developing Uniform Water Recycling
Criteria for Direct Potable Reuse

The Expert Panel finds it is feasible to develop uniform water recycling criteria for DPR that would
incorporate a level of public health protection as good as or better than what is currently provided in
California by conventional drinking water supplies, IPR systems using groundwater replenishment, and
proposed IPR projects using surface water augmentation.

For DPR to provide the levels of protection afforded by IPR projects using either groundwater
replenishment or surface water augmentation (both of which include the use of an environmental
buffer), the functionality provided by the environmental buffer for IPR projects (i.e., storage,
attenuation, and response time) must be addressed by other means for DPR projects (e.g., the reliability
of mechanical systems and plant performance), thereby ensuring the delivery of a water quality that is
protective of human health. To do so, regulations specifying DPR practices need to provide the
following features in addition to the requirements already specified in IPR regulations for California:

e The DPR system must be reliable. Reliability is achieved by (1) providing multiple, independent
treatment barriers, (2) incorporating the frequent monitoring of surrogate parameters at each
step to ensure treatment processes are performing properly, and (3) developing and
implementing rigorous response protocols (such as a formal Hazard Analysis Critical Control
Point system). See Chapter 8 (Finding #8-1). Other key attributes that promote reliability
include:

a) Using a treatment train (as described in Chapter 9) with multiple, independent treatment
barriers (i.e., redundancy) that meet performance criteria greater than the public health
threshold logio reduction value (LRV) goals established for microorganisms.

b) Ensuring the independent treatment barriers represent a diverse set of processes (i.e.,
robustness) in the treatment train that are capable of removing particular types of
contaminants by different mechanisms. This diversity provides better assurance that if a
currently unrecognized chemical or microbial contaminant is identified in the future, there is
a greater degree of likelihood it will be removed effectively by the treatment train.

c) Using parallel independent treatment trains (i.e., resilience and redundancy) and providing

sufficient replacement parts, along with trained personnel, to rapidly carryout the most
frequently needed repairs.
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d) Encouraging the use of a probabilistic analysis of treatment train performance at the design
stage. The analysis should be based on data from other pilot-scale or full-scale facilities.
After the full-scale facility is commissioned, the analysis should be updated periodically
using actual performance data and operational experience.

e) Providing the ability to divert advanced treated water that does not meet specifications (i.e.,
water that is “off-spec”).

f) Implementing a rigorous source control program designed to control the discharge of toxic
chemicals and other contaminants into the wastewater collection system that serves the
DPR project. The source control program must include stringent sewer ordinances and
ongoing surveillance.

g) Providing certified operational personnel who are able to conduct rigorous operations and
maintenance at advanced water treatment facilities (AWTFs) and DWTFs.

h) Unauthorized short-term peak discharges of chemicals into the wastewater collection
system serving a DPR project have the potential to compromise final product water quality;
therefore, incorporating a final treatment process (to be specified) after the advanced water
treatment train may result in some “averaging” of these potential chemical peaks.

i) Ensuring the operation and performance of each unit treatment process in the DPR
treatment train achieves the proposed and/or anticipated logio reduction values (LRVs) for
pathogens.

j)  Ensuring the chemical and microbial stability of water in the drinking water distribution
system will be maintained after introducing advanced treated water, in particular for a DPR
system in which the finished drinking water will enter the distribution system.

e The State Water Board should not codify a specific set of treatment processes as part of
developing uniform water recycling criteria for DPR, as it could stifle technological innovation in
this growing area of need. The criteria should allow for alternatives to any treatment processes
specified in the regulations if it is demonstrated to the State Water Board that the alternatives
provide at least an equivalent level of public health protection. See Chapter 8 (Finding #8-2).

e The project sponsor needs to show the technical, managerial, and financial (TMF) capacity to
reliably implement a DPR project. See Chapter 10 (Finding #10-1).

e An approach to stage the introduction of recycled water from a DPR system into a community’s
drinking water supply should be considered by the State Water Board as part of the review and
approval of a project. This approach is consistent with California’s regulatory practices for
groundwater replenishment using recycled water. See Chapter 8 (Finding #8-3).

e Aformal process should be established by the State Water Board that includes an internal
process to administer the periodic review of the performance of permitted potable reuse
projects by an external expert panel on a 5-year cycle. Based on this review process, the State
should incorporate new knowledge into potable reuse regulatory permits. See Chapter 8
(Recommendation #8-1).
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Expert Panel Research Recommendations Related to the Development of Direct Potable Reuse
Criteria in California

As described below, the Expert Panel identified several areas of research that should be conducted to
further ensure the protectiveness of DPR. This research, which would best be supported directly by the
State of California, could be done either before and/or concurrently with the development of uniform
water recycling criteria for DPR, but the absence of better information is not a barrier to the feasibility
of establishing this criteria. Additional research needs will emerge in the future.

Research recommendations of the Expert Panel are as follows:

1.

2.

To better inform targeted monitoring for source control and final water quality, the State Water
Board should be proactive in monitoring the literature on the potential health risks that could
present serious harm to health over short durations of exposure to compounds likely to be
present in recycled water. Of specific concern are chemicals that adversely affect the
development of fetuses and children. Other compounds that produce such effects will
undoubtedly be discovered in the future. This activity could be initiated concurrently with the
development of DPR regulations and continued as an ongoing effort. A formal process should
be established by the State that includes: (1) an internal process to monitor the literature and
(2) an external peer review process to address the results of the internal efforts to maintain a
high level of awareness of these issues. See Chapter 4 (Research Recommendation #4-1).

The State Water Board should adopt the use of probabilistic quantitative microbial risk
assessment (QMRA) to confirm the necessary LRVs of viruses, Cryptosporidium, and Giardia
needed to maintain a risk of infection equal to or less than 10 per person per year. The State
should provide oversight, direction, and funding for implementing probabilistic QMRA. The
purpose of using probabilistic QMRA is to provide a better assessment of the performance of
DPR treatment trains and to provide an opportunity to identify additional effective DPR
treatment trains. Input values for pathogen concentrations should be based on descriptive
pathogen statistics resulting from additional review of the literature (as well as information
collected from Research Recommendation #3). Also, as full-scale DPR systems are built, owners
and regulators need to take advantage of these systems to sample and assess actual as-built
performance and reliability characteristics. See Chapter 8 (Research Recommendation #8-1).

To better inform decisions associated with updating LRVs, as well as conducting probabilistic-
based QMRA modeling, the State Water Board should include monitoring requirements in a
regulatory permit to measure pathogens (i.e., Giardia cysts, Cryptosporidium oocysts, and
several human viruses) in the raw (untreated) wastewater feeding a DPR system to provide
more complete information on concentrations and their variability. Improved methods should
be used that will allow for the better characterization and improved precision of concentrations
of pathogens. See Chapter 2 (Research Recommendation #2-1) and Chapter 8 (Research
Recommendation #8-2), as well as Chapter 6 for more information.

The State Water Board should investigate the feasibility of collecting pathogen concentration
data for raw wastewater associated with community outbreaks of disease and collect such data
where possible. See Chapter 2 (Research Recommendation #2-2) and Chapters 6 and 8 for
more information.
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ES.6

The State Water Board should encourage short-term research be conducted to identify suitable
treatment options for final treatment processes that can provide some “averaging” with respect
to potential chemical peaks (in particular, for chemicals that have the potential to persist
through advanced water treatment). These options might involve: (1) the use of a buffer tank
(clear well) of a sufficient size, potentially blended with an alternative water source prior to
release into the drinking water distribution system, or using two tanks feeding into the drinking
water distribution system; (2) removal of volatile contaminants during a degassing step
(decarbonization) similar to the approach that is commonly employed after reverse osmosis
treatment in established AWTFs for potable reuse; (3) use of a biologically active filter after
reverse osmosis/advanced oxidation processes, to provide an additional opportunity for
microorganisms (if microorganisms will be able to survive in that environment) to degrade
contaminants that may otherwise pass through the filter; or (4) other options. See Chapter 8
(Research Recommendation #8-3).

It is important to focus on non-targeted analysis and, furthermore, low molecular weight
compounds. For example, the inability of reverse-phase liquid chromatography/mass
spectrometry to detect many uncharged, low molecular weight compounds (e.g., halogenated
solvents, formaldehyde, and 1,4-dioxane) problematic for potable reuse projects demonstrates
the limitations of current analytical approaches for the detection of unknowns that are likely to
pass through reverse osmosis membranes. Research is needed to develop more comprehensive
methods to identify low molecular weight unknown compounds. It is possible these compounds
may be detected by gas chromatography interfaced with time-of-flight mass spectrometers or
hydrophilic interaction liquid chromatography coupled with reversed-phase chromatography
prior to triple quadrupole mass spectrometry; however, to date, these methods have not been
applied to potable reuse projects to detect these compounds. These methods or others need to
be developed to increase the understanding of the make-up of the remaining total organic
carbon composed of low molecular weight compounds. In addition, these methods also could
address the potential vulnerability of AWTF treatment processes to unintended spills or batch
releases of chemicals in the sewershed. See Chapter 4 (Research Recommendation #4-2).

Summary of Additional Key Findings and Recommendations Related to Topics Investigated by
the Expert Panel

The Expert Panel identified several other key findings to further address possible concerns in the future,
some of which would best be directly supported by the State of California and others that would be
better led by national and/or international entities.

A brief summary of findings is presented below. More detail on these findings and others are contained
at the end of each pertaining chapter in this report, as noted.

AWTFs sometimes employ an oxidant (e.g., ozone, chlorine, chloramines) prior to or after
treatment with reverse osmosis. This practice can result in the formation of toxic byproducts,
some of which are low molecular weight compounds that are not removed well during reverse
osmosis or might remain after subsequent treatment with advanced oxidation processes. If the
water is not subjected to an additional treatment step capable of removing these byproducts,
they could be present in the drinking water produced by a DPR system. See Chapter 4

(Finding #4-5).
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Most AWTFs currently under consideration for DPR in California include reverse osmosis as one
of the treatment steps. During reverse osmosis, charged compounds and neutral compounds
with molecular weights above approximately 200 grams per mole (g/mol) are almost entirely
removed. Uncharged, low molecular weight compounds tend to be poorly rejected by reverse
osmosis (e.g., N-nitrosodimethylamine [NDMA]), chloroform, and low molecular weight
aldehydes). Under normal operating conditions, the concentrations of low molecular weight,
neutral compounds in water produced by DPR systems generally are below the low total organic
carbon (TOC) method detection limits observed in reverse osmosis permeate (i.e., typically <0.1
milligrams per liter [mg/L]); however, operators of AWTFs have detected short-duration pulses
above the TOC method detection limits of acetone and other contaminants in reverse osmosis
permeate. These contaminants are believed to originate from discharges to the wastewater
collection system by commercial and industrial activities. Chemical monitoring plans for DPR
systems need to include high-frequency monitoring of TOC or other surrogate parameters
capable of detecting pulses of compounds that are poorly removed in reverse osmosis and
subsequent treatment with advanced oxidation. Existing high-frequency TOC analyzers are
capable of detecting pulses of elevated concentrations of contaminants in reverse osmosis
permeate rapidly enough to allow operators to avoid introducing the final product water into
the drinking water supply. In the event a pulse of contaminants arrives at the AWTF that is too
low to be detected by a high-frequency TOC analyzer, the Expert Panel believes that subsequent
removal in later treatment processes (e.g., during advanced oxidation) would result in
concentrations of contaminants that may not pose unacceptable risks to public health. See
Chapter 4 (Finding #4-6 and Recommendation #4-3).

Bioassays have a potential role in the identification of yet-to-be-discovered contaminants, but
the Expert Panel does not recommend the routine use of bioassays in monitoring programs for
DPR projects at this time. Bioassay-directed fractionation is a useful research tool for identifying
compounds in recycled water that merit further evaluation. For this reason, research efforts
that employ bioassays and non-target screening analysis simultaneously are encouraged to be
used to discover new contaminants of concern in municipal wastewater and water produced by
DPR projects. See Chapter 5 (Finding #5-1 and #5-2).

Antibiotic resistance is a valid and serious worldwide public health concern that goes well
beyond DPR projects. While risk levels associated with antibiotic resistant bacteria (ARB) and
antibiotic resistance genes (ARG) in water have not been determined, concentrations of ARB
and ARG in waters subjected to DPR treatment processes would likely be lower than that from
current water sources entering DWTFs, suggesting that risk levels would be comparable to, or
less than, those associated with current source waters. Further, considering all the available
information, a combination of secondary wastewater treatment and advanced water treatment
processes (i.e., a sequence of treatment train processes such as microfiltration/ultrafiltration,
reverse osmosis, and ultraviolet disinfection/advanced oxidation processes) leading to a finished
potable water is likely to reduce ARB and ARG concentrations in recycled water to levels well
below those found in conventional treated drinking water. See Chapter 7 (Findings #7-1, 7-2,
and 7-9).

The role of public health surveillance is to: (1) establish partnerships, engagement, and
communication between water utilities and public health partners; (2) identify sources of data
to characterize baseline public health conditions and track trends over time; and (3) help
determine if transient treatment failures and contamination events lead to adverse health
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outcomes. Within the context of potable reuse, local public health partners should be informed
when a DPR project is being considered. Points of contact should be identified and available
surveillance data sources should be reviewed. In addition, processes for regular engagement,
information sharing, and notification should be established with an emphasis on tracking,
reporting, and communicating notifiable acute (primarily) waterborne diseases. The State
Water Board also should work with DPR project sponsors and local health agencies to consider
the feasibility of enhanced public health surveillance for communities with DPR systems. Such
efforts may include syndromic surveillance, sentinel surveillance, or serological surveys for
waterborne infections. See Chapter 3 (Recommendations #3-1 and 3-2).

e All current and proposed IPR regulations in the State of California include the use of a
regulatory-defined environmental buffer; however, there are likely to be potential potable reuse
projects where an environmental buffer is available, but does not meet the proposed
operational and performance criteria for an IPR project using surface water augmentation.
Notably, the proposed criteria for IPR projects using surface water augmentation do not include
an alternatives clause (NWRI, 2015b) like that in the regulations for IPR using groundwater
replenishment (CCR, 2015), where a project may be allowed to use an alternative to any
requirement if it “assures at least the same level of protection to public health.” Consequently,
an IPR project for SWA using an environmental buffer that does not meet regulatory criteria
would be defined as DPR. This situation creates a regulatory “Gap” between IPR projects with
smaller environmental buffers and DPR projects with no environmental buffers. Based on a
previous analysis of the environmental buffer conducted by the Expert Panel during the review
of proposed criteria for IPR using SWA (NWRI, 2015a,b), the Expert Panel considers IPR projects
with a theoretical hydraulic retention time of <2 months in the reservoir to be a DPR project
(i.e., the Gap covers IPR-SWA projects with hydraulic retention times of 22 months and <4
months). See Chapter 9 (Sections 9.1.2 and 9.3.2). In effect, the Gap represents a transition
between the currently proposed criteria for IPR using SWA and DPR. Given the above
considerations, the Expert Panel supports the following approach by the State Water Board:

a) Incorporate an alternatives clause that covers Gap projects into the proposed criteria for IPR
using surface water augmentation.

b) Require that agencies proposing potable reuse projects failing to meet the criteria for IPR
using surface water augmentation demonstrate — through hydrodynamic and public health
risk modeling — public health protection equivalent to that achieved by full compliance with
criteria.

c) Establish a consistent framework as part of the established regulatory process for preparing
project-related engineering reports and subsequently reviewing and permitting Gap
projects.

d) Conduct a peer review of several Gap project proposals and engineering reports to assist in
the establishment of a consistent technical basis for Gap projects.

e) Encourage the State Water Board to consider the potential benefits of environmental

buffers, irrespective of size, as a means of taking advantage of temperature equalization,
storage, and peak attenuation.

8|Expert Panel Feasibility Report



Executive | Summary

ES.7 References

CCR (2015). Water Recycling Criteria, Title 22, Division 4, Chapter 3, California Code of Regulations: Sacramento,
CA.
https://govt.westlaw.com/calregs/Browse/Home/California/CaliforniaCodeofRegulations?guid=IESADB4F
0D4B911DE8879F88E8BODAAAE&o riginationContext=documenttoc&transitionType=Default&contextData
=(sc.Default) (accessed 9/3/2015).

NWRI (2015a). Final Panel Meeting Report #4: Surface Water Augmentation — IPR Criteria Review (Based on Panel
Meeting Held March 11-12, 2015). National Water Research Institute, Fountain Valley, CA. 24 pp. +
Appendices.

NWRI (2015b). Draft Final Panel Meeting Report: Surface Water Augmentation Regulation Concept Review (Based
on Panel Meeting Held December 11-12, 2014). National Water Research Institute, Fountain Valley, CA. 15
pp. + Appendices.

NWRI (2015c). Expert Panel on the Development of Water Recycling Criteria for Indirect Potable Reuse (IPR)
through Surface Water Augmentation and the Feasibility of Developing Criteria for Direct Potable Reuse
(DPR). Final Panel Meeting Report #5, based on a meeting held June 2-3, 2015. Prepared for the Division
of Drinking Water of the State Water Resources control Board, Sacramento, CA.

Expert Panel Feasibility Report |9


https://govt.westlaw.com/calregs/Browse/Home/California/CaliforniaCodeofRegulations?guid=IE8ADB4F0D4B911DE8879F88E8B0DAAAE&originationContext=documenttoc&transitionType=Default&contextData=(sc.Default)
https://govt.westlaw.com/calregs/Browse/Home/California/CaliforniaCodeofRegulations?guid=IE8ADB4F0D4B911DE8879F88E8B0DAAAE&originationContext=documenttoc&transitionType=Default&contextData=(sc.Default)
https://govt.westlaw.com/calregs/Browse/Home/California/CaliforniaCodeofRegulations?guid=IE8ADB4F0D4B911DE8879F88E8B0DAAAE&originationContext=documenttoc&transitionType=Default&contextData=(sc.Default)

Executive | Summary

10| Expert Panel Feasibility Report



PART I: BACKGROUND

Expert Panel Feasibility Report |11



12 |Expert Panel Feasibility Report



Chapter 1 | Introduction

CHAPTER 1: INTRODUCTION

e Brief history of water reuse in California.
o Difference between planned and unplanned potable reuse.

e Difference between indirect potable reuse and direct potable reuse (including the
environmental buffer).

e Critical public health considerations for direct potable reuse.

e Purpose and organization of this report.

Potable water supplies are derived from a variety of sources, including local and imported surface water,
groundwater, desalinated brackish water and seawater, and recycled water. As a result of population
growth, urbanization (especially in coastal areas), droughts, and climate change, public water supplies in
some parts of the United States are becoming stressed, and the opportunity to develop new sources of
water supply from groundwater or surface water is becoming more difficult, if not impossible. Although
conservation can reduce per capita water demand, the remaining supplies most likely will be insufficient
to meet overall water needs. As a consequence, alternative strategies are needed to help meet future
water demands and develop more sustainable water supplies (Tchobanoglous et al., 2015). One such
strategy is planned potable reuse, in which highly treated municipal wastewater (i.e., recycled water) is
used to augment public water supplies.

The practice of indirect potable reuse (IPR) involves using recycled water to (1) recharge groundwater
aquifers via surface spreading or direct injection (i.e., groundwater replenishment), or (2) augment a
stream or reservoir that serves as a source of drinking water (i.e., surface water augmentation [SWA]).
For perspective, in 2010, approximately 1.35-million cubic meters per day (m3/d) [or 355-million gallons
per day (mgd)] of recycled water was used for IPR nationwide, which represents less than 1 percent of
all municipal wastewater effluents generated in the United States; however, for communities practicing
IPR, the average contribution of recycled water to their drinking water supplies can be as high as 30
percent, with some consumers receiving drinking water in which more than 50 percent originated from
recycled water (Drewes and Khan, 2011).

An alternative option to IPR is direct potable reuse (DPR), in which recycled water is added directly into
a drinking water distribution system or into a raw water supply immediately upstream of a drinking
water treatment facility (DWTF). The feasibility of developing uniform water recycling criteria for DPR in
the State of California is the subject of this report.

1.1 Overview of Water Reuse in California

Water supplies in the State of California tend to rely on runoff associated with melting snowpack. Over
the next few decades, supplies are likely to diminish because climate change is predicted to cause more
precipitation to fall as rain rather than as snow, with runoff occurring earlier in the season (Harris-Lovett
and Sedlak, 2015). In response to the challenges of climate change and population growth, the
California State Water Resources Control Board (State Water Board) has adopted a water recycling
policy that declared independence from relying on the vagaries of annual precipitation and has moved
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towards the sustainable management of surface waters and groundwater, together with enhanced
water conservation, water reuse, and the use of stormwater (SWRCB, 2013). The policy of the State
Water Board includes the following goals related to water recycling:

e Substitute recycled water for potable water as much as possible by 2030.

e Increase the use of recycled water over 2002 levels by at least 1-million acre-feet per year (AFY)
(3.3-million m3/d) by 2020 and by at least 2-million AFY by 2030 (6.6-million m3/d).

The main drivers for water recycling include the following:

e Manage or alleviate water stress (i.e., the need for water).

e Replace the use of existing supplies of potable water (i.e., reduce the use of freshwater).
e Abate pollution.

e Address the need for reliable supplies of water.

e Address the need for cost-effective alternative supplies of water.

e Use wastewater as a source of new water.

e Respond to or comply with regulatory policies and regulations.

A brief overview is provided in Sections 1.1.1 to 1.1.3 of the following water reuse practices as
pertaining to California: non-potable reuse, planned potable reuse (including the potential role of DPR in
a community’s water supply), and unplanned (de facto) potable reuse. A more detailed summary of the
history of water reuse in California is available in Harris-Lovett and Sedlak (2015).

1.1.1 Non-Potable Reuse

The planned use of recycled water for non-potable reuse applications® has been practiced for many
years in the United States and other countries. The reuse of municipal wastewater was first practiced
on a large scale shortly after cities began using flush toilets and sewers. In coastal areas, pipes
transported sewage to the sea, where it was discharged far enough offshore to prevent aesthetic
problems; however, surface water discharges presented problems for many inland communities. An
alternative to dilution was needed for managing sewage. One such alternative was planned non-potable
reuse of municipal wastewater, first implemented in the late nineteenth century with the development
of sewer farms in England, Australia, Germany, France, and Italy. By 1900, sewer farms were numerous
in these countries; about a dozen also existed in the United States (Fuller, 1912), including 10 in
California (Ongerth and Ongerth, 1982). For example, one of the first sewer farms in California was
established when the City of Pasadena purchased a 120-hectare (300-acre) plot of land outside the city,
named it the Pasadena Sewer Farm, and piped in raw sewage to irrigate crops. This sewer farm
produced walnuts, pumpkins, hay, and corn, and became a profitable business for the City (Holder,
1904). Other Southern California cities also turned to sewer farms as a means to profit from human
waste while sending it away from homes. For example, in 1909, residents of the coastal city of Redondo
Beach voted down a proposed sewer outflow to the ocean and instead insisted the City adopt the sewer

10 In non-potable reuse, recycled water is used for purposes other than drinking, such as providing water for agricultural and
landscape irrigation, as well as water for power plants and oil refineries, industrial processes, toilet flushing, construction,
artificial lakes, and other non-drinking applications (USEPA, 2016).

14 |Expert Panel Feasibility Report



Chapter 1 | Introduction

farm model for reuse (Barkley, 1909). To the City, sewage was a source of water and nutrients that
could make the dry landscape of Southern California produce useful crops.

By 1910, as many as 35 communities in California were using sewage for irrigation: 11 without any
treatment and 24 after septic tank treatment (Ongerth and Ongerth, 1982). The sewage farms gave way
to wastewater treatment plants (WWTPs) when the land area required for the treatment of wastes grew
too large to be feasible, urban areas began to encroach on sewer farms, and concerns grew about odors
and health risks associated with putting raw sewage on farm fields (Harris-Lovett and Sedlak, 2015).
Biological waste treatment — developed in the early twentieth century — required much less land and
permitted the discharge of wastewater effluents to bays, rivers, and streams. Until the early twentieth
century, there were no significant regulations or restrictions on the use of wastewater for agricultural
irrigation. As the scientific basis of disease became more widely understood, concerns grew among
public health officials about the possible health risks associated with irrigation using wastewater and
other non-potable uses of recycled water. This concern led to the establishment of guidelines and
regulations to control the use of wastewater for agricultural irrigation, which was the first application of
reclaimed water to be regulated.

Water reuse began to increase in both the number of projects and types of reclaimed water applications
as wastewater treatment, disinfection processes, and microbiological analytical techniques became
more sophisticated during the first half of the twentieth century. Similarly, water reuse standards
evolved to regulate the use of reclaimed water for irrigation. During this time, water resources
generally were adequate to meet all potable and non-potable needs, and the use of reclaimed water
often was based on opportunity, convenience, and economics. In general, projects were implemented
when water reuse constituted the most economical method of sewage disposal (Crook et al., 1994);
however, burgeoning population growth in the second half of the twentieth century began to strain
available freshwater resources and increased water demands in certain areas in California to the point
where natural freshwater was no longer readily available and the development of additional supplies
became necessary. It was in these water-stressed areas that reclaimed water first came to be viewed as
a beneficial resource. The development of non-potable water recycling practices in California includes
the milestones listed in Table 1-1.

The reuse guidelines and regulations that existed in the 1960s and early 1970s, which addressed only
non-potable reuse, reflected the state-of-the-art at that time and the conservative approach taken by
public health officials. As the need grew for more water, additional reclaimed water applications (for
both non-potable and potable reuse) were proposed. Over the last 30 years, a dramatic increase has
occurred in both the types of reclaimed water applications now available and quantities of water being
reused. This increase resulted (in part) from an intense era of research and demonstration studies —
beginning in the late 1960s — that provided valuable information to California regulatory agencies
involved with adopting water reuse regulations (Crook, 1998). The most common concern associated
with non-potable reuse is the potential transmission of infectious disease from microbial pathogens by
(1) inadvertent ingestion of recycled water, (2) skin contact, (3) consumption of food crops irrigated with
recycled water, and (4) inhalation of aerosols, although it is recognized that chemicals can be a concern
(e.g., heavy metals taken up by food crops could present potential health risks to consumers).
Consequently, California regulations for non-potable reuse focus mainly on mitigating health risks from
microbial pathogens by reducing or eliminating them in recycled water and/or by imposing use area
controls (e.g., fencing, signage, buffer zones, color-coded pipes and appurtenances) or other controls to
prevent human contact with recycled water. A summary is provided in Table 1-2 of the progression of
water recycling policies and regulations in California.
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Table 1-1: Milestones for the Development of Non-Potable Water Recycling Practices in California

Year Description of Milestone

1890 Sewer farms in use in several California communities.

1909 The City of Redondo Beach votes down a proposed sewer outflow to the ocean and
instead insists that the City adopt the sewer farm model for reuse.

1929 The City of Pomona begins using recycled water for the irrigation of lawns and gardens in a
suburban, semirural home development area.

1932 Golden Gate Park initiates recycling for filling ornamental lakes and landscape irrigation
from a specially constructed water reclamation plant (which is terminated in 1981).

1943 Recycled water is first used at military installations to irrigate landscape in recreational
areas.

1961 The City of Santee uses recycled water to develop recreational lakes for fishing and boating,
and studies an experimental swimming operation.

1965 The City of Burbank begins using recycled water for power plant cooling.

1977 The Irvine Ranch Water District initiates the first major residential landscape irrigation
project with a dual water system delivering recycled water.

1998 Monterey Regional Water Pollution Control Agency initiates the first project in California

using tertiary-treated recycled water to irrigate food crops eaten raw.

Table 1-2: Summary of Water Recycling Policies and Regulations in California

Year Recycling Policies and Regulations in California

1906 The California State Board of Health endorses septic tank effluent for crop irrigation.

1907 The California State Board of Health recommends against the use of septic tank effluent for
irrigation of food crops eaten raw.

1918 First regulations (for crop irrigation) go into effect, prohibiting the use of raw sewage and
septic and Imhoff tank effluents for the irrigation of food crops eaten raw.

1933 Requirements are added for cross-connection control and disinfection reliability.

1967 The Legislature sets policy (included in the California Water Code) for water recycling, and
regulations are developed for the quality of recycled water for non-potable applications.

1968 More restrictive criteria are developed for crop irrigation. Requirements are added for
landscape irrigation and impoundments.

1975 Requirements are added for treatment reliability.

1978 More restrictive criteria are developed for open access landscape irrigation. General
groundwater replenishment requirements are added.

2000 Changes are made to criteria for treatment and quality, addressing additional types of uses
and adding use area requirements (which were previously used as guidelines).

2014 Requirements are added for indirect potable reuse via groundwater replenishment.
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1.1.2 Planned Potable Reuse

Planned potable reuse involves the use of recycled water to
augment drinking water supplies. Two forms of planned Environmental Buffer

potable reuse exist:
A surface water system (e.g.,

reservoir, lake, or river) or

e Indirect potable reuse (IPR): Treated wastewater is i )
groundwater system (i.e., aquifer)

introduced into an ENVIRONMENTAL BUFFER (i.e., a )

dwat ; ¢ ; " bef that receives treated recycled
groundwater sys em er surface vya er system) before water and serves as a source of
the blended water is introduced into a water supply potable raw water.
system. The CALIFORNIA WATER CODE provides
regulatory defined definitions for the environmental
buffer.

e Direct potable reuse (DPR): Highly treated wastewater
is introduced either directly into a public water system or into the raw water supply immediately
upstream of a DWTF.

In California, the practice of planned potable reuse has occurred in the form of IPR for over 50 years
(Crook, 2010; Drewes and Khan, 2011; Drewes and Horstmeyer, 2016). Longstanding experience in
California (and worldwide) has demonstrated that planned potable reuse using IPR can be practiced
without having any apparent detrimental effects on public health (NRC, 1998; USEPA, 2012; NRC, 2012;
Khan, 2013). A key element of an IPR system is its reliance on an environmental buffer. While some
environmental buffers might offer opportunities for further treatment, the main functions of the
environmental buffer are to provide — through storage — some level of water quality equalization and
time to respond to any process failures or out-of-compliance water quality monitoring results (Drewes
and Khan, 2011).

The schematics of indirect potable reuse in California (as defined by the California Water Code) are
shown in Figure 1-1, which depicts advanced treated water being introduced into an environmental
buffer as part of the raw water supply upstream of a DWTF. In Figure 1-1 (a,b), the environmental

State of California Terminology for Potable Reuse

Per Chapter 7, Section 13561(b-d), of the California Water Code:

INDIRECT POTABLE REUSE FOR GROUNDWATER REPLENISHMENT means the planned use of recycled water
for replenishment of a groundwater basin or an aquifer that has been designated as a source of water supply
for a public water system, as defined in Section 116275 of the Health and Safety Code.

SURFACE WATER AUGMENTATION means the planned placement of recycled water into a surface water
reservoir used as a source of domestic drinking water supply.

DIRECT POTABLE REUSE means the planned introduction of recycled water either directly into a public water
system, as defined in Section 116275 of the Health and Safety Code, or into a raw water supply immediately
upstream upstream of a water treatment plant.
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California Regulations
Regarding the Environmental
Buffer

SURFACE WATER SYSTEM: The Expert
Panel’s review of the State Water

buffer is a groundwater aquifer; therefore, the project
must meet regulations for groundwater replenishment
(CCR, 2015). For such a project, advanced treated water
can be applied by surface application (spreading) or
subsurface application (direct injection), whereas tertiary
effluent is applied by spreading to take advantage of soil
aquifer treatment. In Figure 1-1 (c), the environmental
buffer is a surface water reservoir, so the project must
meet the draft criteria for IPR using SWA (i.e., the reservoir

Board’s proposed criteria for indirect
potable reuse using surface water
augmentation (NWRI, 2015a,b)
considered the reservoir dilution criteria
(100:1 or 10:1 + treatment) as a
“performance” criterion for the
reservoir and the theoretical hydraulic
residence time, tr, as the reservoir
“operational” criterion. The reservoir
has a unique and central role to play in
surface water augmentation, and these
two criteria define how the reservoir is
to be operated for surface water
augmentation

has a theoretical hydraulic retention time of 24 to 6
months)!* (NWRI, 2015a,b,c).

Because a key element of an IPR system is its reliance on a
regulatory defined environmental buffer, by default, all
potable reuse projects that do not meet California
regulations for groundwater replenishment or the draft
criteria for IPR using SWA are considered DPR. In this
report, the term “the Gap” refers to the continuum
between in the proposed regulations for an IPR project
using SWA and a DPR project (as defined in the California
Water Code). In particular, the Gap covers IPR projects
using SWA with hydraulic retention times of 22 months
and <4 months. A schematic of a potable reuse project
falling under the Gap is illustrated in Figure 1-2 (a).*?

GROUNDWATER SYSTEM: California
regulations (CCR, 2015) addressing
groundwater replenishment projects
define the function of soil aquifer
treatment in the vadose zone and
groundwater system.

With DPR, the environmental buffer is reduced (i.e., the
Gap) or eliminated and recycled water is piped directly into
the raw water supply near the inlet of a DWTF or into the
drinking water distribution system; therefore, the core
functions of the environmental buffer used for IPR would
need to be provided and maintained in some other way for
DPR to ensure public health protection. The schematics of
DPR are illustrated in Figure 1-2 (a, b, and c). In Figure 1-2 (a), advanced treated water is introduced
with a smaller SWA environmental buffer or (b) without the use of an environmental buffer into the raw
water supply immediately upstream of a DWTF. To date, permitted operational DPR projects in the
United States involve this form of DPR (i.e., the Big Spring Raw Water Production Facility operated by
the Colorado River Municipal Water District and the DPR Project used to produce an emergency water
supply for the City of Wichita Falls. The Wichita Falls project was used on an emergency basis and has
been discontinued.). In Figure 1-2(c), finished product water is introduced directly into a drinking water
distribution system.

11 per Sections 13560-13569 of the California Water Code, the State Water Resources Control Board is required by December
31, 2016, to adopt regulations for Surface Water Augmentation Using Recycled Water. The Expert Panel reviewed the
proposed regulations and provided recommendations to the State Water Board in 2015 (NWRI, 2015a,b,c). More information
is available at http://www.waterboards.ca.gov/drinking water/certlic/drinkingwater/RecycledWater.shtml.

12 More specific details and some guidance with respect to the Gap are provided in Chapters 8 and 9 that can be used by the
State Water Resources Control Board to evaluate the feasibility of all proposed potable reuse projects consistent with the
overall objective to protect public health.
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Figure 1-1: Schematics of indirect potable reuse in California using groundwater replenishment (a,b) and
surface water augmentation (c). The environmental buffer is represented by a groundwater
aquifer in (a) and (b), and by a reservoir in (c). Wastewater treatment could include either
secondary or tertiary treatment. Tertiary treated wastewater per Title 22 involves well oxidized,
filtered, and disinfected wastewater. Soil aquifer treatment involves the percolation of water
through the vadose zone, which provides soil treatment. In California, full advanced treatment per
Title 22 requires reverse osmosis and ultraviolet disinfection combined with advanced oxidation.
Drinking water treatment for surface water meets California drinking water standards.
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Figure 1-2: Potable reuse, showing the transition of (a) indirect potable reuse using an environmental buffer
that does not meet California’s proposed criteria for indirect potable reuse using surface water
augmentation (the “Gap”) to (b,c) direct potable reuse.
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1.1.3 Unplanned (De Facto) Potable Reuse

Unplanned (de facto) potable reuse was defined in NRC (2012) as the unplanned or incidental presence
of treated wastewater in a downstream water supply source. A schematic of unplanned potable reuse is
provided in Figure 1-3. Unplanned potable reuse is a common occurrence in a number of drinking water
supplies derived from surface water sources (SWPCA and CDWR, 2011), principally rivers (NRC, 2012),
and has been understood for at least 100 years, including how to address its challenges (Hazen, 1914);
however, the practice is not recognized officially (USEPA, 2012). A recent analysis by Rice and
Westerhoff (2015) of 2,056 surface water intakes serving 1,210 DWTFs covering 82 percent of the
population of the United States indicates that 50 percent of the DWTFs are potentially impacted — under
average stream flow conditions — by upstream discharges, but typically at relatively low percentages
(i.e., <1 percent). The Rice and Westerhoff analysis also indicates that under low-stream flow conditions
(e.g., drought), some DWTFs receive up to 50 percent of their water from wastewater effluent
discharges.’

Figure 1-3: Schematic of unplanned (de facto) potable reuse, which involves the discharge of treated
wastewater effluent from one community into a surface water body that is used as a source of
drinking water supply for another community. Depending upon the location and local requirements,
wastewater treatment could vary, but for the most part freshwater discharges in California include
secondary treatment followed by filtration and disinfection. Surface water treatment includes
filtration and disinfection.

As an example, unplanned potable reuse occurring in the Sacramento-San Joaquin River Delta, or
“Delta,” is addressed in this report from a comparative perspective relative to planned potable reuse.
The State Water Project provides drinking water to approximately two-thirds of California’s population
and is the nation’s largest state-built water development project. The watershed of the State Water
Project is composed mainly of the 27,000-square-mile Sacramento River and the 13,000-square-mile San
Joaquin River watersheds. Twelve WWTPs discharge directly into the Delta, and a number of others
discharge to tributaries of the Delta. Currently, the average dry weather wastewater discharge is
roughly 350 mgd (1.32-million m3/d), based on average dry weather flow. The design capacity of all
WWTPs is estimated to be 560 mgd (2.12-million m3/d), indicating a future increase in volumes of
wastewater to the receiving waters (SWPCA and CDWR, 2011).

The California Department of Water Resources (DWR) modeled wastewater discharges from three of the
largest WWTPs that discharge approximately 82 percent of the volume of wastewater into the Delta;
results indicate that the volume of wastewater in the Delta’s surface water ranges from zero to about 3
percent (SWPCA and CDWR, 2011). In addition, based on State requirements, most WWTPs have been
upgraded to include filtration, with several other facilities required to upgrade within the next 10 years
(SWPCA and CDWR, 2011).

13 The low-flow analysis was limited to 80 of the 2,056 locations that had stream gauges. Of the 80 sites, 32 had an estimated
increase to roughly 50-percent wastewater in the raw water supply.
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1.1.4 Amount of Water Used for Planned Potable Reuse

As a result of indoor and outdoor water uses and other nonresidential municipal consumptive uses,
neither DPR nor IPR can replace all current potable water demands, nor can all collected wastewater be
used as part of a potable reuse project. Based on a recent estimate, roughly 30 percent of all
wastewater collected in California — or about 50 percent of the water now discharged to the ocean —
could be used by 2020 for either DPR or IPR projects (Raucher and Tchobanoglous, 2014). The actual
amount of water available will vary by region, depending on site-specific factors, such as discharge
locations for wastewater effluents (Tchobanoglous et al., 2015).

1.2 Public Health Considerations as a Condition of Potable Reuse

Potable reuse provides a number of benefits, including: (1) the use of alternative freshwater supplies;
(2) energy savings; (3) conservation of conventional freshwater resources; and (4) reduced amount of
wastewater discharged into the environment (Asano et al., 2007). The use of DPR rather than IPR,
however, has the potential to modify conventional public health practices by removing the physical
separation (i.e., environmental buffer) between wastewater disposal and water supply. Consequently, it
is imperative to develop and implement basic principles for the safe design and operation of DPR
systems that provide continuous protection against short-term and long-term exposures to
contaminants (Haas and Trussell, 1998; NRC, 2012).

Public health protection requires that microbiological pathogens and chemicals in wastewater be
removed to the extent practical before discharge to the environment (as commonly practiced
throughout the world) or for other uses (e.g., non-potable and potable reuse). Generally, low
concentrations of non-pathogenic microorganisms are not harmful; therefore, a public health goal is not
to eliminate all chemicals and microorganisms, but rather to limit human exposure to concentrations of
chemicals and pathogens that may be harmful to human health. Such maximum allowable
concentrations of potentially harmful agents are established as standards. In the United States, these
standards for drinking water are known as “maximum contaminant levels” (MCLs) for chemicals and as
“logio reduction values” (LRVs) for pathogenic microorganisms.

Microbial contaminants — including bacteria, viruses, and protozoan parasites — are the most critical
constituents to control in reclaimed waters due to the potential human health impacts resulting from
short-term exposure. Most effects arise shortly after exposure, although chronic sequelae of acute
infection are known to occur. Among the large number of chemical constituents that can be present in
reclaimed water, some are of concern due to their potential adverse health effects associated with both
short-term and long-term exposures (NRC, 2012). Microbial and chemical contaminants in water
produced for potable reuse can have adverse effects on human health. In addition, wastewater used as
a direct source of drinking water raises aesthetic issues related to taste and odor, which can impact
public acceptance of potable reuse projects (Agus et al., 2011). While conventional wastewater
treatment in California provides a wastewater effluent quality that is suitable for discharge to surface
water and subsequent use, treated wastewater effluents still contain a wide range of naturally occurring
and anthropogenic trace organic and inorganic contaminants, residual nutrients, total dissolved solids
(TDS), residual heavy metals, and pathogens mixed in with those that occur in receiving waters (Drewes
and Khan, 2011). What is important is regulating important constituents that may result in adverse
human health impacts. Determining which constituents to regulate can be challenging, but has been
done for both unplanned potable reuse and planned IPR. The possibility of doing the same for DPR is
considered in this report.
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1.2.1 Overview of Health Risk Assessments

To understand the development of existing drinking water regulations and the application of these
regulations to potable reuse, it is useful to:

e Consider how health effects are assessed.

e Review health effects considered in potable reuse studies conducted by the National Research
Council.

e Review epidemiological, risk assessment, and toxicological health effects studies conducted for
potable reuse.

1.2.1.1 Studies Used to Assess Human Health Effects

Human health effects assessments!* can be based on studies using (1) test animals, (2) biochemical or
cellular systems, and (3) humans. Examples include epidemiological, microbiological, and toxicological
studies. Brief descriptions of these studies are provided in Table 1-3.

1.2.1.2 Limitations of Epidemiological, Microbiological, and Toxicological Studies

Neither epidemiological nor toxicological studies are sensitive to the low levels of exposure usually
found in drinking water. Microbiological risks have been determined based on disease outbreaks
attributable to a specific organism in public water supplies. In contrast, the contribution of a chemical
to a specific adverse health outcome (e.g., bladder cancer) must be differentiated from other causes of
that outcome (e.g., smoking), which is difficult to do.

With a single epidemiological study, care should be exercised in accepting either positive or negative
results. The results must be confirmed independently with replication on other study populations.
Multiple studies frequently are required before an association or lack thereof can be accepted as fact.
When evaluating individual chemicals, these studies are conducted at high doses with the assumption
that the effects observed can be extrapolated to environmental exposures at doses that are orders of
magnitude lower.

Some animal studies have been conducted using concentrated samples of organic chemicals in water to
accomplish the same goal; however, these studies have the additional goal of detecting the effects of
unidentified chemicals that might be in water. As with epidemiological studies, these animal studies
addressed a narrow range of potential adverse health effects (largely cancer, limited neurotoxicity
screening, and reproductive outcomes), but have not focused on other chronic diseases and subtle
effects on development. Some recycled water studies have been conducted with this goal in mind and
are summarized in Anderson et al. (2010).

14 Key information can be found on the risk assessment webpage of the U.S. Environmental Protection Agency (USEPA)
(https://www.epa.gov/risk/risk-assessment-guidelines) and the risk assessment webpage of the State of California
(http://oehha.ca.gov/risk-assessment), as well as other sources such as Asano et al. (2007), Cotruvo (1987), Haas et al. (2014),
ILSI (1996, 2000), and NRC (2012).
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Table 1-3: Brief Description of Epidemiological, Microbiological, and Toxicological Studies Used to Assess
Human Health Effects

Type of Study Description

e Purpose: Identify and quantify changes in the incidence or processes of disease in human
populations observed in an exposed population as compared to control groups (i.e.,
unexposed populations or those experiencing less exposure).

e Examples: Ecological epidemiology studies (which compare aggregated data from
different populations) and analytical epidemiology studies (which require more detailed

. . . controls or information from individuals within the exposed and control populations).
Epidemiological

studies o Note: In general, it is difficult to detect low incremental risks or differentiate these risks
from the occurrence of background disease.

e Consideration: Because exposure to chemicals from food, water, and the environment is
difficult to quantify, care must be taken to identify and quantify the exposure as
accurately as possible and to control for variables (e.g., ethnic distribution, genetics, and
social factors) that may confound the outcome or result in exposure misclassifications.

e  Purpose: Used to estimate the risks of infection by pathogens that cause human disease
at various exposure levels encountered from water.

Microbiological ® How It Works: Controlled dose-response infectivity studies are conducted with a known
studies exposure to measure indications of harmful health effects through time following
exposure.

e  More Information: ILSI (1996, 2000) and Haas et al. (2014).

e Purpose: Conducted in humans and on experimental animals for varying lengths of time
and with multiple dose levels to identify no-effect levels and to obtain a dose-response
relationship.

e How It Works: The process of using animal data for human safety assessments goes
through two stages: first, adverse health outcomes are identified and dose-response
relationships are established that can be extrapolated to humans.

e Note: Descriptive toxicological studies in animals tend routinely employ doses much
greater than human exposures from drinking water (usually to maximally tolerated
dose). This practice is done to increase the sensitivity of the animal studies, which (for
practical reasons) can employ only small numbers of animals relative to the human
populations exposed to drinking water. Consequently, the dose-response relationship
must be extrapolated to low doses (see the U.S. Environmental Protection Agency and
California risk assessment websites noted in Section 1.2.1.1 of this report).

Toxicological
studies

e Consideration: “Safe” does not indicate zero risk, but rather that acceptable risks are
likely to occur at doses represented by maximum contaminant levels.

Source: Adapted from Tchobanoglous et al. (2015).
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1.2.2 National Research Council Studies on Potable Reuse

Within the past 20 years, two assessments have been conducted by the National Research Council (NRC,
1998, 2012) in which potential challenges were identified and appropriate solutions were suggested to
ensure potable reuse is a safe practice from the perspective of public health. Notably, the 1998 study
focused solely on IPR, while the 2012 study addressed both IPR and DPR. In the intervening years
between the two studies, significant advances were made in treatment technologies and monitoring
capabilities, along with increased research, interest, and need to consider potable reuse as a source of
drinking water supply. The findings from NRC (2012) with respect to chemical and microbial
constituents are summarized in Table 1-4.

Table 1-4: Findings from NRC (2012) as Related to Risks from Chemical and Microbial Constituents

Type of Risk Findings

Water quality is ensured through source control programs, treatment technologies that
Risk from meet drinking water maximum contaminant levels and other limits, and monitoring for
chemical constituents that present a public health risk. For advanced water treatment trains, most
constituents chemicals are not detected; those that are detected are found at levels lower than those

found in conventionally treated drinking water supplies (NRC, 2012).

Risk from
microbial
constituents
(i.e., pathogens)

The risk from pathogens in potable reuse “does not appear to be any higher, and may be
orders of magnitude lower, than currently experienced in at least some current (and
approved) drinking water treatment systems (i.e., de facto reuse)” (NRC, 2012).

Sources: NRC (2012) and Tchobanoglous et al. (2015).

1.2.3 Epidemiological, Risk Assessment, and Toxicological Health Effects Studies on Potable Reuse

Several epidemiological and toxicological health effects studies have been conducted in the last 30 years
to evaluate the public health implications of potable reuse. These studies are summarized in NRC
(1998). Health effects data from some existing and demonstration potable reuse facilities, including the
first DPR project in the world (located in Windhoek, Namibia), are summarized in Tchobanoglous et al.
(2015). Results have shown no health impacts, based on both epidemiological studies of groundwater
replenishment (i.e., the Montebello Forebay groundwater replenishment project) and whole animal
studies of recycled water intended for potable reuse in several locations (e.g., Denver, Tampa, and
Singapore); however, the limited sensitivity and scope of these toxicological and epidemiological studies
(as described in Table 1-3) prevent the use of these results to support the contention that potable reuse
projects have been shown to be safe. Despite these complications, the results provide some assurance
that risks to public health are low.

In addition, a Science Advisory Panel formed by the State Water Board reviewed the results of many key
studies conducted over the past 40 years on chemicals of emerging concern (CECs) in recycled water and
their toxicological relevance to humans (Anderson et al., 2010). On the basis of this review, the Science
Advisory Panel noted “...that appropriately treated recycled water represents a safe source of water to
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Cryptosporidium and
the Long-Term 2
Enhanced Surface
Water Treatment Rule

Cryptosporidium oocysts are
among the most difficult
microorganisms to treat in
water because of their small
size (~3 to 6 micrometers)
and resistance to
chlorination.

The LT2ESWTR assigns log1o
reduction credits to a variety
of technologies, and
individual states can assign
credits for other
technologies based upon
performance data (e.g.,
membrane credits are based
upon challenge testing). Log
credits for disinfectants are
based upon CT values (i.e.,
residual disinfectant
concentration, C, in mg/L,
multiplied by the contact
time, T, in minutes).

Water supplies that can
demonstrate low risk of
Cryptosporidium
contamination and wish to
avoid filtration can meet
requirements by using two
disinfectants that can
control Cryptosporidium,
such as ozone, ultraviolet
disinfection, or chlorine
dioxide.
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supplement potable drinking water supplies. The predominantly
negative findings described above do not preclude the need to
monitor recycled water to assure its continued safety.”

Finally, several narrowly focused risk-based studies have been
conducted to evaluate the risks to human health associated with the
use of recycled water for groundwater replenishment and other
types of potable reuse (NRC, 2012, Anderson et al., 2010).

1.2.4 Defining a Tolerable Level of Public Health Risk

To quantify the potential for human health effects resulting from
exposure to microbial and chemical constituents, regulatory agencies
have adopted the concept of a “tolerable level of risk” to assist in
setting water quality guidelines or standards.

In the regulatory realm, a “de minimis risk” is a risk that is too small
to be concerned with (i.e., a “virtually safe” level) or is “below
regulatory concern.” Traditionally, for drinking water supplies, de
minimis risk levels are related to public health criteria (i.e., the
toxicity of the constituent, characteristics of the population, and
exposure). For microbial constituents of concern, the original
Surface Water Treatment Rule (40 CFR 141.70-141.75) required, in
part, that DWTFs using surface water and groundwater under the
direct influence of surface water (GWUDI) must filter and disinfect
the water and must achieve 4-logio reduction of virus and 3-logio
reduction of Giardia spp.

More recently, the LONG TERM 2 ENHANCED SURFACE WATER
TREATMENT RULE (LT2ESWTR) (71 FR 654, Vol. 71, no. 3, Jan. 5,
2006) dealt primarily with ensuring the control of Cryptosporidium,
as well as other microbial constituents. While the LT2ESWTR did not
change the long-standing informal public health risk goal of one in
10,000 infections per year, it was the first drinking water standard to
establish a minimum required treatment level at individual DWTFs.
It should be noted that the one in 10,000 goal is similar to the
drinking water guideline recommended by the World Health
Organization (WHO) of one in 1,000,000 disability adjusted life years
(DALYs) for microbial disease risk. Specifically, for surface waters
and GWUDI, public health protection is to be achieved through
installing sufficient treatment technologies to achieve logio
reductions of Cryptosporidium ranging from 2 logio (multiple

disinfection types with source water concentrations of <0.01 oocyst per liter) to 3 logio (conventional
surface drinking water filtration and disinfection treatment) to 5.5 logio, depending upon the
concentrations of Cryptosporidium measured in 24-monthly source water samplings.

Note that different risk levels are commonly used, depending on the specific situation and type of
contaminant. The Office of Drinking Water of the USEPA uses a “regulatory window” for chemical
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carcinogens of 10 to 10 risk per person per lifetime. For pathogens, the treatment requirements as
defined in Surface Water Treatment Rule and its amendments were derived using a value of 10
infections per person per year as the tolerable risk goal.

Performance goals for potable reuse projects in California have been proposed that are based on a low
tolerable risk level of 10 annual risk of infection (NWRI, 2013). These tolerable risk levels refer to final
drinking water quality and apply independent of whether potable reuse is practiced as IPR or DPR.

13 Recycled Water as a Potable Water Source

The framework for the Safe Drinking Water Act was established between the 1970s and 1990s, when
the focus of regulatory efforts was limited to sources of water from streams, rivers, lakes, and
groundwater aquifers. Due to competing demands for these natural water sources (e.g., in-stream flow,
agricultural use, and concentrated population growth in arid portions of the United States),
consideration is now being given to recycled water as a source of drinking water supply. In addition,
advances have been made in research and practical experience has been gained regarding the removal
of pollutants and naturally occurring constituents. The efficacy and cost-efficiency of wastewater and
drinking water treatment technologies considered routine today have changed substantially from those
used when the Safe Drinking Water Act was first drafted (Cotruvo, 2014). Also, advanced water
treatment technologies like advanced oxidation processes were, at best, research concepts when the
Safe Drinking Water Act was reauthorized for the second and third times.

At present, a sound technical basis exists for developing water recycling programs incorporating IPR
and/or DPR that are protective of public health. By building on key elements of the existing framework
of the Safe Drinking Water Act, the water industry can move forward to incorporate properly treated
recycled water as a source of raw drinking water supply.

1.4 Purpose of This Report

The purpose of this report is to address the legislative mandate contained in Section 13565(a)(1) of the
California Water Code (see Appendix P1) that, in summary, requires the Expert Panel to:

e Advise the State Water Board on public health issues and scientific and technical matters
regarding the feasibility of developing uniform water recycling criteria for DPR.

e Assess what, if any, additional areas of research are needed to establish uniform regulatory
criteria for DPR, and recommend an approach for accomplishing the additional needed research
in a timely manner.

The Expert Panel selected the main topics listed in Table 1-5 for investigation as part of addressing the
legislative mandate. In the following chapters, more details are provided on each of the main topics
listed in Table 1-5, including the Expert Panel’s assumptions, conclusions, and recommendations to
address these topics, as well as the feasibility of developing uniform water recycling criteria for DPR.
Although DPR is the subject of this report, many of the key aspects presented and discussed herein also
can be applied to IPR; accordingly, relevant aspects of IPR are discussed.
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Table 1-5: Main Topics Addressed by the Expert Panel in This Report

Topic Selected by Description of Tobic Location
Expert Panel P P in Report
Example programs, ongoing national and state programs, health
Public health endpoints, sensitivity and interpretation of data, non-health based Chapter 3
surveillance data, and the feasibility of a surveillance program for direct potable P
reuse.
Chemical analytical ~ Approaches for assessing the chemical water quality of advanced
. Chapter 4
methods and tools treated water and drinking water.
. . Issues related to the use of in vitro bioassays for advanced treated
Bioanalytical tools o Chapter 5
water and drinking water.
Traditional and T .
Monitoring indicators, surrogates, and pathogens in advanced
molecular pathogen U Chapter 6
. treated water and drinking water.
monitoring methods
Antibiotic resistant
bacteria and State-of-the-science, relative sources, potential exposure pathways, Chaoter 7
antibiotic resistance  and relative significance of concern. P
genes
. Multiple barriers (e.g., redundancy, inherent performance, and
Direct potable P . . ( . & . y. . P
mechanical reliability); online monitoring tools (e.g., sensors,
reuse system N~ L Chapter 8
surrogates and indicators); and performance objectives (e.g., process
performance s .
and overall facility compliance).
Relative comparison of an example direct potable reuse system
Potable reuse against an existing California potable water supply and an indirect
regulatory feasibility & & P PPy Chapter 9

analysis

potable reuse project with a reduced environmental buffer.
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1.5 Organization of This Report
This report is organized into the following chapters:

In Chapter 1, the concept of potable reuse is introduced to the reader, including the history of reuse in
California, differences between IPR and DPR, and public health considerations for DPR, among other
topics. An overview also is provided of the purpose and organization of this report.

In Chapter 2, the potential hazards of potable reuse are discussed, including microbial and chemical
constituents of concern.

In Chapter 3, information is provided about efforts to manage public health risks, such as the Safe
Drinking Water Act and other regulations, and surveillance tools and methods to quantify and mitigate
these risks.

The focus of the next four chapters is on monitoring potential hazards. In Chapter 4, the Expert Panel
addresses analytical methods and tools to measure chemical water quality, describing the elements of a
potential chemical monitoring program for DPR. In Chapter 5, bioanalytical tools (specifically, in vitro
bioassays) are evaluated as a potential tool to analyze water produced by DPR projects, while a discussion
is included in Chapter 6 on traditional and new molecular methods to detect, characterize, and quantify
pathogenic microorganisms in wastewater and advanced treated water. The topic of antibiotic resistance
is addressed in Chapter 7, with emphasis on the sources of antibiotic resistant bacteria and antibiotic
resistance genes, methods to detect them in water, and their occurrence and removal during wastewater
treatment and advanced water treatment.

For Chapter 8, an in-depth discussion is provided on the performance of DPR systems, including technical
issues associated with the implementation of DPR: (1) source control to reduce constituents in
wastewater; (2) the types and combinations of unit processes (i.e., treatment trains) used for DPR; (3)
reliability of treatment process (i.e., how the DPR system performs mechanically and how it performs in
meeting water quality objectives); and (4) facility operations and maintenance.

In Chapter 9, the Expert Panel describes the approach used to evaluate the feasibility of developing
uniform water recycling criteria for DPR. This feasibility analysis was performed for microbial pathogens
using Cryptosporidium as the reference pathogen and involved the following three key steps: (1) define
alternative drinking water supply options; (2) define the analysis approach and assumptions; and (3)
conduct a feasibility analysis for a reference pathogen.

In Chapter 10, a summary is provided of topics related to managing DPR systems, such as: (1) operator
training and certification; (2) the technical, managerial, and financial capabilities of the utilities building
and operating DPR projects; and (3) other issues instrumental to the successful operation of DPR
projects.

Finally, in Chapter 11, the Expert Panel lists its key findings and recommendations to the State Water

Board regarding the feasibility of developing uniform water recycling criteria for DPR. In particular,
research needs are identified to address information gaps related to public health.
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CHAPTER 2: POTENTIAL HAZARDS OF POTABLE REUSE

e Microbial pathogens of concern, and chemical constituents of concern.
e Regulatory mechanisms to manage potential risks.

e  Public health surveillance tools and methods to quantify and mitigate risk.

Recycled water derived from municipal wastewater (historically known as sewage) comes from a variety
of sources, including homes, schools, hospitals, and commercial and industrial facilities. Depending on
the makeup of a community, the quantity and quality of untreated wastewater will vary. Untreated
wastewater is expected to contain a variety of chemicals and microbial constituents that may be of
concern to public health. In general, exposure to untreated and/or poorly treated wastewater has not
been a concern in the United States because all communities are required to comply with the Clean
Water Act, a federal law that regulates the discharge of pollutants into the nation’s waters. Disinfected
secondary wastewater treatment — and, often, filtered disinfected secondary wastewater treatment —
now is used in in many locations throughout California.

Discharges to surface waters from industries or publicly owned treatment works (POTWs) for industrial
sectors are controlled by National Pollutant Discharge Elimination System (NPDES) permits and effluent
guidelines. The National Pretreatment Program was created as part of the Clean Water Act to address
the discharge of toxics from non-domestic sources to POTWs (USEPA, 2014). Pretreatment
requirements (e.g., source control) have been established for chemical discharges to municipal
wastewater systems. Ambient water quality criteria have been established to classify water-quality
specifications according to designated use (which can include municipal drinking water supplies).
Together with the California Water Code, the implementation of this combined legislation has resulted
in higher-quality treated wastewater and a better understanding of what microbial and chemical
constituents remain in treated wastewater effluents throughout California. Public health concerns
associated with recycled water (particularly, potable reuse) are related directly to the degree and
effectiveness of the following:

e Source control programs and wastewater treatment regulated under the Clean Water Act.
e Effectiveness and reliability of advanced water treatment.

e Quality of the raw or finished product water (i.e., concentrations of microbial and chemical
constituents of concern).

As described in Chapter 1, public health concerns related to non-potable reuse and indirect potable
reuse (IPR) using groundwater replenishment have been addressed successfully in California through
state regulations (CCR, 2015), practical experience with numerous projects, and research. For this
chapter, the Expert Panel reviewed potential public health concerns associated with direct potable reuse
(DPR) as part of evaluating the feasibility of developing uniform water recycling criteria for DPR that are
protective of public health. Notably, this review was limited to potential microbial and chemical
constituents of concern in water produced for potable reuse; therefore, other sources of exposure (e.g.,
food, household products, and personal contact) — whose impact to public health could be more
significant — are not addressed in this report.
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2.1 Overview of Microbial Pathogens of Concern

Infection is the invasion of an organism's body tissues by disease-causing agents, the multiplication of
these agents, and the reaction of host tissues to these agents and the toxins they produce. Disease
occurs when the impairment of normal functions ensues. Infectious disease (also known as
“transmissible disease” or “communicable disease”) is illness resulting from an infection. When
considering the implications of infectious disease due to human exposure to raw and treated
wastewater, the following factors need to be considered: (1) for waterborne illness or disease to occur,
an agent of disease (e.g., a pathogen) must be present; (2) the agent must be present in sufficient
concentration to produce a probability of infection or disease in an unacceptable fraction of the
population; and (3) a susceptible host must come into contact with the dose in a manner that results in
infection or disease (adapted from Cooper et al., 1986; Cooper, 1991).

Although a wide range of pathogens has been identified in raw wastewater, relatively few have been
documented as responsible for the majority of the waterborne illnesses caused by pathogens of
wastewater origin (Mead et al., 1999; Scallan et al., 2011). Based on foodborne disease in the United
States, pathogens of public health concern have been identified by the Centers for Disease Control and
Prevention (CDC) (Mead et al., 1999, Scallan et al., 2011). In characterizing food-related illness and
death in the United States, Mead et al. (1999) estimated the annual total number of illnesses caused by
known pathogens (adjusted for the fact that many ilinesses are not reported) to be 38.6 million cases,
with 5.2-million cases (13.5 percent) resulting from bacterial pathogens, 2.5-million cases (6.5 percent)
resulting from parasitic pathogens, and 30.9-million cases (80 percent) resulting from viral pathogens.
Noroviruses have been reported to account for 23,000,000 ilinesses 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 illnesses can
be caused by pathogens found in domestic wastewater, thereby emphasizing the need to reduce
microbial pathogens to acceptable levels in drinking water. A review of CDC research data indicates 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 caused by viral pathogens (i.e., enteric viruses). The relative
importance of viral pathogens in the transmission of waterborne disease is supported by data from
WHO (1999) and by research conducted over the last 20 years on exposure to waterborne pathogens
through recreational activities, such as swimming (Cabelli, 1983; Wade et al., 2003; Soller et al., 2010).

2.1.1 Review of Performance Criteria for Microbial Pathogens

To address the legislative mandate, the first action taken by the Expert Panel was to document and
review pathogen performance criteria (defined as logio reduction values, or “LRVs”) applied to IPR
projects. This documentation and review process are presented in Sections 2.1.1.1 to 2.1.1.3 as three
distinct steps: (1) a review of the derivation of LRVs; (2) application of the LRVs to groundwater
replenishment; and (3) a probabilistic review to establish a baseline for the DPR feasibility analysis.

2.1.1.1 Review of the Derivation of California Logio Reduction Values
For IPR using groundwater replenishment, the State Water Board developed minimum LRV
requirements for target pathogen groups (i.e., enteric viruses and parasites) (CCR, 2015). An analogous

approach has been used in developing proposed criteria for IPR using surface water augmentation
(SWA). The LRV requirements were determined using the following assumptions:
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Assumption 1: The tolerable annual risk of infection is 10 per person per year (based upon
guidance from the U.S. Environmental Protection Agency [USEPA] in developing the Surface
Water Treatment Rule (Regli et al., 1991). This acceptable risk level is applied independently to
each organism group (i.e., enteric viruses, Giardia cysts, and Cryptosporidium oocysts).

Assumption 2: The tolerable concentrations of enteric viruses and Giardia cysts in finished
drinking water that correspond to an annual risk of infection of 10 per person per year were
determined using the dose-response models from Regli et al. (1991). For Cryptosporidium
oocysts, it was determined by the dose-response model from the Long-Term 2 Enhanced
Surface Water Treatment Rule (LT2ESWTR) (USEPA, 2006). The dose-response models are
based on infection (rather than illness) as an endpoint, providing a margin of safety particularly
for vulnerable populations because, for most pathogens, only a fraction of those infected exhibit
symptoms of a range of severity, depending on factors such as the host’s immune status.

Assumption 3: The intent was to evaluate the necessary treatment for the worst-case exposure
scenario for microbial infection; therefore, the “maximum organism density reported for raw
wastewater in general (rounded up to one significant figure)” (see Table 2-1) was specified and
assumed to be the concentration in raw wastewater used as a source water for IPR.

The analysis by the State Water Board that resulted from these assumptions is summarized in Table 2-1.
Based upon the maximum concentration assumed to be in raw wastewater and the tolerable drinking
water density determined for finished drinking water, the required LRVs for IPR-based potable reuse
schemes were calculated to be 12-logio reduction for enteric virus, 10-logio reduction for Giardia cysts,
and 10-logio reduction for Cryptosporidium oocysts (referred to as “12/10/10”).

Point estimate-based quantitative microbial risk assessment (QMRA) was the approach used by the
State Water Board to determine the LRVs in Table 2-1. Estimating risk using such assessments is
necessary in situations where the fraction of infection that could be attributed to water (e.g., potable
drinking water, recreational exposure, or exposure through non-potable reuse) is low or extremely
difficult to measure through health surveillance programs or epidemiological studies. The point
estimate-based assessment approach used by the State Water Board relies on a single concentration
value for the target organism, an assumed single volume rate of water consumption, and single values of
the parameters defining the dose-response relationship. This approach is consistent with guidelines
from the World Health Organization (WHO) for regulating microbial risks from drinking water and
recycled water (WHO, 2011; WHO, 2006) and also is the basis for the USEPA’s Safe Drinking Water LRVs
for enteric virus and Giardia cysts.

The development of the LRV criteria is reviewed in detail in NWRI (2013), which concluded that the LRV
criteria of 12/10/10 are sufficiently conservative to maintain risk below the acceptable risk level of 10
per person per year for virus, Giardia cysts, and Cryptosporidium oocysts, respectively. The analysis and
findings of NWRI (2013) provide a strong base of evidence supporting these criteria and should be
consulted for more in-depth discussion. Furthermore, as suggested in NWRI (2013), any treatment train
that achieves 10-logio reduction of Cryptosporidium oocysts will ensure a 10-logio reduction of Giardia
cysts (i.e., Giardia cysts are more easily disinfected than Cryptosporidium oocysts and are larger in size
than Cryptosporidium oocysts; therefore, Giardia cysts are removed more readily by membranes than
Cryptosporidium oocysts).
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Table 2-1: Assumed Concentration Values that Result in the Required Logio Reduction Values as Determined
by the State of California (CCR, 2015)

Enteric Virus Giardia Cryptosporidium*
Raw.wastewate.r 10° virus per liter? 10° cysts per liter® 10* oocysts per liter®
maximum density
Tolerable drinking water 2.2 x 107 virus per 6.8 x 10°® cysts per .
1.7 x 10°® t literd
density (TDWD) liter® litere x 107 0ocysts per liter
Ratio of TOWD to 2.2x 102 6.8 x 1011 1.7 x 10710

wastewater density

Required logio reduction

values (LRVs) 12 10 10

aThese high enteric virus and cyst concentrations are reported in Table 3-7 of Asano et al. (2007).

b An oocyst concentration of 104, rounded up, based on data from Norway (Robertson et al., 2006) and Melbourne (Tetra Tech,
2011).

cRegli et al. (1991).

dUsed the high infectivity rate from the Long Term 2 Surface Water Treatment Rule [Federal Register: January 5, 2006 (Vol. 71,
No. 3)] [Rules and Regulations] [Pages 653-702].

The Expert Panel reviewed the LRV assumptions in the context of DPR projects (see Appendix 2A) and
determined that the LRVs are acceptable as a basis from which to construct an approach to evaluate the
feasibility of DPR criteria. Specifically, probabilistic QMRA is now a well-developed approach in which
input parameters are represented with descriptive statistics that capture uncertainty and variability
(Haas et al., 2014). As discussed in Section 2.1.1.3, the Expert Panel constructed an example
probabilistic review of Cryptosporidium for comparisons against the point estimate to provide a more
rigorous approach from which to evaluate the feasibility of DPR criteria and to provide an approach that
the State Water Board can use to evaluate future applications of DPR.

2.1.1.2 Application of Logio Reduction Values to Groundwater Replenishment

IPR projects using groundwater replenishment (and the currently proposed criteria for IPR using SWA)
must meet the overall minimum LRVs of 12/10/10 (CCR, 2015). A summary of LRV credits approved by
the State Water Board for treatment unit processes at select existing groundwater replenishment
projects is provided in Table 2-2. Also included in this table are the maximum LRV credits currently
established by the State Water Board for each unit process.

15 Per a discussion with the State Water Resources Control Board, the original estimated logio reduction (LRV) calculations were
based on an assumed infective dose of one organism per infection and an annual consumption of 1,000 liters of water per year.
All the current LRV estimates contained in the regulations for IPR using groundwater replenishment and the proposed criteria
for indirect potable reuse (IPR) using surface water augmentation (SWA) are based on organism-specific dose-response
functions and an annual consumption of 2 liters of water per day for 365 days (or 730 liters per year). While this information
does not explain the actual difference between the WateReuse 11-02 report (Trussell et al., 2013) and the CDPH (2014)
reference in use today, it provides some background on the fundamental modifications made between the original draft LRV
estimates and those used to define the current regulations for IPR using groundwater replenishment and the proposed criteria
for IPR using SWA.
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Table 2-2: Approved Logio Reduction Values (LRVs) for Selected Groundwater Replenishment Projects in

California®

Process

Current
Maximum
Allowable
LRVs

WRD
Alamitos
Gap
Barrier
Project?

Cambria

csb?

LABOS
Dominguez
Gap
Barrier
Project®

Upper
San
Gabriel
Valley
MwWD?

OoCwWD
GWRS
Mid-Basin
Project®

Comments on Potential LRV Credit
(Conservative Regulatory Assumptions)

Secondary
activated
sludge

19V
1.2C
0.8G®

20V
1.0C
20G

20V
1.0C
20G

19V
1.2C
0.8G

None
claimed

None
claimed

WRD claimed credit via a dataset (Rose et
al., 2004) using a long solid retention time
(SRT). Note that Appendix A of Soller et al.
(2007) contains a reanalysis of the dataset
and expanded the data to produce
descriptive statistics for LRVs. In addition,
Cooper et al. (2012) included a literature
review for the dataset and raw wastewater
pathogen distributions (see Tables 2.3, 2.4,
2.5, and 3.2 in the Cooper report). Later
assessments of the dataset recommend the
lower 10t percentile of the entire dataset
(see Table 5-2 of Larry Walker Associates,
Inc. et al., 2015) and are consistent with the
previous reanalysis.

Microfiltra-
tion or ultra-
filtration

ov
40C
40G

oV
40C
40G

oV
40C
4.0G

oV
4.0C
4.0G

None

oV
40C
40G

No virus credit was given due to the inability
to monitor sensitivity at a resolution of 0.01
micrometers with a pressure decay
membrane integrity test. A 4 logio credit for
protozoa was granted through a
demonstration study conducted by the State
of California (CDPH, 2011) using the
Membrane Filtration Guidance Manual
(USEPA, 2005), provided a daily pressure
decay membrane integrity test is conducted
and any needed repairs are made.

Special
Study

1.0v

Based on a site-specific study.

Filtered and
disinfected
tertiary

50V
ocC
0G

None
claimed

None
claimed

None
claimed

5.0V
ocC
0G

Combination of secondary wastewater
treatment, filtration, and disinfection.

Reverse
osmosis

20V
20C
20G

15V
15C
15G
via TOC
(online)

None
claimed

1.0V
10C
1.0G
via EC

None

20V
20C
20G
(assumed
viaTOC
control of
0.1 mg/L)

Expert Panel

Limited credit is given due to the inability to
accurately monitor membrane integrity
beyond an acceptable level of certainty.
Traditionally, total dissolved solid (TDS)
removal has been used as a surrogate.
Because the TDS of wastewater is not as high
as seawater, the logio reduction is <1.5; if
the influent is 2,500 mg/L and the effluent is
250 mg/L, the logio reduction is 1. Sensitive
online total organic carbon (TOC) monitors
can demonstrate a logio reduction of <2 (if
10 mg/Lin and 0.1 mg/L out, the logio
reduction is 2); however, the average
removal rate of TOC at the indirect potable
reuse project at the Orange County Water
District in 2014 was 98 percent, which is a
logio reduction of 1.7 (under review by the
State Water Board). Newer monitoring tools
have been proposed, but have yet to be
approved by the State Water Board, such as
online TRASAR dye (which claims a
demonstrated logio reduction of >3).
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Current X‘::nt:itos ;ﬁ?nc:: uez ;J:: “ ocwb
Process Maximum Ga Cambria Ga & Gabriel GWRS Comments on Potential LRV Credit
Allowable p‘ csD? p‘ Mid-Basin (Conservative Regulatory Assumptions)
LRV Barrier Barrier Valley Project®
Project® Project® MwD? )
Free 40V (z)gv 4.0V
chlorine ocC None 0G 0oC _ B Chlorination in a pipeline using free chlorine
post-reverse  3.0G claimed i 3.0G CT.c
. . via free .
osmosis via free Cl cl via free Cl
6-logio reduction of virus (including
cov e bt
hydrogen 6.0¢ 6.0¢ 6.0¢ 6.0¢ None 6.0¢ ’:300 milllijoules pe% square centimeter
peroxide 6.06 6.06 6.06 6.06 6.06 (mJ/cm?) (based on advanced oxidation,
typically >900 mJ/cm?).
Subs.urf:f\ce 6.0V 6.0V 20V 6.0V CCR‘60320.208 (b) - For each month water is
application retained underground, the project is
R 0C 0C 0ocC 0cC - - . . - .
retention 06 06G 06 06 credited with 1-logio reduction of virus.
time Time must be verified by a tracer study.
6.0V CCR 60320.108(c) - A groundwater
7.0V 3.0V . ) .
10.0C replenishment reuse project using surface
Surface 10.0C ocC S
- 100G application that demonstrates at least 6-
application 100G 0G . R
X (for 6- -- - - months retention underground will be
retention (7-month  (3-month . i . L
. month . . credited with 10-logio reduction of Giardia
time . retention  retention .
retention . . cysts and 10-logio reduction of
. time) time) .
time) Cryptosporidium oocysts.

aThe full names of the projects are as follows: WRD Alamitos Gap Barrier Project = Water Replenishment District Alamitos Gap
Barrier Project; Cambria CSD = Cambria Community Services District; LABOS Dominguez Gap Barrier Project = Los Angeles
Bureau of Sanitation Dominguez Gap Barrier Project; Upper San Gabriel Valley MWD = Upper San Gabriel Valley Municipal
Water District; OCWD GRWS Mid-Basin Project = Orange County Water District Groundwater Replenishment System Mid-Basin
Project.

b Waiting for the results of WRRF 14-02 regarding potential additional information that may support additional logio reduction
credits for wastewater treatment plants.

C CT = Residual disinfectant concentration, C, in milligrams per liter, multiplied by the contact time, T, in minutes.
General Notes:
e  Developed based in part on information provided by Brian Bernados, State Water Resources Control Board.

e  For ozone and ozone/hydrogen peroxide treatment processes, the potential maximum allowable logio removal values
(LRVs) are based on USEPA CT tables (i.e., 6-logio reduction of virus, 3- to 6-logio reduction of Giardia, and 1- to 2-
logio reduction of Cryptosporidium).

e Useful background information regarding LRVs is provided in WRRF 11-02 (Trussell et al., 2013).

e  The State Water Resources Control Board’s expectation is that LRVs will be met at or above the 95t percentile LRV
(i.e., 95 percent of the time equal to or better than the 95t percentile LRV).

e LRV =Logip reduction value. V = Virus. C= Cryptosporidium. G = Giardia. TOC = Total organic carbon. EC = Electrical
conductivity. mg/L = Milligram per liter. Cl = Chlorine.
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The Expert Panel evaluated the current approach used to give credit for existing IPR projects to
determine if it is sufficient for DPR and whether any changes would be needed in the process of
establishing regulations for DPR. The following is a summary of the Expert Panel review:

Primary and Secondary Wastewater Treatment LRV Credit: Currently, the maximum credits assigned
for primary and secondary wastewater treatment (combined) are 2/1/1. These values are believed to
be conservative for the reasons described in Table 2-2; however, there is widespread agreement that a
deeper understanding is needed as to what factors influence removal. Future research may lead to a
reassessment of the LRV credits for primary and secondary wastewater treatment.

Microfiltration LRV Credits: The maximum credits assigned for microfiltration are 0/4/4. The process
for assigning these credits is the same as that used in the report on Surface Water Treatment Rule
Alternative Filtration Technology (CDPH, 2011). This approach also is adequate for DPR; however, the
Expert Panel recommends that large volume sampling and molecular methods should be used to assess
the removal of pathogens by membrane technologies installed at full-scale DPR facilities (see Chapter 6).

Chlorination LRV Credits: The approach for assigning credits for chlorination depends on the point in the
treatment train at which chlorination occurs. If chlorination occurs after tertiary wastewater treatment,
the maximum credits assigned for chlorination are 5/0/0. This value is derived from the California non-
potable water recycling regulations, which require a CT value of 450 milligram-minutes per liter (mg-
min/L) (CCR, 2015); however, these regulations do not distinguish between free and combined chlorine.
A previous evaluation of this subject is contained in Cooper et al. (2012), which includes the
recommendation that “Because the use of free chlorine can offer significant advantages over the use of
combined chlorine, especially when coupled with the use of membrane bioreactors in satellite
applications, it is recommended that the California Department of Public Health 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.” The Expert Panel suggests that this recommendation also should apply to DPR
projects, and that virus removal credit be assessed during the startup of DPR facilities.

If chlorination occurs after reverse osmosis, an additional maximum credit of 3-logio LRV can be assigned
for Giardia, based on the residual free chlorine concentration, and using the CT tables of the USEPA’s
Surface Water Treatment Rule. This approach is reasonable and consistent with existing regulations for
drinking water.

Ultraviolet-Based Advanced Oxidation Process LRV Credits: To date, only advanced oxidation processes
(AOPs) based on ultraviolet (UV) disinfection have been permitted in California. The maximum LRVs are
6/6/6, based on the application of a UV dose of >300 millijoules per square centimeter (mJ/cm?). To
date, adenovirus is the most UV-resistant waterborne pathogen described in the literature. These
maximum LRVs are believed to be adequate, based on the following:

e Laboratory studies (e.g., Meng et al., 1996, in which a dose of 30 mJ/cm? is reported for 1-logio
inactivation of adenovirus).

e An assessment by the USEPA for the UV Guidance Manual, which was designed to provide
adequate inactivation of adenoviruses (e.g., 4-logio reduction credit is given for a UV dose of 186
mJ/cm?) (USEPA, 2006).

Expert Panel Feasibility Report |39



Chapter 2 | Potential Hazards

An important concern is that the UV reactor system must be designed to prevent short-circuiting, as an
extremely small amount of short-circuiting could result in some pockets of water receiving a lower dose
and result in less than 6-logio inactivation. Multiple reactors in series likely are needed (e.g., see
Lawryshyn and Hofmann, 2015). Consequently, it is important that rigorous evidence of reactor
hydraulics is provided as part of the DPR project’s engineering report.

Ozonation LRV Credits: Ozonation is a unit process that has not been proposed yet and, therefore, has
not been permitted for an IPR project using groundwater replenishment. LRVs for viruses and Giardia
cysts have been established, but currently there is a knowledge gap regarding the inactivation of
Cryptosporidium oocysts. Projects like WRRF-15-10 on “Optimization of Ozone-BAC Treatment
Processes for Potable Reuse Applications” and others may address this gap. It is expected that the CT
concept can be used to assign LRV credits for viruses, Giardia, and Cryptosporidium, although additional
verification should be undertaken in real wastewater matrices.

Finally, the expectation is the LRVs will be met at or above the 95 percentile LRV (i.e., 95 percent of the
time equal to or better than the 95™ percentile LRV). Hamilton et al. (2006) focused on the 95
percentile to be conservative with respect to public health protection. In Tanaka et al. (1998), both the
90t and 95" percentiles were considered, and focus was placed on the 95" percentile based on
criterion in the Surface Water Treatment Rule that turbidity in finished water remain below the
maximum level at least 95 percent of the time.

Overall, the Expert Panel concludes a similar process for assigning LRV credits for individual unit
treatment processes is feasible for DPR; however, additional process monitoring is recommended to
ensure reliable treatment. A probabilistic approach could be used to establish the basis from which to
measure overall DPR plant performance. In addition, future research may be necessary to provide
evidence for assigning higher credits in some cases (e.g., reverse osmosis, chlorination).

2.1.1.3 Probabilistic Approach for Developing Health-Based Pathogen Log;o Reduction Values

A more accurate estimate for required LRVs can be obtained using a probabilistic approach, in which (1)
pathogen concentrations are represented with probability distributions and (2) a Monte Carlo
simulation is used to estimate the LRVs. A probabilistic approach could be used to estimate health-
protective pathogen LRVs for each pathogen individually, corresponding with the USEPA’s drinking
water health-based goal of an annual rate of infection risk of 10 per person per year. Notably, the
State Water Board considers a one in 10,000 (i.e., 1 x 10*) mean risk of infection to be an acceptable risk
from exposure to treated wastewater effluent (CDPH, 2010). As an example, Cryptosporidium spp. was
used to illustrate the concordance between both the simpler maximum value type estimate and the
probabilistic-based approach. The probabilistic approach that was used accounted for the following:

e Variation in pathogen density in raw wastewater.
e Daily exposures (assuming that 1 liter per day [L/d] was consumed for each day of the year).

o Dose-response model with uncertainty.

To find the estimated pathogen LRVs from Section 2.1.1.1, the annual probability of infection from
Cryptosporidium for a specific exposure (i.e., consumption) was solved to determine the Tolerable
Infection Risk (Equation 2-1).
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Tolerable Infection Risk = 1- D, (V X 10/°9(¢) =t~V )n (Equation 2-1)
Where:

e The Tolerable Infection Risk is set at an annual infection risk of 10 per person per year.
e D,is a dose response function (for Cryptosporidium spp, Exponential [infection]).
®  rower= 0.04, rypper = 0.16 (USEPA, 2006).

e Vis the volume of water ingested per use event (set at 1 L/d, which is the mean unboiled tap
water consumption in the United States).

e nisthe number of exposure events per year (set at 365 days per year).

e (is the pathogen concentration distribution in raw wastewater of Cryptosporidium (oocysts per
liter [L]) with a lognormal distribution mean of logio 2.85 +/- SD (standard deviation) of logio
1.75 (based on data from Rose et al., 2004).

e LRV isthe estimated logio reduction value (the equation is solved for LRV).

A Monte Carlo analysis approach was used to capture both (1) the natural variability in the input
parameters (for this example, just the pathogen concentration) and (2) uncertainty in the dose-response
parameterization. Ten thousand simulations were run using Equation 2-1 and plotted as a cumulative
distribution function (CDF), as shown in Figure 2-1.

The results of the probabilistic example with the data used indicates that an LRV of 9.1 (for the dose-
response function in USEPA, 2006) will achieve a reduction of health risk to the acceptable annual level
of infection (i.e., 10 per person per year) 95 percent of the time. In this case, the simpler maximum
value estimation approach (see Section 2.1.1.1) provides a reasonable upper-bound LRV; however, a
more thorough analysis should be done based on a more comprehensive review of Cryptosporidium
oocyst concentrations in raw wastewater and other dose-response relationships, such as those recently
published by Messner and Berger (2016). A preliminary evaluation of one of the new suggested dose-
response relationships (i.e., Beta-Poisson) was conducted using the above raw wastewater
concentrations for Cryptosporidium and other noted exposure assumptions. A comparison of the
estimated logio reduction results between the USEPA exponential model and new Beta-Poisson model
indicates that the 95-percent estimated LRV decrease by roughly 0.3 logio, which is within the upper-
bound LRV estimated by the simpler maximum value approach discussed above. A similar probabilistic
analysis should be conducted for enteric virus and Giardia cysts. Because new data and research results
are published regularly, an assessment of the assumptions should be conducted periodically to confirm
the LRV criteria for all three pathogen groups.

2.1.2 Outbreak Considerations
An important consideration, which was not addressed in Sections 2.1.1.1 to 2.1.1.3, is that none of the
studies of raw wastewater pathogen concentrations reported that samples were collected during an

outbreak of illness. It is possible that pathogen concentrations in raw wastewater when an outbreak
occurs could be higher than the measured values found in literature.
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Figure 2-1: Cumulative distribution function (CDF) plot of estimated logio reduction values for Cryptosporidium
spp. to meet an annual tolerable risk of infection of 10 per person per year (USEPA [2006] is
shown as the black line, and Messner and Berger [2016] is shown as the blue line).

One recent article (Hellmér et al., 2014) provides useful information on this question. In this study, the
presence of seven pathogenic viruses (i.e., norovirus [NoV], astrivirus, adenovirus, Aichi virus,
parechovirus, hepatitis A virus [HAV], and hepatitis E virus) was investigated in raw wastewater to
explore whether their identification could be used as an early warning for outbreaks (Hellmér et al.,
2014). Daily raw wastewater samples were collected every second week over a period of 15 weeks and
were pooled to represent a weekly composite sample during January through April 2013 from a
treatment plant in Gothenburg, Sweden. In the study, the amount of NoV genogroup Il (Gll) in
wastewater peaked 2 to 3 weeks before the infection spread in hospital wards and nursing homes
(Hellmér et al., 2014). The concentration data of NoV Gll in raw wastewater collected over the entire
study period (i.e., before, during, and after the outbreak) ranged from 10* to 10° genome copies (GC)/L
(unadjusted for recovery) and 10° to 10° GC/L (adjusted for recovery). The results from Hellmér et al.
(2014) generally correspond with other investigations reporting concentrations ranging from 10? to 10°
GC/L for NoV genogroup | (Gl) and from 10 to 107 GC/L for NoV GlI (da Silva et al., 2007; Hellmér et al.,
2014; Flannery et al., 2012; Victoria et al., 2010; Seto et al., accepted). It is possible that the other
references also captured outbreak conditions given the range of concentrations. Notably, no attempt
was made to normalize the detection methods used in these different studies. Furthermore, the
general observation that the concentrations of NoV Gll are greater than NoV Gl appears to be consistent
with the results of other noted investigations.

Barker et al. (2013) conducted a QMRA using NoV, Giardia, and Campylobacter as reference pathogens
to determine the level of treatment required to meet the tolerable annual disease burden of 10® DALYs
per person per year (similar to 10* annual infection per person year) for a small remote community in
Antarctica. The researchers evaluated and compared two scenarios, one relying on published municipal
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wastewater pathogen loads and the second based on estimating pathogen loads that might occur during
a gastroenteritis outbreak. For the municipal wastewater scenario, estimated required LRVs would be
for 6.9 for norovirus, 8.0 for Giardia, and 7.4 for Campylobacter. For the outbreak scenario, the LRVs
would be 12.1 for norovirus, 10.4 for Giardia, and 12.3 for Campylobacter (95" percentiles) (Barker et.al,
2013). Under outbreak conditions, pathogen concentrations were noted to be higher as a function of
the relatively greater degree of contact between community members in a small population. The
researchers concluded that while the estimates of outbreak conditions may overestimate wastewater
concentrations of pathogens, the results suggest that for small communities, additional treatment
barriers might be required for outbreak conditions as compared to non-outbreak conditions, as
expected. The LRVs determined to be necessary for an outbreak (12.1 for virus and 10.4 for Giardia),
however, are still about the same as those used currently by the State of California for IPR.

Finally, based on this one key paper (Hellmér et al., 2014), it appears that the range of norovirus
concentrations during an outbreak fall within the overall range of concentrations reported in the
literature for raw wastewater. In larger community wastewater systemes, it is likely that larger flow
volumes will dampen pathogen loads from localized outbreaks; however, pathogen concentrations in
raw wastewater may increase as wastewater volumes decrease due to water conservation measures.

As discussed later in Section 2-3, a future research project should be routine pathogen monitoring in
raw wastewater to capture and record concentrations during outbreaks. For example, the City of
Milwaukee (in collaboration with the local health department and water and sewerage agencies)
conducted monthly monitoring of total culturable viruses in raw and treated wastewater, as well as two
drinking water sources, for a 9-year period (Sedmak et al., 2005).

2.2 Overview of Chemicals of Concern

Numerous potential chemical constituents in DPR sources (Anderson et al., 2010; NWRI, 2013) may have
adverse health effects if they survive typical treatment processes and are found in finished drinking
water at sufficient concentrations. Notably, advanced water treatment technologies capable of
producing advanced treated water that meets all drinking water standards have been demonstrated in
numerous investigations and full-scale AWTFs. In general, the advanced treated water is of higher
quality than most conventional treated drinking waters with respect to total organic carbon (TOC) and
total dissolved solids (TDS), as well as trace constituents.

The microbial and chemical treatment standards for providing public drinking water and assessing raw
water supplies developed under the Safe Drinking Water Act provide a comprehensive basis for
evaluating both the (1) acceptability of finished drinking water and (2) protection of sources of water
supply. Typical drinking water treatment processes (e.g., chemical coagulation, sedimentation,
filtration, and disinfection) have been effective at limiting the levels of microbial and chemical
constituents in finished drinking water. The best management approach would be to ensure that
appropriate multiple barrier technologies — conceptually similar to the multiple-barrier risk reduction
approach of the Safe Drinking Water Act — are installed and operated to specification (i.e., an optimized
and reliable treatment system) and key constituents are identified to verify the performance of these
technologies. Federal maximum contaminant levels (MCLs) have been developed taking into account
the opportunity for meaningful national public health risk reduction. In the case of DPR systems, the
potential risk would be to smaller populations; therefore, a focused effort is warranted to identify
additional compounds of concern.
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Numerous sources of health-based benchmarks exist for chemicals, in addition to the drinking water
standards that can be used if unregulated constituents are detected. Some of these sources include the
WHO Guidelines for Drinking Water Quality (WHO, 2011), U.S. EPA’s Drinking Water Health Advisories
(U.S. EPA, 2012, 2015b), and U.S. EPA’s “human health benchmarks for pesticides” in drinking water
(U.S. EPA, 2015c). Detailed risk assessments, including the use of “Margins of Exposure” (MOEs) applied
to scientifically defensible points of departure, can be applied to chemicals to arrive at figures that are
essentially as protective to health as MCLs, PHGs, or HAs. These methodologies can be used to arrive at
health-based benchmark values.

“Thresholds of Toxicological Concern,” (TTC) and the related Threshold of Regulation (TOR) are
approaches that can be used as means of assessing whether small concentrations can be neglected, but
this approach is applied only to chemicals for which there are no data and excludes chemicals in classes
with particularly high potency (e.g., nitrosamines, dibenzofurans/dioxins and polychlorinated biphenyls,
azoxy compounds, aromatic amines and nitrates, azo compounds, highly chlorinated compounds,
hydrazines, a-nitrofuryl compounds, steroids, strained ring structures, and vinyl compounds
[Cheeseman et al., 1999]). Some improvements in this methodology that go beyond the Cramer
classification scheme address various toxicological endpoints with more specificity, which might be
useful for identifying health-based benchmark levels (see the various procedures introduced into
Toxtree at EURL ECVAM [2016]).1® These predictions are based on formal rulebases, but generally are
restricted to well-studied classes of chemicals (see the Benigni/Bossa rulebase of mutagenicity and
carcinogenicity, a module of Toxtree!’ [Benigni et al., 2008]).

2.3 Managing Potential Public Health Risks

DPR as a source of drinking water supply would be subject to existing drinking water quality
requirements in California derived from the Safe Drinking Water Act, as well as California-specific
potable reuse regulations. Federal regulations like the Safe Drinking Water Act are considered in
Sections 2.3.1 and 2.3.2, while a brief discussion of Source Water Protection Programs is included in
Section 2.3.3.

2.3.1 Safe Drinking Water Act

The Safe Drinking Water Act is the federal law that establishes the minimum quality standards for
drinking water in the United States. Passed by Congress in 1974, the Safe Drinking Water Act replaced
existing Public Health Service standards to provide a new overarching regulatory framework and to vest
the USEPA with oversight of the law’s implementation. Amended in 1986 and 1996, the law also
requires a number of actions to protect drinking water and its sources: rivers, lakes, reservoirs, springs,
and groundwater. The 1996 amendments enhanced the existing law by recognizing source water
protection, operator training, funding for water system improvements, and public information as
important components of safe drinking water. This approach was designed to ensure the quality of
drinking water by protecting it from source to tap. Importantly, the decision to regulate under the Safe
Drinking Water Act involves careful analysis to weigh the public health benefits of requiring the control
of contaminants with the costs associated with imposing such controls.

16 https://eurl-ecvam.jrc.ec.europa.eu/laboratories-research/predictive toxicology/gsar tools/toxtree (last accessed July 7,
2016).

17 https://eurl-ecvam.jrc.ec.europa.eu/laboratories-research/predictive_toxicology/doc/EUR 23241 EN.pdf (last accessed July
7,2016).
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Under the Safe Drinking Water Act, the USEPA sets national health-based standards for drinking water
to protect against both naturally occurring and man-made constituents that may be found in drinking
water. Subsequent implementation is through California state primacy, with oversight by the public
water systems that implement these standards. State drinking water regulations must be at least as
stringent as national drinking water regulations.

2.3.2 National Drinking Water Regulations

Regulations of the Safe Drinking Water Act include primary and secondary drinking water standards
(USEPA, 2015a). Primary standards, known as Primary MCLs, are established for contaminants that may
pose a health risk when present in drinking water supplies and are known or anticipated to occur in
public water systems. As enforceable maximum permissible levels of regulated constituents in drinking
water, MCLs are set at concentrations that are as close as possible to levels that are not anticipated to
have public health consequences with a margin of safety (known as Maximum Contaminant Level
Goals).

In setting MCLs, the USEPA takes into account the availability of treatment options, suitable analytical
methods, and the costs of control measures. “Treatment technique” requirements are established for
constituents in which control is important to public health, but monitoring is not feasible technically and
economically to set MCLs. Requirements for both MCLs and treatment techniques include minimum
monitoring reflective of the nature of the health risk and effectiveness of the control measures.

Secondary standards, known as Secondary Maximum Contaminant Levels (SMCLs), are established for
constituents that have aesthetic effects. SMCLs are not enforceable under federal law, but some states
(e.g., California have incorporated them into their enforceable standards (USEPA, 2015b).

2.3.3 Managing Risk from Source to Tap

The concept of multiple barriers has been a design consideration in drinking water treatment facilities
(DWTFs) for more than half a century. It now formally includes the protection of water supply sources.
In the 1996 amendments to the Safe Drinking Water Act, provisions were included to require a
deliberate assessment of water supply sources for hazards so that additional risk mitigation measures
could be taken. Currently, Source Water Protection Programs include the following tasks:

e Risk identification (i.e., delineation and source inventories).

e Risk ranking and screening (i.e., susceptibility analyses).

e Risk management measures (prevention programs).

e Preparation for unexpected drinking water supply replacement emergencies (i.e., contingency

planning).

Four fundamental elements of Source Water Protection Programs (USEPA, 2015c) are listed in Table 2-3.

Expert Panel Feasibility Report |45



Chapter 2 | Potential Hazards

Table 2-3: Fundamental Elements of Source Water Protection Programs

Barrier Description

The best approach to protect drinking water is to keep constituents from entering source

Risk prevention
water.

The public water system is the first line of defense to reduce or eliminate constituents in
source water. The Safe Drinking Water Act, which regulates these systems, develops
Risk standards and guidance to help public water systems reach the goal of providing safe and
management reliable drinking water. Public water systems must collect and treat water, hire trained and
qualified operators, and have an emergency response plan in case of a natural disaster or
terrorist attack.

Dealing effectively with risks to drinking water requires the constant evaluation of water
quality. Water is monitored in one or more locations: at the (1) source; (2) treatment
plant, after it has been treated and disinfected; (3) drinking water supply distribution
system, which delivers water through pumps and pipes to homes; and (4) (in some cases)
the consumer’s tap (though it is not regulated at all of these locations).

Risk monitoring
and compliance

What occurs in the watershed can directly impact the quality of water that arrives at the
Individual action  treatment plant. The more the public knows about their drinking water, the better
equipped they are to protect it.

Source: USEPA (2015c).

The success of the Source Water Protection Program is assessed by conducting sanitary surveys on a
routine basis to prevent the contamination of drinking water supplies (i.e., both source water and
finished drinking water). Furthermore, sanitary surveys provide an opportunity to work and
communicate with water system personnel in a preventative mode. The USEPA has defined a sanitary
survey as:

“..an onsite review of the water source (identifying sources of contamination using results of
source water assessments where available), facilities, equipment, operation, maintenance and
monitoring compliance of a public water system to evaluate the adequacy of the system, its
sources and operations and the distribution of safe drinking water.” (40 CFR 141.2)

The seamless integration of Source Water Protection Program principles and the elements of a POTW
source control program, as discussed in Chapter 8, are necessary for a successful DPR program.

24 Findings of the Expert Panel
In regards to the potential hazards of potable reuse, the Expert Panel concludes the following:

e Finding #2-1: Overall, the current approach by the State Water Board for assigning LRV credits
for individual unit treatment processes as part of IPR projects is feasible for DPR projects;
however, additional process monitoring is recommended to ensure reliable treatment. Also, a
probabilistic approach could be used to establish the basis from which to measure overall DPR
plant performance with DPR criteria. In addition, future research may be necessary to provide
evidence for assigning higher credits in some cases (e.g., reverse osmosis, chlorination).
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Finding #2-2: Based on the review of available limited information, it appears that the range of
norovirus concentrations during an outbreak fall within the overall range of concentrations
reported in literature for raw wastewater. In larger community wastewater systemes, it is likely
that larger flow volumes will dampen pathogen loads from localized outbreaks; however,
pathogen concentrations in raw wastewater may increase as wastewater volumes decrease due
to water conservation measures.

Recommendations of the Expert Panel

The Expert Panel has the following general recommendations, which are not listed in preferential order,
for the State Water Board:

2.6

Recommendation #2-1: Given the large LRVs likely to be assigned to UV/AOQP reactors (i.e., up to
6-logio removal for all three pathogens), it is important to provide evidence of excellent reactor
hydraulics to ensure that short-circuiting does not compromise the efficiency of disinfection.
This information should be included as part of the DPR project’s engineering report.

Recommendation #2-2: The data for assigning LRVs to each unit process and the total LRV
credits for each AWTF should be presented in the DPR project’s engineering report.

Research Recommendations of the Expert Panel

The Expert Panel recommends the following research activities be pursued by the State Water Board.
These recommendations are not listed in preferential order.

Research Recommendation #2-1: To better inform decisions associated with updating LRVs, as
well as conducting probabilistic-based QMRA modeling, the State Water Board should include
monitoring requirements in regulatory permits to measure pathogens (i.e., Giardia cysts,
Cryptosporidium oocysts, and several human viruses) in the raw (untreated) wastewater feeding
a DPR system to provide more complete information on concentrations and variabilities.
Improved methods should be used that will allow for the better characterization and improved
precision of measuring concentrations of pathogens. Note this recommendation also is listed in
Chapter 8 (see Research Recommendation #8-2). In addition, see Chapters 6 and 8 for more
information.

Research Recommendation #2-2: The State Water Board should investigate the feasibility of
collecting pathogen concentration data for raw wastewater associated with community
outbreaks of disease and collect such data where possible. See Chapters 6 and 8 for more
information.
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CHAPTER 3: Public Health Surveillance Tools and Methods

e Public health surveillance tools and methods.
e Elements of a public health surveillance system.
e \Waterborne disease surveillance.

e Potential applications in potable reuse systems.

For this chapter, the Expert Panel examined: (1) the role of public health surveillance; (2) how it is
distinguished from epidemiology studies; and (3) the potential role for both in waterborne disease risk
characterization for potable reuse applications. Acceptable or tolerable risks of 10 to 10 per year are
beyond the statistical power of even the largest epidemiology studies to measure and quantify with
accuracy, and risk is appropriately quantified and managed by risk assessment and the associated logio
reduction credits provided by various treatment processes; however, as emphasized in NRC (1998),
public health surveillance will play an important role in communities receiving drinking water treated by
direct potable reuse (DPR) or indirect potable reuse (IPR).

As noted in NRC (1998):

“Every community using reclaimed waters as drinking water should implement well-coordinated
public health surveillance systems to document and possibly provide early warning of any
adverse health events associated with the ingestion of reclaimed water....”

An additional recommendation was:

“...epidemiologic studies should be conducted at the national level using alternative study
designs and more sophisticated methods of exposure assessment and outcome measurement to
evaluate the potential health risks associated with reclaimed water...” (NRC, 1998).

More recently, Rodriguez et al. (2009) included similar recommendations in regard to IPR with some
modification (emphasis added):

“Regulators approving IPR projects need to implement a well-coordinated public health
surveillance system to document possible warning signs of any adverse health events associated
with the ingestion of recycled water. Existing surveillance systems, such as those for notifiable
communicable diseases, should be used and/or enhanced to meet these needs. Surveillance
systems must be jointly planned and operated by health departments, water utilities, and
other relevant agencies. Key individuals in each agency need to be appointed to coordinate
planning and rehearse emergency procedures. The surveillance plan, its purpose, the
monitoring results, and the system process performance should be available to the community
and interested stakeholders. Surveillance systems may indicate whether an epidemiological
study is required. However, epidemiological surveillance is considered relatively slow and is
reactive as it is based on disease outcomes.”
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Due to the increasing availability and accessibility of large health datasets, it is expected that well
planned or ad hoc epidemiology studies will be conducted in these communities. With this expectation
in mind, the goals of this chapter include:

e Describe the different types of public health surveillance.

e Identify sources of available public health surveillance data.

e Describe waterborne disease surveillance and discuss data sources and limitations.
e Provide guidance for interpreting the results of epidemiological studies.

e Discuss potential applications for public health surveillance in the context of DPR.

e Describe epidemiological study designs used to study waterborne disease and their potential
applications to DPR.

3.1 Public Health Surveillance

Public health surveillance is defined as the “ongoing systematic collection, analysis, and interpretation of
outcome-specific health data for use in the planning, implementation, and evaluation of public health
practice” (Thacker and Berkelman, 1988) or, alternatively, the “ongoing systematic collection, analysis,
and interpretation of outcome-specific health data for the purpose of preventing and controlling
disease, injury, and other health problems” (Stroup et al., 2003). It is distinct from the “surveillance” of
individuals with serious communicable diseases (such as smallpox or Ebola) to implement isolation
measures, but rather focuses on trends in populations (Thacker, 2010). Recently, public health
surveillance has expanded to focus not only on health outcomes, but also on other determinants of
health (e.g., health behaviors, health care, and physical environment). As a result, more recent
definitions replace “outcome-specific” health data with “health-related data” and emphasize that public
health surveillance must be “closely integrated with the timely dissemination of these data to those who
need to know” (Thacker, 2010). Public health surveillance has the following purposes, as described by
the World Bank (Garcia-Abreau and Halperin, 2002):

e Recognize cases or clusters of cases to trigger interventions to prevent transmission or reduce
morbidity and mortality.
e Assess the public health impact of health events or determine and measure trends.

e Identify the need for public health intervention programs and resources, and allocate resources
during public health planning.

e Monitor the effectiveness of prevention and control measures and intervention strategies.

o Identify high-risk population groups or geographic areas to target interventions and guide
analytical studies.

e Develop hypotheses that lead to analytical studies about risk factors for disease causation,
propagation, or progression.

Although there are many variations of public health surveillance, there are two general types: one type
tracks long-term trends in population health, and the other provides a warning system of potential
adverse events. A public health surveillance system could serve both purposes, but an early warning
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system will require different data and expertise than a program designed to track long-term trends.
Information obtained from public health surveillance is used to guide public health departments in
providing services to people, including education and planning, and to inform and evaluate public health
programs. On its own, surveillance data usually lack sufficient detail and resolution for in-depth
epidemiologic evaluations, but can be used to identify trends that require formal investigation and
follow up (Buehler, 2008). By providing information on the natural history of a disease and its
occurrence among different age groups, geographical areas, and demographic groups, public health
surveillance can inform the descriptive epidemiology of a disease or condition.

Public health surveillance is distinct from formal analytical epidemiologic research, although surveillance
data can be used to inform and develop epidemiological studies. Whereas surveillance information can
be used to identify research, service, and training needs, surveillance does not encompass epidemiologic
research studies that are “related but independent public health activities that might not be based on
surveillance” (Thacker, 2010). Public health surveillance is descriptive in nature and describes the
occurrence of disease and its determinants in the population. Analytical epidemiology studies use a
formal comparison group to test hypotheses regarding potential causes and risk factors associated with
disease risk and transmission (Choi, 2012). Surveillance data usually are limited in detail and relatively
inexpensive to obtain, whereas research data often are detailed and expensive to obtain. Additional
distinctions between public health surveillance and epidemiologic research are shown in Table 3-1
(Thacker and Gregg, 1996).

Table 3-1: Differences Between Public Health Surveillance and Epidemiology Research?

Surveillance Epidemiology Research

Detection and description
Suggest hypotheses

Purpose Monitor trends Hypothesis testing
Early warning
Frequency Ongoing Time limited
Methods Routine Specifically tailored for study
Data analysis Simple and descriptive Often complex
Dissemination of Timely, regular, and targeted to Not timely, infrequent, and targeted to
information public health agencies academics and a clinical audience
Case definition May be broad Typically, should be specific

a Source: Thacker and Gregg (1996).

Despite the limitations of public health surveillance data, it can be used in epidemiological analyses.
When other appropriate data sources are considered in the context of a well-planned epidemiology
study, public health surveillance data can provide important insights regarding the determinants of
disease at the population level. For example, in a widely cited and influential study, Pope et al. (2004)
used mortality surveillance data to demonstrate an association between cardiovascular mortality and
fine particulate matter. The success of studies relying on surveillance data depend on integrating other
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appropriate data sources, conducting appropriate and well-designed analyses, recognizing the
limitations of available data, and developing hypotheses that are grounded in and supported by
plausible biological and physiological mechanisms.

The earliest types of public health surveillance focused on vital records, such as “death reports,”
beginning in the late 1600s (Buehler, 2008). In the mid-1900s, public health surveillance focused on
local reports of communicable diseases to enable prevention and control activities and then transitioned
into broader national systems for tracking infectious disease. More recently, public health surveillance
has extended beyond infectious diseases to include health-risk factors, chronic diseases (e.g., cancer and
cardiovascular disease), birth defects, and occupational illnesses.

In the United States, the Centers for Disease Control and Prevention (CDC) is the lead national agency
for public health surveillance and disseminates regular summaries for a wide range of surveillance
activities in the Morbidity and Mortality Weekly Report (MMWR).

3.1.1 Types and Examples

Some examples of public health surveillance systems are shown in Table 3-2. More information on the
various types of surveillance systems is included in Appendix 3A, and more information on
epidemiological studies is included in Appendices 3B and 3C.

3.1.2 Passive Versus Active Surveillance

Passive and active surveillance systems are distinguished by the way the surveillance is conducted. In a
passive surveillance system, the organization conducting the surveillance relies on health care providers
and others in the health industry to report the occurrence of a disease. An example of a primarily
passive surveillance system is the CDC’s National Notifiable Diseases Surveillance System (NNDSS),
which relies on local health authorities to report notifiable diseases. Passive surveillance systems are
relatively inexpensive and can cover large areas, but because passive surveillance depends on people in
different institutions to provide data, the quality and timeliness of data are difficult to control. Active
surveillance systems involve regular outreach, and the organization conducting the surveillance initiates
procedures to obtain reports and data, such as regular phone calls or contact with physicians and
hospitals (Choi, 2012). The CDC’s Emerging Infections Program (EIP) is an example of an active
surveillance program that includes the Foodborne Diseases Active Surveillance Network and Active
Bacterial Core Surveillance. Active surveillance provides the most accurate and timely information, but
is expensive.

3.1.3 Elements of a Public Health Surveillance System
In planning and implementing a public health surveillance system, the following should be considered:

e Purpose and/or statement of the problem.
e Case definition.
e Population under surveillance.

e Established reporting procedures.
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Table 3-2: Examples of Public Health Surveillance Systems

Chapter 3 |

Surveillance

System

Agency

Outcome/Endpoint

Notes

Surveillance, Epidemiology and
End Results (SEER)

National Cancer
Institute/Centers
for Disease Control
and Prevention
(cDbC)

Cancer

http://seer.cancer.gov/

National Vital Statistics System

National Center for
Health Statistics (of
the CDC)

Birth, death, fetal
death

http://www.cdc.gov/nchs/nvs

s/

National Health and Nutrition

http://www.cdc.gov/nchs/nh

Examination Survey (NHANES) cbe General health status anes
. . Health related risk
Beha\{loral Risk Factor CDC behaviors, chronic http://www.cdc.gov/brfss/
Surveillance System (BRFSS) i,
health conditions
. . FoodNet, Influenza, ) .
Emerging Infections Program cDC Active Bacterial Core http://www.cdc.gov/ncezid/d

(EIP)

Surveillance

pei/eip/

National Notifiable Disease
Surveillance System (NNDSS)

CDC/Council of
State and Territorial
Epidemiologists

Range of health
outcomes

https://wwwn.cdc.gov/nndss/

Population based

liforni http: .cdph.ca.
California Birth Defects California registry on birth ttp://www.cdph.ca.gov/prog
o Department of . rams/CBDMP/Pages/default.a
Monitoring Program . defects, stillbirths,
Public Health . - Spx
miscarriages
Outbreaks of acute
gastrointestinal
National Outbreak Reporting infections, as well as  http://www.cdc.gov/nors/abo
CDC
System (NORS) waterborne ut.html
outbreaks of non-
enteric disease
Outbreaks a
Waterborne disease outbreak cDC reported to NORS http://www.cdc.gov/healthy
reporting system (WBDOSS) determined to be water/statistics/wbdoss/nors/
waterborne
: . . Bi -
National Syndromic Surveillance cDC ioterrorism related http://www.cdc.gov/nssp/
Program events
. . Tracking of trends in  http://www.cdc.gov/nchs/nhc
D
National Hospital Care Survey CDC hospital care s/index.htm
Californi http: .cdph.ca.
California Occupational Health aitornia Track work related p://www.cdph.ca.gov/prog
. Department of L rams/ohsep/Pages/default.as
and Surveillance Program . injuries
Public Health px

Los Angeles County Automated
Disease Surveillance Section

Los Angeles County

Syndromic
surveillance

http://www.publichealth.laco
unty.gov/acd/ADSS.htm
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Elements of a public health surveillance system (Garcia-Abreau and Halperin, 2002) include:

e Detection and notification of a health event.
e Investigation and confirmation.

e Collection of data.

e Analysis and interpretation of data.

e Feedback and dissemination of results.

e Response (e.g., a link to public health programs, specific actions for prevention and control).
Data sources for public health surveillance (Choi, 2012) include:

e Health surveys (e.g., NHANES; see Table 3-2).

e Administrative data (vital records, hospitalization).

e Mandatory reports (e.g., NNDSS; see Table 3-2).

e Voluntary reports (e.g., adverse outcomes due to drugs).

e Special or targeted groups (e.g., people with HIV/AIDS).
3.2 Waterborne Disease Surveillance

Routinely collected public health surveillance data have played a long, if sometimes controversial, role in
the management of drinking water and assessment of waterborne risks. In 1854, a sharp increase of
cholera cases in London led John Snow to conduct an epidemiologic investigation implicating sewage
contamination of drinking water sources (Johnson, 2006). Elevated cancer mortality in and around New
Orleans in communities receiving water from the Mississippi River as compared to communities
receiving groundwater were important in the development of the original Safe Drinking Water Act,
which was enacted soon after these reports were first published in 1974 (Page et al., 1976).
Occasionally, public health surveillance and/or reports from clinicians serve as actionable warnings of
acute failures in water treatment. In Milwaukee, one of the first indications that drinking water was
contaminated by Cryptosporidium was an increase in school absences and shortages of anti-diarrheal
medications (Hrudey and Hrudey, 1995; MacKenzie et al., 1995; Morris et al., 1998). Arguably, these
situations are rare examples and are not likely to be representative of a well-run DPR system, where the
water will be of extremely high quality; nevertheless, for a DPR system in which a failure could result in
serious and wide-ranging health consequences, these examples highlight the (1) need for interaction
between water utilities and health officials and (2) awareness of the potential uses and limitations of
routinely collected health surveillance data.

Surveillance for waterborne disease presents some challenges. One major concern is the lack of
specificity in the health endpoints associated with waterborne disease. For example, most of the
pathogens responsible for acute infectious disease also are transmitted by food, person-to-person
contact, or contact with contaminated objects through the fecal-oral route of transmission. Indeed, at
the population level, water may represent only a small, infrequent pathway for some potential
waterborne pathogens, which are predominantly transmitted by food or person-to-person contact (e.g.,
Campylobacter, Salmonella, and norovirus). Surveillance programs that target these infections may not
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provide much value in terms of “waterborne” disease surveillance. Similarly, there are challenges in the
interpretation of syndromic surveillance programs that focus on indicators or targets for non-specific
health endpoints commonly associated with waterborne disease, like acute gastrointestinal infections.
In the United States, acute gastrointestinal infections resulting from all sources (e.g., water, food, and
person-to-person contact) is thought to range from 0.1 to 3.5 episodes per person per year, depending
on the definition used (Roy et al., 2006). Notably, because many enteric infections often are mild and
do not result in a visit to a health care provider, surveillance systems focused on laboratory testing data
for a specific infection will underestimate the total burden of disease in the population.

The “disease pyramid” (Frost et al., 1996) describes how only a fraction of total cases of waterborne
disease are ever detected. In the case of waterborne infection, among those infected, only a fraction
are symptomatic, a fraction of those report to a doctor’s office, a fraction of those are actually tested for
evidence of infection, and fewer still are hospitalized or die. Because many waterborne infections are
often mild and asymptomatic, those that actually are observed in a surveillance program represent only
a small fraction of all cases.

Serological surveys measure antibodies-based tests in serum or saliva as a biomarker of waterborne and
other infections and can be used to monitor the incidence or prevalence of infection in a population.
These types of surveys have been used to evaluate the impacts of water treatment and to compare
prevalence rates in different communities. Serological surveys target specific waterborne pathogens
and potentially could use samples collected for other purposes to monitor trends in the population over
time. One potential source of data could be blood banks. Frost et al. (2002, 2003) applied this approach
using available samples from blood banks and other routinely collected blood samples to compare
serological responses to Cryptosporidium in several communities with different sources of drinking
water.

3.2.1 Notifiable Waterborne Diseases

As discussed in Section 3.1.2, the National Notifiable Disease Surveillance System (NNDSS) compiles
reportable disease information reported by states, territories, and other localities. Each state has laws
requiring certain diseases be reported at the state level, but it is voluntary for states to provide
information or notifications to the CDC at the federal level. Reporting to the CDC is voluntary, while
reporting diseases required by individual state law is mandatory. Diseases that are reportable to the
State of California include several infections that are primarily waterborne, such as Cryptosporidiosis,
Giardiasis, and Legionellosis, and other infections that are partially or potentially waterborne, such as
Leptospirosis, Hepatitis A, Campylobacteriosis, Salmonellosis, and typhoid fever (CCR, 2011).

3.2.2 Waterborne Disease Outbreaks

Since 1920, waterborne disease outbreaks have been tracked in some form in the United States. Since
1971, the U.S. Environmental Protection Agency (USEPA), CDC, and Council of State and Territorial
Epidemiologists (CSTE) have maintained the Waterborne Disease and Outbreak Surveillance System?®
(Craun et al., 2010). In 2009, the CDC launched an electronic National Outbreak Reporting System?® to
collect reports of enteric diseases outbreaks, as well as waterborne outbreaks of non-enteric disease.

18 http://www.cdc.gov/healthywater/surveillance/drinking-surveillance-reports.html (last accessed July 7, 2016)

19 http://www.cdc.gov/nors/about.html (last accessed July 7, 2016).
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To be defined as a waterborne disease outbreak, two or more persons must be epidemiologically linked
by time, location of water exposure, and case illness characteristics, and the epidemiological evidence
must implicate water as the probable source (Beer et al., 2015). Outbreaks are classified according to
the strength of evidence in implicating water as the vehicle of transmission based on the strength of the
available clinical, epidemiological, and environmental data (Brunkard et al., 2011).

Regular summaries of waterborne disease outbreaks have helped identify trends in waterborne disease
transmission patterns and emerging pathogens, as well as provided some measure of the magnitude of
the overall impact on health. For example, in a review of data covering 35 years of outbreaks associated
with drinking water, Craun et al. (2010) identified several trends, including: (1) the emerging importance
of Legionella outbreaks and outbreaks associated with premise plumbing; (2) decreased outbreaks in
public water utilities; (3) reduction in outbreaks associated with surface water systems following the
implementation of the Surface Water Treatment Rule in 1989; and (4) a relative increase in outbreaks
associated with untreated groundwater systems (Craun et al., 2010). The increase in outbreaks in
groundwater systems helped provide justification for the Groundwater Treatment Rule in 2006.

Information obtained from waterborne disease outbreaks has several limitations and must be
interpreted with caution. The reporting of outbreaks varies across states and localities, and is
dependent on public health agencies to recognize, report, and investigate outbreaks, as well as the
ability of diagnosticians to recognize and confirm particular infectious agents. As a result, the sensitivity
of the current surveillance system to detect outbreaks is unknown. In addition, only a small fraction of
the total cases of waterborne disease outbreaks are detected, which is when cases exceed a threshold
(i.e., epidemic cases) and result in alerts to public health authorities. The persistent low level of disease
that does not exceed a reporting threshold is called endemic disease and, for acute gastrointestinal
infection in the United States, is thought to range from 0.1 to 3.5 episodes per person per year (Roy et
al., 2006). The total burden of acute gastrointestinal infection attributable to drinking water (including
endemic, epidemic, and sporadic cases) has been estimated to be in the range of 4.3-million to 11.7-
million cases annually (Colford et al., 2006).

3.3 Potential Applications in Potable Reuse Systems
3.3.1 Public Health Surveillance
In the context of potable reuse applications, the potential roles of public health surveillance include:
e Establish partnerships, engagement, and communication between water utilities and public
health partners.

e Identify sources of data to characterize baseline conditions and track trends over time.

e Serve as a warning system of treatment failures and contamination events.

As noted in Section 3.2, many waterborne outbreaks have been detected by alert clinicians or public
health practitioners noting an increase in cases of waterborne infections like Giardia or Cryptosporidium.
Other outbreaks have been identified through consumer complaints regarding taste, odor, or turbid
drinking water (Hrudey and Hrudey, 2004). In the context of DPR, the response time to correct failures
and out-of-compliance water will be reduced greatly because the environmental buffer is eliminated. A
quick and coordinated response to complaints and any increases in clinical reports is needed to rule out
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a water treatment failure or to take corrective action; however, due to the insensitivity of public health
surveillance systems to rapidly detect increases in endemic disease, by the time confirmed cases are
identified in the population, the optimistic assumption would be that any failure already will have been
detected and corrected. If it has not, immediate action will be necessary to prevent additional and
widespread waterborne disease. On the other hand, repeated over-reaction to “false-positives” will
result in the unnecessary loss of time and resources and a loss of confidence in the surveillance system.

Preliminary statistical power calculations conducted as part of a White Paper titled the “Feasibility of
Establishing a Framework for Public Health Monitoring for DPR” (WRRF 14-14; Soller et al., in press) has
provided some additional insight regarding the uses and limitations of public health surveillance as an
early warning system. Analyses were configured to determine the number of people required to
participate in a surveillance program to provide 90-percent certainty in detecting a specified increase in
a health outcome (e.g., acute gastrointestinal infection) as significant at the 5-percent level. Power
calculations were conducted to determine the required number of people assuming either: (1)
surveillance cannot discriminate the DPR-related health outcomes from background health outcomes, or
(2) surveillance can discriminate DPR-related health outcomes. Calculations were conducted assuming
both normal operations of the DPR system (producing water with a level of microbiological risk that did
not exceed the one infection per 10,000 persons per year) and conditions in which treatment processes
were not operating in a manner consistent with these criteria (“off-spec” water is being produced). The
results of these analyses indicate that the number of people required to participate in a surveillance
program to provide 90-percent certainty in the detection of a relatively small change in gastrointestinal
iliness as significant at the 5-percent level is extremely (and impractically) high (i.e., greater than 3 x 108
population) if the DPR system is operating in a manner that produces water with a risk of microbial
infection not greater than one in 10,000 per year. If the DPR system were to exhibit a gross treatment
failure, causing treatment effectiveness to be reduced by a factor of ~10,000 (e.g., a catastrophic
failure), the number of people required is on the order of ~3 x 103. These results confirm it is unlikely
that public health surveillance would be able to detect a change in annual infection risks of acute
gastrointestinal infection of 10*under normal operating conditions; however, a surveillance program
could serve to identify acute failures in treatment, and procedures should be established for the joint
utility and public health investigation of surveillance alerts.

The USEPA has developed “A Water Quality Surveillance and Response System,” which provides a
systematic framework to detect and respond to emerging water quality issues before they become
problems. Four aspects are covered, including: (1) Online Water Quality Monitoring; (2) Enhanced
Security Monitoring; (3) Customer Complaint Surveillance; and (4) Public Health Surveillance (USEPA,
2015a). The latter two reports, Customer Complaint Surveillance (USEPA, 2015b) and Public Health
Surveillance (USEPA, 2015c), are relevant to this chapter and are included in Appendices 3C and 3D.

The USEPA report on Public Health Surveillance (USEPA, 2015c) states “communication between water
utilities and public health partners has often been insufficient to provide timely detection and response
to waterborne disease outbreaks. Incorporating public health surveillance into a Surveillance and
Response System (SRS) helps ensure that data acquisition, analysis, and information sharing is
coordinated between the drinking water utility and public health partners, resulting in earlier detection
of possible contamination events.” This report identifies potential data sources and describes potential
partners (as well as exemplary design goals) for a public health surveillance system. The major design
elements include:
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e Integration of Public Health System Capabilities (e.g., emergency medical services, hospitals,
local public health, and poison control).

e Communication and Coordination (i.e., strengthen partnerships, regular engagement, and
information sharing).

e Alert Investigation Procedures (i.e., notification and documentation).
The report recommends the following approaches for public health surveillance (USEPA, 2015c):

e Meet with local public health partners to establish relationships, exchange contact information,
and learn how these partners could support the detection of and response to contaminated
drinking water.

e Evaluate public health surveillance data streams currently monitored by public health partners
to determine if the data have the potential to provide the timely detection of contaminated
drinking water.

e Establish procedures for the joint utility and public health investigation of public health
surveillance alerts that might be indicative of contaminated drinking water.

In addition to these recommendations, a Public Health Assessment Interview Form has been developed
that can be used to engage local public health partners (USEPA, 2015d). The responses to these
interview questions can be used as a starting point for discussions between the utility and public health
partners.

Consumer complaints are another data stream distinct from public health surveillance that also should
be monitored to provide alerts to changes in drinking water quality that may be indicative of water
treatment failures or problems. The USEPA provides recommendations on tracking these complaints
and applying algorithms to identify unusually high call volumes or spatially clustered complaints. In
addition, the USEPA provides both a “Threshold Analysis Tool” and an “Alarm Estimation Tool,” which
can be used to develop thresholds and alerts based on customer service complaints.®

Ultimately, for DPR systems, the nature and elements of public health surveillance should be specific to
the characteristics of the local public health system, characteristics of the source water and drinking
water distribution system, and responsive to local health concerns. At minimum, partnerships should be
made with local public health officials, and existing sources of surveillance data should be evaluated
using the USEPA reports provided in Appendices 3C and 3D or similar approaches for guidance. Of
particular focus for a public health surveillance system should be acute cases of notifiable primarily
waterborne diseases, such as Cryptosporidiosis, Giardiasis, and possibly Legionellosis. Other potential
waterborne health endpoints (e.g., birth outcomes, cancer, and blood lead surveillance) could be
monitored to track trends over time and provide some assurance regarding the safety and quality of the
drinking water provided. Tracking trends of waterborne disease over time also may help demonstrate
the health benefits of improved water sources and provide public acceptance of DPR and other potable
reuse applications. Alternate and novel data sources also should be considered. For example, the use of
serology to track trends in Cryptosporidium infection or other waterborne infections over time may
provide valuable insights into the safety or risks associated with water reuse and provide information for
more targeted studies.

20 see https://www.epa.gov/waterqualitysurveillance/customer-complaint-surveillance-resources (last accessed July 7, 2016).
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3.3.2 Epidemiological Studies

Few well-designed epidemiological studies have been conducted for potable reuse systems. Recently,
available epidemiological evidence was reviewed in NRC (2012). A range of health endpoints have been
studied in a variety of reuse applications, including a DPR system in Namibia, groundwater
replenishment in Los Angeles, and a dual-reticulation system in Australia (NRC, 2012). The health
endpoints studied include cancer, overall mortality, infectious disease, and respiratory complaints.
Overall, no consistently plausible associations were identified, though these studies were mostly ad hoc
in nature, relied on existing surveillance data, had limited exposure characterization, and were likely
underpowered to detect any association.

Epidemiology studies are unable to accurately quantify annual infection risks in the 10 range, which is
the “acceptable risk” targeted by drinking water treatment (see Chapter 2). As a result, these studies
are unlikely to provide evidence that potable reuse systems are meeting their risk targets. Most
epidemiology studies can identify risks only magnitude of orders higher. With a sample size of
approximately 600 individuals, Payment et al. (1991) found that 35 percent (or 3,500 cases per 10,000
per person-year) of acute gastrointestinal infections were attributable to drinking water using a
randomized intervention design or approximately (though it may be an overestimate due to the lack of
blinding of study participants). Colford et al. (2005) also conducted a double-blinded randomized
intervention study (N = 456) where no difference in acute gastrointestinal infections was observed
between the controls and a group receiving additional water treated with 1-micron filtration and
ultraviolet light. A subsequent risk assessment based on raw water concentrations of pathogens in the
source water (i.e., water from the Mississippi River) estimated the annual risk of acute gastrointestinal
infection to be 13.25 cases per 10,000 persons, whereas the Colford study was powered to detect 1,100
cases of acute gastrointestinal infection per 10,000 persons (Eisenberg et al., 2006). This paper further
estimated that to detect an annual risk of acute gastrointestinal infection of 100 cases per 10,000
persons per year, a sample size of 416,000 persons would be necessary.

Because of these limitations, care should be taken to avoid the misuse of poorly designed and under-
powered epidemiology studies that provide little evidence for the safety of potable reuse in terms of
attaining acceptable risk levels; however, as communities implement DPR systems (especially those
serving large populations), there may be a role for well-designed epidemiological research, covering
multiple communities, to provide assurance of the safety of potable reuse or to evaluate risk, so long as
the limitations and study power are communicated clearly. Theoretically, large well-designed
epidemiology studies also could demonstrate the health benefits of DPR in terms of the reduction of
acute gastrointestinal infections or other illnesses resulting from the improved quality of drinking water.
Ad hoc studies that use existing surveillance data and are retrospective, cross-sectional, or ecological in
design likely will be conducted by health researchers because they are relatively inexpensive and health
and geographic data are becoming widely accessible. These studies should be interpreted cautiously,
but some well-designed studies (e.g., before-after natural experiments in large communities) may be
used for hypothesis generation and further investigation, although they probably cannot reliably inform
risk.

Ideally, any epidemiological research will be conducted in collaboration with water utilities, have a
clearly defined causal association and hypotheses, avoid “data dredging” (i.e., conducting a large
number of poorly justified analyses and only presenting statistically significant associations), and
address issues like misclassification and study power. Epidemiology studies that target infection rather
than illness may be less prone to bias and random error, especially if primarily waterborne infections are
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targeted. Ongoing public health surveillance activities implemented by communities may provide
information for the design of epidemiology studies targeted on a specific health endpoint, which can be
used to either demonstrate the safety of the DPR system or to identify it as a potential source of risk.

3.4 Findings of the Expert Panel

The Expert Panel has the concluded the following regarding public health surveillance and epidemiology
studies.

3.4.1 Public Health Surveillance

e Public Health Surveillance Finding #3-1: Public health surveillance is a valuable tool to track
trends in disease over time and to inform public health policy. Public health surveillance can be
used to identify trends for further investigation and formal study.

e Public Health Surveillance Finding #3-2: Public health surveillance is distinct from analytical
epidemiology. Public health surveillance is general and descriptive in nature, whereas
epidemiology studies collect more detailed data to test research hypotheses.

e Public Health Surveillance Finding #3-3: Existing data sources for waterborne disease
surveillance include vital records, nationally notifiable diseases, syndromic surveillance, and
waterborne disease outbreaks. Consumer confidence reports may be another data source that
can provide insights into changes in drinking water quality.

Public Health Surveillance Finding #3-4: In the context of potable reuse systems, the local or
state public health agency should be encouraged to consider the use of public health
surveillance to establish baseline conditions and potentially identify anomalous events that
require further action. The agency should recognize that significant resources may be required
to investigate false positives.

Public Health Surveillance Finding #3-5: The USEPA has developed guidance for Public Health
Surveillance and Customer Complaint Surveillance for water utilities.

e Public Health Surveillance Finding #3-6: The results of the preliminary statistical power
calculations conducted as part of a White Paper titled the “Feasibility of Establishing a
Framework for Public Health Monitoring for DPR” (WRRF 14-14) indicate that the number of
people required to participate in a surveillance program to provide 90-percent certainty in the
detection of a relatively small change in acute gastrointestinal illness as significant at the 5-
percent level is extremely (and impractically) high (i.e., greater than 3 x 10% population) if the
DPR system is operating in a manner that produces water with a risk of microbial infection not
greater than one in 10,000 per year. If the DPR system was to exhibit a gross treatment failure,
causing treatment effectiveness to be reduced by a factor of ~10,000 (e.g., a catastrophic
failure), the number of people required is on the order of ~3 x 103,
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Epidemiology

Epidemiology Finding #3-1: Epidemiology studies lack the accuracy and statistical power to
measure risk associated with tolerable waterborne disease risks of 10 to 10°; however, well-
designed epidemiology studies in large populations may be able to bound risk estimates.

Epidemiology Finding #3-2: Epidemiology studies should be designed with a causal model,
clearly defined objectives, and consideration toward an appropriate sample size. Systematic or
random bias, generalizability, and multiple testing should be considered in interpreting the
results of epidemiological studies.

Recommendations of the Expert Panel on Public Health Surveillance

The role of public health surveillance is to: (1) establish partnerships, engagement, and communication
between water utilities and public health partners; (2) identify sources of data to characterize baseline
public health conditions and track trends over time; and (3) help determine if transient treatment
failures and contamination events lead to adverse health outcomes. As such, the Expert Panel
recommends the following for consideration by the State Water Board Resources Control Board (State
Water Board). These recommendations are not listed in preferential order.

Recommendation #3-1: Within the context of potable reuse, local public health partners should
be informed when a DPR project is being considered. Points of contact should be identified, and
available surveillance data sources should be reviewed. In addition, processes for regular
engagement, information sharing, and notification should be established, with an emphasis on
tracking, reporting, and communicating notifiable acute, primarily waterborne diseases. Refer
to the USEPA Public Health Surveillance for Water Quality Surveillance and Response Systems
(USEPA, 2015b) for additional information (see Appendix 3D).

Recommendation #3-2: The State Water Board should work with DPR project sponsors and local
health agencies to consider the feasibility of enhanced public health surveillance for
communities with DPR systems. Such efforts may include syndromic surveillance, sentinel
surveillance, or serological surveys for waterborne infections.

Recommendation #3-3: Power calculations to detect changes in waterborne diseases under a
range of assumptions should be done to help put the findings of epidemiological analyses of
public health surveillance in the proper context. In addition, when epidemiological studies are
under consideration, power calculations also should be done to help guide the feasibility and
design of epidemiology studies.

Recommendation #3-4: Communities that rely on multiple sources for their drinking water
supplies and that deliver these types of water into different pressure zones have an opportunity
to develop and conduct a pilot public health surveillance effort for a DPR-augmented service
area in comparison to a service area receiving conventional supplies.
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CHAPTER 4: ANALYTICAL APPROACHES FOR
MEASURING CHEMICAL WATER QUALITY

e Periodic monitoring of chemical contaminants.

e Short-duration releases of chemical contaminants.

e Chemical contaminants that compromise aesthetics.

e Chemical contaminants of commercial or industrial origin.
e Indicator chemicals and surrogate parameters.

e Frequency and location of monitoring.

e Responding to off-specification water.

4.1 Introduction

Concentrations of chemical contaminants are monitored in drinking water to validate that water
treatment processes are adequately protective of public health. Chemical monitoring protocols
(including the selection of target analytes, frequency of analysis, and necessary sensitivity of analytical
methods) are well established for drinking water obtained from sources of surface water and
groundwater. Other chemical monitoring approaches have been developed for situations in which
municipal wastewater effluent (i.e., the use of impaired water sources and indirect potable reuse [IPR])
accounts for a significant fraction of the source water. The purpose of this chapter is to assess chemical
monitoring approaches appropriate for direct potable reuse (DPR) projects.

4.1.1 Interest in Chemical Monitoring

As the State Water Board develops an approach for permitting DPR projects, it will become necessary to
determine if proposed DPR chemical monitoring programs will provide the information needed to
protect the public from the potential adverse effects of recognized chemical contaminants. Although it
is unrealistic to review all possible approaches that could achieve this goal, it was important to the
Expert Panel’s evaluation of the feasibility of developing criteria for DPR to assess (1) available tools, (2)
approaches used in other types of monitoring programs, and (3) issues requiring attention prior to the
establishment of regulations. A viable DPR project must have a chemical monitoring program to ensure
the treatment process is providing a level of public health protection comparable to or more stringent
than monitoring programs currently used in other drinking water applications.

4.1.2 Scope of the Review on Chemical Monitoring

In developing this chapter, the Expert Panel considered existing regulatory requirements, peer-reviewed
scientific publications, and information provided by utilities and consultants in the water industry. For
those chemicals already included in established regulatory requirements (e.g., chemicals monitored as
part of the Safe Drinking Water Act), it was assumed that monitoring requirements would be as strict as
or stricter than existing requirements. For other chemicals, the Expert Panel considered information on
known occurrence and toxicity, but did not employ risk assessment to prioritize the analysis or establish
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threshold values for specific contaminants in drinking water. The Expert Panel also considered the use
of indicator compounds and surrogate parameters to monitor system performance, but did not make
recommendations about which specific contaminant(s) or parameters (e.g., surrogates and/or
indicators) should be monitored.

4.2 Background

Water from DPR projects could contain chemical contaminants that pose human health risks,
compromise the aesthetic properties of water (e.g., impact taste and odor), or have other undesirable
consequences (e.g., interfere with the maintenance of residual disinfectant in the drinking water
distribution system). The ability to detect — in a timely manner — chemical contaminants at
concentrations that compromise water quality is critical to the assessment of treatment performance
and water quality assurance, as well as to ensure these chemicals do not present a health hazard.
Irrespective of the source of water, certain chemical contaminants are monitored routinely in drinking
water; therefore, DPR projects will need to meet these requirements, plus additional monitoring
requirements specific to the characteristics of the DPR process.

In general, the operators of conventional drinking water treatment facilities (DWTFs) monitor a suite of
regulated chemical contaminants and water quality parameters at prescribed intervals (e.g., quarterly
sampling) and locations (e.g., after the final stage of treatment, in the drinking water distribution
system), as specified by the Safe Drinking Water Act and more stringent conditions established by the
State of California (CDPH, 2010). IPR projects in California (CDPH, 2014) often are required to monitor
the same set of regulated chemical contaminants, plus an additional set of chemicals that are known or
suspected to be present in recycled water (e.g., NDMA and 1,4-dioxane).

The operators of advanced water treatment facilities (AWTFs) and conventional DWTFs engaged in
potable reuse typically employ sensors to continuously monitor water quality parameters (e.g., residual
chlorine, turbidity, conductivity). These data are used to alert operators of process upsets, fluctuations
in the composition of incoming water, or changes in the performance of a treatment process. Although
these data are not always considered part of chemical contaminant monitoring plans, they would be
important to the oversight of DPR systems. The use of this information also could ensure performance
reliability, as discussed in Chapter 8.

In addition to monitoring a set of chemical contaminants already included in monitoring plans for
drinking water and IPR, it is appropriate to include additional chemical contaminants and monitoring
approaches for DPR projects. One important difference between DPR and other approaches to
providing drinking water is the absence of an environmental buffer that meets IPR requirements
established by the State of California. The absence of this buffer could expose consumers of water from
DPR systems to chemicals originating from industrial or commercial operations for short periods if
relatively large quantities of these chemicals are discharged into wastewater collection systems over
short periods. Given the concerns expressed by members of the public about the potential presence of
yet-to-be-discovered chemical contaminants in municipal wastewater, it also may be appropriate to use
non-targeted monitoring techniques to screen for yet-to-be-discovered contaminants when municipal
wastewater is used as a source of water for potable reuse projects. The inclusion of methods to detect
such chemicals could enhance public confidence in the DPR treatment process and ensure that water
quality would not be compromised if a change occurs with the types and amounts of chemicals entering
the wastewater collection system.
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Decisions about the safety of water produced by AWTFs will require an appropriate set of chemical
monitoring tools that provide accurate and precise data in a timely manner. For chemical monitoring
plans for AWTFs, factors such as the following need to be considered: (1) the practicality of the methods
used (e.g., whether it will be conducted by utility or commercial laboratories using available equipment);
(2) time required to analyze samples; (3) reliability of the methods; and (4) overall costs of implementing
the chemical monitoring program. Decisions to include expensive or complex analyses will need to be
balanced against costs and the value of the data produced.

4.3 Elements of Chemical Monitoring Programs
Chemical monitoring programs for DPR projects should consist of three main elements:

e Alist of chemical contaminants and performance surrogate parameters to be monitored.
e Specifications about the frequency, locations, and methods used for monitoring.

e A plan for how treatment plant operators will respond when monitoring data indicate that one
or more chemical contaminants or surrogate parameters exceed a predetermined value (e.g.,
initiating additional monitoring efforts or shutdown procedures when high concentrations of a
contaminant are detected).

All three aspects of chemical monitoring plans are discussed in the following sections, with an emphasis
on monitoring needs specific to DPR projects.

4.3.1 Chemical Contaminants

Chemicals contaminants are included in water quality monitoring programs for a variety of reasons. The
primary objective of a chemical monitoring program is to ensure the public is not exposed to
concentrations of chemical contaminants that pose an unacceptable health risk; therefore,
contaminants of human health concern known to be present in wastewater or water produced by
AWTFs must be included in chemical monitoring plans. Other contaminants that could compromise
water quality (e.g., by affecting the appearance, smell, or taste of water) also need to be monitored to
ensure consumer confidence in the water supply. To assess the performance of the treatment system,
the monitoring plan also may include indicator compounds or water quality surrogates. A
complimentary strategy for assessing contaminants that could pose potential human health risks
involves the use of screening techniques designed to detect chemicals not already included in routine
chemical monitoring programs. Each of these strategies is summarized in Sections 4.3.1.1 to 4.3.1.5.

4.3.1.1 Periodic Monitoring of Chemical Contaminants

At minimum, chemical monitoring programs for DPR systems need to include regulated drinking water
contaminants, which normally are monitored through the collection of composite or grab samples at
predetermined time intervals (e.g., quarterly, annually) and analysis with standardized procedures.
These chemicals fall into two categories: primary and secondary drinking water contaminants.

e Primary drinking water standards (see Appendix 4A) are included in drinking water monitoring
plans because regulators have determined these chemicals are likely to occur in drinking water
at concentrations posing unacceptable human health risks at frequencies high enough to merit
routine monitoring, even if there is no specific evidence that the water is contaminated with
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these compounds. Based on similar logic, chemical contaminants likely to be present at
concentrations of concern in municipal wastewater effluent should be monitored in potable
reuse projects.

e Secondary drinking water standards (see Appendix 4A) include chemicals that could
compromise the use of the water. For example, in drinking water, elevated concentrations of
iron — resulting either from its presence in source water or the corrosion of water distribution
pipes — can stain household water fixtures and clothing. Similarly, elevated concentrations of
dissolved ions (i.e., concentrations of total dissolved solids exceeding the secondary standard of
500 mg/L) tend to elicit negative responses from the public due to aesthetic issues (i.e., taste,
stains on water fixtures). The State Water Board is strongly encouraged to include the
monitoring of secondary drinking water standards in DPR projects, as well as the development
of a program to explain the potential implications of any excursions above secondary drinking
water standards to consumers who receive water from DPR projects.

Examples of Compounds of Interest for Direct Potable Reuse

Among the over 100 compounds listed in Tables 4A-1 and 4A-23 (primary and secondary drinking water
standards, see Appendix 4A), several are worth noting with respect to chemical monitoring plans for direct
potable reuse systems due to their frequency of occurrence in municipal wastewater effluent or water
produced by advanced water treatment facilities. These compounds include:

N-NITROSODIMETHYLAMINE (NDMA) often is present at elevated concentrations
in wastewater from certain industries (e.g., chemicals used for the treatment of
metal plating baths; Sedlak et al., 2005). It also is produced during the
chloramination of municipal wastewater effluent (Mitch and Sedlak, 2004) and
ozonation of surface water contaminated with pesticides (Schmidt and Brauch,
2008; Chen and Young, 2008) or industrial chemicals (Kosaka et al., 2009).

1,4-DIOXANE is a compound used as a stabilizer for halogenated solvents (Mohr,
2010). It also is used to manufacture inks and adhesives.

BROMATE is formed when ozone is used to disinfect water, especially if the water
contains elevated concentrations of bromide (von Gunten, 2003). In many
locations in California, drinking water and wastewater effluent contain relatively
high concentrations of bromide, which results in the formation of high
concentrations of bromate when ozone is used. The presence of ammonia (e.g.,
in wastewater that has not been nitrified) tends to decrease the formation of
bromate.
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The State Water Board has identified a group of chemical
contaminants of concern for which the federal
government has not established maximum contaminant
levels (MCLs). These contaminants are monitored
because California’s regulators have encountered
situations under which these contaminants are present in
source waters or finished drinking water at concentrations
that pose unacceptable health risks (CDPH, 2010).
Monitoring programs for drinking water and IPR in
California frequently include notification levels for these
unregulated contaminants (Appendix 4A). When
concentrations of contaminants in finished drinking water
exceed the specified notification levels, a process is
initiated in which the State Water Board recommends the
drinking water purveyor notify the community. At higher
concentrations (e.g., typically at concentrations 10 times
higher than the notification levels), the State Water Board
requests that the purveyor stop delivering water to
consumers and initiate a series of actions to address the
issue. The Expert Panel believes this approach is
reasonable and balances the need to protect public health
with the resources required for compliance monitoring.
The State Water Board should allocate resources to
continue its practice of conducting research and
performing occurrence surveys for the purpose of
identifying new chemical contaminants to include in water
produced by potable reuse projects.

With respect to the challenge of identifying new chemical
contaminants to include in monitoring programs for
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Additional Compounds of Interest

There also are some compounds of concern for DPR
projects that are not included in Tables 4A-1 or 4A-
2 in Appendix 4A, for example:

PERFLUOROOCTANOIC ACID (PFOA) is a
compound that is present or formed from the
breakdown of chemicals used in the production of
stain-resistant coatings, fluorinated surfactants, and
other specialty chemicals. As a result of its use in
consumer products and industrial operations, PFOA
and other poly- and per-fluoalky substances often
are present in municipal wastewater effluent
(Schultz et al., 2006). These compounds are
removed by reverse osmosis (Tang et al., 2007), but
are nearly impossible to remove by advanced
oxidation and other chemical treatment methods
(Vecitis et al., 2009).

potable reuse projects, California continues to be the worldwide leader. The Expert Panel is unaware of
any efforts by other state regulators or federal agencies that have resulted in the identification of
chemical contaminants to monitor that have not already been considered by the State Water Board.
Internationally, regulators look to California for guidance on the issue of identifying chemical
contaminants to monitor. One possible exception is the approach taken in Australia.

In 2008, Australia’s regulatory authority developed national guidelines for IPR that included a list of
chemicals to monitor to ensure the protection of public health (NRMMC et al., 2008). For those
chemicals not already regulated, guidelines were developed from available health, toxicological, or
structural information based upon the “threshold of toxicity” approach, which employs numerous safety
factors that yield values considerably lower than drinking water guidelines when applied to chemicals
for which MCLs or notification levels already exist. The guidelines developed through this approach
were intended as screening values that could be used to eliminate some compounds from consideration
and prioritize the assessment of other compounds. They were not intended for use in the manner that
California uses MCLs and notification levels. The Expert Panel does not recommend using the threshold
of toxicity approach for routine chemical monitoring at DPR facilities; rather, the use of this approach
should be limited to prioritizing research efforts to assess the need to monitor additional contaminants

in water produced by DPR projects.
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4.3.1.2 Monitoring Short-Duration Releases of Chemical Contaminants

For DPR projects, it may be appropriate to monitor for other chemicals in addition to the chemicals
routinely monitored in drinking water and IPR facilities. These other chemicals fall into two categories:

e Chemicals that are difficult to remove by the application of reverse osmosis, advanced oxidation
processes, or activated carbon adsorption (e.g., 1,4-dioxane).

e Chemicals that are removed more readily by certain DPR treatment processes, but may be
present at elevated concentrations in wastewater entering water recycling systems.

In situations in which difficult-to-remove chemicals have been detected in wastewater at elevated
concentrations, the presence of these chemicals often has been traced back to commercial or industrial
activities that discharge wastes to municipal wastewater collection systems. Frequently, these
excursions in contaminant concentrations are associated with discharges from batch processes or the
intermittent use of a chemical in a process; therefore, infrequent monitoring (e.g., the monthly
collection of 24-hour composite samples) is unlikely to detect the presence of these contaminants.
Identifying sources of these contaminants and controlling their releases are discussed in Chapter 8.

Most treatment trains currently under consideration for DPR projects in California include reverse
osmosis as one of the treatment steps. During reverse osmosis, charged compounds and neutral
compounds with molecular weights above approximately 200 grams per mole (g/mol) are removed
almost entirely, with rejections frequently exceeding 99 percent (Bellona et al., 2004). Uncharged, low
molecular weight compounds (e.g., NDMA, chloroform, low molecular weight aldehydes) tend to be
poorly rejected by reverse osmosis systems. For example, under conditions encountered at full-scale
AWTFs, concentrations of NDMA in recycled water typically decrease by 25 to 75 percent during reverse
osmosis treatment, depending on feed water temperature conditions (Fujioka et al., 2012).

Because of the lack of an adequate environmental buffer or substantial opportunities for dilution
through blending, short-duration releases of chemical contaminants could be problematic for DPR
projects that rely upon reverse osmosis to remove chemical contaminants. Contaminants that are
difficult to remove during reverse osmosis (see Chapter 8), such as acetone, methyl ethyl ketone, and
methanol, are widely used in commercial, industrial, and research applications. Although the release of
these chemicals to municipal wastewater collection systems is regulated under the Clean Water Act
through its industrial source control provisions, pulse releases of these contaminants can lead to periods
of several hours in which elevated concentrations of chemicals enter WWTPs. In some cases,
concentrations of solvents in untreated wastewater can exceed several parts per million (i.e., mg/L).

Concentrations of solvents in wastewater will decrease substantially as the pulse passes through the
treatment train of conventional and advanced treatment processes, through removal (i.e., most solvents
are removed partially during biological wastewater treatment), and the attenuation of the peak through
mixing during treatment. In AWTFs used for DPR, solvent concentrations will decrease further during
treatment with reverse osmosis and advanced oxidation processes. Nonetheless, elevated
concentrations of solvents may be present in finished drinking water when the treatment processes do
not fully attenuate the peak as it passes through the treatment train (see the example of an acetone
excursion at the Groundwater Replenishment System, an IPR project that uses full advanced treatment,
in Figure 4-1).
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Figure 4-1: Results from online monitoring of total organic carbon before and after reverse osmosis (RO) at the
Orange County Water District’s Groundwater Replenishment System in February 2013 (Dadakis and
Dunivin, 2013).

The detection of short-duration pulses of solvents or other chemicals through routine sampling methods
is challenging because 24-hour composite samples (i.e., the typical approach used for regulatory
compliance) tend to smooth out peak concentrations. Concentrations of volatile solvents also may
decrease after the sample is collected if provisions are not taken to avoid volatilization after sample
collection. Furthermore, the likelihood is low that a pulse will occur during the period of collection for a
monthly or quarterly regulatory compliance program. Monitoring plans that require the collection of
daily 24-hour composite samples could address this shortcoming, but they would be expensive, and this
level of effort might be considered burdensome by operators of AWTFs. High-frequency monitoring
(e.g., through the use of a total organic carbon [TOC] analyzer that examines a sample every few
minutes) could provide an alternative approach for providing information about the presence of pulses
of chemical contaminants, provided the device is sensitive enough to detect compounds when
concentrations exceed levels of concern.

Knowledge about the occurrence of pulses of solvents comes from the small number of potable reuse
projects that use high-frequency TOC analyzers. For example, the Orange County Water District of
Fountain Valley, California, operates analyzers capable of high-frequency monitoring of TOC before and
after reverse osmosis at the Groundwater Replenishment System. During a 2-day period starting on
February 18, 2013, operators of the AWTF detected elevated concentrations of TOC (see Figure 4-1) in
both the reverse osmosis feed water and reverse osmosis product water. A subsequent analysis of grab
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and composite samples by gas chromatography/mass spectrometry (GC/MS) indicated that nearly all
the organic carbon in the reverse osmosis product water during the period of elevated concentrations
was attributable to acetone (Dadakis and Dunivin, 2013).

Results from this event are relevant to DPR for the following two reasons:

e Despite the implementation of an exemplary industrial source control program and use of a
WWTP that has relatively few industrial dischargers, the Groundwater Replenishment System
experienced conditions that resulted in over 5 mg/L of acetone present after reverse osmosis
treatment for over 4 hours. Although the acetone may have been removed partially during the
subsequent advanced oxidation process, the relatively low reactivity of the compound with
hydroxyl radicals likely resulted in relatively high concentrations of the compound (i.e., >1 mg/L)
in the final product water. The peak concentrations of acetone likely were attenuated by
subsequent biotransformation and mixing in the aquifer. If this pulse occurred in a DPR system
using the same treatment processes, little further attenuation would be likely.

e Without the use of a high-frequency TOC analyzer capable of detecting acetone, an AWTF of this
type would not detect the acetone pulse in time to avoid introducing water with elevated
acetone concentrations to a DWTF or drinking water distribution system (i.e., daily composite or
grab samples typically require several days to process, and surrogate parameters other than the
high-frequency TOC analyzer could not detect acetone at these concentrations).

Because only a small number of water recycling facilities employ high-frequency TOC monitoring on
reverse osmosis product water, it is difficult to know how frequently DPR facilities will experience pulses
of contaminants that are not rejected well by reverse osmosis membranes. Considering that the Orange
County Water District’s Groundwater Replenishment System receives treated wastewater from a
wasrewater treatment plant (WWTP) that receives only about 5 percent of its raw wastewater from
industrial and commercial sources and because considerable effort has been put into source control, it is
likely that other communities in California will encounter these events at a greater frequency than the
Groundwater Replenishment System, which has observed at least six such spikes of TOC between 2007
and 2012 (Figure 4-2).

Researchers interested in human exposure to volatile organic compounds in occupational settings and
the urban environment also have detected pulses of benzene, substituted aromatic compounds, and
tetrachloroethene emitted from wastewater collection systems (Quigley and Corsi, 1995). This research
provides additional evidence that organic solvents are released routinely to sewers. Methods
developed as part of efforts to identify the sources of these solvents (e.g., the use of photoionization
detectors to continuously monitor volatile organic compounds in the headspace of sewers or within
WWTPs) could provide a basis for improving industrial source control programs by detecting the release
of solvents to sewer trunk lines and improving WWTP operations by alerting operators to the presence
of high concentrations of solvents.

The chemical contaminants most likely to pose the greatest risks of this nature fall into the following
two categories: (1) solvents and other chemicals commonly used in relatively large quantities in
commercial or industrial activities; and (2) highly toxic contaminants used in small amounts or that are
present as trace impurities or byproducts of another process.
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Figure 4-2: Total organic carbon measured in daily 24-hour composite samples of final product water from the
Orange County Water District’s Groundwater Replenishment System (Patel, 2013).

The former group includes contaminants like acetone, methyl ethyl ketone, and methanol. To minimize
exposure to high concentrations of these types of chemical contaminants in drinking water, chemical
monitoring plans for DPR systems should include high-frequency TOC monitoring or other surrogate
parameters capable of detecting pulses of solvents and other compounds that are poorly removed in
reverse osmosis and subsequent advanced oxidation processes. For these compounds, the ability of a
high-frequency TOC analyzer to detect an increase in TOC over typical background levels would ensure
that consumers would not be exposed to a concentration of the contaminant over approximately 100 to
500 pg/L. Based on current knowledge about the toxicity of compounds that fall into this category and
the expected maximum frequency at which the public might be exposed (i.e., a few times per year), the
Expert Panel believes this type of exposure would not pose unacceptable human health risks.

Highly toxic compounds that might be present as impurities or byproducts could be problematic at
concentrations lower than the threshold at which the high-frequency TOC analyzer could discriminate
the pulse from the background TOC level. For example, the Orange County Sanitation District has
detected pulses of NDMA in its sewer trunk lines from the disposal of dithiocarbamates used for the
treatment of metals in wastewater from printed circuit board manufacturing facilities. Pulses of NDMA
also were traced back to the use of root control chemicals that were contaminated with trace amounts
of the compound (Sedlak et al., 2005). Assuming 99 percent of NDMA is removed during the advanced
oxidation process that follows reverse osmosis at many AWTFs, a pulse of NDMA with a concentration
between 1 and 500 pg/L would result in the delivery of water to a DWTF or drinking water distribution
system with a concentration above the notification level of 0.01 pg/L. Other highly toxic contaminants
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that might pose similar concerns include 1,2,3-trichloropropane (which has a notification level of 0.005
pg/L) and nitrosodiethylamine and nitrosodi-n-propylamine (both with notification levels of 0.01 pg/L).

For most highly toxic compounds, cancer is the health concern that led to the establishment of the
relatively low notification levels or drinking water MCLs. The approach used to derive drinking water
guidelines for carcinogens usually assumes that risk is a function of the total dose of the chemical
whether it occurs over a short period or during a lifetime. Drinking water standards generally spread
this dose over a lifetime; therefore, an individual’s exposure to concentrations in slight excess of
drinking water standards for carcinogens a few times per year is unlikely to pose an unacceptable health
risk. In some cases, chemicals may produce an irreversible health effect with short-term exposures (e.g.,
exposure of a fetus or a newborn child to a chemical that causes a developmental deficit). The Expert
Panel is unaware of any contaminants in recycled water for which concentrations that could not be
detected by a high-frequency TOC analyzer would pose an unacceptable health risk.

The Expert Panel believes that a short-duration pulse is best managed through a targeted industrial
source control program and more frequent sampling for compounds in this category during the start-up
phase of a new DPR project. For example, in the past 25 years, chemicals have been identified that
produce developmental delays (e.g., lead, arsenic, and some pesticides). In some cases, these effects
already are incorporated into regulatory limits (e.g., the focus on lead in drinking water is based on the
potential to cause developmental delays rather than its carcinogenicity). It is important to recognize
that such effects generally are identified from specialized studies rather than from the routine
toxicological studies required for the registration of new products (furthermore, these effects are more
likely to be recognized with drugs rather than with industrial chemicals). The State Water Board should
actively track studies in the scientific literature on developmental impacts caused by unregulated
contaminants that occur in wastewater and, potentially, DPR product water.

In addition to the breakthrough of low molecular weight compounds due to pulse discharges of
industrial chemicals, the use of chemical oxidation processes (e.g., ozonation, advanced oxidation
processes) prior to reverse osmosis can result in the production of byproducts such as bromate,
formaldehyde, and other low molecular weight aldehydes (Weinberg et al., 1993) at detectable
concentrations (i.e., >1 pg/L). The use of chlorine or chloramines in processes upstream of reverse
osmosis also could result in the formation of neutral, low molecular weight disinfection byproducts (e.g.,
chloroform, haloacetonitriles [Huang et al., 2012]). Some of these chemicals are not removed well by
reverse osmosis membranes. If the water is not subjected to an additional treatment step capable of
removing them (e.g., activated carbon adsorption), then these chemicals likely would be present in
drinking water produced by DPR projects employing advanced oxidation processes or chlorination prior
to reverse osmosis. The State Water Board should require monitoring of these uncharged, low
molecular weight oxidation or disinfection byproducts for DPR projects that use oxidants prior to
treatment with reverse osmosis.

As evidenced by the data in Figure 4.1, high-frequency TOC analyzers also can detect pulses of
contaminants in water not subjected to reverse osmosis treatment; however, DPR projects that do not
employ reverse osmosis or a membrane (e.g., a tight nanofilter) capable of rejecting most charged, high
molecular weight contaminants would need to consider a wider universe of contaminants that might be
released to wastewater collection systems over short durations. Prior to permitting a DPR project that
does not employ a treatment system capable of rejecting charged and higher molecular weight chemical
contaminants, the Expert Panel believes research is needed to establish that contaminants of concern
could be detected by high-frequency TOC analysis or other surrogate parameters. If high-frequency TOC
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analysis is employed, additional research would be needed to assess fluctuations in baseline TOC
concentrations. For example, perfluorooctanesulfonic acid (PFOS) is an organic contaminant that has
been detected in municipal wastewater at elevated concentrations in communities with high densities
of industrial sources (Alder and van der Voet, 2015). On the basis of the compound’s limited reactivity
with sulfate radicals and hydroxyl radicals (i.e., the oxidants used to convert organic compounds to
carbon dioxide in commercial TOC analyzers), it is unlikely that a pulse of PFOS could be detected with a
commercial high-frequency TOC analyzer.

Consequently, the Expert Panel recommends that short-duration sources of highly toxic chemical
contaminants that cannot be removed by reverse osmosis treatment need to be addressed explicitly in
source control programs. It is important particularly in communities where a strong source control
program — designed specifically for potable reuse — is not already in place. Because the chemicals that
pose challenges to DPR projects often are impurities or byproducts of chemical use, they tend not to
appear in the records of products used by commercial and industrial facilities. As a result, the types of
routine source control programs that currently exist for protecting conventional WWTPs from upsets
due to industrial discharges are unlikely to be sufficient to control chemicals of concern to DPR systems.
In addition, the Expert Panel believes that research is needed to better characterize the universe of
chemicals of human health concern that are not removed well by the treatment processes employed for
DPR systems. Research also is needed on high-frequency approaches for detecting pulses of NDMA and
other highly toxic contaminants in water produced by DPR systems.

Currently, most DPR projects under consideration in California include reverse osmosis as part of the
treatment train. In part, this decision has been driven by the success of recently constructed IPR
projects (e.g., the Orange County Water District’s Groundwater Replenishment Facility and West Basin
Municipal Water District’s Edward C. Little Water Recycling Facility) and the availability of an ocean
outfall to discharge reverse osmosis concentrate. Furthermore, the ability of reverse osmosis to remove
dissolved ions is viewed by most water utilities as a worthwhile benefit, especially in locations where
source waters may contain total dissolved solids at concentrations near or above the secondary drinking
water standard (i.e., 500 mg/L).

In the future, DPR projects might be considered in communities lacking access to an ocean outfall.
Although it is prudent to include reverse osmosis in the treatment trains of the first DPR projects
implemented in California due to the water quality benefits and reliability that reverse osmosis provides,
the Expert Panel believes a proposal for a DPR project that does not employ reverse osmaosis in the
treatment train could be considered and ultimately approved by the State. With respect to chemical
contaminants, the Expert Panel believes that a DPR project that does not employ reverse osmosis will
require more frequent monitoring of chemical contaminants in its final product water to assess the
potential presence of chemical contaminants originating from commercial and industrial sources. In
addition, evidence will be needed that validates the high-frequency monitoring program for a DPR
system is capable of detecting highly toxic chemicals used in the sewershed, as well as chemicals not
detected by high-frequency TOC analyzers.

4.3.1.3 Monitoring Chemical Contaminants that Could Compromise Aesthetics
Some solvents discharged to wastewater collection systems have low organoleptic thresholds (i.e., they
exhibit strong odors at low concentrations), so their presence could compromise the aesthetic quality of

water (e.g., MTBE imparts an odor to water at concentrations as low as 5 pg/L). Although the presence
of these contaminants is unlikely to pose a public health risk, operators of AWTFs should recognize that

Expert Panel Feasibility Report |81



| Chemical Water Quality

high-frequency TOC analysis might not detect pulses of contaminants that could compromise the
aesthetics of drinking water. In addition to solvents, several other chemicals present in wastewater can
compromise the aesthetics of drinking water. For example, geosmin, 2-methylisoborneol, and 2,4,6-
trichloroanisole were detected frequently in wastewater effluent at concentrations up to approximately
100 times higher than their organoleptic thresholds (Agus et al., 2011). 2,4,6-trichloroanisole still was
present at levels above the threshold after reverse osmosis treatment, but advanced oxidation
processes removed odors from the recycled water.

If water from an AWTF is stored in a reservoir or aquifer after treatment, it is likely that concentrations
of these contaminants would decrease due to volatilization and biotransformation. In a DPR system that
lacks these additional attenuation mechanisms, it would be possible for off-flavors and odors to be
present in the finished drinking water, especially if the system does not employ unit processes capable
of removing these contaminants. Although the presence of these contaminants in drinking water does
not necessarily imply a health risk, a flavor profile analysis or direct measurements of taste and odor
compounds should be included in the chemical monitoring programs for DPR systems. It is worth noting
that some odorous compounds in wastewater also can be formed in reservoirs (e.g., geosmin) and
drinking water distribution systems (e.g., 2,4,6-trichloroanisole); therefore, the control of these
compounds should be a broader concern of water providers.

4.3.1.4 Monitoring Other Chemical Contaminants of Commercial or Industrial Origin

The strategy of selecting chemical contaminants to monitor on the basis of prior experience at water
recycling plants and DWTFs may not result in the detection of all compounds that could compromise
water quality in a new DPR system because the wastewater in some cities could contain chemicals from
industrial or commercial sources not present in the wastewater from cities where monitoring had been
conducted previously. For example, concentrations of opioid pharmaceuticals were up to 1,000 times
higher than the national average in wastewater collected from a municipal WWTP in the city where the
drug was manufactured (Phillips et al., 2010). Effective commercial and industrial source control
programs, including measures to reduce or prohibit discharge to the municipal wastewater collection
system (i.e., an enforcement capability), can help control this problem and identify candidate
compounds for inclusion in chemical monitoring programs (see Chapter 8).

A complimentary approach for anticipating the presence of previously unknown contaminants is to
employ the use of non-targeted screening of chemicals. Some water recycling systems already use this
approach, in which samples are screened periodically for unexpected peaks in the total ion
chromatographs (TIC) from gas chromatography/mass spectrometry (GC/MS) analyses of final drinking
water samples. Unfortunately, this approach —which is sometimes referred to as a “TIC analysis” —is
relatively insensitive and rarely detects contaminants at concentrations within the range of MCLs of
most known drinking water contaminants. Water from AWTFs typically contains TOC concentrations
less than 0.1 mg/L; consequently, depending upon the extent of sample pre-concentration, the TIC
analysis is unlikely to detect compounds at concentrations below that level.

Starting around 2005, a new generation of more sensitive mass spectrometers became available to
researchers. These instruments have the capability to use broad scans across a wide mass range to
detect previously unknown contaminants (Krauss et al., 2010). For example, the muscle relaxant
tizanidine, which previously had never been detected in municipal wastewater, was detected in the
Rhine River below Basel, Switzerland, through the use of high-performance liquid chromatography with
high-resolution mass spectrometry (Ruff et al., 2015). One important consideration is that most
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progress to-date using these non-targeted approaches has been made with high-performance liquid
chromatography. This technique, which is quite powerful and sensitive, only can detect compounds that
are ionized (i.e., charged) readily in the inlet of the mass spectrometer. In general, compounds with
dissociable protons and high molecular weight compounds are ionized readily in mass spectrometer
inlets, whereas neutral compounds — especially those lower molecular compounds that have been of
greatest concern for DPR projects — tend to not be ionized readily in mass spectrometer inlets.

The inability of high-performance liquid chromatography/mass spectrometry to detect many of the
uncharged, low molecular weight compounds problematic for potable reuse projects (e.g., acetone,
NDMA, and 1,4-dioxane) limits the application of many new approaches to the detection of unknowns
that are likely to pass through reverse osmosis membranes. It may be possible to detect these types of
compounds (i.e., low molecular weight, uncharged compounds) by gas chromatography interfaced with
time-of-flight mass spectrometers or hydrophilic interaction liquid chromatography coupled with
reversed-phase chromatography prior to triple quadrupole mass spectrometry; however, to date, these
instruments have not been used successfully for this purpose. The Expert Panel believes this research
topic is important and supports a more effective screening process for yet-to-be-discovered chemical
contaminants, as well as supports research to facilitate the application of techniques that can be used
for non-target analyses of uncharged, low molecular weight compounds in recycled water.

In addition to non-targeted chemical analyses, bioassays could provide information on the presence of
toxic compounds not already included in potable reuse monitoring programs. If the monitoring of DPR
projects with one or more bioassays indicates the presence of substances that elicit biological responses
linked to adverse human health effects, an effort could be initiated by using bioassay-directed
fractionation or some other technique to identify the chemical contaminants responsible for the activity.
This type of approach led to the discovery of steroid hormones as the dominant cause of feminization of
fish in rivers that received a large fraction of flow from WWTPs (Desbrow et al., 1998). Bioassay-
directed fractionation also was used in the 1980s in efforts to identify mutagenic compounds in
chlorinated drinking water (Kronberg et al., 1988). The compound that was identified (i.e., MX) through
the bioassay was of less concern than initially thought because the bioassay overestimated the potency
of in vivo cancer. Nonetheless, bioassay-directed fractionation is a useful research tool for identifying
compounds in recycled water that merit further evaluation. For this reason, the Expert Panel supports
research efforts to employ bioassays and non-targeted analysis simultaneously to discover new chemical
contaminants of concern in municipal wastewater and water produced by DPR systems; however, at this
time, the Expert Panel does not believe the use of bioassays in routine chemical monitoring programs is
warranted. See Chapter 5 for more information on bioassays.

4.3.1.5 Monitoring Indicator Chemicals and Surrogate Parameters

Municipal wastewater contains a diverse suite of organic contaminants that pose a variety of potential
health risks. Many of the compounds that researchers have discovered in wastewater are difficult to
monitor with conventional analytical methods. Even if it was possible to monitor all these chemicals
simultaneously, this effort might not be justifiable because chemicals with similar properties exhibit
similar behavior during treatment. For example, studies have shown that the concentrations of ionized
compounds with molecular weights above approximately 200 g/mole decrease by over 99 percent
during reverse osmosis (Bellona et al., 2004); therefore, monitoring one or two charged, high molecular
weight compounds before and after reverse osmosis treatment would provide the same information as
measuring a suite of compounds with these characteristics.

Expert Panel Feasibility Report |83



| Chemical Water Quality

The use of an abbreviated list of contaminants as indicators for an entire class of contaminants is well
established for monitoring. For example, an assessment of waterborne pathogens often relies upon
monitoring readily measured microbes (e.g., fecal coliform bacteria) as indicators of the behavior of
difficult-to-measure pathogenic bacteria. Another indicator compound approach is to monitor for
trihalomethanes, as done at DWTFs; research conducted over the past 40 years suggests that
trihalomethanes play a relatively small role in the adverse health effects associated with the
consumption of chlorine-disinfected drinking water. Nonetheless, concentrations of trihalomethanes
often are correlated with the health effects of chlorinated water because trihalomethanes are indicators
of the presence of other disinfection byproducts that are difficult to measure or have yet to be
identified.

The use of indicator compounds to assess the fate of chemicals in potable reuse projects was first
proposed in 2009 (Dickenson et al., 2009). A Science Advisory Panel convened by the State Water Board
to develop monitoring requirements for chemicals of emerging concern (CECs) during water recycling
further developed the idea and applied it to monitoring plans, as specified in the California Recycled
Water Policy (SWRCB, 2013; Anderson et al., 2010). According to the Science Advisory Panel:

“An indicator compound is an individual [chemical of emerging concern] occurring at a
guantifiable level that represents certain physicochemical and biodegradable characteristics of a
family of trace organic constituents that are relevant to fate and transport during treatment. It
provides a conservative assessment of removal.”

Indicator compounds are useful particularly in monitoring programs for assessing performance with
respect to the removal of chemical contaminants when the compounds are present routinely in
municipal wastewater at concentrations significantly higher than method detection limits. The report of
the Science Advisory Panel included four indicator compounds (i.e., 17 B-estradiol, NDMA, triclosan, and
caffeine) chosen on the basis of data on occurrence, behavior during treatment, and (in the case of
NDMA and 17B-estradiol) toxicity to humans or fish. The Science Advisory Panel did not recommend
these four compounds specifically be used as indicators in future monitoring programs for potable reuse
projects; rather, these compounds were used to illustrate an approach for employing indicators,
recognizing that other compounds could offer similar or better information about treatment system
performance.

The Expert Panel agrees with the Science Advisory Panel that indicator compounds might be appropriate
tools for assessing the performance of DPR projects; however, the State Water Board should seek expert
guidance when selecting indicator compounds. The selection of indicator compounds should be based
on their suitability to serve as performance indicators (i.e., the expected extent of the removal of the
compound during the specific unit process). The selection of indicator compounds is not a “one-size-
fits-all” endeavor. As detailed in published peer-reviewed papers on the topic (e.g., Dickenson et al.,
2009), the selection of an indicator compound depends upon the specific treatment process being
monitored, operating conditions, and composition of water prior to treatment; therefore, each DPR
project will need its own set of indicator compounds.

A surrogate parameter is a measurable physical or chemical property (such as TOC or electrical
conductivity) that correlates with the effectiveness of removing trace organic compounds by a
treatment process and/or provides an indication of a treatment process failure. Reverse osmosis, for
example, is expected to substantially reduce the TOC or electrical conductivity of the recycled water
being treated. A reduction in the concentration of the surrogate also provides an indication that
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inorganic and organic compounds known to be removed by reverse osmosis actually are being removed.
Example indicator chemicals and suitable surrogate parameters are listed in Table 4-1 for advanced
treatment processes commonly employed in potable reuse treatment trains.

Table 4-1: Example Indicator Chemicals and Surrogate Parameters for Select Treatment Processes Commonly
Employed in Potable Reuse Treatment Trains

Expected Expected
Performance-Based . . Surrogate . .
Treatment Process Indicator Chemical Differential Parameter Differential
Removal (%) Removal (%)
Ozonation ACarbamazepine >90 AUV Absorbance >40
Reverse osmosis ASucralose >90 AConductivity >90
Advanced oxidation
proces§ APrimidone >70 -- -
(ultraviolet/hydrogen
peroxide)

A = Change in concentration before and after the treatment process.

4.3.2 Frequency and Location of Monitoring

The California Recycled Water Policy provides guidance for monitoring trace organic chemicals in
recycled water as part of IPR projects (SWRCB, 2013), which also can be adopted for the design of water
quality monitoring programs for DPR projects. In addition, quality assurance and quality control
measures are specified for both the collection of samples and laboratory analysis. These measures are
summarized in a quality assurance project plan that includes the appropriate number of field blanks,
laboratory blanks, replicate samples, and matrix spikes. The analytical methods employed in chemical
monitoring programs are based on methods published by the USEPA, methods certified by the State
Water Board, or are obtained from peer-reviewed methods that have been reviewed by the State Water
Board, including those published by voluntary consensus standards bodies (such as the Standards
Methods Committee and ASTM International). If modifications are made to the published or certified
methods, they are reviewed by the State Water Board and subsequently submitted to the Regional
Water Quality Control Board in an updated quality assurance project plan.

Normally, regulators phase the monitoring requirements for trace organic chemicals and surrogates.
The purpose of phased monitoring is to allow monitoring requirements to be refined on the basis of
monitoring results (i.e., if a specific analyte is never present at concentrations approaching a health-
based standard, the frequency of analysis might be reduced). An initial assessment phase followed by a
baseline monitoring phase are used to determine the project-specific monitoring requirements for
standard operations. The following recommendations for the design of phased chemical monitoring
programs are based on the SWRCB (2013) water recycling policy for monitoring IPR projects using
groundwater replenishment, but also should be adopted for developing monitoring approaches for DPR.
Monitoring occurs in three different stages:
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1. During the initial assessment phase, performance testing is conducted and efforts are made to
assess both the occurrence of unique chemicals in the wastewater collection system, as well as
leaching of contaminants from new equipment (e.g., bisphenol A and phthalate esters).

The purpose of the initial assessment phase is to identify the occurrence of relevant chemicals
from industrial and commercial dischargers to the wastewater collection system and suitable
project-specific performance indicator chemicals and surrogates in recycled water to be
monitored during the baseline phase. In addition, it will help (1) determine the effectiveness of
individual treatment processes and (2) specify expected removal percentages for performance
indicator chemicals and surrogates. Surrogates shall be selected to monitor individual
treatment processes or combinations of treatment processes that are capable of removing trace
organic chemicals for use in chemical monitoring programs during baseline and standard
operation phases.

Following the completion of the initial assessment monitoring phase, monitoring requirements
shall be re-evaluated and subsequent requirements for the baseline monitoring phase shall be
determined on a project-specific basis.

2. During the baseline monitoring phase, project-specific performance indicator chemicals and
surrogates shall be selected for monitoring. The purpose of the baseline monitoring phase is to
assess and refine which performance indicator chemical and surrogates are appropriate for
monitoring both the removal of trace organic chemicals and treatment system performance for
the standard operation of a DPR facility.

3. After the DPR system is operational, monitoring requirements for indicator chemicals and
surrogates used to assess treatment performance may be refined to establish project-specific
requirements for monitoring standard operating conditions (standard operational monitoring
phase).

4.3.3 Responding to Off-Specification Water

The chemical monitoring plan needs to include provisions for responding to situations in which water
quality does not meet established drinking water standards (i.e., the water is off-specification, or “off-
spec”). When high-frequency monitoring (e.g., TOC analysis) indicates that water does not meet
established thresholds, the water will be routed away from the engineered storage barrier, DWTF, or
drinking water distribution system, as described later in Chapter 8. After such an event occurs or when
periodic monitoring (e.g., the analysis of quarterly samples) indicates that water from the DPR system
does not meet drinking water standards or guidelines, a program should be initiated to identify the
underlying cause of the problem.

4.4 Findings of the Expert Panel

In regards to evaluating chemical monitoring approaches appropriate for DPR projects, the Expert Panel
concludes the following:

e Finding #4-1: A review of the practices employed for identifying chemical contaminants to be

monitored in recycled water outside of California indicates that the system employed in
California is the best available approach for DPR projects. The Expert Panel notes that the
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threshold of toxicity approach employed for recycled water projects in Australia is not
appropriate for determining the chemicals to be included in routine monitoring for DPR
projects; rather, the use of the threshold of toxicity approach should be limited to prioritizing
research efforts to assess the need to monitor additional contaminants in water produced by
DPR systems.

Finding #4-2: The use of indicator compounds to assess the performance of DPR projects is an
important element of chemical monitoring plans to ensure the performance of DPR projects.
The selection of indicator compounds should be based on their suitability as performance
indicators (i.e., the expected extent of removal of the compound by the specific treatment
process).

Finding #4-3: Although it is prudent to include reverse osmosis as a treatment technology used
in the first set of DPR projects due to the water quality benefits and performance reliability that
reverse osmosis provides, proposals for DPR projects that do not employ reverse osmosis could
be considered and ultimately approved by the State Water Board. With respect to chemical
contaminants, a DPR project that does not employ reverse osmosis will need more frequent
monitoring of a broader suite of chemical contaminants in its final product water to assess the
potential presence of chemical contaminants originating from commercial and industrial
sources. In addition, evidence will be needed that the high-frequency monitoring program of a
DPR project is capable of detecting highly toxic chemicals that could be discharged to the
wastewater collection system, as well as detecting chemicals that are not detected by high-
frequency TOC analyzers.

Finding #4-4: Chemical monitoring plans need to be included as part of DPR projects to ensure
the protection of public health and the maintenance of adequate treatment performance. At
minimum, DPR systems will be required to monitor chemical contaminants specified by state
and federal regulations in drinking water and in water produced by IPR systems to ensure the
DPR system is in compliance with existing drinking water standards designed to protect public
health. The State Water Board should require the monitoring of secondary drinking water
standards for DPR projects. See Recommendation #4-1.

Finding #4-5: AWTFs sometimes employ an oxidant (e.g., ozone, chlorine, chloramines) prior to
or after treatment with reverse osmosis. This practice can result in the formation of toxic
byproducts, some of which are low molecular weight compounds that are not removed well
during reverse osmosis or might remain after subsequent treatment with advanced oxidation. If
the water is not subjected to an additional treatment step capable of removing these
byproducts, they could be present in the drinking water produced by a DPR system. See
Recommendation #4-2.

Finding #4-6: Most AWTFs currently under consideration for DPR in California include reverse
osmosis as one of the treatment steps. During reverse osmosis, charged compounds and
neutral compounds with molecular weights above approximately 200 g/mol are almost entirely
removed. Uncharged, low molecular weight compounds tend to be poorly rejected by reverse
osmosis (e.g., NDMA, chloroform, and low-molecular weight aldehydes). Under normal
operating conditions, the concentrations of low molecular weight neutral compounds in water
produced by DPR systems generally are below the low TOC method detection limits observed in
reverse osmosis permeate (i.e., typically <0.1 mg/L); however, operators of AWTFs have
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detected short-duration pulses above the TOC method detection limits of acetone and, possibly,
other contaminants in reverse osmosis permeate. These contaminants are believed to originate
from discharges to the wastewater collection system by commercial and industrial activities.
See Recommendation #4-3.

Finding #4-7: It is possible that highly toxic contaminants could be discharged intermittently by
commercial and industrial operations. Some of these contaminants have MCLs or notification
levels that are too low to be detected by high-frequency TOC analyzers. In all known cases, the
low allowable drinking water concentrations were established because the contaminants were
known or suspected carcinogens. In these situations, the potential health risks associated with
exposure to concentrations above the allowable drinking water levels (but below levels that
could be detected by high-frequency TOC analyzers) are much lower than allowable drinking
water concentrations because exposure would occur infrequently, as evidenced by current
groundwater replenishment operations in California. See Recommendation #4-4.

General Recommendations of the Expert Panel

The Expert Panel has four general recommendations on the topic of chemical monitoring (which are not
listed in preferential order) for consideration by the State Water Board:

Recommendation #4-1 (based on Finding #4-4): The operators of DPR systems should be
required to develop programs to explain to consumers the implications of excursions of
secondary drinking water standards.

Recommendation #4-2 (based on Finding #4-5): For DPR systems that employ oxidants prior to
or after reverse osmosis treatment, the State Water Board should require the monitoring of low
molecular weight oxidation or disinfection byproducts beyond those for which drinking water
standards have already been established.

Recommendation #4-3 (based on Finding #4-6): To minimize the potential for exposure to high
concentrations of low molecular weight compounds in drinking water, chemical monitoring
plans for DPR systems should include the high-frequency monitoring of TOC or other surrogate
parameters capable of detecting pulses of chemicals that are poorly removed by reverse
osmosis and subsequent treatment with advanced oxidation. Existing high-frequency TOC
analyzers are capable of detecting pulses of elevated concentrations of contaminants in reverse
osmosis permeate rapidly enough to allow operators to avoid introducing final product water
into the drinking water supply. In the event a pulse of contaminants arrives at the AWTF that is
too low to be detected by a high-frequency TOC analyzer, the Expert Panel believes that
subsequent removal in later treatment processes (e.g., during AOP) would result in
concentrations of contaminants that may not pose unacceptable risks to public health.

Recommendation #4-4 (based on Finding #4-7): The potential risks associated with highly toxic
contaminants being discharged intermittently by commercial and industrial operations, which
would be an infrequent event, are best managed through both (1) a targeted industrial source
control program, and (2) more frequent sampling for compounds in this category during the
startup phase of new DPR projects.
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4.6 Research Recommendations of the Expert Panel

The Expert Panel has two research recommendations —specific to the State of California — for
consideration by the State Water Board. These recommendations are not listed in preferential order.

o Research Recommendation #4-1: To better inform targeted monitoring for source control and
final water quality, the State Water Board should be proactive in monitoring the literature on
the potential health risks that could present serious harm to health over short durations of
exposure by compounds likely to be present in recycled water. Of specific concern are
chemicals that adversely affect the development of fetuses and children. Other compounds that
produce such effects will undoubtedly be discovered in the future. This activity could be
initiated concurrently with the development of DPR regulations and continued as an ongoing
effort. A formal process should be established by the State that includes: (1) an internal process
to monitor the literature and (2) an external peer review process to address the results of the
internal efforts to maintain a high level of awareness of these issues.

e Research Recommendation #4-2: It is important to focus on non-targeted analysis and,
furthermore, low molecular weight compounds. For example, the inability of reverse-phase
liguid chromatography/mass spectrometry to detect many uncharged, low molecular weight
compounds (e.g., halogenated solvents, formaldehyde, and 1,4-dioxane) problematic for
potable reuse projects demonstrates the limitations of current analytical approaches for the
detection of unknowns that are likely to pass through reverse osmosis membranes. Research is
needed to develop more comprehensive methods to identify low molecular weight unknown
compounds. Itis possible these compounds may be detected by gas chromatography interfaced
with time-of-flight mass spectrometers or hydrophilic interaction liquid chromatography
coupled with reversed-phase chromatography prior to triple quadrupole mass spectrometry;
however, to date, these methods have not been applied to potable reuse projects to detect
these compounds. These methods or others need to be developed to increase the
understanding of the make-up of the remaining TOC composed of low molecular weight
compounds. In addition, these methods also could address the potential vulnerability of AWTF
treatment processes to unintended spills or batch releases of chemicals in the sewershed.
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CHAPTER 5: APPLICATION OF BIOANALYTICAL TOOLS
TO WATER ANALYSES

e Background on bioassays in health effects testing
e Bioassays of health-related activities in water.
e Applications of bioassays to water analyses.

e Information required to relate doses producing bioassay results to those producing health
effects in vivo.

e Application of bioassays in health effects testing.

e Approach for certifying bioassays for use in water monitoring.

5.1 Introduction

The purpose of this chapter, and the question being addressed, is whether in vitro bioassays should be
used as tools to monitor chemicals in advanced treated water. Specifically, an evaluation is included of
the use of bioassays for the analysis of water produced by potable reuse projects.

5.1.1 Interest in Bioanalytical Tools

The Expert Panel was organized to address the feasibility of developing criteria for direct potable reuse
(DPR) in the State of California. One issue identified for consideration by the Expert Panel was the
recommendation of the Science Advisory Panel of the State Water Resource Control Board (State Water
Board) to evaluate the use of in vitro bioassays in the monitoring of DPR and the development of
“trigger values” for such monitoring. Specifically, the Science Advisory Panel recommended that
bioanalytical tools be incorporated into the analyses of waters produced during the recovery of
municipal wastewater with the intent of providing a source of drinking water. This recommendation
was among several made in the final report of the Science Advisory Panel (Anderson et al., 2010). The
review of other recommendations made by the Science Advisory Panel is considered beyond the scope
of this effort.

5.1.2 Scope of the Expert Panel Review

Biomonitoring or bioanalytical approaches are a wide collection of methods and techniques used in
medicine and public health. For example, the measurement of chemicals in urine by the Centers for
Disease Control and Prevention (CDC) (Aylward et al., 2013) would fall into the category of
biomonitoring. Biomonitoring has been successfully employed to detect in vivo surrogates for particular
diseases or injuries to specific organs in clinical medicine for more than 50 years; this use is rapidly
expanding in both types and methods of analyses.

The term “BIOASSAY” refers to the use of any biological system to detect a biological (or toxicological)

effect. Thus, bioassays are a subset of biomonitoring or bioanalytical tools. Bioassays have also been
used by the biomedical community for more than 100 years.
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Differences in
Bioassays

BIOASSAY: An analytical
procedure that uses live
animals or plants (in vivo) or
tissues, cells, or enzymes (in
vitro) to identify the biological
activities of chemicals.

IN VIVO VERSUS IN VITRO:
In vivo testing implies the
examination of effects on
biochemical and biophysical
processes and tissues in
intact organisms.
Microorganisms can exist as
single cells; therefore, study
within these organisms would
be considered in vivo, while
the study of mammalian
enzymes, cells, or tissues
outside of the body (e.g.,
conducted in culture dishes)
is considered in vitro.

THE RESULTS OF IN VITRO
TESTING can be used to
provide information about
possible mechanisms of
action, but many effects seen
in vitro occur at doses that
are lethal in vivo and are of
little interest and have less
relevance to the chronic
development of adverse
effects in vivo.

As understood by the Expert Panel, the goal articulated by the State
Water Board’s Science Advisory Panel was to explore bioassays as
methods to detect chemicals of emerging concern (CECs) that might
occur in municipal wastewater and potentially occur in drinking
water. Although the Science Advisory Panel’s interest in this topic
appeared to focus on the use of high-throughput (HTP) systems
rather than bioassays in general, this review by the Expert Panel
applies to bioassays that detect chemical activity, irrespective of
their formats. HTP bioassays have been developed that detect
many different specific biological activities of potential interest
toxicologically. Based on these assumptions, the Expert Panel
focused on the use of in vitro assays, particularly those that have
been put into an HTP format. In the process, the Expert Panel
excluded many IN VIVO BIOASSAYS from consideration that lack
some of the shortcomings of IN VITRO BIOASSAYS.

Higher frequency and a greater variety of monitoring are
considered by many to be more important for DPR than for indirect
potable reuse (IPR), largely because of DPR’s lack of the use of an
environmental buffer; therefore, the Expert Panel assumes much of
the focus is on the routine biomonitoring of finished water. As will
be discussed, this application would require appropriate calibration
of the bioassay to risk before the bioassay could be used to make
decisions for corrective action. As stated repeatedly in the ToxCast
Program (Dix et al., 2007) of the U.S. Environmental Protection
Agency (USEPA), the bioassay has to be “fit for purpose” (i.e., suited
to the application). The question is whether in vitro bioassays
should be part of the criteria to implement DPR projects.

The Expert Panel addressed the validity of several potential
applications of bioassays for DPR. Some research applications of
bioassays should not be considered as criteria to be applied to DPR
or other forms of water reuse. These applications, however, will be
described and discussed herein because their use could have
tangible institutional benefits. The suggestion that in vitro
bioassays should be part of the criteria used in monitoring DPR
implies that in vitro bioassays would be employed in routine
monitoring (e.g., compliance monitoring) and serve much the same
purpose as maximum contaminant level goals (MCLGs), public
health goals (PHGs), and maximum contaminant levels (MCLs). The

shortcomings of using in vitro bioassays for monitoring were identified by the Expert Panel, and
suggestions were made about the type of ancillary data needed to pursue this use.

The Expert Panel recognizes that the bioassays used in health effects testing by the USEPA and other
federal regulatory agencies are interpreted within the context of decision matrices or decision trees.
Based on the online materials provided by the USEPA’s ToxCast program, it is clear that the USEPA views
its current set of bioassays within the context of conventional tiered testing schemes. In such schemes,
each bioassay is identified as being appropriate for screening (Tier 1), confirmation (Tier 2), or risk
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assessment (Tier 3); therefore, a major focus of this evaluation by the Expert Panel was to determine
which tier the HTP bioassays being considered for monitoring were suitable for application. In turn, the
Expert Panel addressed the nature of each application in terms of whether a bioassay is suitable to the
task that might be assigned to it in water analysis. The tasks apparently envisioned by the Science
Advisory Panel’s report to the State Water Board can be classified loosely as routine monitoring (rather
than screening and identification). If the bioassay did not fit an “assigned” task, the Expert Panel
considered whether the bioassays proposed could be used if coupled with other critical data.

5.2 Background on Bioassays in Health Effects Testing
5.2.1 Role of In Vitro Bioassays in Health Effects Testing

Over the past 50 years, a wide variety of approaches has been developed and used to test chemicals for
human health effects. Early on, almost all these efforts were directed at whole animal testing for a
variety of endpoints and routes of administration, depending largely upon the production and use of the
chemical. The basic decision trees that started incorporating in vitro bioassays into health effects testing
were established with the implementation of the Toxic Substances Control Act (TSCA) in the 1970s;
however, questions of time, expense, new endpoints of concern, and animal welfare have driven
progress in the development of in vitro systems, as well as new approaches. New approaches
increasingly rely on in silico methods (i.e., computer modeling structure-activity relationships, toxic
pathway analyses, or decision matrices) to identify those chemicals that require testing in animals,
thereby increasing the efficiency of testing and reducing the number of animals used for safety
evaluations.

5.2.2 USEPA Efforts to Validate In Vitro Methods for the Prioritization of Chemicals for Further
Testing

Within the USEPA, the National Computational Toxicology Program has spearheaded an investigation
into the use of in vitro methods by taking advantage of massive databases of in vivo testing data against
which various in vitro systems can be evaluated for their ability to predict toxicological outcomes
(Kavlock et al., 2012). Analyses of these data are done within the USEPA’s Toxicity Forecaster (ToxCast).
The approach was constructed primarily to respond to the tens of thousands of chemicals regulated
under the TSCA and the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) that lacked any
information on hazards. The drinking water program has been charged with addressing compounds
found in water sources for endocrine activity under the Food Protection Act; however, at this point in
time, the USEPA’s Office of Water has left testing to the TSCA and FIFRA to manage the testing of such
compounds in commerce.

5.2.3 Tox21 Collaboration among Federal Agencies

In addition to the activities of the USEPA, a collaborative interagency program was instituted, referred to
as Tox21, to reduce reliance on in vivo methods by focusing on in vitro methods to research and test the
toxicity of chemicals (Tice et al., 2013). Tox21 is a partnership of the following four federal agencies

(Collins et al., 2008; MOU, 2008):

e USEPA, Office of Research and Development, National Center for Computational Toxicology
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e National Institute of Environmental Health Sciences
(NIEHS)/National Toxicology Program (NTP), National Institutes
of Health (NIH).
Adverse Health

e National Center for Advancing Translational Sciences
Outcome

(NCATS)/NCATS Chemical Genomics Center (NCGC), National

A toxic response to chemicals Institutes of Health (NIH).

that leads to the e U.S. Food and Drug Administration (FDA).
development of a disease

that compromises the

function or survival of an 5.2.4 OECD Assay Validation Program

individual (i.e., morbidity and

mortality); also known as an The Organization for Economic Cooperation and Development
“adverse health effect.” (OECD) also has a program for validating assays, particularly in the

area of endocrine disrupters (OECD, 2007; 2012a,b; 2013a,b). One

goal is to develop approaches ranging from the application of

bioassays for screening chemicals to the use of test results for

hazard and risk assessment. Currently, the major use of these
approaches is to screen chemicals for prioritization for further testing, usually in vivo. At present, risk
assessments still rely on in vivo data.

5.2.5 ToxCast Bioassays

A large number of publications are available from the aforementioned federal programs that describe
the specific nature of their studies, test results, and efforts to validate the ToxCast approach for
preliminary screening of chemicals. Some publications are called out here to direct the reader to
selected summaries of progress. These papers and others from ToxCast were drawn upon by the Expert
Panel to address the key question of how well these bioassays predict ADVERSE HEALTH OUTCOMIES in
their present state of development. The topics of these publications and their citations include:

e Estrogen screening assays (Becker et al., 2014).

e Endocrine disruptor screening assays (LeBaron et al., 2014).

e HTP screening assays (Zhu et al., 2014).

e Phenotypic assays (Berg et al., 2013).

e Enzymatic and receptor signaling assays (Sipes et al., 2013).

e HTP decision support tools for risk management (Kavlock et al., 2012).

e Genotoxicity assays (Knight et al., 2009).

e Prenatal developmental toxicity studies (Knudsen et al., 2009).

e Profiling the reproductive toxicity of chemicals (Martin et al., 2009).
In addition, this selection of papers was made, in part, to highlight the evolution in thinking about how
in vitro bioassays might eventually take a more prominent role in human health assessments for human

exposures. For example, one recent statistical analysis found that the predictive accuracy relative to in
vivo toxicities is low and is more suitable for identifying risk factors rather than for making in vivo
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predictions of toxic effects (Thomas et al., 2012). A subsequent
paper, however, proposed a more structured strategy for using these
systems in a tiered framework to illustrate how in vitro methods can
be used to (1) eliminate chemicals that do not require in vivo testing
and (2) confine animal testing to high-value chemicals that require
animal data for the purpose of risk assessment (Thomas et al., 2013).
This very expensive in vivo testing would be confined to chemicals
for which there is — or would be predicted to have — substantial
human exposure (i.e., exposures that approach the minimal effect
level of a chemical). In general, it is recognized that better
experimental data mapping of toxicogenomic and proteomic
responses to chemicals affecting ADVERSE OUTCOME PATHWAYS
(AOPathways) should substantially improve the predictability of in
vitro bioassays in the future (Yu et al., 2014).

5.2.6 Use of Tiered Decision Trees

Bioassays used in the testing of chemicals are interpreted within a
tiered decision tree that describes their defined roles in health
effects assessments. A general diagram of a decision tree is shown
in Figure 5-1.

It is important to note that the specifics of the decision-tree used are
closely coupled to the legislative mandate of the regulatory program.
In the case of programs authorized under the TSCA, the intent is to
minimize the overall cost of required testing. Economy in testing

Bioanalytical

Adverse Outcome
Pathways
(AOPathway)

The purpose of an adverse
outcome pathway
(AOPathway) is to provide
the framework that connects
the events of a chemical
interaction with a biological
process, starting with a
molecular initiating event
and leading to an adverse
health outcome (USEPA,
2014).

In most cases, only a few of
the more critical steps are
included, allowing the
pathway to be developed
with incomplete knowledge
of the intervening steps.

Tools

occurs because it allows the manufacturer or distributor of the product to suspend the development of
a product before larger expenditures on testing can be made. The producer also could choose to cease
marketing or completely discard an existing product that tests positive at the screening or confirmation
tiers (Tiers #1 and #2). Positives at both these levels mean that the chemical must have data generated
that is considered adequate for estimating risk at real or predicted levels of human exposure if the
chemical/product is to be further developed and marketed in the estimated amounts. There is no
legislative mandate for the testing of chemicals under the Safe Drinking Water Act. Essentially, decisions
in drinking water are made depending upon a risk assessment based on existing and accessible data.

Clearly, regulatory decisions based on health effects require sufficient data to assess the risk of a
chemical that occurs in drinking water. MCLs are developed based on data considered appropriate for
making risk assessments. It is presumed that the use of bioassays for routine monitoring will function
equivalently to scaling the MCL of a chemical to its dose-response for producing an adverse health effect
(e.g., as is done in the development of MCLGs, PHGs, or their equivalents).

5.3 Bioassays of Health-Related Activities in Water

Several advisory panels and workshops have been convened to review advancements in bioassay
technology and consider whether such bioassays should have a place in water analyses and what that

their role should be. These meetings and discussions are described in Sections 5.3.1 to 5.3.3, but the
actual use of bioassays in water analyses are discussed technically in Section 5.4.
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Figure 5-1: Example of a tiered decision tree used in health effects testing.
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5.3.1 Science Advisory Panel for the California State Water
Resources Control Board: Evaluate the Use of Bioassays
for Water Analyses
High-Throughput

A Science Advisory Panel for the State Water Board was Screening

convened in 2009 to (1) determine the current state of scientific

knowledge regarding the risks of CECs to public health and the High-throughput screening (HTS)
environment and (2) make recommendations to ensure all uses involves robotics, data processing
of recycled water meet regulatory conditions (Anderson et al., and control software, and

sensitive detectors, allowing a
researcher to quickly conduct
thousands of chemical, genetic,
or pharmacological tests to
rapidly identify active

2010). As part of their final recommendations, released on June
25, 2010, the Science Advisory Panel endorsed the following:

e The development of bioanalytical techniques (or

“bioassays”) to address both known and unknown CECs. compounds, antibodies, or genes
that alter or are byproducts of a
e The development of appropriate trigger levels for these particular biomolecular pathway.

techniques that correspond to a response posing a
concern from a human health standpoint.

e Effect-based identification, more commonly known as
“screening and identification.”

To the Expert Panel’s knowledge, two activities resulted from the recommendations of the Science
Advisory Panel. One activity was a Southern California Coastal Water Research Project (SCCWRP)
publication that described the use of 103 bioassays and selected a group of these bioassays considered
useful for benchmarking water samples (SWRCB, 2014). The second activity, undertaken by a
collaboration of utilities, focused on applying a number of bioassays to wastewater, recycled water, and
drinking water. The resulting reports (Escher et al., 2014a,b) described much of the work in detail and
suggested a methodology for establishing effect-based target values; these reports are reviewed in
Section 5.3.2.3.

Many bioassays have been developed and fielded in the past 20 years; more recently, many have been
put into an HTP format. Those HTP bioassays used for HIGH-THROUGHPUT SCREENING (HTS) are
largely drawn from their use in the pharmaceutical industry to identify new chemicals that might be
developed into drugs. The second major incentive has been the USEPA’s mandate in the Food Quality
Protection Act to screen for endocrine disruptors (USEPA, 2015). Increased interest exists in developing
bioassays with other targets to broaden the spectrum of important toxicologically oriented pathways,
but this spectrum remains very narrow at present.

It is important to note that the emphasis placed on in vitro bioassays by ToxCast and other programs is
stimulating the development of a framework upon which in vitro bioassay results may be more clearly
interpreted for risk assessment, as discussed at the FutureToxlll Workshop in Washington, D.C. on
November 19-20, 2015, which was attended by Expert Panel member Dr. Richard Bull. Progress in this
area and potential applications for water analyses are discussed in Section 5.4.
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5.3.2 Australian Water Recycling Center of Excellence Workshop: Identify and Define Steps to Allow
the Use of Bioassays as a Basis for Risk Assessment

The Australian Water Recycling Center of Excellence convened a workshop on “Assessing Human Health
Risks in Drinking Water” in Leura, New South Wales, Australia, on February 9-11, 2015, in which a
number of academicians, regulatory agency representatives, scientists, and engineers participated. The
workshop consensus document (Greenfield and Law, 2015) recognized three primary uses for
bioanalytical tools in recycled water assessment, which include:

e Characterizing source water.

e Optimizing technology and monitoring treatment performance.

e Assessing the safety of product water for human health.

Workshop participants concluded that the first two items have been amply demonstrated, but much
work is still needed to allow most bioassays to be used as a basis for risk assessment. The goal of the
workshop was to identify those steps that must be defined before in vitro bioassays can be used for
estimating risk.

The identified steps included:

Step 1: Extrapolate from in vitro target concentration to in vivo dose.
Step 2: Determine what endpoints are relevant in water quality assessments.
Step 3: Extrapolate from a cell-based response to an adverse health effect.

Step 4: Take the TOXICOKINETICS (Step 1) and AOPathways (Step 3) established for single
compounds and extrapolate to mixtures of chemicals.

Since the workshop, participants have questioned (1) whether these steps are, in fact, appropriate and
(2) whether other steps are required to reach the goal articulated at the workshop that all health effects
assessments would be based on in vitro testing.

Toxicokinetics
A quantitative description of rates at which a chemical will enter and be distributed throughout the body, as
well as identifying the route and rates of its excretion.

“Toxicokinetics” and “pharmacokinetics” are equivalent terms. Pharmacokinetics is the older, more general
term and will be used in this paper. Toxicokinetics is used by some to distinguish it from work on drugs and
was used in the Leura workshop report (for that reason, the term is retained in this chapter).
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5.3.3 Specialty Seminar on DPR in California: Challenges Must
Be Addressed to Use Bioassays as Monitoring Tools

The National Water Research Institute (NWRI) and the State Water Use of ToxCast

Board held a Specialty Seminar on “Direct Potable Reuse in

California” in collaboration with the UC Berkeley School of Public ToxCast is a more effective
Health on September 23, 2015, where different applications of in approach for identifying

vitro bioassays were the topic of three presentations. The seminar chemicals requiring further
was designed to provide information to the Expert Panel on testing.

specific topics identified by the State Water Board as relating to At present, it is not being used
the Expert Panel's charge to assess the feasibility of establishing for making risk assessments.

health-based guidelines for DPR. The Expert Panel focused on the

proposed use of in vitro bioassays for monitoring because this

application requires the same grounding in risk assessment as

monitoring for chemicals that have MCLs, health advisories, or notification levels. More detail about the
information presented at the Seminar is provided in Sections 5.3.3.1 to 5.3.3.3.

5.3.3.1 Design of In Vitro Bioassays

The first presenter at the seminar, Dr. Michael Denison of the University of California, Davis, described
the design of in vitro bioassays and illustrated the use of bioassays in identifying chemical contaminants
in environmental samples. He focused on activities associated with established toxicological effects in
vivo. Dr. Denison emphasized that HTP bioassays, in particular, are best directed at very specific targets.
HTP bioassays that address pathways to toxic effects are few compared to the number of pathways
known or expected to exist. He illustrated how environmental samples (e.g., water samples) can be
tested with a bioassay developed for a specific biological target: the aryl-hydrocarbon receptor (e.g., a
nuclear receptor), which is activated by a group of environmental compounds. Three groups of
halogenated compounds are known to produce their toxic effects by this mechanism. Most importantly,
the adverse health effects induced by these compounds are proportional to their dose-response
interactions with this receptor; therefore, the application of this bioassay to environmental samples is
straightforward. Other bioassays can be (and have been) developed that target specific steps in a range
of biological processes affected by environmental chemicals; however, in most cases, the direct
relationship of bioassay responses to adverse health outcomes remains to be established.

5.3.3.2 Evaluation of the Use of Bioassay Datasets for Risk Assessment

Seminar presenter Dr. Kevin Crofton of the USEPA’s National Center for Computational Toxicology
(NCCT) addressed the evaluation of massive datasets developed using large arrays of HTP bioassays. Dr.
Crofton also reviewed the reasons why the TOXCAST activity was undertaken by the Office of Research
and Development (ORD) of the USEPA. It had become clear that TSCA- and FIFRA-mandated testing of
chemicals in commerce or under development would require hundreds of years to complete (Dix et al.,
2007); therefore, the major purpose of the ToxCast program is to determine if in vitro methods could be
more efficiently used to streamline chemical testing for both human and environmental effects. To this
point, the program has focused on the detection of biological activities important to the elicitation of
adverse health outcomes that can be managed in HTP formats.

The effort has focused on developing computational models that use prior in vivo data available on
chemicals to determine the extent to which in silico and in vitro models are able to predict in vivo
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Chemical Dose

The dose of a chemical can be
expressed in several ways.

In drinking water, the focus is
generally on the external
dose, which is the dose used
in developing Maximum
Contaminant Levels.

In clinical pharmacology and
toxicology, it is preferable to
express the dose in terms of
the concentration delivered
to the targeted cell in vivo.

The relationship between the
external dose and the
concentrations at the target
cell is arrived at using
pharmacokinetic modeling.

Sometimes, the dose is more
appropriately expressed as
the area under the plasma
concentration-time curve
(AUC).

Key Event

A key event is one of several
necessary steps in the
AOPathway that must occur
for the adverse health
outcome to develop. A
specific duration of the
induced effect may be
required for it to be
transmitted down the
AOPathway.

effects. This approach relies on historical testing data from whole
animals performed under a variety of federal programs, including
the Office of Pesticides Programs, TSCA, FDA, and the National
Toxicology Program.

Exposure screening methods have been developed by the USEPA’s
ExpoCast database to generate a projected multimedia exposure
estimate. To better connect these projected external exposures to
in vitro bioassay concentrations, primary human hepatocytes are
used to estimate two important pharmacokinetic variables for
individual compounds: (1) metabolic clearance and (2) measures of
plasma protein binding in vitro. ToxCast uses pharmacokinetic data
to convert in vitro concentrations used in the bioassays to oral
exposure equivalents through an approach called “reverse
toxicokinetics” (Wetmore et al., 2015). Estimates of these two
pharmacokinetic variables are unlikely to be dependably accurate
for any individual chemical within two or three orders of magnitude
and do not take into account important variables, such as reactive
metabolites and excretion through the lung, gut, kidneys, or skin.
Nevertheless, these data allow a crude, but more meaningful,
comparison of the DOSES than the effective concentrations used in
in vitro bioassays to those that produce adverse health outcomes in
vivo. In other words, the approach provides a way of considering
likely exposure to the chemical at the first tier or screening level of a
decision tree and is a real innovation.

A second, critical aspect of improving the predictive capability of in
vitro bioassays is the development of the concept of AOPathways
(Allen et al., 2014) that describe the KEY EVENTS that must be
activated along that pathway for a chemical to produce an adverse
health outcome. It involves incorporating the response-response
relationships between key events in the pathway into a
computational model. The AOPathway is independent of the
chemical. In other words, sufficient activation of the AOPathway
will produce the indicated toxic effect. Notably, this type of
guantitative modeling has yet to be completed for any AOPathway.
Quantitative models (including pharmacokinetic models) will allow
in vitro bioassay data to estimate risk that is consistent with current
uses of in vivo data to estimate risk for purposes of establishing
MClLs.

The AOPathway is a sequence of steps (e.g., molecular, cellular,
tissue, and whole animal events) that leads to an adverse health
outcome. The general structure of the AOPathways is outlined in

Figure 5-2. It is activated by an “initiating event,” usually an effect at the molecular level. The initiating
event and subsequent effects known to be required for the development of the adverse health effect
are referred to as “key events.”
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Figure 5-2: General elements of an Adverse Outcome Pathway (AOPathway) (AOP-Wiki, 2015). Please note that
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the descriptors under each level of effect are not coupled to the next level of biological organization (e.g.,

molecular, cellular, organ, organism, or population levels.

The intent of the ToxCast approach is to develop a set of bioassays that (1) are predictive of adverse
health effects on a broad scale (eventually) and combine these predictions with exposure estimates for

a rapid, cost-effective approximation of thresholds of “risk” and (2)
helps prioritize chemicals for further testing (Dix et al., 2007). With
this approach, many potentially important endpoints can be
examined at the same time; therefore, it becomes more like whole
animal testing in which a multitude of activities of importance to
the development of adverse health outcomes can be detected as a
result of conducting more bioassays.

5.3.3.3 Application and Interpretation of Bioassays for Water
Quality Monitoring

Seminar presenter Dr. Richard Bull, a member of the Expert Panel,
focused on the application of individual bioassays to water samples
and how these data should be interpreted. Specifically, he
identified challenges that need to be addressed if these bioassays
are to be applied as monitoring tools. Several key concepts
introduced by the previous speakers were elaborated upon in Dr.
Bull’s presentation.

The first point is that the use of receptor-reporter constructs
incorporated in cells in vitro only provide a partial view of what
happens in vivo. The activation of a pathway at the molecular level
is subject to modification by interactions of FEEDBACK LOOPS
within a cell, among cells in a tissue, between tissues, and by the
neuroendocrine system. These interactions will not be consistently
visible in vitro and may act as key events in AOPathways.

Expert Panel

Feedback Loop

A feedback loop is an
approach used for controlling
a biological process through
signals that arise from too
little or too much activity of a
pathway.

Feedback loops are
characteristic of biological
systems that maintain
homeostasis, such as (1)
systems that regulate body
temperature or (2) fine
adjustments of metabolic and
signaling pathways within the
body (for instance, the
regulation of hormone levels
is an example relevant to
bioassays proposed for use in
water).
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Toxicodynamics

Toxicodynamics is the
quantitative relationships
among key events in an
AOPathway.

Models of the interactions
and final outcomes make use
of selected elements of
systems biology.

Frequently, activities will be
observed that are not
involved directly in the
adverse health outcome.

More detailed models are
needed to determine if these
activities do play a role in the
adverse health outcome.

Most of these "side" activities
are not well understood and
occur after the expression of
genes.

Only those steps known to be
involved are included in a
current model that is usable,
but subject to periodic
updates with additional data.

AOPathways can have many steps, but most bioassays being
considered for water analyses are directed at a single step within
the pathway. Activity at another point in the signaling pathway may
not be detected. The AOPathway can be activated or inhibited
independently of the step being assayed (more detail is provided in
Section 5.4). In some instances, the adverse health outcome occurs
as a result of the need to downregulate the activity initiated by the
active chemical. Because of the design of HTP bioassays, a negative
result in a bioassay directed at a single point within the AOPathway
does not guarantee an adverse health outcome will not occur.
Adverse health outcomes can be produced by more than one
AOPathway; consequently, a negative result from one assay or a
limited number of assays (or AOPathways) cannot be interpreted as
“no risk of developing an adverse health effect.”

Dr. Bull addressed the need for the calibration of bioassays. The
most important question is whether the results of an in vitro
bioassay can be calibrated against the risk to health resulting from
AOPathway activation in vivo. Many factors must be taken into
account, but of critical importance are the processes controlling the
key steps for the delivery of an external dose to the affected tissue
or cells of the person consuming water; therefore, a validated
pharmacokinetic model is essential. Modeling is needed of the
TOXICODYNAMIC relationships between each pair of key events
within the AOPathways (which can be looked upon simplistically as
response-response relationships along the path). The question that
needs to be asked is how much activation or inhibition must occur
before Step 1 within an AOPathways initiates Step 2, and so on.

If health effects-directed bioassays are to be used for compliance
monitoring of drinking water, the data has to be transformed to a
form that relates to risk in a manner equivalent to the health
underpinnings of MClLs.

5.4 Applications of Bioassays to Water Analyses
Over the last 40 years, bioassays have been used in water analysis for one of two purposes:

e Screening for a particular biological activity, followed by the subsequent identification of active
compounds using chemical analyses (screening and identification).

e Sporadic use for water quality monitoring.

The first of these applications has been a common longstanding approach used in other fields, such as
drug discovery (Berg et al., 2012). The sophistication of bioassays used for this purpose has increased
dramatically over the past two decades (Shockley, 2015); however, bioassays used in drug discovery are
not limited to measuring responses to the initiating event, and include measurement responses to map
the pharmacogenomic and proteomic responses in differentiated cells, as well to allow a more finely
drawn definition of the AOPathway. The availability of HTP formats in non-differentiated cells for many
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in vitro bioassays based on receptor-reporter constructs has significantly increased interest in using
bioassays for routine water monitoring, but they rarely capture other elements of the AOPathway
represented by the approaches within the drug industry.

5.4.1 Bioassay Use to Guide Chemical Identification of Contaminants in Water

With its introduction in the late 1960s, the Ames Salmonella/microsome mutagenicity assay (Ames test)
became and has remained an important bioassay for human health safety testing of chemicals and
commercial products. At the time of its development, there was considerable debate on the
mechanisms involved in chemical carcinogenesis; the Ames test provided the first clear evidence that
many recognized carcinogens were mutagens.

Beginning in the 1970s, the Ames test and other mutagenesis assays were used to detect mutagenic
activity in samples from drinking water (Loper et al., 1978). If mutagenic activity was detected, the
sample was fractionated to identify the mutagens using mass spectroscopy coupled with various
separation techniques (e.g., gas, liquid, ion chromatography). Consistent with the decision logic
developed by regulatory agencies at the time, the primary aim of these studies was to identify
compounds that require testing as carcinogens (in vivo data was then, and is now, considered necessary
to make risk estimates for carcinogens).

This effort was successful in identifying many mutagenic chemicals in drinking water, most of which
arose as a result of disinfection. It was especially useful in identifying many mutagens and, due to more
extensive testing, several carcinogens are now known to occur in chlorinated drinking water.
Unfortunately, less progress has been made in the past few decades. Although a large number of
mutagens were identified, the ability to follow up with whole animal studies has been limited.

A number of short-term in vivo assays were conducted in the interim, including initiation/promotion
assays on animals that were sensitive to certain types of cancers or were especially sensitive to
carcinogens. The resulting data, however, have not been used for quantitative risk assessment because
of the way the assays were manipulated to exaggerate effects (i.e., genetically or through the use of
additional chemicals) so that carcinogenic responses appeared at earlier time points. Nonetheless,
these in vivo bioassays were the first to identify acrylamide (Bull et al., 1984) and some disinfection
byproducts (Bull et al. 1985; Robinson et al., 1989) as carcinogens. Bioassays for other endpoints have
been used sporadically (e.g., cell transformation assays), but are considered too expensive and time
consuming to be useful in screening samples of water contaminants for carcinogenic activity.

An example that illustrates the power of bioassays to direct the identification of chemicals responsible
for particular health effects was the use of bioassays by Sumpter and his colleagues in the 1990s to
investigate the feminization of male fish downstream from municipal wastewater discharges (Purdom et
al., 1994). A systematic series of papers first established that ESTROGENIC ACTIVITY could be identified
in chemically fractionated samples of wastewater effluent using a yeast system in which human
estrogen responsive sequences were transfected with a construct that connected an estrogen receptor
alpha (ERa) and an appropriate estrogen response element coupled to a Lac-Z reporter gene (Desbrow
et al,, 1998). On the activation of expression of the Lac-Z gene, the enzyme B-galactosidase was
secreted into the media in which the yeast grew that contained chlorophenol-B-D-galactosopynanoside.
This yellow-colored chemical was metabolized by B-galactosidase into a red compound that could be
measured spectrophotometrically. Active fractions were identified in all tested wastewater treatment
effluents. Subsequent chemical analysis demonstrated estrone and 17B-estradiol in all samples, with
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Estrogen Example

The identification of
estrogens as being
responsible for the
feminization of male fishis a
classic example of bioassay-
directed identification of
toxicologically important
chemicals in wastewater.
Systematic steps included:

1. Identified an in vivo
effect.

2. Formed a hypothesis of
probable cause.

3. Applied an in vitro
bioassay to detect
chemicals in the
wastewater.

4. Chemically identified
chemicals responsible for
the bioassay results.

5. Experimentally
demonstrated that the
identified chemicals were
present in
concentrations capable
of producing the effect
observed in fish.

ethinylestradiol being identified in one-third of the sampled
wastewaters. Other chemicals that occur commonly in wastewater
had estrogenic activity as well (Thorpe et al., 2003; Harris et al.,
1997), but were of much lower potency and did not contribute
significantly to the feminization of male fish (Routledge et al., 1998)
in wastewater effluents. It was later confirmed that “response
additivity” was induced by synthetic and natural estrogens (Brian et
al., 2005), as some counterintuitive synergistic interactions were
reported using the yeast system in investigations in the United
States during this same timeframe. The strength of the studies
conducted by Sumpter and colleagues (only a few of which are
summarized here) is that they systematically and quantitatively
worked back and forth between in vitro screening and in vivo
confirmation (this degree of follow-up has generally not been
employed with bioassays applied to drinking water); therefore, the
conclusion that natural estrogens and (to a lesser extent)
ethinylestradiol is present in municipal wastewater effluents was
firmly established and broadly accepted.

The recent introduction of HTP bioassays has greatly expanded the
ability to detect a variety of biological activities with health effects
implications. Some excellent work is beginning to appear in the
literature on the use of these methods for screening and
identification, but interest in using these tools for monitoring seems
to have sidelined this non-controversial use of bioassays for water
research. Nevertheless, recent examples exist where HTP bioassays
have been used to good effect (e.g., Wu et al., 2010, 2014).

Many studies have tested for DNA damage, mutagenesis, and
clastogenesis (i.e., the loss, addition, or rearrangement of
chromosomes) resulting from disinfecting drinking water. In
general, the conclusions have been the same, showing chlorination
(in particular) introduces almost exclusively direct acting mutagens
at levels much higher than in the source water. Lesser effects are

observed with chlorine dioxide, ozone, chloramine, and peracetic acid (Marabini et al., 2006).

Many past studies also have used bioassays for water analyses. A short review of some of these studies
is included herein to illustrate the types of research that have been conducted since the advent of HTP
bioassay formats. Most studies have been related to the evaluation of treatment processes, but some
appear to focus on assessing the value of bioassays for monitoring product water on a routine basis.

5.4.2 Applications in Water Quality Monitoring

The use of bioassays for water quality monitoring requires a more thorough evaluation of the meaning
attached to positive and negative bioassay results. It must be clear, qualitatively and from a dose-

response standpoint, how bioassay results are linked to adverse health outcomes. The steps necessary
to relate in vitro bioassay results to adverse health effects in humans are outlined in Sections 5.3.2.1 to

5.3.2.3.
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Over the past decade, many papers have been published that explored the use of bioassays for the
purpose of monitoring water quality. The intent of most studies was to evaluate the addition or
removal of these activities with water treatment. Some studies involved using a single or small number
of bioassays. A few studies contemplated the question of how these bioassay results could be calibrated
against the probability of adverse health effects. The following is a selected review of papers that have
seriously ventured into the realm of using bioassays for water quality monitoring.

5.4.2.1 Study by Escher et al. (2014a,b)

Escher et al. (2014a) examined the feasibility of applying 103 different bioassays to the detection of
biological activity in wastewater, recycled water, and drinking water. The bioassays were broadly
classified as having specific “modes of action” (in this case, meaning that the initiating event involved a
specific interaction with a particular protein, such as binding to a receptor, and not the usual meaning of
the term as used in pharmacology, toxicology, and risk assessment) or a reactive mode of action where
there is (1) a chemical modification of DNA or protein or (2) the initiation of an activity that leads to such
damage (e.g., increases in oxidative stress, lipid peroxidation). Responses were observed with five of 25
constructs that reported interactions with nuclear receptors. These five included:

e Pregnane X receptor (PXR).

e Peroxisome proliferation receptor gamma (PPARYy).

e Estrogen receptor alpha (ERa).

e  Glucocorticoid receptor.

e Liver X receptor (LXR).

Five of 48 transcription factors gave rise to positive responses. The three nuclear receptors, PXR, ERa,
and androgen receptor (AR), and the following other factors associated with “relevant” pathways were
included in a dose-response analysis:

e Constitutive androstane receptor (CAR).

e Peroxisome proliferator activated receptor alpha (PPARa).

e AR.

e  Glucocorticoid receptor (GR).

e THRal, not defined.

e RORB, not defined.

e HSE, not defined.

e HIFa, not defined.

e Nrf2/KEAP system (NFkB).

e p53.
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Consequently, 14 bioassays of the original 103 were examined. It should be clear that the bioassays
chosen were among a variety of commercially available bioassays of the same endpoint; therefore,
considerably fewer than 103 distinct pathways were tested (see Table 1 in Escher et al., 2014a). The
final selections were the bioassays that performed the best or had advantages over other options (e.g.,
common platforms with other bioassays). The criteria for performance appeared to be related to
whether it gave rise to positive results with samples concentrated from wastewater.

In addition to the specific assays identified above, Escher et al. (2014a) used the micronucleus assay,
SOS chromotest, and umuC assays as measures of “reactive toxicity.” The authors focused on DNA
damage irrespective of the biological outcome, which is confusing when coupled with the assays
employed. The goal of most testing schemes in the past was to identify those interactions that are
mutagenic (i.e., changes occur to the DNA sequence being expressed, whether by induction of point or
frame shift mutations or by larger DNA lesions, such as deletions or reduplication that can result from
errors in DNA repair synthesis) because these are the lesions that result in changes within critical
sequences of proteins that modify function and lead to diseases like cancer. In other words, mutations
are usually considered key events, and not simply the reaction of the chemical or its metabolite with
DNA. Many reaction products with DNA do not lead to mutation. More sophisticated bioassays have
been developed to address so-called “non-genotoxic” activities leading to cancer (e.g., the mouse
lymphoma assay), but the Expert Panel is not aware of whether or not this assay is available in HTP
format.

A heat map is reproduced in Figure 5-3 that identifies samples from waters that gave rise to positive
results from these bioassays. As can be observed in the heat map, there is a pattern of decreasing
frequency of positive bioassay results as one moves from the wastewater effluents to ozone/BAC and
RO-treated water.

Based largely upon the fact that the responses of these assays were observed in wastewater samples,
the authors recommended going forward with the set of bioassays they selected; however, these data
were not provided in terms of the equivalence to the reference compound in this graph, making it
difficult to assign quantitative meaning to the data. The presentation of the data was complex, and the
labeling of tables and graphs was frequently unclear. Samples were taken from wastewater treatment
plant effluents and at various stages of the advanced treatment of wastewater, as well as river water
and drinking water drawn from more conventional sources. It was not clear whether bioanalytical
equivalents (BEQs) were calculated by reference to a dose response
conducted in pure water, control media, or in the sample matrix.

Effect-based TRIGGER VALUES were developed for several

Note on Trigger Values receptor-reporter based bioassays by Escher et al. (2014b). The
approach taken was complex, relying in part upon guideline values
Trigger values were not developed under the Australian Guidelines for Water Recycling
developed on principles (AGWR, 2007) and the relative equivalency of a bioassay result with
appropriate for placing in that of a reference compound. The relative equivalency of the

vitro bioassay results on an
equivalent basis with doses
that produce in vivo effects.

bioassay result from the sample and results with one or more
compounds that are recognized as acting through that receptor
(i.e., BEQs) has been used in formal analyses of bioassay data for
more than 100 years and, in modern times, has been codified under
the Clean Water Act in the concept of toxic equivalents (TEQs).
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Summary of results from 103 bioassays (excluding inactive FACTORIAL and the bacterial
cytotoxicity assays). Plotted are the effect concentrations (ECs) (i.e., EC10, ECIR1.5, or ECSRO0.2) in
units of relative enrichment factors (REFs). The colors encode for the magnitude of the EC. Green
(or dark black) stands for high-effect concentrations (low potency) and transitions though the range
to red (dark grey) for low-effect concentrations (high potency). Dark green are EC values that were
>30 REF (which means that the sample was enriched 30 times and still did not show an effect),
green from 10 to 30 REF, and light green from 3 to 10 REF. A sample that has its EC at
concentrations of the native sample up to three times enriched is denoted in yellow. Samples that
must be diluted for the EC include: orange was diluted up to 3 times (REF 1 to 0.3) and red was
diluted over 3 times (from Escher et al., 2014b). The names of the bioassays provided in Escher et
al. (2014b) are presented in this report in Table 5A-1 of Appendix 5A. Eff = Effluent. MF =
Microfiltration. SW = Surface water. DW = Drinking Water. RW = Recycled water. O3/BAC = Ozone
and biological activated carbon. RO = Reverse osmosis. AO = Advanced oxidation.
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Note on Reactive
Chemicals

The varying mechanism and
widely differing metabolism and
pharmacokinetics of “reactive”
chemicals make it difficult to
determine whether the non-
specific nature of the results of
the bioassays applied to water
samples to identify such activity
will have any probability of
producing adverse health effects
in vivo.

Tools

The use of guidance values such as MCLs as the “standard”
regardless of how they are established is not scientifically
acceptable. There are many considerations other than the
probability of health effects that are embedded in guidelines, no
matter their source (e.g., the ability to measure, cost of
compliance, etc.) that make this approach problematic. In the
specific case of the AGWR, the inconsistent methods used for
the development of guidelines further confuse the issue. Some
Australian guidelines were developed by a triage process that is
only applied to chemicals for which there are insufficient data to
assess risk, called the threshold of toxicological concern (TTC).

Essentially, this methodology places a chemical in a group based
loosely on its structure and determines the probable “no

observed adverse effect level” (NOAEL) that can be translated to
a concentration in water below which the chemical is unlikely to

produce an effect (Kroes et al., 2004). The intent of this process

is not to set MCLs or the equivalent, but to indicate that the

concentration of the chemical (usually a minor contaminant) in a
product is so low that there is no need to spend the resources required to develop toxicological data
appropriate to use in risk assessment.

It was appropriately noted that pharmacokinetic differences among compounds associated with these
receptor-mediated assays were not taken into account. Pharmacokinetic modeling is a critical step
needed for bioassays to be used in risk assessment and to derive a valid target value for monitoring.

More problematic were the trigger values termed “effect-based trigger effect concentrations” (EBT-ECs).
Bioassays in this group included Microtox (or other cytotoxicity assays) and the activation of biological
responses to oxidative stress or the alkylation of sulfhydryl groups that are detected in the AREc32
bioassay (identified as the Nrf2/KEAP system in vivo). Here, the trigger value appeared to be arbitrarily
related to measures of “activity” following different water treatment processes (from secondary-treated
effluent to advanced wastewater treatment). The authors recommend the continued use of this
bioassay largely because it was consistently positive; however, the Expert Panel feels the following
factors make it extremely difficult to apply and interpret when used for complex mixtures of unknown
composition:

e There is a broad range of chemicals that produce oxidative stress.
e There are many different mechanisms that produce oxidative stress.

e There is a constant high level of endogenous production of oxidants in the body.

e There are frequently competing activities produced by many of the same chemicals are at least
as likely, if not more likely, to be involved in adverse health outcomes associated with the
chemicals.

Because the natures of these chemicals vary so widely and this variety might be anticipated in water

samples, there seems to be no way to represent the group of chemicals that would activate this activity
in a single pharmacokinetic model. It is probable that the bioavailability of these chemicals could vary
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by several orders of magnitude and, as a consequence, the relevance of in vitro dose-response data will
not easily be related to in vivo dose-response.

The relevance of in vitro or bacterial “cytotoxicity” assays relative to cytotoxic mechanisms induced in
vivo are tenuous (Garle et al., 1994), mostly because chemicals that induce systemic toxicity of this type
are interacting at a much more specific target and the active form (i.e., metabolite) of the chemical as it
is often produced locally. Concentrations achieved in plasma that produce cytotoxicity in vivo are
usually much lower than those required to produce cytotoxicity in vitro screening. Excellent examples
include (1) liver toxicity produced by various halogenated solvents and (2) trihalomethanes in which the
in vitro cytotoxicity appears to be attributable to membrane solvation, but the toxicities are produced by
much more subtle interactions of metabolites.

Activity was frequently observed with the AREc32 assay, which detects, among other things, oxidants in
vitro. The effects of such a compound in vivo depend upon whether it is sufficiently stable to be
absorbed into the systemic circulation. The compounds that generate oxidative stress as a byproduct of
their metabolism will generate reactive oxygen species (ROS) or reactive nitrogen species (RNS) at the
site of their metabolism. It seems unlikely that very many of these compounds would be detected in
vitro. It is incumbent on the researchers using such bioassays to confirm that representatives of diverse
set of chemicals do in fact detect these chemicals in vitro. Finally, it has to be realized that the dose
produced by these latter compounds in the context of the amount of ROS (Oshino et al., 1975) and RNS
(Hrudey et al., 2012) produced in vivo as a result of normal and abnormal physiological function.
Moreover, the robustness of the antioxidant capacity within the body has to be taken into account.
Nevertheless, when uncontrolled, endogenous oxidative stress does contribute to disease (Woods et al.,
2009; Zhu et al., 2008; Gao et al., 2014). It generally takes very much larger doses of exogenously
oxidants to overwhelm the antioxidant capacity of the body. There are exceptions, but chemicals that
are potent oxidants in vivo involve localized delivery of the oxidant to cells secondary to metabolism.

Activating the Nrf2/KEAP pathway (the basis of the AREc32 bioassay) has been shown to inhibit the
effects of a variety of toxicants, including carcinogens (Lau et al., 2008), and has been pursued as a
chemoprevention target by the pharmaceutical industry. The skin-sensitization AOPathway employs
this bioassay and is easily justified by the fact that this AOPathway focuses on topical exposure. No
AOPathway has been proposed for systemic toxicity based on this initiating event. A problem specific to
drinking water is that the AREc32 assay will easily detect commonly employed residual disinfectant
levels in drinking water (Woods et al., 2009; Wei et al., 2009; Zhu et al., 2008; Jang et al., 2009) in the
absence of identifiable systemic health effects in animals at much higher concentrations. Chlorine does
give rise to effects in skin, but so far that effect has not been associated with the Nrf2/KEAP system, to
the knowledge of the Expert Panel. In part, the problem with interpreting this bioassay to systemic
toxicity is a pharmacokinetic one, but it is also difficult to identify a set point of activity in vivo above
which an adverse health outcome would be anticipated because no mode of action or AOPathway has
been assembled and peer-reviewed.

The EBT-EC derivation (Escher et al., 2014b) appears to have no clear and consistent linkage to adverse
health effect outcomes in vivo. Nevertheless, the bioassays appeared to detect activities in wastewater
effluents, which persist through microfiltration, but were undetectable after treatment with reverse
osmosis (RO), ozone (0s)/biological activated carbon (BAC), or advanced oxidation processes (how
general this pattern will be for advanced oxidation is not clear as it follows RO in most, if not all,
systems).
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The other reactive mode of action that was evaluated was mutagenicity using several different bioassays
(Escher et al., 2014b). In this case, mutagens requiring metabolic activation were consistently detected
in wastewater effluent and the activity was reduced after RO, advanced oxidation, and O3/BAC. These
compounds were not detected at an REF >30 in river water or surface water. Some activity was
observed in drinking water derived from a conventional source, but it was less than that observed in
source water. Direct acting mutagens were also detected in wastewater at similar REFs as the mutagens
requiring metabolic activation; they were less effectively removed by RO, but were decreased by
advanced oxidation and Oz/BAC.

5.4.2.2 Additional Studies

Two additional papers published by the same authors address issues related to the use of in vitro
bioassays for water monitoring. The first paper provides a more focused look at demonstrating the
ability of 36 bioassays to detect 18 “biological” endpoints (Jia et al., 2015) in a water recycling plant that
was ultimately subject to soil aquifer treatment as the water was introduced into an aquifer. Several
bioassays detected activity and identified treatments of the water that reduced or increased activity.
Significant differences in the sensitivity among bioassays putatively addressing the same endpoint were
observed. No explanation of these differences was provided, nor were the bases of these differences
investigated or explained. While those that addressed the activation of nuclear receptor-constructs
could be associated with a draft AOPathway, the selection criteria for other assays were vague and
appeared primarily based on sensitivity rather than relevance to adverse health outcomes. The data
were not presented with background as to how these results would be used to impute a hazard to
health, as no reference was made to AOPathways (previously known as “mode of action”; see USEPA,
2005) and the relationship of these results with probable risk.

Mehinto et al. (2015) reported on a small study of inter-laboratory
comparisons of in vitro bioassays applied to recycled water. The
calibration of the bioassays based on estrogen receptor (ER),
glucocorticoid receptor (GR), and progesterone receptor (PR)
constructs (GeneBlazer) with standard compounds was more or less
consistent among the five participating laboratories, although two
laboratories reported ECs values below the expected range for the
PR and ER bioassays. A relatively large inter-laboratory error
variation was reported for two wastewater samples (out of five) in
the ER assay. The bioactivity of samples was found in parallel
samples used for chemical analyses. These waters had the highest

Bioanalytical
Equivalents

Data reporting for receptor-
mediated responses should
be expressed in terms of the
bioanalytical equivalents
(BEQs) of a potent, known
ligand for the receptor with

112 |Expert Panel

acceptable statistical
treatment of the confidence
interval of the estimated
response.

Presenting data in terms of
REFs, removals, or ECir1s does
not provide a basis for
judging the validity of the
data or a basis for estimating
the potential health risks that
might ensue.

concentrations of steroid hormones measured chemically; however,
it was indicated that chemical analyses accounted for less than 5
percent of ER activity and less than 1 percent of glucocorticoid
activity measured with the bioassays. One reason given for the
discrepancy was that chemical analysis was attempted for only four
GR agonists and two ER agonists (i.e., drugs that mimic natural
hormones). The authors did not attempt to determine whether
these activities may have arisen from factors other than direct
agonists in the sample. The authors of this paper are to be
complemented as they were among the few who PRESENTED DATA
IN BEQS, which provides context to the issue that is not provided by
REFs, BEQ reductions, or ECr1s. In this case, the BEQs were 6.5 and
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1.5 as nanograms (ng) of 17B-estradiol/L in the plant influent and 2.6 BEQ in the plant effluent. Similar
values for BEQs were reported for the GR and PR bioassays.

The question of whether the levels of activity at these BEQs are significant from a health effects
standpoint was not addressed in Mehinto et al. (2015). This question is critical if these bioassays are to
be used for the routine monitoring of water. The Australian guideline for 17B-estradiol is 175
nanograms per liter (ng/L). It would be compared to the Australian guideline value for ethinylestradiol
of 1.5 ng/L. The relative binding affinities for the estrogen receptor is 100,000 and 190,000 respectively
(Blair et al., 2000). Their minimum therapeutic doses are 0.5 milligrams per day (mg/day) for estradiol
(used as a treatment for vasomotor symptoms of menopause) and 0.02 mg/day for ethinyl estradiol
(used as a contraceptive) (Lacy et al., 2007). These doses would be closer if estradiol were used as a
contraceptive. This example shows that there should not be two orders of magnitude differences in the
guidelines for these two estrogens as their in vivo activity is within an order of magnitude of one
another in terms of dose. The health implications of measured bioassay results should be discussed in
papers of this kind and to communicate these implications to the public.

5.5 Data and/or Information Required to Relate Doses Producing Bioassay Results to Those
Producing Health Effects In Vivo

5.5.1 Establish the Adverse Outcome Pathway(s)

AOPathways are a construct in which a measured biological activity is placed within a pathway that
results in functional and pathological effects leading to an overt toxic effect (Tollefsen et al., 2014). This
pharmacology concept dates back to the early twentieth century, but was first codified as mode-of-
action (MOA) in the USEPA (2005) Cancer Risk Assessment Guidelines. The Hill criteria used to evaluate
epidemiological data for causal relationships were adapted to evaluate an MOA. The steps of this
process will not be iterated here, but they still apply to the establishment of an AOPathway. These
pathways are not necessarily activated in linear fashion with dose. For example, the chemical might
have to be metabolized by a secondary, lower affinity pathway than the main metabolic pathway (e.g.,
trihalomethanes; see Bull, 2012) or the adverse health outcome could be the result of downregulation
of an over-activated normal signaling pathway by feedback regulation or by activating a compensating
pathway (e.g., Kolisetty et al., 2013). One mode of action is provided in Figure 5-4 to illustrate the latter
point.

Two examples of AOPathways that have been introduced into final comment in the ToxCast program are
shown in Figures 5-5 and 5-6. The first AOPathway, shown in Figure 5-5, identifies the initiating event as
an inhibition of the estrogen receptor and indicates what will happen if there is a significant inhibition of
endogenous estrogen in vivo. The second AOPathway, shown in Figure 5-6, has essentially the same
elements, except that the chemical inhibits the enzyme aromatase, which will decrease the availability
of estrogen. The outcomes are the same, but initiating events are different.

Notably, because the HTP bioassays currently in use generally focus on an initiating event, the bioassay
measuring aromatase inhibition would not be recognized by the bioassay using the ER-receptor reporter
gene. Chemicals affecting one or the other bioassay would have very similar anti-estrogenic effects in
vivo. In these specific cases, one bioassay would detect tamoxifen, but not anastrozole, letrozole, and
exemstane, which are aromatase inhibitors used for many of the same therapeutic purposes as
tamoxifen (Buzdar et al., 2002). Some pesticides have been shown to inhibit aromatase (Sanderson et
al., 2002), so this is not an AOPathway that is only responsive to drugs.
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The role of suppressed apoptosis in carcinogenesis. Apoptosis is a process that eliminates old or
damaged cells from an organ. A variety of effects from chemicals can trigger this response,
illustrated by the list of activities displayed in the upper left hand corner of this figure. The
apoptotic cells break up in a characteristic way that give rise to apoptotic bodies and eventually are
scavenged from the system. Cells destined for apoptosis can be rescued. Generally, the rescue
occurs because of cellular feedback loops, which in this case involves increases in the cellular
concentrations of two transcription factors (i.e., p21 and clusterin) that suppress apoptosis. It
occurs when the rates of apoptosis become excessive to the point that tissue/organ function is
impaired. Some rescued cells can continue to function as normal cells; however, some of these
cells may have damage to their DNA that would give rise to mutations upon division, which can put
their progeny on the path to develop cancer. Adapted from Bull and Cotruvo (2013).
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First example of an Adverse Outcome Pathway (AOPathway) that leads to reproductive dysfunction
in fish. The AOPathway identifies a chemical action that leads to the dysfunction by inhibiting the
ability of endogenous estrogen to interact with its receptor (an initiating event). An example of
such a chemical is the drug Tamoxifen, which is used in the treatment of breast cancer. The liver
protein whose synthesis is depressed is vitellogenin (VTG) by decreased estrogen activity. Reduced
VTG in the liver results in less VTG being released to the blood, which in turn, delivers less VTG to
the ovary and inhibits the development of oocytes (eggs). If the inhibition of estrogen activity is
sufficient, depressed spawning results.
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Figure 5-6: Second example of an Adverse Outcome Pathway involving estrogen and reproductive dysfunction
in fish. In this case, a chemical inhibits the enzyme aromatase, which converts testosterone to
estrogen in the ovaries. An example of such as chemical is the drug Anastrozole, used to treat
postmenopausal women with breast cancer. Note that the initiating event in this case is quite
different, but that the effect is still to decrease estrogen activity and the downstream elements of
the pathway are the same. Different in vitro assays would be required to detect these two
different ways of affecting the estrogen signaling pathway.
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At present, there is only one AOPathway for skin sensitization that
has been approved by OECD. According to AOPathway-Wiki
(2015), 114 AOPathways are in development, 14 of which are in
the process of internal and external peer review by the OECD.
Modeling of the response-response relationships within
AOPathways has not progressed far, but there are data in the
literature that should enable this process for a few bioassays based
upon pathways activated by nuclear receptors where the key
events are relatively well understood.

In the absence of validated and quantitatively described
AOPathways, the remainder of the discussion will focus on
pharmacokinetic models used to associate human exposures with
the concentrations (i.e., dose) of a chemical needed in vivo to
produce an effect. Pharmacokinetic models are developed using
datasets on the absorption, distribution, metabolism, and
excretion of chemicals in humans or surrogate animals.
Concentrations of chemicals in the tissue where the AOPathway is
initiated generally will be much lower than those concentrations
consumed in drinking water because few chemicals in drinking
water bioaccumulate. Consequently, the sensitivity of the
bioassay needs to be judged against concentrations that would
occur in extracellular fluid after the chemical is consumed.

Bioanalytical

Reverse Toxicokinetics

The Expert Panel is of the
opinion that the “reverse
toxicokinetic” method
employed for screening in the
ToxCast program is not an
adequate model for adjusting
in vitro concentrations active in
a bioassay to an in vivo dose
for the purposes of risk
assessment equivalent to that
employed for the development
of maximum contaminant level
goals (MCLGs) and public
health goals (PHGS).

Addressing such questions is relatively straightforward for single chemicals, but becomes problematic

for complex mixtures of chemicals where:

e The identities of the chemicals are unknown unless the assay is coupled with a chemical

analysis.

e The range of the physical and chemical properties of the chemicals that elicit the response is
too broad to assume their likely metabolic and pharmacokinetic properties are sufficiently
similar to use a common pharmacokinetic model to estimate their concentrations in blood

plasma after exposure.

In the opinion of the Expert Panel, the REVERSE TOXICOKINETIC APPROACH employed for
approximating human pharmacokinetic variables using in vitro screening procedures in the ToxCast
screening program is not appropriate for estimating risk in a way that is consistent with the risk
assessments that underlie the development of MCLs. The reverse toxicokinetic approach does not
address absorption, reactive metabolites, or clearance via urine, bile, or sweat. Moreover, genuine
pharmacokinetic models are available for most drugs, including those that are endocrine active. In

Tools

these cases, there is no reason for a screening method to replace a model developed based on human
data.

Notably, the ToxCast approach is fundamentally different from the application of individual assays for
screening specific endpoints or biological activities. ToxCast is designed for screening a wide variety of
biological activities that could be important to public health and is not restricted to HTP bioassays (Dix et
al., 2007). HTP approaches were the main focus of questions raised by the Science Advisory Panel
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report to the State Water Board because HTP bioassays are used more easily for monitoring complex
mixtures, but address very targeted endpoints rather than actual adverse health outcomes.

As noted in Section 5.2.3.3., although HTP bioassays are usually directed towards molecular initiating
events, AOPathways also include key events at the cellular, tissue, and whole body levels, as well as
compensatory processes (which are frequently involved in the development of pathology). Itis
important to know (with some confidence) the identified key events that play a role in producing an
adverse health outcome, as it helps to establish the relationship of bioassay results to adverse health
outcomes.

5.5.2 Scaling of Dose-Response in Vitro to Dose-Response in Vivo

To properly scale a chemical’s in vitro dose-response to its in vivo dose-response, it is necessary to
model the pharmacokinetic variables that determine the dose delivered to the affected tissue
subsequent to a given external exposure. The principles involved are described by Yoon et al. (2012). It
also is useful to have a way of estimating the effective dose to the molecular target in vivo, which
necessarily requires quantitative measures of the metabolism of the chemical and an understanding as
to whether it is active itself or that a metabolite serves as the active toxicant (e.g., acrylamide; see
Fennell et al., 2015).

For practical reasons, it often is assumed that the concentration of the metabolite in the tissue is a
function of chemical concentration in the medium that delivers the parent chemical to the cell (usually
assumed to be blood plasma). It is widely recognized that the relationship of a metabolite concentration
in vivo can be non-linear relative to the external dose based on the kinetics of the process forming the
metabolite and those factors that inactivate it. At the low doses generally experienced by humans,
these relationships tend to be in the linear range; however, in whole animal testing (where maximum
tolerated doses are administered), non-linearity is common.

Many examples exist to illustrate the application of pharmacokinetic modelling to chemicals. The
following drinking water contaminants have had pharmacokinetic models developed:

e Chloroform (Corley et al., 1990).

e Bromodichloromethane (Lilly et al., 1997)

e Bromate (Bull et al., 2012; Campbell et al., 2013; Bull and Cotruvo, 2013).

e Dichloroacetic acid (Li et al., 2008) and brominated analogs (Schultz et al., 1999).

e Trichloroacetic acid and brominated analogs (Merdink et al., 2001)

e Trichloroethylene (Kim et al., 2009)

e Formaldehyde (Schroeter et al., 2014).

Most drugs, including natural and synthetic hormones used in medicine, have pharmacokinetic data that
can be easily adapted to the task of determining whether a bioassay result can be adjusted to in vivo
exposures of these compounds. More problematic in this respect would be phytoestrogens, most
disinfection byproducts, and industrial chemicals that might occur in water.
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The practical consequences of the processes that control the dose
delivered to tissue usually require that chemicals in drinking water
are active in vitro in low micromolar (uM) to low picomolar (pM)
concentrations to be relevant to the in vivo doses to animals or
humans that initiate adverse health effects. Even lower in vivo
concentrations would be anticipated for human exposure to
chemicals in drinking water.

To address this problem for chemicals in which pharmacokinetic
data do not exist, the USEPA has used METABOLIC CLEARANCE by
PRIMARY HEPATOCYTES and PLASMA PROTEIN BINDING in vitro
to partially rectify the bioassay doses to human exposures from
the environment. This crude approximation provides a basis for
comparing the concentrations required to activate a bioassay to
those concentrations of chemicals required in plasma that produce
adverse health effects (e.g., see Wetmore et al., 2015). Thus, the
method allows a better assessment of exposure for screening
purposes, although a better characterization of the
pharmacokinetics of chemicals will be needed if bioassays are to
be used for risk assessment, as is done for the development of
MCLGs and PHGs.

A second common use of pharmacokinetic analyses in toxicology is
to determine which of several candidate modes of action
attributed to a chemical based upon in vitro data are consistent
with the doses relevant to the induction of adverse health effects
by the chemical in vivo (e.g., bromate; see Bull and Cotruvo, 2013).

5.6 Application of Bioassays in Health Effects Testing

5.6.1 Batteries of Assays Directed at Predicting a Single

Adverse Health Outcome

Bioanalytical

Dose Response
Terminology

METABOLIC CLEARANCE:
Volume of biological fluid
completely cleared of drug
metabolites as measured in
unit time. It is a measure of
rate at which a compound is
removed from the body by
metabolism.

PROTEIN BINDING: Generally
refers to the portion of the
concentration in blood that is
bound to plasma proteins. The
fraction of the chemical bound
to these proteins is not directly
available to tissues or
eliminated in urine.

HEPATOCYTE: The cell in the
liver responsible for its
specialized functions. Primary
hepatocytes are commonly
used to simulate in vivo
metabolism of chemicals.
Continuous cell lines used in
bioassays typically do not have
this capability.

Many studies have been undertaken to determine if the predictive ability of assays targeting a single
adverse health outcome is improved when employed in groups (“assay batteries”). Different
combinations were evaluated over time to determine whether a group of genotoxicity assays better
predicts the likelihood that a chemical is a carcinogen, given the high rate of apparent false negatives

Tools

and false positives of individual assays. A recent set of papers came to the same conclusions as previous
publications, namely that results indicate the predictivity of assay batteries did not improve significantly
upon a single genotoxicity assay, regardless of whether the assays were based on bacteria or
mammalian cell lines (Kirkland et al., 2005, 2006).

Prior to these analyses, it had become apparent that a significant fraction of rodent carcinogens did not
act by genotoxic mechanisms, which led to investigations of test systems to detect both non-genotoxic
(epigenetic) and genotoxic carcinogens (Benigni and Boassa, 2011; Cunningham et al., 2012; Benigni et
al., 2013). The use of a combination of assays recognizing different mechanisms of action resulted in an
estimated sensitivity of 90 to 95 percent, demonstrating that alternative AOPathways (modes of action)
to mutagenicity are involved in carcinogenesis (or, the production of cancerous cells).
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Judson et al. (2015) described an integrated application of 18 HTP bioassays directed at the detection of
estrogen receptor activation by 118 of 1,182 chemicals tested. The Judson et al. (2015) approach
provides an improved logic for developing and evaluating batteries of bioassays targeting various steps
in an initiating event. These assays included the following steps:

Reporter gene constructs for both estrogen receptors ERa and ERB in several formats.

o Cell-free estrogen receptor binding assays.

e Protein dimerization.

e Transcription factor activity by reverse transcription polymerase chain reaction (RT-PCR).
e Cell proliferation.

e Pseudoreceptor activity [which detects low-level activation by Bisphenol A (BPA)].

In effect, the performance of these bioassays could be evaluated at various stages in the signaling
pathway activated through the estrogen receptors. Finally, the Judson et al. (2015) approach initiated a
systematic study of assay interferences (finding cytotoxicity to be the most common) and also provided
a generic model for evaluating AOPathways that can be conceptually transferred to other systems.

5.6.2 A Collection of Bioassays that Addresses Multiple Initiating Events and Associated
AOPathways

Applying a large number of bioassays to different waters based on their degree of treatment would
substantially increase the sophistication of screening and identification applications of bioassays. A
COLLECTION OF BIOASSAYS addressing different
AOPathways provides much broader coverage of
potential health effects than a single bioassay addressing
only one AOPathway. The breadth of endpoints covered
by the USEPA’s ToxCast and Tox21 efforts has an
inherent advantage over applying single targeted
bioassays. For example, as collections of bioassays begin
to deal with an ever-expanding number of defined
targets that address a larger set of AOPathways, public
confidence will increase in the predictive ability of this
approach to screen for potential adverse health effects.

Advantage of a Collection of
Bioassays

Collections of bioassays addressing
multiple advanced oxidation pathways
(AOPathways) have an advantage over a
small number of bioassays directed at the
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same AOPathway or a smaller number of
AOPathways.

The advantage is that they identify more
distinct activities of toxicological interest
at the screening step.

In themselves, however, they do not
provide a basis for risk assessment
consistent with USEPA practice in the
development of maximum contaminant
levels (MCLs).

In the interest of initiating the ToxCast program, the
USEPA has made some shortcuts in the selection of
bioassays. The selection was based largely on the
availability of HTP assays, most of which were of interest
to the pharmaceutical industry; therefore, a large
fraction of the bioassays applied so far are used in
screening for known drug targets. In other words, in this
initial period, bioassays were not selected by ToxCast to
represent known toxicological pathways or even a large
fraction of them; however, the current set does include
some pathways of toxicological importance that are of
interest for DPR and drinking water.
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While the selection includes some AOPathways of interest in
toxicology, there are many other important targets that are not
represented by the bioassays available at present. Many currently
used assays are difficult to connect to an AOPathway, in part
because most pathways are still poorly understood; however,
because of the potential savings in costs for testing new products,
time savings, and animal welfare considerations, there is strong
incentive in the private and public sectors to develop additional
assays to address these shortcomings.

From a scientific point-of-view, the application of the ToxCast
bioassays would not address the risk assessment questions that are
highlighted in this chapter; therefore, it is premature to consider
using this approach for routine monitoring. Second, it is much too
expensive for this purpose. A rough estimate provided at the
Specialty Seminar on “DPR in California” was around $35,000 to
$40,000 per sample for about 200 assays; however, these costs will
decrease significantly as sample numbers increase (due to the
economies of scale resulting from the use of robotic technology).

While the ToxCast group of bioassays has many of the same
shortcomings in predicting adverse health outcomes in vivo, as
discussed previously (Thomas et al., 2012), this approach can further
expand and define a range of biological activities present in various
sources of water and finished drinking water. It would also improve
the “benchmarking” of different water sources available to date.
Aside from a larger collection of bioassays, the ToxCast program
would allow appropriate pharmacokinetic models to be applied
where available and use “reverse toxicokinetics” where models do

Bioanalytical

Cost/Benefit Analysis
of Drugs

It is important to recognize
that cost/benefit evaluations
for the approval of
pharmaceuticals are
different than evaluations
for protecting humans from
environmental hazards.

Patients are willing to accept
some risk of harm if
pharmacological activities of
the drugs are effective in
treating their diseases.

The costs and benefits
relative to environmental
standards generally address
benefits to one party and
costs to another, and the
tolerance for harm is much
less.

not exist, but only when a specific chemical has been shown to be responsible for the bioassay result.

The use of an established pharmacokinetic model would place exposures to these activities into a better

context, but this collection of assays will remain screening assays (i.e., Tier 1). To be clear, the Expert
Panel is not recommending this approach for routine monitoring of water; if it is undertaken, it should
be applied only once, perhaps focusing on samples collected over four seasons of a single year.

The benefits of this approach include:

e A more thorough benchmarking of water sources, with the added benefit of including

Tools

consideration of the actual pharmacokinetics of chemicals where models have been published
and the reverse toxicokinetic screening of those for which models do not exist. A broader

benchmark would provide a better indication of whether exposure through water needs to be
investigated further and whether or not the results of the bioassays were positive or negative.

e It could identify additional bioassays that are sufficiently sensitive to chemicals in wastewater to
warrant pursuit with targeted screening. Such findings would identify a research need for
developing AOPathways for those bioassays that appear sensitive (presumably, ToxCast would
pursue such a clearly identified research need).
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e The Expert Panel is of the opinion that partial financial support from the USEPA might be
available for such a project because it would point to activities of potential importance in
regulating water reuse as a drinking water source in the future.

e The study would provide the National Center for Computational Toxicology with a platform for
demonstrating the performance of their bioassays with samples of complex and variable
composition that could gather support from programs other than the TSCA and FIFRA.

The State Water Board might also be interested in such a project. There could be significant cost savings
if participating utilities would take on the costs of the sampling program; however, it is important that
the collection of samples be done consistently with good quality control (see Section 5.7.2). USEPA's
Duluth Laboratory should be consulted as it has experience in obtaining samples from water compatible
with the bioassay systems employed by ToxCast.

Finally, ToxCast’s current collection of available bioassays includes many receptor assays meant to
screen for the pharmacological activity of chemicals. Thus, the ToxCast bioassays could provide a
broader assessment of whether pharmacologically-active compounds (i.e., drugs) are present in
wastewater and/or advanced treated water at effective concentrations. Fortunately, data obtained with
this study could be adjusted easily to measures of human dosimetry because most modern drugs and
endocrine disruptors (and many older ones) have existing pharmacokinetic models. Based on the low
concentrations of pharmacologically-active agents in water investigated to date, there is little reason to
believe pharmacologically-active compounds represent a risk (Bull et al., 2012); this effort would provide
a more definitive answer.

5.6.3 Bioassays Applied Individually for Monitoring

At present, the bioassays that appear suitable for monitoring are confined to a subset of nuclear
receptor-activated reporter assays. These assays are activated by the very specific association of a
ligand within the binding pocket of a receptor. Ligands bind to specific agonists and antagonists will
bind with high affinity; however, there are regulated binding sites on receptors or associated cofactors
that can enhance or reduce the activity of receptors via feedback loops, which could be a problem with
a complex mixture of unknown composition. Aside from sources of interference of this type, the
specificity of assays can approach the specificity of analyses for specific chemicals. It should be noted
that non-receptor bioassays (e.g., aromatase inhibition) could be linked to an adverse outcome as
described in Figure 5-6.

In cases where “reactive” modes of action trigger a bioassay response [e.g., the Nrf2/KEAP system used
by Escher et al. (2014a), designated as the AREc32 assay], there is not a clear way for normalizing in vitro
doses and those doses that cause adverse health effects in vivo, especially in the complex mixtures that
will be recovered from water using solid phase extraction protocols. The difficulty is that the ranges of
chemical and physical properties of the chemicals and metabolites that induce these responses could be
very broad. Some chemicals will be highly reactive with the KEAP protein at low doses in vitro. Drinking
water disinfectants activate this system in vitro at residual concentrations that are required in drinking
water (Woods et al., 2009; Wei et al., 2009; Zhu et al., 2008; Jang et al., 2009), but generally will not be
absorbed intact. Some of their oxyhalide anion byproducts are absorbed (e.g., chlorite, bromate) and
may produce effects via this mechanism, but they will be much less potent in this assay than the
disinfectants in vitro. Organic chemicals and metals (Wang et al., 2010) will interact with endogenous
molecules to generate the reactive oxygen species (ROS) as part of their metabolism. In some cases, the
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interaction resulting in ROS has been postulated as being responsible for the toxicity, but alternate
explanations exist that are, in many cases, more convincing modes of action (e.g., covalent binding to
macromolecules). Most importantly, there is a tremendous amount of such activity generated by
normal intermediary metabolism (Oshino et al., 1975) that overshadows that which might be produced
by most exogenous chemical exposures, unless the doses were extreme.

It is essential that the interpretation of bioassay results used in compliance monitoring of water be
clearly embedded in the science that relates these results to risk. The description of the process used to
arrive at risk equivalents must be well documented (e.g., Crump et al., 2010; Wetmore et al., 2011,
2013, 2014; Zhang et al., 2014). “Target levels” derived from risk assessments must be as firm as those
that underlie the derivations of MCLGs and PHGs for individual chemicals.

The complexity of the issues of applying bioassays to the routine monitoring of water quality suggests
that bioassays should not be applied to this purpose without undergoing a review process that
establishes the conditions under which the results of these bioassays might be used and the results
accepted and acted upon by the utility and/or State Water Board.

5.7 Approach Recommended for Certifying Bioassays for Use in Water Monitoring
5.7.1 What Process Should Be Used to Validate a Health Effects Bioassay for Application to Water?

Most bioassays, especially HTP assays, measure the activity of a discrete point within a single
AOPathway (usually at the point of “initiation”), but may not detect the activation of the same
AOPathway initiated at another point in the same system (see Figures 5-5 and 5-6). For reasons of this
type, bioassays that are proposed for use in water quality monitoring should undergo a review process
that involves the following:

o Identifies the principles of the bioassay.

e C(Certifies the technical description of the application of the bioassay.

e Provides a clear description as to how the results will be interpreted, precisely defining what has
and has not been measured.

e C(Clearly documents and clarifies claims that a bioassay will detect interactions among chemicals
in the sample. Vague claims unsupported by evidence need to be avoided.

Considering the rapid pace at which bioassays currently are being developed, the review process must
also:

e Provide for determinations of whether new and/or improved bioassays deliver equivalent or
superior results.

e Be time-responsive.
5.7.2 Validation of Assay Results
The need to identify the expectations for a particular in vitro bioassay is an essential part of its

validation. The usual requirements for calibration and quality control that applies to any analytical
method also should be required of bioassays. The specifics of these requirements will need to go
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somewhat beyond those of chemical analyses. Examples include quality control issues that arise as the
result of using intact cells as the platform on which many bioassays are based and issues of non-specific
interference with receptor binding assays. Expectations may include:

e The bioassay actually detects the compounds it is designed to detect.

e Dose-response characteristics are kinetically consistent with the interaction of standard
compounds with a receptor.

e The usual dynamic range of the bioassay is identified in which consistent data can be expected
with standard compounds. Likely causes of false negative and false positive results should be
identified.

e Conditions are identified where there may be interference with the bioassay.

e Application to water analyses is standardized, including methods for concentrating chemicals
from water.

e Consensus is reached regarding the units by which results are to be expressed. The preferred
units would be BEQ with a known active compound.

e Procedures are developed for ruling out false positive or false negative results.
More detail is provided in Sections 5.7.2.1 to 5.7.2.5.
5.7.2.1 Sample Preparation Is a Critical Issue in the Application of Bioassays for Monitoring

Although the methods of sample preparation were described in some detail in the literature reviewed
by the Expert Panel, the actual sample recovery was dealt with vaguely. The term “relative enrichment
factor (REF)” has been used, but the parameters of this factor are not described in the publications
reviewed. It is assumed REF means that it is a nominal concentration factor without any reference to
the recovery of chemicals that produce the measured activity. Recoveries of selected chemicals
targeted by the bioassay should be examined by the addition of standards to the water sample before it
is concentrated and chemical recovery is quantified. In this instance, the bioassay should be the
measure of recovery, as the Expert Panel noted that some additional clean-up of samples was generally
used for chemical analysis relative to that for bioassays. Poor recovery could also reflect some
interference with the bioassay by the sample matrix.

5.7.2.2 Performance Evaluation of Bioassays Should Be a Routine Practice in the Applications of
Bioassays for Water Monitoring

A list of affinities of chemicals (reciprocal of the K) that are known to interact with each receptor
should be assembled and made available. The K., for interactions (i.e., agonist or antagonist) and the
dynamic range of the bioassay should be criteria used to evaluate various engineered in vitro bioassay
systems. Operationally, these constants should be compared with the same variables in the sample and
process controls. The fact that there will be cross-reactivity with ligands that target other nuclear
receptors should be noted. These ligands generally will have much lower affinity for the target receptor-
reporter construct being used; therefore, this type of interference is likely to be observable only at high
concentrations of other nuclear receptor ligands, but ligand cross-reactivity should be considered if
interference with the bioassay is suspected. In normal cells and cancer cells, the receptors can be
activated by other mechanisms (Campbell et al., 2001); if activity cannot be accounted for by chemical
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analyses, the possibility of bioassay responses due to other forms of action than receptor-ligand binding
must be explored. It was noted that high concentrations of thiosulfate were used to quench disinfectant
residuals in some studies. Thiosulfate will also reduce many direct-acting mutagens; consequently, if
mutagenesis assays are included, this type of effect must be ruled out. Potential complications must be
recognized, and a process must be developed to determine whether the bioassay result is valid.

5.7.2.3 False Positives and False Negatives are an Important Issue with Bioassays

Provisions must be made to address FALSE POSITIVE and FALSE NEGATIVE results. There are a variety
of ways these false results might arise and can possibly be addressed; however, because the Expert
Panel had little time to research the issue, this discussion is limited and incomplete.

ToxCast has identified cytotoxicity as the most commonly encountered false negative in the testing of
individual chemicals (Judson et al., 2015). If the cell containing the receptor-reporter construct is killed,
it cannot respond. The problem is exacerbated for water quality monitoring, where it is likely that
cytotoxicity will be caused by contaminants other than the ones capable of inducing the receptor-
mediated response. Sub-cytotoxic doses may also contribute to false negatives, and the possibilities are
diverse. The depletion of cofactors and inhibition of protein

synthesis are two examples that have received little

attention in water quality analyses.

The most straightforward approach to address this type of

false negative is to add a recognized agonist to a replicate

sample at an effective concentration (e.g., the ECso). If an False Negatives

agonist bioassay is being used, the lack of a positive False negatives suggest safety when
response with the added standard agonist indicates that the there is no assurance of safety.

negative response may be due to cytotoxicity or other

causes identified above. In an antagonism assay, this result

could be interpreted as a false positive, but since the cells False Positives

have to respond to an agonist to detect an antagonist, false

. . . False positives suggest a hazard when
negatives of this type should not be possible. 2 =

there is none.

Ensuring that there are no false positives is most easily dealt

with by measuring active compounds in the sample

chemically. If the active chemical can be identified in the

sample and its concentration is consistent with the activity observed, the result is not a false positive. A
more difficult problem is arises if the chemical(s) responsible for the activity cannot be identified.

5.7.2.4 Activation of Secondary Pathways within Cells Can Modify Bioassay Results

Bioassays based upon receptor-reporter constructs using intact cells can have interferences that fall into
two general categories: specific and non-specific.

All cells contain a network of signaling pathways that interact with one another, and interactions of the
cell at this level would be called “specific.” If a chemical in the sample activates or inhibits one of these
other pathways, the response of an agonist can be inhibited or enhanced. This problem can be
evaluated by looking for evidence in the kinetics of receptor activation with a standard agonist at
various concentration factors of the sample. So-called “mixed” or “uncompetitive” kinetics should be
observed if there is a chemical in the sample that is acting directly by activating another pathway that
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perturbs receptor sensitivity. This type of interference could vary
by the cell type that is used to express the receptor-reporter
construct. It depends upon which signaling pathways are

Dose Response Curve expressed in the undifferentiated cells commonly used in these
bioassays.

The dose-response curve

produced by chemicals known Although it would not be as definitive, one could begin with an

iDaffectiheseisystemsi(inwviiro analysis of the shape of the DOSE-RESPONSE CURVES in response

or in vivo assays) is analogous to
a standard curve used in
chemical analysis. The activities

so measured are frequently
expressed in equivalents of the An example of a specific problem that can arise in the evaluation

standard compounds. of complex mixtures is that the estrogen pathway can be
activated in the absence of a ligand of the estrogen receptor.
One mechanism capable of doing this is the activation of the
receptor by phosphatidylinositol 3-kinase/AKT (PI3K/AKT) by
activating the estrogen-independent activation function 1 (AF-1) (Campbell et al., 2001; Sun et al.,
2001). The PI3K/AKT system is activated by a variety of stimuli, including matrix adhesion (Khwaja et al.,
1997), and a variety of survival factors. An abbreviated diagram is provided in Figure 5-7 that outlines
some of the cellular signaling pathways that activate PI3K/AKT (e.g., Kim et al., 2015). This type of
interference could be addressed by the use of specific PI3K inhibitors, such as Wortmannin and
LY294002 (Kim et al., 2015), but it should be cautioned that 17B-estradiol also induces PI3K (Stirone et
al., 2005) and this pathway is involved in some of its effects. Consequently, it appears that the only way
to deal with false positives in a bioassay based upon an ER-reporter construct is to analyze the samples
and determine if there is activity that cannot be accounted for by compounds thought likely to occur.

to agonists in the water sample extract with that observed in the
control medium.

Strictly speaking, the activation of the PI3I/AKT pathway is not a false positive, but identifying the
compound(s) responsible in the mixture that act in this manner may be very difficult. If it occurs, it
becomes a potentially difficult problem to deal with in compliance monitoring.

Non-specific interferences would affect the energetic and biosynthetic pathways, receptor trafficking,
and availability of co-factors of the cell. Non-specific interferences might be detected by a change in the
performance characteristics of the bioassay, most likely by its dynamic range when a dose-response
curve is run in the sample matrix.

5.7.2.5 Suppliers of Bioassay Systems Need to Identify the Types of Interferences with Their Systems

At this stage in the development of bioassays for biomonitoring complex mixtures of variable
composition, it is unlikely that suppliers of bioassays will have pursued problems as subtle as those
described in Section 5.7.2.4 in any detail because it is not a problem if one is applying the bioassay to
screen pure compounds. Nevertheless, the expectation of the suppliers should be stated from the
beginning because the intent is to apply these bioassays to concentrated samples of a very complex
mixture; however, it will eventually be up to the analyst to rule out these interferences in the
performance of the bioassays, if the activity measured cannot be accounted for by chemical analyses of
the sample.
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Figure 5-7: Selected signaling mechanisms that activate the PI3K/AKT/mTOR pathway, which modifies estrogen
receptor activity (see Section 4.7.2.4 for discussion). From Leary et al. (2013).
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5.7.3 Specific Issues to Address in Certifying Bioassays for Routine Monitoring

The following list outlines the essential features for an evaluation of bioassay results. It is important to
note that answers to all these questions are not required prior to data use, but rather need to be
explored to provide a “state-of-the-science” description to regulators that explicitly deals with the
interpretation of the data and provides information on uncertainties in the information they provide.
The Expert Panel suggests that the following issues be addressed by an applicant and during the review
of the proposed application:

e How are the data to be interpreted and what actions will be triggered if a target value is
exceeded?

e What is the AOPathway in which the proposed bioassay operates?

e What perturbation of the biological events in an AOPathway could result in an adverse health
outcome in an average person (or to sensitive individuals)?

e The in vitro doses of a recognized activator of the AOPathway need to be compared to
blood/tissue concentrations produced by exposure to in vivo doses of the same compound that
activates or inhibits that receptor in vivo. If there is a range of chemical and physical properties
among chemicals that can activate the receptor (generally, fairly restrained among steroid
hormones, but some weaker analogs may vary), that variation should be represented in
pharmacokinetic models by a number of activators spanning that range. It can be done directly
using an appropriate pharmacokinetic model for activators/inhibitors of steroid hormone
receptors because an adequate amount of data exists and many pharmacokinetic models are
available for this purpose in the biomedical literature.

e |dentify an excursion in the activation of the receptor that is needed to cause an adverse health
outcome. As an avenue to associated bioassay results to health effects, the data should be
expressed as BEQs. In the past, the USEPA has assumed a threshold activity above background
as a point of departure. As an example, see the NRC (2005) report on the inhibition of the
sodium iodide symporter by perchlorate.

e Establish appropriate uncertainty factors to apply to the point of departure developed to arrive
at a target value that has an equivalent health effects backing as an MCLG, PHG, or MCL.

o |dentify other mechanisms by which the AOPathway can be activated and/or modified by the
interaction of chemicals in the water sample at other sites in the pathway or associated
pathways.

e Identify other AOPathways that will produce or contribute to the same adverse health effect.

5.7.4 Guidance for the Communication of Bioassay Results

Guidance is needed to help communicate bioassay results, whether positive or negative, to the public
and regulators. At minimum:
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e Recognize and make available both the intent and limitations of the bioassays being considered
for water quality monitoring to regulators and the public.

e Scientifically justify claims that bioassays can account for interactions among chemicals within a
complex mixture to cause a specific adverse health outcome.

e Describe in scientific terms the limits of what interactions within the AOPathway will be
measured by a bioassay (that is, do not rely on vague claims that appear in background
statements in published papers).

e Provide an accurate interpretation of “negative result,” avoiding broad and unsubstantiated
claims of safety. In other words, this result indicates a particular adverse health outcome that
can be associated with the AOPathway of the chemical, but it does not mean that the same
adverse health outcome cannot be caused by other chemicals working through other
AOPathways.

5.7.5 Additional Factors to Consider in Establishing Target Values for Routine Monitoring

Arriving at a target value for compliance monitoring must involve consideration of the reversibility of
effects on key events once activated. The reversibility of the initiating event substantially influences
health risk assessments. If an initiating event activates a response that is reversible with suspension or
reduction of the exposure, the adverse health effect is considered to have a threshold dose, and MCLGs
or their equivalents are addressed by the application of uncertainty factors for across-species and
within-species variability in sensitivity. For reversibility, the duration of exposure may have been an
important variable. A duration of a response of minutes may have very different implications for an
outcome than one lasting a few hours, and will differ again if the response is maintained for days to
weeks. For example, there are normal variations in endogenous estrogen (and other hormones) during
the menstrual cycle and pregnancy. These changes occur over a short time span and express normal
physiological functions of the endocrine system. As a consequence, small sporadic exposures are
unlikely to disturb this pattern in adults; however, a continuous administration of estrogen at relatively
low doses will effectively interfere with conception (although considered a desirable effect by many, it
would not be welcomed by others, and probably by no one if it is received involuntarily), but with
relatively few complications. In contrast, exposure to higher doses on a continuous period of time does
lead to a variety of pathologies, including cancer.

Issues of reversibility can be addressed by reviewing biomedical literature (and not just toxicology
literature). A larger question for which there may be inadequate data to resolve is how long does an
endocrine effect (i.e., not limited to estrogen) have to be sustained before it affects development.
These issues have yet to be consistently addressed in the development of standards around the world.
Where standards have been published, such effects have occasionally been taken into account (an
example was the development of an MCLG for perchlorate based on the inhibition of iodine uptake for
the synthesis of thyroid hormones; see NRC, 2005).

An irreversible initiating event implies that the damage accumulates (although some damage may be
repaired, if some consistent fraction of the effect is permanent, like a fixed mutation, the effect will be
cumulative with time and is considered irreversible). Linear low-dose extrapolation ordinarily is used to
estimate risk in such circumstances. The clearest examples of this approach are carcinogens that act
through direct modification of DNA and, thereby, induce a mutation. Normal cell replication also results
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in mutation, but small increases in the rate of cell replication by chemical treatment are treated as a
threshold effect. There are legitimate scientific debates over which mode of action is involved in a
specific case, but the principle is clear in the regulatory assessments of some state and federal
regulatory agencies. To be conservative, in cases of inadequate data to establish a non-mutagenic mode
of action, regulatory agencies usually assume that mutation is the mode of action.

Irreversibility of effects, however, can extend to health effects other than cancer. No-threshold
arguments have been put forward for other effects (e.g., peripheral neuropathy produced by acrylamide
and related toxicants). Another example would be if an effective exposure is reached in a small window
of susceptibility and induces a developmental delay that impacts the ability of an individual to function
throughout his or her lifetime. In this instance, it might be appropriate to apply linear extrapolation
from the effective dose to lower doses, but it is likely that some minimum dose would be required to
induce an adverse health effect with a single isolated dose; therefore, any AOPathway needs to be
considered in terms of whether its effect is reversible or will present an adverse health outcome despite
the fact that the exposure is removed.

5.8 Findings of the Expert Panel

The Expert Panel notes that bioassays of different types perform specific functions in health effects
testing. In general, there are three recognized tiers in the decision matrix: screening, confirmation, and
risk assessment. It is not necessary, however, to have three tiers if all three functions are addressed by
a single bioassay or a collection of data that allows modelling of the likely in vivo outcomes with a high
degree of confidence (which will require ancillary human/animal data). The three tiers include:

o Tier 1 (Screening): The Expert Panel emphasizes that broad application of in vitro bioassays in
the ToxCast and related programs are directed at the first screening level of health effects
testing. Generally, such tests are used to prioritize chemicals or products for more extensive
testing.

e Tier 2 (Confirmation): ToxCast and the regulatory programs it supports also address Tier 2
bioassays. Some may be in vitro bioassays, but they are often assays applied in intact animals
and even alternative species, such as zebrafish or C. elegans. The ToxCast program has
improved the relationship between bioassay results and likely human exposures to a chemical
by introducing an element of exposure assessment not used before in evaluating screening data.
The exposure estimates, however, are crude and based on a limited number of pharmacokinetic
variables; consequently, they should not be applied in place of actual pharmacokinetic data
published on compounds of interest.

o Tier 3 (Risk Assessment): Bioassays (also referred to as “apical tests”) are those deemed
appropriate for conventional risk assessment as employed under the Safe Drinking Water Act to
develop MCLGs and PHGs. Generally, they are in vivo tests, but do not need to be, if a
combination of other studies could provide the essential data elements needed for risk
assessment. For example, the following should be sufficient for risk assessment: a firmly
established “structure activity relationship” model for a chemical class (such as aromatic
amines); an established AOPathway that has been amenable to pharmacodynamic modelling;
and a validated pharmacokinetic model.

130 |Expert Panel Feasibility Report



| Bioanalytical Tools

The following is a summary of the Expert Panel’s findings, which are not listed in priority order.

e Finding #5-1: Introducing bioassays as routine monitoring tools into IPR/DPR water analysis
programs at this time provides little, if any, advantage over the current chemical-specific
monitoring using methods of analytical chemistry. In vitro bioassays should not be broadly
applied to routine water monitoring in the absence of a clear and quantifiable risk relationship
between the bioassay result and adverse health effects through an established AOPathway that
is consistent with that used in developing MCLGs and PHGs (i.e., consistent with the California
drinking water regulatory process) for individual chemicals. At present, the only worldwide
“approved AOPathway” is for skin sensitization, which has been approved by OECD. In the
ToxCast system, approximately 114 AOPathways are in various stages of development. See
Recommendations #5-1 and #5-2.

e Finding #5-2: Bioassays can be used to guide the chemical identification of unknown
contaminants that have activities of concern. The Expert Panel recognizes the legitimate use of
in vitro bioassays to identify contaminants of potential toxicological interest that might be found
in various water sources and finished drinking water. Such efforts have been successfully
applied in the past; however, it does require dedicated resources and time. An exploration of
this type could be conducted as a screening tool at the start-up of a DPR project, but such a
requirement must have specific objectives rather than diffuse questions of “activity.” If activity
is detected, the effort should be directed at identifying the chemicals responsible for this activity
(see further discussion in Finding #5-4 and Recommendation #5-3).

o Finding #5-3: The Expert Panel emphasizes that if in vitro bioassays are to be considered for use
in routine water monitoring, then the results must be understood by risk assessors and clearly
interpreted by regulators and the public in terms of health risk. It will be difficult to address this
concern without instituting an approval process for bioassays to be applied to routine
monitoring. At this time, although there may be some value in using selected bioassays for
routine water monitoring, potential use should be confined to those bioassays that can be
coupled to the probability of adverse health effects. The meaningful employment of these
bioassays must depend upon using currently available data to first develop an AOPathway that
can be coupled to in vivo dose metrics via an appropriate pharmacokinetic model (and not the
reverse toxicokinetic screening that is used in ToxCast as a crude estimate). It should not be a
problem for many CECs because multiple pharmacokinetic models exist for most endocrine
active and pharmaceutical chemicals commonly used in medicine. Pharmacokinetic models also
exist for many industrial chemicals and pesticides with endocrine activity that would suit this
purpose. Pharmacokinetic models have not been generally developed for chemicals that are not
controversial.

In addition, the selection of AOPathways represented in the in vitro bioassays by ToxCast
includes some of toxicological interest; there are many other important targets and AOPathways
that produce adverse health outcomes that are not represented in the current collection of
bioassays. In large part, it is because most AOPathways are poorly understood and HTP assays
are lacking for many biologically important targets.

Further, if bioassays are to be considered for use in water monitoring, the methods used for
concentrating samples from water need to be optimized for the bioassay employed. In addition,
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recoveries of representative target compounds from the sampled water need to be provided
with the results of bioassay. See Recommendation #5-4.

Finding #5-4: The Expert Panel emphasizes that if in vitro bioassays are to be considered for use
in screening type monitoring to assess the performance of DPR operations and final product
waters, a certification process should be established that would require the standardization of
bioassays, methods of concentrating samples from water, and identifying methods for
minimizing and/or eliminating false positives and false negatives, as well as describing the
methods and normal quality control. The Expert Panel considered a broad range of data,
addressing not only the capabilities of bioassays, but also requirements that would arise either
as dictated by regulation or as rules that are considered in the routine monitoring of DPR unit
processes and final product water. This need is absolute if these tools are to be employed in
compliance monitoring. The Expert Panel cautions that any monitoring related to screening
type trigger-values could still inappropriately and/or inadvertently become real standards even
if they are not linked to risk and become industry practice.

While the use of bioassays as a simple screening tool requires a less rigorous calibration, it
remains important that strict attention be paid to the same issues not only as a matter of good
practice, but also because these results are likely to become public and may need to be
explained to the public; therefore, at this time, the Expert Panel has included the potential for
use of bioassays as a screening tool as a research recommendation. See Recommendations #5-
5 and #5-6.

Recommendations of the Expert Panel

Much more research is needed to validate the use of in vitro bioassays for health hazard assessment and
dose-response evaluations in drinking water treatment. Research of this type is more properly done by
the USEPA, FDA, and NIEHS/NTP than the State Water Board. There are several areas that do require
investigation of a more immediate concern for the use of these tools on water samples from potable
reuse schemes. Most problems identified relate to the application and interpretation of the bioassays
and their results to samples of complex mixtures of varying composition. The Expert Panel has the
following recommendations, which are not listed in priority order:

Recommendation #5-1 (based on Finding #5-1): Define a clear and quantifiable relationship
between bioassay results and adverse health outcomes in vivo. Research has shown that high-
throughput (HTP) single endpoint assays can be applied to testing water (nuclear receptor-
activated reporter assays appear the most suitable); however, the challenge is in interpreting
the data in terms of the risk of adverse health outcomes in a manner used in the development
of MCLGs and PHGs. The use of bioassays in routine monitoring should be considered
analogous to the monitoring of specific chemicals with identified health risks; therefore, as
stated previously, the use of bioassays for routine water quality monitoring requires a more
thorough evaluation of the dose-response evaluation of the data in the context of in vivo health
effects. There needs to be clear descriptions of the meanings that will be attached to positive
and negative bioassay results. This issue comes to the fore if the intent is to monitor water
intended for human consumption. It must be clear — qualitatively and from a dose-response
standpoint — how bioassay results are linked to adverse health outcomes. Before any in vitro
bioassay is used in the field for this purpose, guidance should be developed for the appropriate
technical interpretation of these data relative to health risk and the communication of the
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results of each bioassay in light of its specific application. The Expert Panel recognizes this very
broad task is too large to be addressed by the State of California or the water industry. It is best
left to the Federal Programs pursuing these issues.

Recommendation #5-2 (based on Finding #5-1): Develop AOPathways for chemicals with
established modes of action, but no formal AOPathway. If a bioassay appears that it might be
usefully employed for monitoring, but lacks an “approved AOPathway,” it may be possible to
develop an appropriate AOPathway. This process would require a review of in vivo data in the
literature, for which — if sufficient —an AOPathway could be developed by an expert familiar
with the use of modes of action in risk assessment. An example would be bioassays based upon
an estrogen-receptor/reporter construct (that is, an AOPathway could be developed and
subjected to appropriate scientific peer-review in the open risk assessment literature or by a
regulatory agency). There is a huge amount of both qualitative and quantitative human and
animal data in the biomedical literature on several estrogens that would provide all that is
needed to develop an AOPathway. In these limited cases