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Preface

With many communities approaching the limits of their available water supplies, water reclamation and
reuse has become a logical option for conserving and extending available water supply by potentially (1)
substituting reclaimed water for applications that do not require drinking (potable) water, (2) augmenting
existing water sources and providing an additional source of water supply to assist in meeting both present
and future water needs, (3) protecting aquatic ecosystems by decreasing the diversion of freshwater as
well as reducing the quantity of nutrients and other toxic contaminants entering waterways, (4) postponing
and reducing the need for water control structures, and (5) complying with environmental regulations by
better managing water consumption and wastewater discharges. The increasing importance and recognition
of water reclamation and reuse have led to the need for specialized instruction of engineering and science
students in their undergraduate and graduate levels, as well as practicing engineers and scientists, and a
technical reference for project managers and government officials. Aside from the need for a textbook on
water reuse applications and the technologies used to treat and distribute reclaimed water, there is also the
need to address the special considerations of public health, project planning and economics, public
acceptance, and the diverse uses of reclaimed water in society.

ORGANIZATION OF THE TEXTBOOK AND CONTENT

This textbook, Water Reuse: Issues, Technologies, and Applications, is an endeavor by the authors to
assemble, analyze, and synthesize a vast amount of information on water reclamation and reuse. To deal
with the amount of available material, the book is organized into five parts, each dealing with a coherent
body of information which is described below.

Part 1: Water Reuse: An Introduction

It is important to understand the concept of sustainable water resources management as a foundation for
water reclamation and reuse. Thus, in Part 1 of this textbook, current and potential future water shortages,
principles of sustainable water resources management, and the important role of water reclamation and
reuse are introduced briefly. The past and current practices of water reclamation and reuse are presented,
which also serve as an introduction to the subsequent engineering and water reuse applications chapters.

Part 2: Health and Environmental Concerns in Water Reuse

Health and environmental issues related to water reuse are discussed in three related chapters in Part 2.
The characteristics of wastewater are introduced, followed by a discussion of the applicable regulations
and their development. Because health risk analysis is an important aspect of water reuse applications, a
separate chapter is devoted to this subject including tools and methods used in risk assessment, chemical
risk assessment, and microbial risk assessment.
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Part 3: Water Technologies and Systems for Water Reclamation and Reuse

The various technologies and systems available for the production and delivery of reclaimed water are the
subject of Part 3. Although design values are presented, detailed design is not the focus of these chapters.
Rather, the focus is on the dependable performance of the processes and technologies. Detailed
discussions are provided with respect to constituents of concern in water reuse applications including
particulate matter, dissolved constituents, and pathogenic microorganisms. Another important aspect of
water reclamation is related to meeting stringent water quality performance requirements as affected by
wastewater variability and process reliability, factors which are emphasized repeatedly throughout this
textbook.

Part 4: Water Reuse Applications

Because water quality and infrastructure requirements vary greatly with specific water reuse application,
major water reuse applications are discussed in separate chapters in Part 4: nonpotable water reuse
applications including agricultural uses, landscape irrigation, industrial uses, environmental and
recreational uses, groundwater recharge, and urban nonpotable and commercial uses. Indirect and direct
potable reuses are discussed with several notable projects. Groundwater recharge can be considered as a
form of indirect potable reuse if the recharged aquifer is interconnected to potable water production wells.

Part 5: Implementing Water Reuse

In the final Part 5 of this textbook, the focus is on planning and implementation for water reuse. Integrated
water resources planning, including reclaimed water market assessment, and economic and financial
analyses are presented. As technology continues to advance and cost effectiveness and the reliability of
water reuse systems becomes more widely recognized, water reclamation and reuse plans and facilities
will continue to expand as essential elements in sustainable water resources management. Implementation
issues in water reclamation and reuse are discussed including soliciting and responding to community
concerns, development of public support through educational programs, and the development of financial
instruments.

IMPORTANT FEATURES OF THIS TEXTBOOK

To illustrate the principles, applications, and facilities involved in the field of water reclamation and reuse,
more than 350 data and information tables and 80 detailed worked examples, more than 500 illustrations,
graphs, diagrams, and photographs are included. To help the readers of this textbook hone their analytical
skills and mastery of the material, problems and discussion topics are included at the end of each chapter.
Selected references are also provided for each chapter.

The International System (SI) of Units is used in this textbook. The use of SI units is consistent with
teaching practice in most universities in the United States and in most countries throughout the world.

To further increase the utility of this textbook, several appendixes have been included. Conversion factors
from SI Units to U.S. Customary Units and the reverse are presented in Appendixes A-1 and A-2,
respectively. Conversion factors used commonly for the analysis and design of water and wastewater
management systems are presented in Appendix A-3. Abbreviations for SI and U.S. Customary Units are
presented in Appendixes A-4 and A-5, respectively. Physical characteristics of air and selected gases
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and water are presented in Appendixes B and C, respectively. Statistical analysis of data with an example
is presented in Appendix D.

Milestone water reuse projects and research studies in the United States and a summary of water
reclamation and reuse in selected countries of the world are presented in Appendixes E-1 and E-2,
respectively. Evolution of nonpotable reuse criteria and groundwater recharge regulations in California is
presented in Appendix F. Dimensionless well function W(u) values are presented in Appendix G. Finally,
interest factors and their use are presented and illustrated in Appendix H.

With recent Internet developments, it is now possible to view many of the facilities discussed in this
textbook through satellite images using one of the many search engines available on the Internet. Where
appropriate, global positioning coordinates for water reuse facilities of interest are given to allow viewing
of these facilities in their natural setting.

USE OF THIS TEXTBOOK

Enough material is presented in this textbook to support a variety of courses for one or two semesters or
three quarters at either the undergraduate or graduate level. The specific topics to be covered will depend
on the time available and the course objectives. Three suggested course plans are presented below.

Course Plan |

Course Title: Survey of Water Reuse

Setting; 1 semester or 1 quarter, stand-alone class

Target: Upper division or MS, environmental science major

Course Introduce important considerations influencing water reuse planning and
Objectives: implementation.

Sample outline:

Topic Chapters Sections
Introduction to water reuse 1,2 All
Wastewater characteristics 3 3-1, 3-2, 3-5 to 3-8
Regulations for water reuse 4 4-1 to 4-7
Public health protection and risk 5 5-1to 5-5,5-9
assessment
Introduction to water reclamation 6 All
technologies
Infrastructure for water reuse 12, 13, 14, 12-1, 12-2, 13-1, 13-2, 13-6, 14-1, 14-2, 15-1,
15 15-2
Overview of disinfection for reuse 11 11-1,11-2
applications
Introduction to water reuse applications 16 All
Perspectives on water reuse planning 25 25-1 to 25-4

Perspectives on public acceptance 26 26-1t0 26-3
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Course Title: Water Reuse Applications

Setting; 1 semester or 1 quarter class

Target: Upper division or MS, environmental engineering major

Course Introduce nonconventional engineering aspects of water reuse including satellite,
Objectives:  decentralized, and onsite treatment and reuse systems. An overview of various water

reuse applications are introduced.
Sample outline:

Topic
Introduction to water reclamation and reuse
Wastewater characteristics
Water reuse regulations and guidelines
Public health protection and risk assessment
Introduction to water reclamation technologies
Overview of disinfection for reuse applications
Introduction to water reuse applications

Reclaimed water use for irrigation

Reclaimed water use for industrial processes
Urban nonirrigation, environmental, and recreational uses

Indirect potable reuse by groundwater and surface water
augmentation

Economic and financial analysis

Public participation and public acceptance

Course Plan 111

Course
Title:

Setting: 1 semester or 1 quarter class
Target:

Course
Objectives:

MS level, environmental engineering major

Chapters
1,2

3

4

5

6

11

16

17,18

19
20,21
22,23

25
25,26

Sections
1-1to 1-5, 2-1
3-1, 3-2, 3-5 to 3-8
4-1 to 4-4, 4-6 to 4-8
5-1 to 5-5, 5-8, 5-9

6-1 to 6-5
11-1,11-2
All

17-1 to 17-3, 18-1 to 18-2, 18-4
to 18-5

19-1 to 19-3
20-1,20-2, 21-1

22-1 to 22-2,22-7, 23-1 to 23-3,
23-8

25-6 to 25-9
25-3, 26-1 to 26-3

Advanced Treatment Technologies and Infrastructure for Water Reuse Applications

Introduce treatment technologies important in water reuse. Introduce reliability issues,
concept of probability distribution in assessing disinfection performance, and future

directions. The course will be a stand-alone class on advanced treatment, or part of a
wastewater treatment class that covers both conventional and advanced technologies
emphasizing water reclamation, recycling, and reuse.

This textbook is a useful supplement to a companion textbook, Wastewater Engineering:
Treatment and Reuse, 4th ed., (Tchobanoglous, G., F.L. Burton, and H.D. Stensel) for the

following topics:
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Sample outline:

Topic
Introduction to water reuse
Wastewater characteristics
Introduction to water reclamation and reuse
Membrane filtration, membrane bioreactor
Nanofiltration, reverse osmosis, and electrodialysis
Adsorption, Advanced oxidation
Disinfection
Alternative systems for water reuse

Infrastructure for water reuse

Chapters
1,2

3

6, 16

7,8

9

10

11

12, 13
14,15

Sections
All
3-1,3-2, 3-5 to 3-8
6-2 to 6-4, 16-1 to 16-4
7-5,7-6, 8-5
9-1to0 9-4
10-1, 10-2, 10-6, 10-7
11-1to 11-3, 11-5, 11-6, 11-8
12-1, 12-2, 13-1, 13-2, 13-6,
14-1, 14-2, 15-1 to 15-3
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Spanish. To date, the books have been used in over 300 universities worldwide.
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water reuse to a strategic level in their planning process so that this limited resource can be efficiently
managed and properly preserved. It is envisioned that wastewater professionals will see this textbook as a
road map to the implementation of complex water reuse projects. There is no other single source of
information available today that combines a discussion of issues in water reuse, policy, up-to-date
treatment technologies, real-life practical water reuse applications, as well as planning and implementation
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such a comprehensive fashion. This book combined with the fourth edition represents the most complete
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Asano, the 2001 Stockholm Water Prize Laureate; Dr. George Tchobanoglous, a member of the National
Academy of Engineering; and Franklin Burton, former Vice President and Chief Engineer in the western
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Metcalf & Eddy’s Dr. Ryujiro Tsuchihashi. Dr. Tsuchihashi also served as a full-time Metcalf & Eddy
liaison to our California-based author team.
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Part 1

WATER REUSE: AN INTRODUCTION

The social, economic, and environmental impacts of past water resources development
and inevitable prospects of water scarcity are driving the shift to a new paradigm in water
resources management. New approaches now incorporate the principles of sustainability,
environmental ethics, and public participation in project development. With many com-
munities approaching the limits of their available water supplies, water reclamation and
reuse have become an attractive option for conserving and extending available water sup-
ply by potentially (1) substituting reclaimed water for applications that do not require
high-quality drinking water, (2) augmenting water sources and providing an alternative
source of supply to assist in meeting both present and future water needs, (3) protecting
aquatic ecosystems by decreasing the diversion of freshwater, reducing the quantity of
nutrients and other toxic contaminants entering waterways, (4) reducing the need for
water control structures such as dams and reservoirs, and (5) complying with environ-
mental regulations by better managing water consumption and wastewater discharges.

Water reuse is particularly attractive in the situation where available water supply is
already overcommitted and cannot meet expanding water demands in a growing com-
munity. Increasingly, society no longer has the luxury of using water only once. Part 1
serves as an introduction to the general subject of water reuse. Current and potential
water shortages, principles of sustainable water resources management, and the impor-
tant role of water reclamation and reuse are discussed in Chap. 1. An overview of exist-
ing water reclamation and reuse applications and issues is presented in Chap. 2, which
also serves as an introduction to the subsequent chapters.
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WORKING TERMINOLOGY

Term

Definition

Agricultural water use
Aquifer
Beneficial uses

Consumptive use

Direct potable reuse

Domestic water use

Ecoefficiency

Environmental ethics

Evapotranspiration

Global hydrologic cycle

Groundwater
Groundwater recharge

Indirect potable reuse
Industrial water use

Irrigation water use

Integrated water
resources planning

Landscape irrigation

Municipal water use

Nonpotable reuse
Per capita water use
Potable water

Water used for crop production and livestock uses.
Geological formations that contain and transmit groundwater.

The many ways water can be used, either directly by people, or for their overall benefit.
Examples include municipal water supply, agricultural and industrial applications, navi-
gation, fish and wildlife habitat enhancement, and water contact recreation.

The part of water withdrawn that is evaporated, transpired, incorporated into products
or crops, consumed by humans or livestock, or otherwise removed from the immediate
water environment.

See Potable reuse, direct.

Domestic water use includes water for normal household purposes, such as drinking,
food preparation, bathing, washing clothes and dishes, flushing toilets, and watering
lawns and gardens.

The efficiency with which environmental resources are used to produce a unit of economic
activity.

A discipline of ethics that explores moral responsibility in relation to the environment.

A collective term that includes loss of water from the soil by evaporation and by tran-
spiration from plants.

The annual accounting of the moisture fluxes over the entire globe in all of their various forms.

The subsurface water that occurs beneath the water table in soils and geologic forma-
tions that are fully saturated and supplies wells and springs.

The infiltration or injection of natural waters or reclaimed waters into an aquifer, provid-
ing replenishment of the groundwater resource or preventing seawater intrusion.

See Potable reuse, indirect.

Water used in industrial operations and processes. The principal industrial water users
are thermal and atomic power generation.

Artificial application of water on lands to assist in the growing of crops and pastures or
to maintain vegetative growth in recreational lands such as parks and golf courses.

A process that promotes the coordinated development and management of water, land,
and related resources to maximize the resultant economic and social welfare in an equi-
table and sustainable manner.

Irrigation systems for applications such as golf courses, public parks, playgrounds,
school yards, and athletic fields.

The water withdrawals made by the populations of cities, towns, and housing estates,
and domestic and public services and enterprises. Also includes water used to provide
directly for the needs of urban populations, which consume high-quality water from city
water supply systems.

All water reuse applications that do not involve either indirect or direct potable reuse.
The average amount of water used per person during a standard time period, usually per day.

Water suitable for human consumption without deleterious health risks. The term
drinking water is a preferable term better understood by the community at large.




Potable reuse, direct

Potable reuse, indirect

Public water supply

Reclaimed water

Renewable water
resources

Return flow
Runoff
Sustainability
Sustainable
development

Transpiration

Wastewater

Water reclamation
Water reuse

Watershed

Withdrawals
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The introduction of highly treated reclaimed water either directly into the potable water
supply distribution system downstream of water a treatment plant, or into the raw water
supply immediately upstream of a water treatment plant (see Chap. 24).

The planned incorporation of reclaimed water into a raw water supply such as in potable
water storage reservoirs or a groundwater aquifer, resulting in mixing and assimilation,
thus providing an environmental buffer (see Chaps. 22 and 23).

Water withdrawn by public and private water suppliers and delivered to multiple users
for domestic, commercial, industrial, and thermoelectric power uses.

Municipal wastewater that has gone through various treatment processes to meet specific
water quality criteria with the intent of being used in a beneficial manner (e.g., irrigation).
The term recycled water is used synonymously with reclaimed water, particularly in
California.

The water entering a country’s surface and groundwater systems. Not all of this water can
be used because some falls in a place or time that precludes tapping it even if all eco-
nomically and technically feasible storage and diversion structures were built.

The water that reaches a ground- or surface-water source after release from the point
of use and thus becomes available for further use.

Part of the precipitation that appears in surface streams. It is the same as streamflow unaf-
fected by artificial diversions, storage, or other works of man in or on the stream channels.

The principle of optimizing the benefits of a present system without diminishing the
capacity for similar benefits in the future.

Development that meets the needs of the present without compromising the ability of
future generations to meet their own needs.

Water removed from soil that undergoes a change-of-state from liquid water in the stom-
ata of the leaf to the water vapor of the atmosphere.

Used water discharged from homes, business, cities, industry, and agriculture. Various
synonymous uses such as municipal wastewater (sewage), industrial wastewater, and
stormwater.

Treatment or processing of wastewater to make it reusable with definable treatment reli-
ability and meeting appropriate water quality criteria.

The use of treated wastewater for a beneficial use, such as agricultural irrigation and
industrial cooling.

The natural unit of land upon which water from direct precipitation, snowmelt, and other
storage collects and flows downhill to a common outlet where the water enters another
water body such as a stream, river, wetland, lake, or the ocean.

The water removed from the ground or diverted from a stream or lake for use.

The feasibility and reliability of providing adequate quantities and quality of water to
meet societal needs is constrained by geographic, hydrologic, economic, and social fac-
tors. Projections of unprecedented global population growth, particularly in urban areas,
have fueled concerns about water availability in increasingly complex environmental,
economic, and social settings. Some of the important questions and concerns are:
(1) how long can existing water sources be sustained? (2) how can we ensure the reliability
of current and future water sources? (3) where will the next generation of water sources
be found to meet the needs of growing populations and uses and provide for agriculture
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and industrial water requirements? and (4) how will conflicts between watershed inter-
ests in environmental preservation and beneficial uses of water sources be resolved? To
address the social, economic, and environmental impacts of water resources develop-
ment and avert the ominous prospects of water scarcity, there is a critical need to reex-
amine the way water resources systems are planned, constructed, and managed.

The emerging paradigm of sustainable water resources management emphasizes whole-
system solutions to reliably and equitably meet the water needs of present and future gen-
erations. Understanding the concepts of sustainable water resources management as a
foundation of water reclamation and reuse is of fundamental importance. Thus, the pur-
pose of this introductory chapter is to provide a perspective on (1) a definition of terms
including working terminology used in this chapter, (2) principles of sustainable water
resources management, (3) current and potential future global water shortages, (4) the
important role played by water reclamation and reuse, and (5) the future of water recla-
mation and reuse. The discussion in this chapter is designed to stimulate readers to think
about future water resources development and management in more sustainable and com-
prehensive ways, incorporating water reclamation and reuse as one of the viable options.

1-1 DEFINITION OF TERMS

Several different terms are used to describe forms of water and wastewater and their sub-
sequent treatment and reuse. To facilitate communication among different disciplines
associated with water reclamation and reuse practices, it is important to establish a broad
understanding of the terminology used in the field of water reclamation and reuse.
Useful terminology related to water reclamation and reuse is presented as Working
Terminology at the beginning of this chapter and every chapter in this textbook.

For the purpose of gaining broader public acceptance of water reuse, in 1995 the State
of California amended the provisions of the existing Water Code substituting the term
recycled water for reclaimed water and the term recycling for reclamation (State of
California, 2003). Water recycling is defined to mean water, which as a result of treat-
ment of wastewater, is suitable for a direct beneficial use or a controlled use that would
not otherwise occur. However, because of the traditional usage of the word and the
practice in water reclamation and reuse, the terms reclaimed water and recycled water
are used synonymously in this textbook. It should be noted that the terminology given
above may be considered working definitions that have evolved from water and waste-
water treatment, several water reuse legislations and regulations, as well as in response
to questions raised by reclaimed water users and the public at large.

1-2 PRINCIPLES OF SUSTAINABLE WATER RESOURCES MANAGEMENT

Historically, water resources management has focused on supplying water for human
activities, with an intrinsic assumption that technological solutions would keep pace
with steadily increasing water demands and progressively more stringent water quality
requirements. Past water resources development was based on manipulating the natural
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hydrologic cycle by attempting to balance the inherent water availability in a region
with societal needs for water in the context of the social and economic background of
the region, population, and the extent of urbanization (Baumann et al., 1998;
Thompson, 1999; Bouwer, 2000). Because of the social, economic, and environmental
impacts of past development and the prospects of potential water shortages, a new par-
adigm for water resources development and management is evolving, based on the prin-
ciples of sustainability and environmental ethics. Sustainability and environmental
ethics are examined further in this section.

The principle of sustainability, a cornerstone in the Brundtland Commission’s report enti-
tled Our Common Future (WCED, 1987), is defined as follows: “Humanity has the ability
to make development sustainable to ensure that it meets the needs of the present without
compromising the ability of future generations to meet their own needs.” Sustainability is
becoming a driving principle of political, economic, and social development and it has
achieved considerable public acceptance; however, the debate still continues over just what
is to be sustained, how, and for whom (Wilderer et al., 2004; Sikdar, 2005).

Sustainability can be applied to a range of human activities (e.g., sustainable agriculture)
or to human society as a whole. From an environmental perspective, human activities
are not sustainable if they irreversibly degrade natural ecosystems that perform essen-
tial life-supporting functions. In economics, sustainability may be defined, for example,
as “. . . nondeclining utilities (welfare) of a representative member of society for mil-
lennia into the future . . .’ (Pezzey, 1992). Despite the lack of a common understanding
of what sustainability is and the variable interpretations among different disciplines,
there is a general understanding that a whole system, long-term view is needed to assess
and approach sustainability, particularly in the case of water resources management. In
this textbook, sustainability is defined as the principle of optimizing the benefits of a
present system without diminishing the capacity for similar benefits in the future.

The goal of sustainable water resources development and management is to meet water
needs reliably and equitably for current and future generations by designing integrated
and adaptable systems, optimizing water-use efficiency, and making continuous efforts
toward preservation and restoration of natural ecosystems. The transition to a sustainable
society poses a number of technological and social challenges. Technological innovations
can help to improve what is called the ecoefficiency of human activities. Recognizing that
water resources are finite, it is essential that the overall use of the resource be sustainable
despite the increased efficiency of current and future technologies. Unless population
and consumption growth rates are reduced, technological improvements may only
delay the onset of negative consequences (Huesemann, 2003). Today, considerations for
sustainability must include a number of aspects that vary both temporally and spatially,
including energy and resource use and environmental pollution (Hermanowicz, 2005).

The emerging paradigm of sustainable water resources management has been inter-
preted in different ways by different stakeholders. The American Society of Civil
Engineers (ASCE, 1998) proposed the following working definition for sustainable
water resources systems: “Sustainable water resources systems are those designed and
managed to fully contribute to the objectives of society, now and in the future, while

The Principle of
Sustainability

Working
Definitions of
Sustainability

Challenges for
Sustainability

Criteria for
Sustainable
Water
Resources
Management
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maintaining their ecological, environmental, and hydrological integrity.” In practice, the
extent of sustainability in water resources management needs to be measurable with rel-
evant criteria. Criteria often identified with sustainable water resources management are
shown in Table 1-1.

Traditional approaches to water resources development have focused on modifying
water storage and flow patterns by constructing dams and reservoirs and/or designing
systems for interbasin transfers to secure water supplies (see Fig. 1-1). In many cases,
developing additional water resources satisfies the first criterion in Table 1-1 (i.e., to
meet basic human needs for water). However, in a growing number of cases, there is
not enough water available to meet basic water needs, as evidenced by the rise in water
scarcity in many regions of the world. New sources of water that can be developed cost-
effectively are not available for many of the major urban areas of the developing world.
Cost-effective sources of water have already been developed or are in the process of
development, and, in most cases, water that has been harnessed has been fully allocated
and in many cases overallocated.

Further, construction of dams and reservoirs is becoming less feasible due to considera-
tion of ecological and social impacts, safety, and the cost of complying with environ-
mental regulations. Thus, in many places, additional supplies of drinking water can be
obtained only by reallocating water that is currently used by other sectors such as agri-
culture or by using alternative water sources such as saline or brackish water, stormwa-
ter, or reclaimed water. Under the principles of sustainable water resources management,
demand management, such as water conservation, is used to meet basic water needs. It
is argued by some that the need to develop new sources of water can be avoided by
implementing measures for more efficient use of water (Vickers, 1991; Gleick, 2002). It
might also be argued that multiple approaches are needed to ensure the sustainability of
water resources management including water reclamation and reuse, water conservation,
and other demand management as listed in Table 1-1.

Water Conservation

Water conservation has been viewed historically by the water industry as a standby or
temporary measure that is utilized only during times of drought or other emergency
water shortages. This limited view of the role of water conservation is changing; utili-
ties that have pioneered the use of conservation have shown that it is a viable long-term
supply option (Vickers, 2001). Water conservation can yield a number of benefits for
the water utility, environment, and community. These benefits include reduced energy
and chemical inputs for water treatment, downsized or postponed expansions of water
facilities, and reduced costs and impacts of wastewater management.

Common conservation measures include customer education about water use, water-
efficient fixtures, water-efficient landscaping, metering, economic incentives, and
water-use restriction programs (Maddaus, 2001). In the United States, 42 percent of
annual water use is, on the average, for indoor purposes and 58 percent for outdoor pur-
poses (Mayer et al., 1999). Indoor residential water use can be reduced significantly by
installing water-efficient fixtures, such as low-volume flush toilets. Typical indoor
domestic uses of water in the United States with potential water savings with residential



Objective

Meet basic human needs for water

Maintain long-term renewability

Preserve ecosystems

Promote efficient use of resources

Encourage water conservation

Encourage water reclamation and reuse

Emphasize importance of water quality
in multiple uses of water

Examine necessity and opportunity of
water resources needs and build
consensus

Design for resilience and adaptability
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Table 1-1

Criteria for sustain-
able water resource
management?

Action

Provide adequate quantity of water
of a quality appropriate to protect
public health without compromising
enviromental quality.

Replenish freshwater through return
flows to the environment.

Manage the interface between
societal activities and sensitive
ecosystems; ensure that ecosystem
water balance is maintained. Strive
to achieve zero effluent discharge
goals.

Optimize the use of energy, material,
water, and control the release of
greenhouse gas emissions.

Ensure that water users are informed
of the advantages of water
conservation; develop new

ways to conserving water; implement
incentives to promote water
conservation.

Preserve high quality water sources
for other uses; develop new ways
of water reclamation and reuse;
prevent environmental degradation
by closed-loop management of
treated wastewater.

Identify relationships between
pollution prevention programs,
effective management of industrial
water use and wastewater treatment,
and alternative uses of water. Strive
to achieve zero effluent discharge
goals.

Involve public and private stake-
holders in planning and decision-
making, equitably distribute costs
and benefits.

Develop design strategies that
incorporate mechanisms to deal with
uncertainty, risk, and changing
societal values.

aCompiled, in part, from various sources including ASCE (1998); Gleick (1998 and 2000); Braden and van
lerland (1999); Loucks (2000); Asano (2002); Baron et al. (2002).
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Figure 1-1

Shasta Dam, on the Sacramento River near Redding, CA, serves to control
flood waters and store surplus winter runoff for irrigation in the Sacramento and
San Joaquin Valleys, maintain navigation flows, provide flows for the conservation
of fish and water for municipal and industrial use, protect the Sacramento-San
Joaquin Delta from intrusion of saline ocean water, and generate hydroelectric
power (Courtesy of U.S. Department of the Interior, Bureau of Reclamation).
(Coordinates: 40.718 N, 122.420 W)

water conservation are shown in Table 1-2. Water conservation can reduce indoor water
use by 32 percent on a per capita basis as shown in Table 1-2. In addition to indoor
water uses, the water use efficiency for outdoor residential water applications such as
landscape irrigation, washing cars, and other cleaning or recreational uses can also ben-
efit from implementing water conservation practices.

Water Reclamation and Reuse

Water reclamation is the treatment or processing of wastewater to make it reusable with
definable treatment reliability and meeting water quality criteria. Water reuse is the use
of treated wastewater for beneficial uses, such as agricultural irrigation and industrial
cooling. Treated municipal wastewater represents a more reliable and significant source
for reclaimed water as compared to wastewaters coming from agricultural return flows,
stormwater runoff, and industrial discharges. As a result of the Federal Clean Water Act
and related wastewater treatment regulations, centralized wastewater treatment has
become commonplace in urban areas of the United States (see Chap. 2, Sec. 2-2). New
technologies in decentralized and satellite wastewater treatment have also been developed
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Table 1-2
Typical single family home water use, with and without water conservation?@

Typical single family home water use

Without water With water

conservation conservation
Water uses L/capita-dP® Percent L/capita-dP® Percent
Toilets 76.1 27.7 36.3 19.3
Clothes washers 57.2 20.9 40.1 214
Showers 47.7 17.3 37.9 201
Faucets 42.0 15.3 40.9 21.9
Leaks 37.9 13.8 18.9 13.8
Other domestic 5.7 2.1 5.7 3.1
Baths 4.5 1.6 45 2.4
Dish washers 3.8 1.3 3.8 2.0
Total 274 .4 100 187.8 100

8Adapted from AWWA Research Foundation (1999).
bL/capita-d, liters per capita per day.

(see Chaps. 12 and 13). The emphasis of this textbook is, therefore, focused on planning
and implementation of water reclamation and reuse from municipal wastewater. The
benefits of water reclamation and reuse and factors driving its future are summarized in
Table 1-3.

With many communities approaching the limits of their readily available water supplies,
water reclamation and reuse has become an attractive option for conserving and extend-
ing available water supply by potentially (1) substituting reclaimed water for applica-
tions that do not require high-quality water supplies, (2) augmenting water sources and
providing an alternative source of supply to assist in meeting both present and future
water needs, (3) protecting aquatic ecosystems by decreasing the diversion of freshwa-
ter, reducing the quantity of nutrients and other toxic contaminants entering waterways,
(4) reducing the need for water control structures, and (5) complying with environmen-
tal regulations by better managing water consumption and wastewater discharges.

Water reuse is attractive particularly in situations where the available water supply is
already overcommitted and cannot meet expanding water demands in a growing com-
munity. Increasingly, society no longer has the luxury of using water only once.
Examples of signs highlighting water conservation and reuse are shown on Fig. 1-2.

Water reuse offers an alternative water supply that is consistently available in urban
areas, even during drought years, for various beneficial uses. However, because of its
genesis from municipal wastewater (traditionally known as sewage), acceptance of
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Table 1-3

Water reclamation and reuse: rationale, potential benefits, and factors driving its
further use®

Rationale for water reclamation and reuse

Water is a limited resource. Increasingly, society no longer has the luxury of
using water only once

Acknowledge that water recycling is already happening and do it more and better
The quality of reclaimed water is appropriate for many nonpotable applications
such as irrigation and industrial cooling and cleaning water, thus providing a
supplemental water source that can result in more effective and efficient use of
water

To meet the goal of water resource sustainability it is necessary to ensure that
water is used efficiently

Water reclamation and reuse allows for more efficient use of energy and
resources by tailoring treatment requirements to serve the end-users of the water

Water reuse allows for protection of the environment by reducing the volume of
treated effluent discharged to receiving waters

Potential benefits of water reclamation and reuse

Conservation of fresh water supplies
Management of nutrients that may lead to environmental degradation

Improved protection of sensitive aquatic environments by reducing effluent
discharges

Economic advantages by reducing the need for supplemental water sources and
associated infrastructure. Reclaimed water is available near urban development
where water supply reliability is most crucial and water is priced the highest

Nutrients in reclaimed water may offset the need for supplemental fertilizers,
thereby conserving resources. Reclaimed water originating from treated effluent
contains nutrients; if this water is used to irrigate agricultural land, less fertilizer
is required for crop growth. By reducing nutrient (and resulting pollution) flows
into waterways, tourism and fishing industries are also helped

Factors driving further implementation of water reclamation and reuse

Proximity: Reclaimed water is readily available in the vicinity of the urban
environment, where water resources are most needed and are highly priced
Dependability: Reclaimed water provides a reliable water source, even in
drought years, as production of urban wastewater remains nearly constant
Versatility: Technically and economically proven wastewater treatment processes
are available now that can provide water for nonpotable applications and can
produce water of a quality that meets drinking water requirements

Safety: Nonpotable water reuse systems have been in operation for over four
decades with no documented adverse public health impacts in the United
States or other developed countries

Competing demands for water resources: Increasing pressure on existing
water resources due to population growth and increased agricultural demand
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Table 1-3

Water reclamation and reuse: rationale, potential benefits, and factors driving its
further use? (Continued)

Factors driving further implementation of water reclamation and reuse

« Fiscal responsibility: Growing recognition among water and wastewater managers
of the economic and environmental benefits of using reclaimed water

« Public interest: Increasing awareness of the environmental impacts associated
with overuse of water supplies, and community enthusiasm for the concept of
water reclamation and reuse

« Environmental and economic impacts of traditional water resources approaches:
Greater recognition of the environmental and economic costs of water storage
facilities such as dams and reservoirs

« Proven track record: The growing numbers of successful water reclamation
and reuse projects throughout the world

« A more accurate cost of water: The introduction of new water charging
arrangements (such as full cost pricing) that more accurately reflect the full
cost of delivering water to consumers, and the growing use of these charging
arrangements

« More stringent water quality standards: Increased costs associated with upgrading
wastewater treatment facilities to meet higher water quality requirements for
effluent disposal

« Necessity and opportunity: Motivating factors for development of water reclama-
tion and reuse projects such as droughts, water shortages, prevention of seawa-
ter intrusion and restrictions on wastewater effluent discharges, plus economic,
political, and technical conditions favorable to water reclamation and reuse

8Compiled from various sources including Asano (1998); Queensland Water Recycling Strategy
(2001); Mantovani et al. (2001); Simpson (2006).

reclaimed water as an alternative water source has to overcome unique hurdles. In the
United States and other developed countries, reclaimed water is treated using strict
water quality control measures to ensure that it is nontoxic and free from disease caus-
ing microorganisms, but it does carry potential risks inherent in the use of any resource
exposed to human waste. Concerns for health and safety must be addressed in the plan-
ning and implementation of water reclamation and reuse. It has been found that the suc-
cess of water reclamation and reuse projects in many parts of the world has hinged on
the pressures associated with the urgent necessity for water coupled with the opportu-
nity to develop water reuse systems.

Environmental ethics involves the application of moral responsibility in relation to man-
agement of the natural environment. Similar to the principle of sustainability, environ-
mental ethics has emerged in response to serious environmental degradation resulting from
societal activities such as over-allocation of natural resources. There are several theories
of environmental ethics that are used to describe human obligations in the protection
of natural systems. The anthropocentric (human-centered) perspective emphasizes envi-
ronmental protection for the survival and well-being of humans alone. The ecocentric
(nature-centered) perspective regards humans as only one element of the broader natural
community, and bases moral responsibility on the intrinsic value and rights of nature.

Environmental
Ethics
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| Figure 1-2
Examples of signs highlighting (a) water conservation and (b) reuse.

Equitable Water Allocation

An ongoing water resources management debate questions whether society has an obli-
gation to meet the basic water needs for all people and ecosystems. Because of the
uneven geographic distribution of populations, water availability, and wealth, it is dif-
ficult to provide for equitable and balanced allocation of water resources. Balancing
societal water needs with ecosystem requirements is even more challenging, consider-
ing the complex science-defining ecosystem needs, the widely varying perceptions of
ecosystem value, and the dire social consequences of water scarcity (Harremogs, 2002).

Precautionary Principle

Another ethical question is whether human activities should proceed if there is a poten-
tial, but unproven risk to the environment or public health. The precautionary principle,
introduced in European environmental policies in the late 1970s, has been providing both
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guidance and controversy in this area (Foster et al., 2000; Krayer von Krauss et al.,
2005). The definition of precautionary principle used in the Third North Sea Conference
in 1990 was, “To take action to avoid potentially damaging impacts of substances that
are persistent, toxic, and liable to bioaccumulation even where there is no scientific evi-
dence to prove a causal link between emissions and effects” (Harremogs et al., 2001). At
its core, the precautionary principle embodies the idea of “better safe than sorry,” but,
undoubtedly, some people would argue that no progress will be made with this mindset.

Similar to sustainable development, the greatest difficulty with using the precautionary
principle as a policy tool is its extreme variability in interpretation. The principle can
be interpreted as calling for absolute proof of safety before any action is taken, or it may
be interpreted as opening the door to cost-benefit analysis and discretionary judgment
as stated in the Rio de Janeiro Declaration (United Nations, 1992; Foster et al., 2000).
A challenging final question is: how to use uncertainty information in policy context?
More research is required to answer this question (Krayer von Krauss et al., 2005).

1-3 CURRENT AND POTENTIAL FUTURE GLOBAL WATER SHORTAGES

The total volume of renewable freshwater in the global hydrologic cycle is several times
more than is needed to sustain the current world population. However, only about 31 percent
of the annual renewable water is accessible for human uses due to geographical and sea-
sonal variations associated with the renewable water (Postel, 2000; Shiklomanov, 2000).
On a global scale, annual withdrawals for irrigation are over 65 percent of the total with-
drawn for human uses; 2,500 out of a total of 3,800 km’. Withdrawals for industry are
about 20 percent, and those for municipal use are about 10 percent (Cosgrove and
Rijsberman, 2000).

Countries of North Africa and the Middle East, especially Egypt and the United Arab
Emirates, are among the countries with the lowest freshwater availability (see Figs. 1-3
and 1-4). On the contrary, Iceland, Suriname, Guyana, Papua New Guinea, Gabon,
Canada, and New Zealand are examples of the most water abundant countries, based on
per capita water availability (WRI, 2000).

The implementation of water reclamation and reuse projects is driven mainly by exist-
ing and projected water shortages in specific water-poor countries. Other factors such
as preventing saltwater intrusion into freshwater resources in coastal areas and prohibi-
tion of wastewater effluent disposal into sensitive environments will certainly influence
water reuse decisions. The impacts associated with current and projected world popu-
lation, water requirements, and potential global and regional water scarcity are consid-
ered briefly in the following discussion.

The world population in 2002 was estimated at 6.2 billion with an annual growth rate
of 1.2 percent, or 77 million people per year. To put the recent growth in perspective, the
world population in the year 1900 was only 1.6 billion and in 1950 it was 2.5 billion. It is
projected that the world population in 2050 will be between 7.9 billion and 10.3 billion
(United Nations, 2003).

Impact of
Current and
Projected World
Population
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Figure 1-3
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The rate of growth in industrialized countries is well under one percent per year. In
developing countries, however, the growth rate exceeds two percent per year, and in
some parts of Africa, Asia, and the Middle East it exceeds three percent per year. As a
result, over 90 percent of all future population increases will occur in the developing
world (United Nations, 2003). Six countries currently account for half of the annual
population growth: India, China, Pakistan, Nigeria, Bangladesh, and Indonesia. The
population in the United States was estimated at about 285 million in 2001 and was
growing at an annual rate of about one percent (U.S. Census Bureau, 2003).

Urbanization

In 1950, New York was the only city in the world with a population of more than
10 million. The number of cities with more than 10 million people increased to 5 in 1975
and 17 in 2001, and is expected to increase to 21 cities in 2015. The world’s urban pop-
ulation reached 2.9 billion in 2000 and is expected to increase by 2.1 billion by 2030,
just slightly below the world’s total population increase (United Nations, 2002). The
population of cities with 10 million inhabitants or more in 1950, 1975, 2001, and 2015
is listed in Table 1-4. It is projected that Asia and Africa will have more urban dwellers
than any other continent of the world, and Asia will contain 54 percent of the world’s
urban population by 2030.

Although urbanization is more prominent in the developing world, urban populations
in developed countries are also expanding. In the United States, the average annual
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Figure 1-4

Projected global water scarcity in 2025 (Adapted from IWMI, 2000). In the global scale, countries
of North Africa and the Middle East, Pakistan, India, and the northern part of China are projected

to face severe water scarcity.

population growth in metropolitan areas (cities and suburbs) between 1990 and 1998 was
1.14 percent, while nonmetropolitan areas grew at a slower rate of 0.88 percent, reflecting
population shifts from rural to urban areas. Of the country’s total population in 1998, 28.1
percent lived in metropolitan areas with five million or more people. Among urban areas
with five million or more people, the Los Angeles-Riverside-Orange County area and the
San Francisco-Oakland-San Jose area in California grew most rapidly between 1990 and
1998—reflecting an annual increase of 1.08 percent, slightly lower than the growth rate
of all U.S. metropolitan areas (Mackun and Wilson, 2000). Metropolitan areas in the
United States with populations of five million or more are shown in Table 1-5.

Urbanization intensifies the pressures of population growth on water resources due to
imbalances between water demands and the proximity of water sources. In addition,
significant differences exist in water use patterns between rural, agricultural, and urban
areas. Because of this, population growth and urbanization will pose significant chal-
lenges for water resources management throughout the world.

Irrigation Water Use

The expansion of the aerial extent of irrigated land-use due to population growth is one
of the most important contributors to the increase of total water use in the world. In 1995,
over 65 percent of the total global water withdrawal for human uses was for irrigation,

17
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Table 1-4

Water Issues: Current Status and the Role of Water Reclamation and Reuse

The population of cities and metropolitan areas with 10 million inhabitants or more, for 1950, 1975,

2001, and 20152

1950 1975 2001 2015
Population, Population, Population, Population,
City City millions City millions City millions
New York Tokyo 19.8 Tokyo 26.5 Tokyo 27.2
New York 15.9 Sao Paulo 18.3 Dhaka 22.8
Shanghai 11.4 Mexico City 18.3 Mumbai 22.6
Mexico City 10.7 New York 16.8 Sao Paulo 21.2
Sao Paulo 10.3 Mumbai 16.5 Delhi 20.9
Los Angeles 13.3 Mexico City 20.4
Calcutta 13.3 New York 17.9
Dhaka 13.2 Jakarta 17.3
Delhi 13.0 Calcutta 16.7
Shanghai 12.8 Karachi 16.2
Buenos Aires 12.1 Lagos 16.0
Jakarta 114 Los Angeles 14.5
Osaka 11.0 Shanghai 13.6
Beijing 10.8 Buenos Aires 13.2
Rio de Janeiro 10.8 Metro Manila 12.6
Karachi 10.4 Beijing 11.7
Metro Manila 10.1 Rio de Janeiro 11.5
Cairo 11.5
Istanbul 11.4
Osaka 11.0
Tianjin 10.3

8Adapted from United Nations (2002).

which includes both agricultural and nonresidential landscape applications. Irrigation
consumes a large volume of water through evaporation from reservoirs, canals, and soil
and through incorporation into and transpiration by crops. Consumptive use is the por-
tion of withdrawn water that is evaporated, transpired, incorporated into products or
crops, consumed by humans or livestock, or otherwise removed from the immediate
water environment. Depending on the technology and management, consumptive use
associated with irrigation can range from 30 to 90 percent of the total water withdrawn
(Cosgrove and Rijsberman, 2000).

Applied water that is not consumed either recharges groundwater or contributes to
drainage or return flows. This water can be—and often is—reused, but, because return
flows tend to have higher salt concentrations and are likely to be contaminated with
nutrients, sediments, pesticides, and other chemicals, beneficial reuse of this water has
limited applications unless it is treated prior to use.
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Table 1-5
Metropolitan areas in United States with population of 5 million or more: 1990 to 19982

Population
change 1990 to 1998
Metropolitan area 1998 population Number Percent

New York-Northern New Jersey-Long Island, NY-NJ 20,126,150 558,939 2.9
Los Angeles-Riverside-Orange County, CA 15,781,273 1,249,744 8.6
Chicago-Gary-Kenosha, IL-IN-WI 8,809,846 570,026 6.9
Washington-Baltimore-Northern Virginia, DC-MD-VA 7,285,206 558,811 8.3
San Francisco-Oakland-San Jose, CA 6,816,047 538,522 8.6
Philadelphia-Wilmington-Atlantic City, PA-NJ-DE 5,988,348 95,329 1.6
Boston-Worcester-Lawrence-Southern Maine and 5,633,060 177,657 3.3
New Hampshire, MA-NH-ME
Detroit-Ann Arbor-Flint, Ml 5,457,583 270,412 5.2

8Adapted from Mackun and Wilson (2000). Original source: U.S. Census Bureau, Population Estimates Program.

Domestic and Industrial Water Uses

Conversion of farmland into residential and industrial areas results in a decrease in agri-
cultural water use and a concurrent increase in domestic and industrial water uses. A
large share of the water used by households, services, and industry—up to 90 percent in
areas where total water use is high—is returned as wastewater. While a large proportion
of the water used in domestic and industrial water is collected as wastewater, water is
in such a degraded state that treatment is required before it can be discharged or reused.

Globally, the water resources in various regions and countries are expected to face Potential
unprecedented pressures in the coming decades as a result of continuing population Global Water
growth and uneven distributions of population and water. Although the number of per- Shortages
sons served has increased, about 1.1 billion people, or about 18 percent of the world

population lacked access to clean drinking water, and 2.4 billion did not have adequate

sanitation services in 2000 (WHO, 2000). Surging populations throughout the develop-

ing world are intensifying the pressures on limited water supplies. The concentration of

populations within urban areas further exacerbates the disparity between water demand

and regional water availability.

A country is considered water-scarce when its annual supply of renewable freshwater is  Water Scarcity
less than 1,000 m’ per capita (Falkenmark and Widstrand, 1992; Falkenmark and Lindh,

1993). Such countries can expect to experience chronic and widespread shortages of

water that hinder their development and welfare. Globally, water scarcity is resulting in

a host of crises, such as food shortages, regional water conflicts, limited economic

development, and environmental degradation (Postel, 2000). These issues have put

freshwater availability at the forefront of state, national, and international efforts in

recent decades.
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Potential
Regional Water
Shortages in
the Continental
United States

Two types of water-scarce countries can be identified: (1) the countries with physical
water scarcity which will not have sufficient water to meet their future agricultural,
domestic, industrial, and environmental needs even with the highest feasible efficiency
and productivity of water use, and (2) the countries with economic water scarcity: coun-
tries that have sufficient water resources but lack the monetary resources needed to
access or use these resources or face severe financial and development capacity prob-
lems. These countries will need to increase water supply by 25 percent or more over
1995 levels through additional storage and conveyance facilities to meet their water
demands in 2025. The projected global water scarcity in 2025 is depicted on Fig. 1-4.
Countries of North Africa and the Middle East, Pakistan, India, and the northern part of
China are projected to face severe water scarcity (IWMI, 2000).

While the data presented on Fig. 1-4 provide a global perspective, it is difficult to apply
that information on a regional or watershed scale. For example, about one-half of the
population of China lives in the wet region of southern China, mainly in the Yangtze
basin, while the other half lives in the arid north, mainly in the Yellow River basin. This
is also true for India, where about 50 percent of the population lives in the arid north-
west and southeast, while the remainder lives in fairly wet areas (IWMI, 2000). In many
countries, the distance between available sources of water and population centers is too
far to allow for moving water from the source to the needed area due to the lack of
resources to construct, operate, and maintain the extensive infrastructure that would be
required. In addition, there may be environmental, social, and economic constraints that
limit the overall feasibility of transporting water. Thus, much more attention needs to
be paid to the governance of water to ensure that sustainable water supplies will be
available through the twenty-first century (Rogers, et al., 2006). The value of imple-
menting water reclamation and reuse is recognized by many in the context of sustain-
able water resources management because municipal wastewater is produced at the
doorstep of the metropolis where water is needed the most and priced the highest.

A comparison of the average regional consumptive use and renewable water supply in
the United States is depicted on Fig. 1-5. The renewable water supply is the sum of pre-
cipitation and imports of water, minus the water not available for use through natural
evapotranspiration and exports. Renewable water supply is a simplified upper limit to
the amount of water consumption that could occur in a region on a sustained basis.
Requirements to maintain minimum flows in streams leaving the region for navigation,
hydropower, fish, and other instream uses limit the amount of the renewable supply
available for use. Also, total development of a surface-water supply is never possible
because the extent of evaporative losses increases as more reservoirs are constructed.
Nevertheless, the renewable supply compared to consumptive use is an index of the
degree to which the resource has already been developed (USGS, 1984; Adams, 1998).

Water resources regions having potential limitations in water supply with respect to ade-
quacy and dependability are the Rio Grande Region, Missouri, Texas-Gulf, the Upper
and Lower Colorado River Basin, Great Basin, and California as depicted on Fig. 1-5.
From the water supply point of view, several major regions of the country are using water
in excess of their presently sustainable water resources. Some areas are entirely depend-
ent on groundwater mining. Other areas, where surface waters are used, have been able
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Figure 1-5

Comparison of average consumptive use and renewable water supply for the 20 water resources
regions of United States (Adapted from USGS, 1948; updated using 1995 estimates of water use).
The number in each water resource region is consumptive use/renewable water supply in 108 m*/d,
respectively, or consumptive use as a percentage of renewable supply as shown in the legend.

to satisfy growing demands by means of the relatively high yields from normal and wet-
year stream flows. Identified water resources issues from various regions are summarized
below based on the U.S. Geological Survey Water-Supply Paper 2250 (USGS, 1984).

Central Great Plains

The Central Great Plains relies on water imported to the region. The main transbasin
water diversions are the tunnels drilled through the Rockies to bring supplies of water
from the Colorado River to the Great Plains. Irrigated agriculture is a main end use in
this region, and this demand is increasing (although in some areas water use is shifting
from agriculture to urban development). The biggest regional issue is the lack of surplus
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capacity in regional water supplies. For example, water from the Arkansas River serves
multiple uses as it passes through the individual states. The resulting conflicts over allo-
cation of limited groundwater and surface water supplies have led to a number of law-
suits in the region.

Eastern Midwest

The Eastern Midwest includes some of the largest river systems in the nation, and this region
is also strongly affected by drought and flood. Drought brings on low flow and depletion of
groundwater. Flooding causes crop and property damage, erosion, and sedimentation. In
addition, agricultural runoff from the region is causing hypoxia (a reduction in aquatic oxy-
gen concentration to levels where life cannot be sustained) within the Gulf of Mexico.
However, floods help the fish population by diluting agricultural runoff and increasing the
concentration of dissolved oxygen. Generally, the region has plenty of water, but the effi-
ciency of water distribution varies seasonally, resulting in water shortages during droughts.

Great Lakes

The Great Lakes, while making up 95 percent of the fresh surface water in the United
States, are a shared resource with Canada. The potential for degradation in water quan-
tity, quality, associated ecosystems, and coastline is a concern for both nations.
Regional needs include a serious consideration of sustainability, the development of a
robust water management plan including groundwater supplies, and an assessment of
water quality and ecosystem impacts on the 121 watersheds around the Great Lakes.

Metropolitan East Coast, New York City

Although many communities in this region have their own water supply systems, they are
generally small compared to that for New York City. The quality of discharged effluent
from these communities has improved significantly over time. In general, new institutional
forms and changes are needed as growth is occurring and to cope with degraded water
quality and growing water demand, along with needs for new infrastructure systems.

Mid-Atlantic

The Middle Atlantic region is an area with significant climate variability and large vul-
nerabilities. During the past few decades, the region has experienced both severe
drought and flooding produced by winter storms and summer hurricanes. The region
includes several metropolitan areas which rely on water systems that are highly sensi-
tive to climate variation. A large portion of the population obtains water from private
wells. As a result, water management in dry periods is a major issue for this region.

Rio Grande

Water shortage is a concern for the entire region, yet at the same time the region is expe-
riencing rapid urban and population growth. With the expanding population in the
region aquifers are being depleted rapidly. Conflicts are arising between Native
American tribes and the rest of the community, resulting in legal battles in many cases.
Rio Grande river water along the Mexican border is being allocated to agriculture, yet
no drought management plan is in place. The ecology of the region is also threatened
due to instream flows as low as 20 percent of historical levels. One potential answer to
supply problems is increased efficiency of agricultural water use.
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Southeast, including the Atlantic Coast

This region has abundant water, but water management policy is critical because of the
strong pressure for further development in the region. Demographic impacts also play
an important role in water management and use in this area because of the high popu-
lation densities along the coast and because of large seasonal swings in population.
Agriculture, forestry, and ecological systems are identified as the main areas of con-
cern, especially with respect to water quality and availability. In addition, some health
hazards are also associated with contaminated water resources.

The State of Florida receives about 1400 mm of rain on an annual basis, however most
of the precipitation occurs over a three to four months period (rainy season). The
remainder of the year is relatively dry. Water use patterns are inverse to rainfall with
higher water usage occurring during the dry season (winter) and lower water usage
occurring during the rainy season (summer). Shifts in land use patterns from agriculture
to urbanization have resulted in an imbalance between water availability and water use.
In addition, seasonal population shifts due to tourism and retirement communities
impose further pressures on water resources during the dry season. Overdrafting of
groundwater has also resulted in land subsidence. There is a critical need for alternative
reliable water sources to meet water demands associated with population increases pro-
jected to occur in the future.

Preventing Crises and Conflict in the West

Chronic water supply problems in the West are some of the greatest challenges the
United States will be facing in the coming decades. The U.S. Department of the Interior
(2003) published a report entitled, Water 2025: Preventing Crises and Conflict in the
West, which describes the issues that are driving major conflicts between water users in
the West. The specific competing issues described in this report are (1) the explosive
population growth in western urban areas, (2) the emerging need for water for environ-
mental and recreational uses, and (3) the national importance of the domestic produc-
tion of food and fiber from western farms and ranches. Water 2025 provides a basis for
a public discussion of the realities that face the West so that decisions can be made at
the appropriate level in advance of water supply crises.

1-4 THE IMPORTANT ROLE OF WATER RECLAMATION AND REUSE

Water reclamation and reuse involves considerations of public health and also requires
close examinations of infrastructure and facilities planning, wastewater treatment plant
siting, treatment process reliability, economic and financial analyses, and water utility
management involving effective integration of water resources and reclaimed water.
Whether water reuse will be appropriate depends upon careful economic considera-
tions, potential uses for the reclaimed water, public health protection, stringency of
waste discharge requirements, and public policy where the desire to conserve rather
than develop available water resources may override other obstacles. In addition, the
varied interests of many stakeholders, including those representing the environment,
must be considered.

23
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Types of Water
Reuse

Integrated
Water
Resources
Planning

The principal categories of water reuse applications for reclaimed water originating
from treated municipal wastewater are shown in Table 1-6, in descending order of vol-
ume of use. The majority of water reuse projects are for nonpotable applications such
as agricultural and landscape irrigation and industrial uses (see Figs. 1-6 and 1-7).
Groundwater recharge can be designed for indirect potable reuse where groundwater is
recharged with reclaimed water and replenishes portions of potable groundwater. The
detailed discussions on the technical aspects of water reuse applications are given in
Part 4 of this textbook.

Integrated water resources planning is a process that promotes the coordinated develop-
ment and management of water, land, and related resources to maximize the resultant eco-
nomic and social welfare in an equitable and sustainable manner. A framework to compare
competing interests, including those of future generations, does not currently exist in water
management and planning. A new definition of sustainable water development is also

Table 1-6
Water reuse categories and typical applications

Category Typical application
Agricultural irrigation Crop irrigation

Commercial nurseries
Landscape irrigation Parks

School yards
Freeway medians
Golf courses
Cemeteries
Greenbelts
Residential

Industrial recycling and reuse Cooling water
Boiler feed
Process water
Heavy construction

Groundwater recharge Groundwater replenishment
Salt water intrusion control
Subsidence control

Recreational/environmental uses Lakes and ponds
Marsh enhancement
Streamflow augmentation
Fisheries
Snowmaking

Nonpotable urban uses Fire protection
Air conditioning
Toilet flushing

Potable reuse Blending in water supply reservoirs
Blending in groundwater
Direct pipe to pipe water supply
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Figure 1-6

Irrigation with reclaimed water: (a) fodder, (b) vegetable crops, (c) golf course irrigation, Crete, Greece, and
(d) landscape (front yard) irrigation.

needed that expands the traditional supply and demand approach and encompasses envi-
ronmental and social issues. Suitable methodology to assess various aspects of sustain-
ability is needed especially for detailed engineering analysis.

Although the immediate drivers behind water reuse may differ in each case, the overall
goal is to close the hydrologic cycle on a much smaller, local scale. In this way, the used
water (wastewater), after proper treatment, becomes a valuable resource literally “at the
doorstep of the community” instead of being a waste to be disposed. In many cases,
water reuse is practiced because other sources of water are not available due to physical,
political, or economic constraints and further attempts to reduce consumption are not
feasible. An important breakthrough in the evolution of sustainability for water resources
was achieved when water reclamation and reuse were introduced as options to satisfy
water demand. Water reclamation and reuse are also the most challenging options, tech-
nically and economically, because the source of water is normally of the lowest quality.
As a result, extensive treatment is commonly applied, often beyond pure requirements
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Figure 1-7

Nonirrigation use of reclaimed water: (a) evaporative cooling towers, (b) commercial car washing,
(c) groundwater recharge, and (d) recreational impoundment.

stemming from the final water use, with a goal of alleviating health concerns to help
make the water reuse option palatable to the public. The requirements for reclaimed
water (e.g., advanced treatment and a separate distribution system), however, make water
reuse costly, thus, limiting its wider use (Hermanowicz, 2005).

Substituting Reclaimed Water for Nonpotable Uses

A growing water resource management trend worldwide is to prioritize the use of water
based on availability and quality. Preferentially, the emphasis is on preserving the highest
quality water sources for drinking water supplies by using an alternative source such as
reclaimed water for applications that have less significant health risks such as irrigating
croplands and golf courses. Increasing water productivity for irrigation is an urgent need
especially in regions of high water vulnerability. The integration of water reclamation and
reuse into water resources management allows for preservation of higher quality water
supplies by substituting reclaimed water for direct nonpotable applications.
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Water Use Patterns

To assess the role of water reclamation and reuse and provide a framework for evaluat-
ing water reuse feasibility, it is important to correlate major water use patterns with
potential water reuse applications. For example, in urban areas, industrial, commercial,
and nonpotable urban water requirements account for the majority of water demand. In
arid and semiarid regions, irrigation is the dominant component of water demand. Water
requirements for irrigation applications tend to vary seasonally whereas industrial water
needs are more constant. The degree of water reuse for a given watershed depends on
the water demand patterns in commercial, industrial, and agricultural applications within
the watershed. Seasonal variations in water reuse, needs for reclaimed water storage,
and distribution facilities are discussed in Chap. 14.

A dramatic change has occurred in the water resources development and management
over the past three decades. Whereas twentieth century engineers and managers were
trained to build dams, reservoirs, and water and wastewater treatment facilities, today’s
water professionals are confronted with the complex task of assessing the sustainability
of water and its impact on society and the environment. In addition to considering tech-
nical and economic aspects of water management projects, today’s water professionals
are becoming the stewards of water resources for the current and future needs of humans
and the environment.

For more than a quarter century, a recurring thesis in environmental and water resources
engineering has been that improved municipal wastewater treatment could provide a
treated effluent of such quality that it should not be wasted but put to beneficial use (see
Fig. 1-8). This conviction coupled with the vexing problems of increasing water short-
ages and environmental pollution, provides a realistic framework for considering
municipal wastewater as a water resource in many parts of the world. Water pollution
control efforts have made treated effluent from municipal wastewater treatment plants
a viable alternative for augmentation of the existing water supply, especially when com-
pared to increasingly expensive and often environmentally destructive development of
new water resources.

An important determinant of the potential applications and treatment requirements for
water reuse is the quality of water resulting from various municipal uses. A conceptual
comparison of the extent to which water quality changes through municipal applications
is illustrated on Fig. 1-9. Water treatment technologies are applied to source water such
as surface water, groundwater, or seawater to produce drinking water that meets appli-
cable drinking water regulations and guidelines. Conversely, municipal water uses
degrade water quality by absorbing and accumulating chemical or biological contami-
nants and other constituents. The quality changes necessary to upgrade the resulting
wastewater then become the basis for wastewater treatment. In practice, treatment is car-
ried out to the point required by regulatory agencies for protection of the environment,
including aquatic ecosystems and preservation of beneficial uses of receiving waters.

As the quality of treated water approaches that of unpolluted natural water, the practi-
cal benefits of water reclamation and reuse become evident. The levels of treatment and
the resultant water quality endow the water with economic value as a water resource.

Personnel
Needs/
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Engineering

Treatment and
Technology
Needs
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As more advanced technologies are applied for water reclamation, such as carbon
adsorption, advanced oxidation, and membrane technologies (see Chaps. 9 and 10), the
quality of reclaimed water can meet or exceed the conventional drinking water quality
standards by all measurable parameters. This high quality water for indirect potable
reuse was termed repurified water in the case of San Diego, California and NEWater in
the case of Singapore (see Chap. 23). Today, technically proven water reclamation or
water purification processes exist to provide water of almost any quality desired,
including ultrapure water for precision industries and medical uses.

Often, reclaimed water system design is approached in the same way as conventional
potable water system design. However, special issues arise from the water quality, relia-
bility, variation in supply and demand, and other differences between reclaimed water and
freshwater. Engineering issues for a water reclamation and reuse project generally fall into
the following categories: (1) water quality, (2) public health protection, (3) wastewater
treatment alternatives, (4) pumping, storage, and distribution system siting and design
(see Fig. 1-10), (5) on-site conversions at water reuse sites, such as potable and reclaimed
water plumbing separation, (6) matching of supply and demand for reclaimed water, and
(7) supplemental and backup water supplies. Many aspects of these issues are addressed
throughout this textbook.
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It is instructive to examine population growth patterns in the western United States and
consider their implications on water reuse infrastructure and planning issues. The coun-
ties with the highest population growth rate, up to 60 percent above the average, were
characterized by low-to-medium population density (around four people/km?). In con-
trast, the counties with high population densities (large cities and densely populated
suburbs) and those with very low population densities grew at a much lower rate, some-
times even losing people. Such high growth rates at relatively modest population den-
sities result in significant challenges for water supply, wastewater disposal, and, more
importantly, water reuse. At these population densities, individual solutions such as

Figure 1-10

Infrastructure is essential in successful water reuse applications: (a) Irrigation pumps and (b) storage
reservoir.
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wells for water supply, septic tanks and leach fields for wastewater treatment and dis-
posal may no longer be feasible. Yet, traditional communal solutions involving pipelines
and collection systems become very expensive due to long distances between individ-
ual users (Hermanowicz and Asano, 1999; Anderson, 2003).

Providing the municipal infrastructure is costly. The costs will be unevenly distributed
(in the absence of subsidies) with less densely populated communities liable for much
higher per capita expenses. Higher costs for larger, less densely populated communities
combined with the demographic trend toward modest population densities are likely to
strain financially future water projects. It must also be recognized that, until recently,
most of the water reclamation and reuse projects have been implemented from central-
ized municipal wastewater treatment facilities with treatment and disposal requirements
that were developed since the late 1970s.

To alleviate the needs for large infrastructure construction, concepts and technologies
have advanced using satellite water and wastewater treatment, and decentralized and
onsite systems. Topics related to water reclamation and reuse in satellite, decentralized,
and onsite systems are discussed in detail in Chaps. 12 and 13.

Ultimately, after appropriate treatment, wastewater collected from cities must be returned
to the land or water. The complex question of which contaminants in urban wastewater
should be removed to protect the environment, to what extent, and where they should be
placed must be answered in light of an analysis of local conditions, environmental and
health risks, scientific knowledge, engineering judgment, economic feasibility, and public
acceptance. Planning for water reuse is discussed in detail in Chap. 25.

1-5 WATER RECLAMATION AND REUSE AND ITS FUTURE

The social, economic, and environmental impacts of historic water resources develop-
ment practices and the inevitable prospects of water scarcity are driving the shift to a
new paradigm in water resources management. The new approach incorporates the
principles of sustainability, environmental ethics, and public participation.

Sustainable water resources management emphasizes whole-system solutions to meet
the water needs of present and future generations reliably and equitably. Achieving sus-
tainable water resources management is dependent upon a clear understanding of the dis-
tribution and availability of water resources in the hydrologic cycle and the effect that
human activities may have on the environment. Sustainable water resources management
seeks to design integrated and adaptable systems, increasing efficiency of water use, and
making continuous efforts toward protecting ecosystems (Baron et al., 2002).

Environmental ethics plays a significant role in sustainable water resources management
by bringing equity into consideration in the context of societal needs and environmental
stewardship. Public participation in planning and project development is essential to
identify community priorities and concerns, which include not only equity but also
growth impacts, cost, and public safety.
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While the world’s water problems may loom high, steady progress in water reclamation
and reuse has been made since the 1970s. To make full use of the water resource creat-
ed by reclaimed water, several challenges must be met. These include institutional and
social obstacles such as regulatory developments and public acceptance. Technical and
economic challenges also must be addressed. Important issues related to the future of
water reclamation and reuse are summarized in the following paragraphs.

While water reclamation and reuse is a sustainable approach and can be cost-effective in
the long run, the additional treatment of wastewater beyond secondary treatment for reuse
and the installation of reclaimed water distribution systems can be costly and energy-
intensive as compared to such water supply alternatives as imported water (interbasin
transfer of water) or groundwater. Furthermore, institutional barriers as well as varying
agency priorities can make it difficult to implement water reuse projects in some cases.

The public’s awareness of sustainable water resources management is essential; thus,
planning should evolve through a community value-based decision-making model. It is
important that water reuse is placed within the broader context of water resources man-
agement and other options such as desalting to address water supply and water quality
problems. Community values and priorities are then identified to guide planning from
the beginning in the formulation and selection of alternative solutions.

To date the major emphasis of water reclamation and reuse has been on nonpotable appli-
cations such as agricultural and landscape irrigation, industrial cooling, and in-building
applications such as toilet flushing in large commercial buildings. Indirect and direct
potable reuse options raise more public concern and uncertainty. In any case, the value of
water reuse is weighed within a context of larger public issues. Water reuse implementa-
tion continues to be influenced by diverse factors such as opportunity and necessity;
drought and reliability of water supply; growth versus no growth; urban sprawl, traffic
noise, and air pollution; and the perception of reclaimed water safety, aesthetics, political
will, and public policy governing sustainable water resources management.

Due to land use practices and the increasing proportion of treated wastewater discharged
into the nation’s waters, freshwater sources of drinking water now contain many of the
same constituents of public health concern that are found in reclaimed water. Much of the
research that addresses direct and indirect potable water reuse is becoming equally relevant
to unplanned indirect potable reuse (de facto indirect potable reuse) that occurs naturally
when water sources containing wastewater discharges are used as a source for drinking
water supply. Because of the research interest and public concerns, emerging pathogens
and trace organic constituents including disinfection byproducts, pharmaceutically active
compounds, and personal care products have been investigated and reported on extensive-
ly with regard to public water sources. However, the ramifications of many of these con-
stituents in trace quantity are not well understood with respect to long-term health effects
(see Chap. 5).

Cost-effective and reliable water reclamation technologies are vital to successful
implementation of water reuse projects. Comprehensive research on advanced treat-
ment technologies and their combinations, including membrane processes, advanced
oxidation, and reliable disinfection is essential (see Fig. 1-11).
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Figure 1-11

Advanced treatment system consisting of (a) reverse osmosis membrane process, and
(b) ultraviolet disinfection system.

Challenges for
Water
Reclamation
and Reuse

The incentives for a water reclamation and reuse program make perfect sense to tech-
nical experts—a new water source, water conservation, economic advantages, environ-
mental benefits, government support, and the fact that the cost of wastewater treatment
makes the product too valuable to “throw away” or dispose. So why hasn’t the concept
been embraced and supported wholeheartedly by the community? (Wegner-Gwidt,
1998). The human side of politics, public policy, and decision-making associated with
technological advances are not always in concert with technical experts and technolog-
ical advances. As technology continues to advance and the reliability and safety of
water reuse systems is widely demonstrated and public policy and perception changes
to embrace these technological advances, water reclamation and reuse will continue to
expand as an essential element in sustainable water resources management.

PROBLEMS AND DISCUSSION TOPICS

1-1 What role has water played in the historic development and decline of civilizations
such as Mesopotamia? Cite a minimum of three references and summarize your findings.

1-2 Review three articles that deal with renewable water resources and compare the
definitions given in the articles to the definition given in the working terminology in this
chapter. Discuss the reasons for any differences.

1-3 Discuss what temporal and geographic factors affect “renewable water resources”
in the region in which you live.



1-4 What impact does the development of megacities have on renewable water
resources?

1-5 Discuss briefly the geopolitical implications of the global distribution of water.
Cite three references in your response.

1-6 A much quoted definition of sustainable development was presented in the
Brundtland Commission’s report Our Common Future (WCED, 1987, also available
online). However, the question of what is to be sustained, how, and for whom, has been
debated extensively for the past two decades. Discuss briefly the elements of sustain-
able water resources management with respect to equity and interdependence.

1-7 What is your answer to the opinion that water conservation practices are unnec-
essary because future generations will be able to work out new solutions for any water
shortages, should they develop.

1-8 Using reclaimed water is technically, economically, and socially challenging
because the source of water is municipal wastewater. Discuss the engineering, social,
and economic factors that can be used to justify water reclamation and reuse.

1-9 The incentives for a water reuse program make perfect sense to technical experts—
a new water source, water conservation, economic advantages, environmental benefits,
government support, and the fact that the cost of wastewater treatment makes the prod-
uct too valuable to “throw away” or dispose. So why hasn’t the concept been embraced
and supported wholeheartedly by the community?

1-10 Currently, in the United States, the highest rates of water reuse occur in
California and Florida, even though these states have widely different precipitation pat-
terns. Compare regional factors that influence the potential for implementing water
reuse.
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Water Reuse: Past and Current Practices

WORKING TERMINOLOGY

Term

Definition

Beneficial uses
Direct potable reuse
Imported water
Indirect potable reuse
Integrated water

resources planning

Nonpotable reuse

Planned water reuse

Potable reuse, direct

Potable reuse, indirect

Reclaimed water
(also, recycled water)

Sewer mining

Title 22 regulations

Water reclamation

Water recycling

Water reuse

The many ways water can be used, either directly by people or for their overall benefit.
Examples include municipal water supply, agricultural and industrial applications, navi-
gation, fish and wildlife, habital enhancement, and water contact recreation.

See Portable reuse, direct.

Water from one hydrologic region is transferred to another hydrologic region. Examples
include the California State Water Project and the Colorado River Project.

See Portable reuse, indirect.

A process that promotes the coordinated development and management of water, land,
and related resources to maximize the resultant economic and social welfare in an equi-
table sustainable manner.

All water reuse applications that do not involve either direct or indirect potable reuse.

Deliberate direct or indirect use of reclaimed water, without relinquishing control over the
water during its delivery.

The introduction of highly treated reclaimed water either directly into the potable water
supply distribution system downstream of a water treatment plant, or into the raw water
supply immediately upstream of a water treatment plant (see Chap. 24).

The planned incorporation of reclaimed water into a raw water supply such as in potable
water storage reservoirs or a groundwater aquifer, resulting in mixing and assimilation,
thus providing an environmental buffer (see Chaps. 22 and 23).

Municipal wastewater that has gone through various treatment processes to meet specific
water quality criteria with the intent of being used in a beneficial manner (e.qg., irrigation).
The term recycled water is used synonymously with reclaimed water, particularly in
California (see Chap. 1, Sec. 1-1).

The process of tapping into a sewer main and extracting wastewater locally, which can
then be treated in a satellite treatment plant and reused for beneficial purposes.

State of California regulations for how treated and recycled water is used and dis-
charged is listed in Title 22 of the California Administrative Code. The statewide Water
Recycling Criteria are developed by the Department of Health Services and enforced by
the nine State Regional Water Quality Control Boards.

Treatment or processing of wastewater to make it reusable with definable treatment
reliability and water quality criteria (from Chap. 1).

The use of wastewater that is captured and redirected back into the same water use
scheme such as in industry. However, the term water recycling is often used synony-
mously with water reclamation (see Chap. 1, Sec. 1-1).

The use of treated wastewater for a beneficial use, such as agricultural irrigation and
industrial cooling.

In Chap. 1, it was noted that continued population growth, contamination of both surface
water and groundwater, uneven distribution of water resources, and periodic droughts
have forced water agencies to search for additional sources of water supply. The reuse
of treated wastewater effluent was examined as an important element of future water



2-1 Evolution of Water Reclamation and Reuse

resources management strategies. The purpose of this chapter is to provide an overview
of the past and current practices of water reuse in the United States and in selected parts
of the world and to discuss future trends. These practices will serve as a basis for devel-
oping more effective and sustainable water reuse practices in the future.

To provide the needed perspective on past and current water reuse practices, this chap-
ter is organized in seven sections dealing with (1) the evolution of water reclamation
and reuse, (2) the impact of federal statutes on water reclamation and reuse, (3) the cur-
rent status of water reuse in the United States, (4) a case study of water reuse in
California, (5) a case study of water reuse in Florida, (6) water reuse in other parts of
the world, and (7) a summary of lessons learned in implementing water reuse.

2-1 EVOLUTION OF WATER RECLAMATION AND REUSE

The purpose of this section is to provide a brief overview of the evolution of water
reclamation and reuse. Topics considered include (1) a brief historical review of water
reuse prior to 1960, (2) significant water reclamation and reuse in the United States post
1960, and (3) significant developments worldwide. The year 1960 is used as a time divi-
sion because significant water pollution control activities in the United States and the
modern era of water reclamation and reuse both occurred after 1960. The impact of
state and federal statutes on water reclamation and reuse is discussed in Sec. 2-2.

Key events that have contributed to the evolution of water reclamation and reuse up to
about 1960 are summarized in Table 2-1. The reuse of wastewater is not new. For exam-
ple, indications of the use of wastewater for agricultural irrigation extend back approxi-
mately 3000 years to the Minoan Civilization in Crete, Greece (Angelakis et al., 1999 and
2003). In modern times, the beginnings of water reclamation and reuse can be traced to the
mid-nineteenth century with the introduction of wastewater systems for conducting house-
hold wastes away from urban dwellings into the nearest water courses. The considerable
pollution of the Thames River as it passed through London, UK, not only caused nauseat-
ing conditions in the city but also was responsible for repeated epidemics of cholera among
those served by a public water supply taken from the unsanitary Thames. The solution was
the construction of a vast interceptor along the Thames, which, following the admonition
of Sir Edwin Chadwick—the rain to the river and the sewage to the soil, carried the waste-
water downstream for spreading on sewage farms. Such land disposal schemes were widely
adopted by large cities in Europe as well as in the United States up to the early twentieth
century (Metcalf and Eddy, 1928; Barty-King, 1992; Okun, 1997; Cooper, 2001).

When the water supply link with disease became clearer, engineering solutions were
implemented that included the development of alternative water sources using reser-
voirs and aqueduct systems, the relocation of water intakes to upstream of wastewater
discharges, and the progressive introduction of water filtration during the 1850s and ‘60s
(Barty-King, 1992; Cooper, 2001). Microbiological advances in the late nineteenth cen-
tury precipitated the Great Sanitary Awakening (Fair and Geyer, 1954) and the advent
of chlorine disinfection. The development of the activated sludge process around 1913
was a significant step toward advancement of wastewater treatment and, specifically,
the development of biological wastewater treatment systems.

Historical
Development
Prior to 1960
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Table 2-1
Historic and

milestone events

related to the

evolution of water

Water Reuse: Past and Current Practices

Period

~ 3000 BC

97 AD

reclamation and

reuse worldwide

through 19682

1500 ~

1700 ~

1800-1850

1850-1875

1850-1875
1850-1875

1875-1900

1890

1906
1906

1908
1913-1914

1926

1929

1932-1985

Location

Crete, Greece
Rome, Italy

Germany
United Kingdom

France, England,
United States

London, England

England
Germany

France, England

Mexico City,
Mexico

Jersey City, NJ
Oxnard, CA

England

United States
and England

United States

United States

San Francisco,
CA

Events

Minoan civilization: use of wastewater for
agricultural irrigation.

The City of Rome has a water supply commissioner,
Sexus Julius Frontinus.

Sewage farms are used for wastewater disposal.
Sewage farms are used for wastewater disposal.

Legal use of sewers for human waste disposal
in Paris (1880), London (1815), and Boston
(1833) instituted.

Cholera epidemic is linked to polluted well water
by Snow.

Typhoid fever prevention theory developed by Budd.

Anthrax connection to bacterial etiology
demonstrated by Koch.

Microbial pollution of water demonstrated by
Pasteur. Sodium hypochlorite disinfection by
Down to render water “pure and wholesome”
advocated.

Drainage canals are built to take untreated
wastewater to irrigate an important agricultural
area north of the city, a practice that still continues
today. Untreated or minimally treated wastewater
from Mexico City is delivered to the Valley of
Mexico where it is used to irrigate about 90,000 ha
of agricutural lands, including vegetables.
Chlorination of water supply.

The earliest reference related to a public health
viewpoint of water quality requirements for the
reuse of wastewater appears in the Monthly
Bulletin, California State Board of Health,
February, 1906 on the Oxnard septic tank system
of sewage disposal.

Disinfection kinetics elucidated by Chick.

Activated sludge process is developed at the
Lawrence Experiment Station in Massachusetts
and demonstrated by Ardern and Lockett in
England.

In Grand Canyon National Park treated waste-
water is first used in a dual water system for toilet
flushing, lawn sprinkling, cooling water, and boiler
feed water.

The City of Pomona, CA initiated a project utilizing
reclaimed water for irrigation of lawns and gardens.
Treated wastewater is used for watering lawns
and supplying ornamental lakes in Golden

Gate Park.
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Period Location Events

1955 Japan Industrial water is supplied from Mikawajima
wastewater treatment plant by Tokyo Metropolitan
Sewerage Bureau.

1968 Namibia Direct potable reuse begun at Windhoek’s
Goreangab Water Reclamation Plant.

8Adapted in part from Metcalf and Eddy (1928); Ongerth and Jopling (1977); Barty-King
(1992); Okun (1997); Cooper (2001); Angelakis et al. (2003).

The earliest reference related to a public health viewpoint of water quality requirements
for the reuse of wastewater appears in the Monthly Bulletin, California State Board of
Health, February 1906, on the Oxnard septic tank system of sewage disposal. “Why not
use it for irrigation and save the valuable fertilizing properties in solution, and at the
same time completely purify the water? The combination of the septic tank and irriga-
tion seems the most rational, cheap, and effective system for this state.” (Ongerth and
Jopling, 1977). In a 1915 U.S. Public Health Service Bulletin, it was noted that if efflu-
ent from a septic tank were disposed of in a shallow trench located 0.3 m below the soil
surface the effluent . . . may be used advantageously to cultivate an attractive hedge of
roses or other shrubs or to cultivate a row of corn or other plants, the edible parts of
which are produced well above the surface of the ground.” (Lumsden et al., 1915).

One of the earliest cases of industrial reuse in the United States was the use of chlorinated
wastewater effluent for steel processing at the Bethlehem Steel Company in Baltimore,
Maryland, which was practiced from 1942 until the company ceased operations in the late
1990s (see Chap. 19, Sec. 19-3). In the 1960s, planned urban water reuse systems were
developed in response to rapid urbanization in California, Colorado, and Florida.

Further technological advances in physical, chemical, and biological processing of water
and wastewater during the first half of the twentieth century led to the contemporary era of
water reclamation and reuse, which had its beginnings around 1960. Factors contributing
to the development of water reclamation and reuse since 1960 include: (1) rapid popula-
tion growth in the West, (2) increased development in humid climatic regions, particularly
in the State of Florida, (3) more stringent wastewater treatment and effluent discharge reg-
ulations, (4) conducting water reuse demonstration projects, and (5) the development of
water reclamation and reuse guidelines and regulations in many states. The impact of
more stringent wastewater treatment and effluent discharge requirements is considered
in Sec. 2-3. Milestone events related to the evolution of water reclamation and reuse in
the United States since 1960 are summarized in Table 2-2.

Rapid Growth in the Arid West

Since the 1960s, rapid population growth in the arid west, the associated regulatory pres-
sures related to water pollution control, and water shortages have encouraged the use of
reclaimed water (see Fig. 2-1). For example, Colorado Springs, Colorado, is located at the
eastern base of the Rocky Mountains in a water-short area. To reduce dependence on
water from the western slopes of the mountains, in the early 1960s the city implemented
a limited dual-distribution system in which reclaimed water was used to meet irrigation

Table 2-1

Historic and
milestone events
related to the
evolution of water
reclamation and
reuse worldwide
through 19682
(Continued)

Era of Water
Reclamation
and Reuse in
the United
States—Post
1960
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Table 2-2

Milestone events
related to the
evolution of water
reclamation and
reuse in the United
States—post-1960°

Period

1960

1962

1965

1972

1975

1977

1977

1977

1978

1982

1984

1987

1987

1992

1993

1996

Water Reuse: Past and Current Practices

Location

Sacramento, CA

Los Angeles County,
CA

San Diego County,
CA

Washington, DC

Fountain Valley, CA

Pomona, CA

Irving, CA

St. Petersburg, FL

Sacramento, CA

Tucson, AZ

Los Angeles, CA

Monterey, CA

Sacramento, CA

Washington, DC

Denver, CO

San Diego, CA

Events

California legislation encourages wastewater
reclamation and reuse in the State Water Code.

A major groundwater recharge project by
surface spreading is initiated at the Whittier
Narrows spreading basin.

Santee recreational lakes, supplied with
reclaimed water, are opened for swimming,
and put-and-take fishing.

U.S. Clean Water Act to restore and maintain
water quality is passed.

Groundwater recharge by direct injection of
reclaimed water into aquifers is started by the
Orange County Water District (known as
Water Factory 21).

Pomona Virus Study, conducted by Sanitation
Districts of Los Angeles County, is published.

Irving Ranch Water District initiates a major
landscape irrigation project with a dual water
system delivering reclaimed water.

Another major urban water reuse system is
initiated in St. Petersburg, Florida.

California Wastewater Reclamation Criteria
(Title 22 regulations) are promulgated by the
Department of Health Services to be enforced
by nine Regional Water Quality Control Boards.
Initiates a metropolitan water reuse program
mandating use of reclaimed water in golf
courses, school grounds, cemeteries, and parks.

Health Effects Study by Los Angeles County
Sanitation Districts is published.

Monterey Wastewater Reclamation Study for
Agriculture by Monterey Regional Water
Pollution Control Agency is published.

Report of the Scientific Advisory Panel on
Groundwater Recharge with Reclaimed
Wastewater is published by the State of
California Interagency Water Reclamation
Coordinating Committee.

U.S. Environmental Protection Agency and
U.S. Agency for International Development
publish Guidelines for Water Reuse.

Potable Water Reuse Demonstration Plant—
Final report (pilot plant operation began in 1984)
is published.

City of San Diego Total Resource Recovery
Health Effects Study is published by Western
Consortium for Public Health.
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Period Location Events

2003 Sacramento, CA Water Recycling 2030: Recommendations of
California’s Recycled Water Task Force, Department
of Water Resources and State Water Resources
Control Board, State of California is published.

2004 Washington, DC U.S. Environmental Protection Agency and U.S.
Agency for International Development published
Guidelines for Water Reuse.

8Adapted in part from Metcalf and Eddy (1928); Barty-King (1992); Ongerth and Jopling (1977);
Okun (1997); Asano (1998); Cooper (2001); U.S. EPA (1992); State of California (2002a); U.S.
EPA and U.S. AID (2004).

demands in addition to surface water from a nearby stream. This is one of the oldest oper-
ating systems in the United States in which reclaimed water is used for urban landscape
irrigation. Current reclaimed water uses in Colorado Springs include parks, golf courses,
cemeteries, and commercial properties, as well as the 280 MW Martin Drake Power Plant.

Development in Humid Climatic Regions

Water reclamation and reuse is taking on added significance in humid climatic regions
where increased community development is putting considerable pressure on water
resources and collection system services. In St. Petersburg, Florida, for example, the
reclaimed water system has continued to expand and change in character. From its
inception in the late 1970s, the St. Petersburg system has evolved from one of an alter-
native mode of wastewater effluent disposal to one of a fully operational reclaimed
water supply. The growth in the use of reclaimed water has contributed significantly to the
suppression of potable water demands over the past 20 years (see Chap. 26, Sec. 26-5).
Also, Venice, Florida, which has a critical water supply problem and a high growth rate,
constructed the East Side Wastewater Treatment Plant, which now provides reclaimed
water for urban landscape irrigation.

Table 2-2

Milestone events
related to the
evolution of water
reclamation and
reuse in the United
States—post-1960°
(Continued)

¥e

SPRINKLING WITH

RECLAIMED WATER
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Figure 2-1

Era of water reclamation and reuse in the United States. Rapid population growth, regulatory
pressure on water pollution, and water shortages have encouraged the use of reclaimed water:

(a) Scottsdale Water Campus, AZ, and (b) St. Petersburg, FL.
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Figure 2-2

Pilot plant used

to conduct the
Pomona Virus
Study in 1977. The
study was com-
pleted at the
Pomona Research
Facility of the
County Sanitation
Districts of Los
Angeles County.
The overall objec-
tive of the study
was to evaluate
various tertiary
wastewater
treatment systems
for the removal of
enteric viruses.

Water Reuse: Past and Current Practices

Cold Weather Discharge Permits

One of the innovative approaches that the State of Georgia has implemented to encourage
water reuse is allowing discharge of treated effluents during cold weather to the surface
waters of the state. The state limits discharges of treated effluents during warm weather due
to the impact on aquatic life. As a result, water reuse is encouraged during the summer
months, whereas these cities would have little place to store the flows in the winter months.

Water Reclamation and Reuse Research, and Development of Regulations
and Guidelines

Several water reclamation and reuse research and demonstration projects have provided
valuable insight into treatment system design concepts and health risk assessment in
water reuse. In 1977, a comprehensive research project, known as the Pomona Virus
Study (SDLAC, 1977; see also Table E-1 in App. E), was completed at the Pomona
Research Facility of the Sanitation Districts of Los Angeles County which evaluated
various tertiary wastewater treatment systems for the removal of enteric viruses
(Dryden et al., 1979; Chen et al., 1998). Following the completion of the project, the
California Department of Health Services recommended specific design and opera-
tional requirements for treatment alternatives for water reclamation including in-line
coagulation and flocculation, and direct filtration, both of which are more cost-effective
filtration systems than a conventional treatment train consisting of chemical coagula-
tion, flocculation, sedimentation, and filtration (see Fig. 2-2).




2-2 Impact of State and Federal Statutes on Water Reclamation and Reuse

The findings of the Pomona Virus Study were influential in the formulation of the State
of California’s 1978 Wastewater Reclamation Criteria (Title 22 regulations) which have
been referenced widely in various states and also abroad (State of California, 1978). For
example, in the State of California Water Code, it is noted that “It is the intention of the
Legislature that the State undertakes all possible steps to encourage development of
water reclamation facilities so that reclaimed water will be available to help meet the
growing water requirements of the State.” (Water Code Sections 13510-13512). In
2003, the State of California published a report, Water Recycling 2030: Recommendations
of California’s Recycled Water Task Force, which evaluated the current framework of
state and local rules, regulations, ordinances, and permits to identify opportunities for
and obstacles or disincentives to increasing the safe use of reclaimed water in the next
25-year horizon (State of California, 2003b).

2-2 IMPACT OF STATE AND FEDERAL STATUTES ON WATER

RECLAMATION AND REUSE

The development of programs for planned reuse of wastewater began in the early part
of the twentieth century. The State of California was a pioneer in promoting water recla-
mation and reuse, with the Board of Public Health adopting in 1918 its initial
Regulation Governing Use of Sewage for Irrigation Purposes. The regulations prohib-
ited the use of “. . . raw sewage, septic or Imhoff tank effluents, or similar sewage or
water polluted by such sewage . . .” for the irrigation of tomato, celery, lettuce, berries,
and other produce that is eaten raw (Ongerth and Jopling, 1977). The standards for
treatment and reuse have continued to evolve for the purpose of protecting public
health. Two U.S. federal statutes that have a significant impact on the quantity and qual-
ity of wastewater discharged and the potential for water reuse are the Water Pollution
Control Act and its Amendments, now known also as the Clean Water Act (CWA), and
the Safe Drinking Water Act (SDWA). The combined effectiveness of these two acts
working in consonance will ultimately determine the quantity and quality of viable water
sources available for water reuse. These two acts are discussed briefly in the following
paragraphs.

Discharges of untreated wastewater from municipalities, industries, and businesses
caused widespread pollution of rivers, lakes, and coastal waters. In 1972, Congress
responded to public outrage over the deplorable condition of the nation’s waters by
enacting the CWA. The CWA and its amendments determine the degree and type of
wastewater treatment necessary to meet prescribed effluent standards—whether that
effluent is to be reclaimed and reused, or discharged to a receiving body of water.

The CWA was the milestone event in water pollution control in the United States
designed to restore and maintain the chemical, physical, and biological integrity of the
Nation’s waters with the ultimate goal of zero discharge of pollutants into navigable,
fishable, and/or swimmable waters. Within the language of the CWA is the goal to
achieve greater use of those systems that reclaim and reuse water by productively treat-
ing and recycling wastewater. Furthermore, the CWA ensures improvement in the gen-
eral quality of wastewater through increasingly more stringent pretreatment standards

The Clean
Water Act

45
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The Safe
Drinking
Water Act

of industrial discharges. As a result of the CWA, centralized wastewater treatment has
become commonplace in urban areas and treated effluents have become readily avail-
able sources for water reuse (WEF, 1997; U.S. EPA, 1998).

The SDWA was enacted in 1974 and has had a major impact on the way water treat-
ment and distribution are mandated. Subsequent amendments have updated the SDWA
to keep abreast of health concerns and technical advances. The purpose of the SDWA
is to ensure that water supply systems serving the public meet minimum standards for
the protection of public health. The SDWA was designed to achieve uniform safety and
quality of drinking water in the United States by identifying contaminants and estab-
lishing maximum acceptable contaminant levels.

The SDWA, which provides regulations for potable water supplies, indirectly affects the
quality of wastewater as well because many wastewaters are discharged into streams that
are used for public water supplies (see Chap. 3, Sec. 3-1). A public water supply system
must maintain a watershed control program that will minimize the potential for contam-
ination by human enteric viruses and Giardia lamblia cysts (Clark and Summers, 1993).

2-3 WATER REUSE—CURRENT STATUS IN THE UNITED STATES

Withdrawal of
Water from
Surface and
Groundwater
Sources

Availability and
Reuse of
Treated
Wastewater

The current status of water reclamation and reuse in the United States is examined in
this section. A closer look at water reuse practices in two states, California and Florida,
is provided in the following two sections to further illustrate the extent and applications
of water reuse, the driving factors, and the different policy approaches for promoting
and regulating water reuse. California and Florida are also the major states to compile
comprehensive inventories of water reuse projects by types of water reuse application.

Conclusions drawn from estimates of water use in the United States are that approxi-
mately 1.5 x 10° m?/d water withdrawals were made for all uses during 2000 (Hutson
et al., 2004). California, Texas, and Florida accounted for one-fourth of all water with-
drawals. States with the largest surface water withdrawals were California, which had
large withdrawals for irrigation and thermoelectric power, and Texas, which had large
withdrawals for thermoelectric power. States with the largest groundwater withdrawals
were California, Texas, and Nebraska, all of which had large withdrawals for irrigation.

Information on the quantities of wastewater treated and released from publicly owned
treatment facilities and returned directly to the hydrologic cycle, or released for beneficial
reuse (reclaimed water) were reported by the U.S. Geological Survey (Solley et al., 1998).
About 16,400 publicly owned treatment facilities released some 155 X 10% m*/d of treated
wastewater nationwide during 1995. In addition, only about two percent (4 x 10° m3/d) of
the treated wastewater was reclaimed for beneficial uses such as irrigation of golf courses
and public parks. The States of Florida, California, and Arizona all reported large uses of
reclaimed water. Data from 1995 is reported because the U.S. Geological Survey’s latest
publication, Estimated Use of Water in the United States in 2000, did not report reclaimed
water, number of wastewater facilities, or wastewater returned. Quality of data was cited
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as the reason for the omission in this latest report (Hutson et al., 2004). However, the
WateReuse Association (an organization promoting water reuse research and implemen-
tation), estimates that 9.8 x 103 mgal/d (2.6 x 10°> Mgal/d) of municipal wastewater are
reclaimed and reused currently, and reclaimed water use on a volume basis is growing at
an estimated rate of 15 percent per year (WateReuse Association, 2005).

Water scarcity and wastewater discharge regulations have been the motivating factors in
the development of water reclamation projects. Most water reuse sites are located in the
arid and semiarid western and southwestern states where water supplies are limited.
However, an increasing number of water reuse projects are being implemented in the
humid regions of the United States due to the rapid growth and urbanization in these
regions.

A number of milestone water reuse projects and research studies over the past century
have led to the current knowledge of water reclamation and reuse. Selected milestone
projects and research studies in the United States are shown in Table E-1 in App. E.
These projects were selected either because of their pioneering water reuse applications,
or their significant scientific and engineering impacts on later developments in water
reclamation and reuse. The presentation of milestones is also a recognition of the pio-
neering planners and engineers who were able to look ahead of their time and push for-
ward the frontiers of water reclamation and reuse from obscure practice to a growing
discipline in sustainable water resources management.

2-4 WATER REUSE IN CALIFORNIA: A CASE STUDY

California, the most populous state (2004 population: 35.9 million) in the union, is a
state where two-thirds of the population live in a semiarid and desert climate. As a
result, efficient water use is critical to sustaining water availability. To meet the water
demands associated with future growth, the State of California is working to develop a
balanced portfolio of water resources. The future water resource portfolios include not
only traditional dams and reservoirs but also an array of other types of facilities and
management techniques, such as water transfers, water conservation, desalination, and
water reclamation and reuse (State of California, 2005). In 1991, the State of California
established a statewide goal to reclaim and reuse 1234 x 10% m*/yr by the year 2010.
Furthermore, it has been estimated that reclaimed water could free up enough freshwa-
ter to meet the household water demands of 30 to 50 percent of the additional 17 million
Californians expected to live there in 2030. To achieve this potential, an investment of
$11 billion will be needed (State of California, 2003b).

In many ways, California has been in the vanguard of water reclamation and reuse since
its early days as a state. Water reclamation has been practiced in California as early as
1890 for agriculture. By 1910 at least 35 communities were using wastewater for farm
irrigation, 11 without wastewater treatment, and 24 after septic tank treatment.
Landscape irrigation in Golden Gate Park in San Francisco (see Table E-1 in App. E)
began with untreated municipal wastewater, but minimal treatment was added in 1912.

Milestone
Water Reuse
Projects and
Research
Studies

Experience with
Water Reuse
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Table 2-3

Type and quantity
of water reuse in
the States of
California and
Florida?

Current Water
Reuse Status

Water reuse quantity

California Florida

108 % of 10° % of
Type of water reuse m3/yr total m3/yr total
Agricultural irrigation 297 46 131 16
Landscape irrigation 137 21 379 45
Industrial use 34 5 122 15
Groundwater recharge 60 9 135 16
Seawater intrusion barrier 32 5 na -
Recreational impoundment 41 6 na -
Wildlife habitat 25 4 61 7
Geysers/energy production 3 1 na -
Other uses or mixed type 19 3 6 1
Total 648 100 834 100

8Adapted from State of California (2002); State of Florida (2004).
na = not applicable

Wastewater treatment standards have continued to evolve and further protect public
health, and by 1952, there were 107 communities in California using reclaimed water
for agricultural and landscape irrigation.

The first comprehensive statewide estimate of water reuse was made in 1970, when
216 x 10° m® of recycled water were used. By the end of 2001, reclaimed water use in
California had reached over 648 x 10° m%/yr (State of California, 2002).

Water Reuse Applications

Types and quantity of reclaimed water use are shown in Table 2-3. Agricultural and
landscape irrigation is the dominant use of reclaimed water (67 percent of the total
water reuse by volume). At least 20 varieties of food crops are grown with reclaimed
water, including vegetables eaten uncooked such as lettuce, celery, and strawberries.
Eleven nonfood crops, especially pasture and feed for animals, as well as nursery prod-
ucts, are irrigated with reclaimed water. Landscape irrigation is primarily for turf,
including over 125 golf courses and many parks, schoolyards and freeway landscaping.
Industrial and commercial uses include cooling towers in power stations, boiler feed
water in oil refineries, carpet dying, and recycled newspaper processing. Reclaimed
water is also used in office and commercial buildings for toilet and urinal flushing
(CSWRCB, 2003; State of California, 2003b; Crook, 2004; Levine and Asano (2004).

In many groundwater basins in California, the rate of pumping exceeds the rate of nat-
ural replenishment. Artificial recharge of groundwater is practiced in some areas by per-
colating either stormwater captured from streams, imported water, or reclaimed water
into aquifers. The most notable use of reclaimed water for this purpose is groundwater
recharge in the Montebello Forebay, which has been in operation since 1962, located
near Whittier in Los Angeles County (see Fig. 2-3; also Table E-1 in App. E). In coastal
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areas, where excessive groundwater pumping has taken place, the groundwater levels have
fallen to the extent that seawater has been drawn inland, contaminating aquifers. Reclaimed
water has been injected into the aquifers along the coast to create barriers to the seawater,
thus protecting the groundwater while, in part, also replenishing the drinking water aquifer.
Highly treated reclaimed water from Orange County Water District’s historic Water
Factory 21 has been injected into coastal aquifers to act as a seawater intrusion barrier
since 1976 (see Fig. 2-4). Other groundwater recharge facilities in Orange County are

Figure 2-3

Aerial view of Rio
Hondo Spreading
Grounds (Courtesy
of County Sanitation
Districts of Los
Angeles County).
These basins and
the unlined por-
tions of the rivers
and creeks permit
large volumes of
reclaimed water to
percolate into the
aquifer.
(Coordinates:
33.993 N,

118.105 W, view at
altitude 4 km.)

Figure 2-4
Orange County
Water District’s
Water Factory 21,
CA. A view from
effluent launders
of chemical (lime)
precipitation
clarifiers looking
toward
administration
building. Lime
recalcining and
chemical storage
building is on the
left; ammonia
stripping towers are
visible on the right
(CA. 1976)
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Figure 2-5

Aerial view of groundwater recharge facilities in Orange County, CA
(Courtesy of Orange County Water District). Deep spreading basins (left)
used to recharge Colorado River water and Santa Ana River spreading basins
with finger levees (right) used to recharge groundwater with river water domi-
nated by reclaimed water from upstream plants. (Coordinates: 33.856 N,
117.845 W, view at altitude 4 km)

shown on Fig. 2-5. A more recently constructed project also operates along the coast in
Los Angeles County (State of California, 2003b). Construction began in 2004 on a new
Groundwater Replenishment System (replacing and dismantling Water Factory 21),
which is a joint project of the Orange County Water District and the Orange County
Sanitation District. Replacement of Water Factory 21 with newer technology (e.g., micro-
filtration and reverse osmosis membrane systems), is a part of this project (see Chap. 22).

Geographic Distribution of Water Reuse Sites

Most of the reclaimed water use in California is in the Central Valley and the South
Coastal Regions, amounting to 80 percent of the reclaimed water produced in
California. The coastal areas from Santa Barbara County north and the desert and east-
ern Sierra Nevada regions use the remaining 20 percent. The uses of reclaimed water
reflect the land uses in these regions. The Central Valley of California is dominated by
agriculture, which is a readily accessible market that can use reclaimed water receiving
relatively low levels of treatment (e.g., secondary treatment).

Urban uses of reclaimed water are dominant in the South Coastal Region (Counties of
Ventura, Los Angeles, Orange, and San Diego and portions of San Bernardino and
Riverside), where about half of the state’s population resides. The dependence of the
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Conservation 10%

Transfer

Groundwater 1.8%
Recycling 2.0%

Surface water 5.7%

Desalination 0.8%

32 to 40%

Groundwater 7%

Surface water 9%

Recycling 6%

Desalination 6 to 14%

(a) (b)
Figure 2-6

Comparison of regional water supply sources for San Diego County, CA the years 2002 and
2020 (a) 2002 and (b) 2020. The principal source of water is from the Metropolitan Water
District (MWD) of Southern Californa (Adapted from San Diego County Water Authority, 2002).

south coastal area on expensive imported water has stimulated demand for alternative
sources of water, such as reclaimed water. In fact, water and wastewater agencies in these
regions were the first to use reclaimed water extensively. An exception to this trend is the
City of San Diego. Despite a large metropolitan water demand, supplied mostly by the
imported water, only limited water reclamation and reuse projects have been implemented.
Water reuse was the victim of politics, planning limitations, and a lack of public support.
However, it is anticipated that water reclamation and reuse will play an important role in
San Diego in the future (see Chap. 23). Projections of regional water supply sources are
that six percent of the water supply will come from water reclamation and reuse in the
year 2020 as depicted on Fig. 2-6 (San Diego County Water Authority, 2002).

Size of Water Reclamation Systems

The measure of the size of a water reclamation system is the total annual reclaimed
water deliveries from each wastewater treatment plant. System sizes range from less
than 400 m%/yr (Terra Bella Sewer Maintenance District in Tulare County) to over
50 x 10° m*/yr (City of Los Angeles, Donald C. Tillman Water Reclamation Plant).
Some agencies, either on their own or in cooperation with water districts or other water
purveyors, have played a major role in developing the use of reclaimed water. Some
of the districts operate more than one treatment plant producing reclaimed water. The
15 largest reclaimed water producing agencies in California are listed in Table 2-4.
In 2002, there were over 200 water reclamation plants delivering reclaimed water
throughout California, but nearly 60 percent of reclaimed water came from the 15 largest
water reclamation and reuse agencies identified in Table 2-4.

The California Department of Health Services (DHS) has the authority and responsi-
bility to establish statewide health-related regulations for water reclamation and reuse.
The Wastewater Reclamation Criteria (State of California, 1978) were widely used for
over 20 years, the formative years of water reclamation and reuse, and were commonly

Water Reuse
Policies and
Recycling

Regulations
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Table 2-4

The 15 largest
reclaimed water
producing agen-
cies in California®

Potential
Future Uses
of Reclaimed
Water

Reclaimed water
deliveries, 10% m3/yr

Number
Rank Agency of plants 1987 2001
1 County Sanitation Districts of Los 8 66 103
Angeles County
2 City of Los Angeles 2 4 50
3 City of Bakersfield 2 30 39
4 Eastern Municipal Water 4 12 35
District
5 West Basin Municipal Water District 1 0 32
6 Irvine Ranch Water District 1 10 24
7 City of Santa Rosa 2 11 15
8 Monterey Regional Water Pollution 1 0 15
Control Agency
9 Orange County Water District 1 3 14
10 City of Modesto 1 18 13
11 Inland Empire Utilities Agency 4 2 12
12 Las Virgenes Municipal Water District 1 5 8
13 East Bay Municipal Utility Distict 1 0 7
14 City of San Jose 1 0 7
15 South Tahoe Public Utility District 1 6 6
Total 31 167 380

@Adapted from State of California (1990) and (2002).

Note: There were over 200 water reclamation plants in California delivering reclaimed water
statewide in 2001, but 59 percent (380/648) of the reclaimed water came from the 15 largest
water reclamation and reuse agencies as listed in this table.

known as Title 22 regulations because they were listed in Title 22, Division 4 of the
California Code of Regulations. The current Water Recycling Criteria were adopted by
DHS in 2000 (State of California, 2000). The water recycling criteria include water
quality standards, treatment process requirements, operational requirements, and treat-
ment reliability requirements (see detailed discussions in Chap. 4).

The State of California Water Code mandates nine Regional Water Quality Control
Boards (RWQCBs) to establish water quality standards, to prescribe and enforce waste
discharge requirements, and, in consultation with DHS, to prescribe and enforce water
reclamation requirements. Thus, the regional boards enforce DHS’s Water Recycling
Criteria, and each water reclamation project must have a permit from the appropriate
RWQCB conforming to DHS criteria.

Water planners are continually evaluating a variety of alternative water sources to deter-
mine the most cost-effective and feasible options available [e.g., The California Water Plan
Update 2005 (State of California, 2005)]. Public health concerns are increasing, not only
with respect to reclaimed water but also with all sources of water including drinking water.
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Year
Application 2002 2007 2010 2030
Planned nonpotable use 494-629 642-913 950-1234 1875-2283
Planned indirect potable use® 61-86 99-148 148-210 407-494
Total 555-715 741-1061 1098-1444 2282-2777

8Adapted from State of California (2003b).

bPlanned indirect potable use includes groundwater recharge, a portion of recharged
groundwater in seawater intrusion barriers, and surface water reservoir augmentation for
domestic water supply.

However, technology is becoming more effective in removing pathogens and trace chemical
constituents of concern. Evolving technology will make water reclamation and reuse, and
alternative treatment methods such as membrane processes, more reliable and economical in
the future. It is anticipated that the next areas for expanded reclaimed water use will be land-
scape irrigation, industrial reuse, groundwater recharge, and surface water augmentation.

It is difficult to predict exactly how reclaimed water will compare with alternative sup-
ply options in the long term. However, two comprehensive studies estimating future
water reuse potential were conducted in regions covering the metropolitan areas of the
southern California coastal region and the San Francisco Bay area (State of California,
2003b). Additional surveys were conducted in which wastewater agencies were polled
regarding potential projects within their service areas. Based on these studies, projec-
tions of available wastewater, and the caveats of uncertainty, a range of projections for
reclaimed water use is presented in Table 2-5. Planned nonpotable and planned indirect
potable uses are listed separately in Table 2-5 because of the different public health con-
cerns and public acceptance issues related to indirect potable reuse.

To put water reuse in perspective, a total of 635 x 10° m? of reclaimed water was used in
2002 (the midrange of values listed in Table 2-5), which is approximately 10 percent of the
amount of treated municipal wastewater produced in California in 2000, estimated to
be about 6.2 x 10° m?/yr. In 2030, the amount of reclaimed water use is projected to
be 2500 x 10° m3/yr, which is approximately 23 percent of the anticipated available
municipal wastewater.

2-5 WATER REUSE IN FLORIDA: A CASE STUDY

The State of Florida receives on average over 1,270 mm of rainfall each year. While the
state may appear to have an abundance of water, continuing population growth, primarily
in the coastal areas, contribute to increased concerns about future water availability.
Florida’s population was approximately 17.4 million in 2004, the fourth largest in the
United States after California, Texas, and New York, and the population growth rate
between 1990 and 2000 was 23.5 percent (State of Florida, 2003a).

The major driving force for Florida to continue to pursue water reclamation and reuse
is the state’s rapid population growth, which is projected to reach about 20 million by

Table 2-5

Projections for
reclaimed water
use in California?
(x 108 m3/yr)
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Experience
with Water
Reuse

Current Water
Reuse Status

2020, and its associated water demand (York and Wadsworth, 1998). However, Florida
was motivated initially to adopt water reclamation and reuse as a means to control
wastewater discharge and associated environmental impacts such as coastal eutrophi-
cation. In recent years, Florida has risen to become a nationally recognized leader in
water reuse along with California.

Until the late 1960s, secondary wastewater treatment and discharge into surface water
was common practice in Florida. With growing environmental awareness, however,
municipalities and utilities in Florida were charged with managing wastewater in an
environmentally sound and cost-effective manner. Most of Florida’s streams are small,
warm, and slow moving, and there are a number of environmentally sensitive lakes,
estuaries, and coastal waters throughout the state. Regulations limit significantly the
quantity and quality of effluent that may be discharged to surface waters to protect them
from environmental degradation. As a result, a move toward land application and water
reuse systems emerged in the 1970s and grew in size and scope during the 1980s
(Young and York, 1996). Two state regulations, one in 1986 and one in 1990 were devel-
oped to further protect ecologically sensitive coastal areas (State of Florida, 2002 and
2003b). These regulations required full advanced wastewater treatment (AWT) to pro-
tect ecologically sensitive coastal areas, and surface discharge was essentially preclud-
ed unless AWT was provided. The specified limits for AWT were 5 mg/L for carbona-
ceous biochemical oxygen demand (CBOD) and total suspended solids (TSS), 3 mg/L.
for total nitrogen (TN), and 1 mg/L for total phosphorus (TP).

The City of Tallahassee initiated testing of spray irrigation systems with reclaimed
water in 1961. Due to the success of these systems, they were expanded to 809 ha of
major agricultural irrigation reuse. Another major irrigation reuse system was devel-
oped about 10 years later by the City of St. Petersburg. The development of this urban
reclaimed water irrigation distribution system, which was the largest in the United
States, was precipitated by two important events. The first was a 1972 decision by the
city council to implement a recycling and deep injection well system for reclaimed
water. The second was the Wilson-Grizzle Act, which required advanced wastewater
treatment for the disposal of wastewater into environmentally sensitive bays (Johnson
and Parnell, 1998). Other major water reuse projects that have been developed since
1972 include CONSERV II (an agricultural reuse project in Orlando and Orange counties),
the Project APRICOT (Altamonte Spring’s urban reuse system), and a wetlands project
in Orlando (York and Wadsworth, 1998). The reclaimed water distribution system is
quite extensive in Collier County and the City of Naples. Water reuse in St. Petersburg and
CONSERV II are depicted on Fig. 2-7.

Approximately 834 x 10° m? of reclaimed water was used in Florida for beneficial pur-
poses in 2003. The total reuse capacity of domestic wastewater treatment facilities has
increased from 500 x 10° m?/yr in 1986 to 1,590 x 10® m?/yr in 2003, which amounts to
an increase of 233 percent. The current reuse capacity represents about 54 percent of the
total permitted domestic wastewater treatment capacity in Florida (State of Florida, 2004).
While Florida has been remarkably successful in implementing water reuse, it is inter-
esting to note that over 1200 x 10% m*/yr of wastewater effluent is disposed of using
deep injection wells, ocean outfalls, and other surface water discharges.
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Figure 2-7

Water reuse in Florida: (a) St. Petersburg—the reclaimed water system had continued to
expand and change in character from an alternate mode of wastewater disposal to full
operation as a water resource for irrigation and other uses of the city’s Public Utilities
Department, and (b) CONSERYV II—Water Conserv Il is the one of the largest water
reuse projects with a combination of agricultural irrigation and rapid infiltration basins.

(See also Table E-1 in App. E for details.)

Water Reuse Applications

Reclaimed water was used in 2003 to irrigate 154,234 residences, 427 golf courses, 486
parks, and 213 schools. A summary of water reclamation and reuse activities in Florida
is shown in Table 2-3 jointly with California for comparison. Golf courses are impor-
tant users of reclaimed water. In 2003, 184 water reuse systems included one or more
golf courses within their list of reclaimed water customers (State of Florida, 2004).

Geographic Distribution of Water Reuse Sites

Water reclamation is practiced statewide with the largest reuse sites located in central
Florida (Orlando-Lakeland area), the Tampa Bay area, southwestern Florida, and at
some of the Atlantic coast counties such as Palm Beach, Volusia, and Brevard. Miami-
Dade and Broward counties, the two most populous counties (a combined population
of over three million), contain over 24 percent of Florida’s population and generate 33
percent of the state’s domestic wastewater. However, these two counties, located in the
Miami-Ft. Lauderdale area, reclaim only 3.1 to 5.7 percent of their wastewater flow,
respectively (State of Florida, 2004).

Size of Water Reclamation Systems

In Florida, 63 of its 67 counties reclaim effluent from wastewater treatment plants. The
four counties that do not reclaim wastewater have populations that are less than 20,000.
The amount of reclaimed water ranges from approximately 40,000 m*/yr (Holmes County)
to 124 x 10° m*/yr (Orange County). The 15 largest reclaimed water-producing counties
are listed in Table 2-6, and approximately 60 percent of all reclaimed water in Florida in
2003 came from these 15 counties. Overall, the amount of wastewater that is reclaimed for
reuse averages 33.8 percent for these 15 counties as compared to 39.3 percent statewide.
As noted in Table 2-6, the percent of wastewater that is reclaimed for the 15 counties
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Table 2-6

The 15 largest
reclaimed water
producing counties
in Florida®

Water Reuse
Policies and
Recycling

Regulations

Potential
Future Uses
of Reclaimed
Water

WWTP Reuse Reuse Reuse flow/  Annual
flow®, capacity, flow, WWTP flow, Reuse flow,
County x103m3d x103m%d x 10%° m%d % x 10% m3/yr
Orange 345 639 339 98.3 124
Pinellas 383 492 186 48.4 68
Seminole 186 287 137 73.7 50
Lee 150 200 132 88.2 48
Hillsborough 546 352 115 26.7 42
Palm Beach 424 199 110 26.0 40
Collier 114 141 101 89.3 37
Polk 102 221 97 95.3 35
Volusia 119 125 69 57.5 25
Brevard 136 162 68 50.0 25
Leon 675 115 67 100.0 24
Osceola 68 149 67 98.8 24
Miami-Dade 1165 860 67 5.7 24
Okaloosa 63 113 63 100.9¢ 23
Manatee 104 142 62 59.5 23
Total—15 counties 3971 2786 1342 33.8 490
Total—67 counties 5627 4357 2211 39.3 807

2Adapted from State of Florida (2004).
SWWTP = Wastewater Treatment Plant.
“Percentage greater than 100 due to roundoff error.

ranges from 5.7 percent in Miami-Dade County to over 98 percent in Orange, Leon,
Osceola, and Okaloosa counties.

The Florida Legislature has established “ . . . the encouragement and promotion of reuse
of reclaimed water and water conservation . . .” as formal state objectives in Florida
Statutes (F.S.) Section 403.064(1), and Section 373.250. Florida initiated a program to
promote use of reclaimed water in 1987. In 1988, a water reuse provision, including
mandatory reuse in Water Resource Caution Areas (WRCAs), was added to the Florida
Administrative Code (FAC) Chapter 62-40. Chapter 62-610 contains the rules govern-
ing water reuse. Water Resource Caution Areas are areas that have critical water supply
problems or are projected to have critical water supply problems within the next 20
years. Water reuse is required within these WRCAs, unless such reuse is not economi-
cally, environmentally, or technically feasible as determined by a water reuse feasibility
study. Domestic wastewater facilities located within, discharging within, or serving a
population within designated WRCAs are required to prepare water reuse feasibility
studies before receiving a waste discharge permit (York and Wadsworth, 1998).

The Reuse Coordinating Committee along with the Water Reuse Work Group devel-
oped strategies for water reuse in Florida, which included a vision of water reuse in
2020. The vision statement included the following: (1) water reuse would be employed
by all domestic wastewater treatment facilities having capacities of 380 m?/d and larger;
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(2) statewide, on the order of 65 percent of all domestic wastewater would be reclaimed
and used for beneficial purposes; (3) effluent disposal using ocean outfalls, other sur-
face discharges, and deep injection wells would be limited to facilities that serve as
backups to water reuse facilities; (4) groundwater recharge and indirect potable reuse
projects would become common practice; (5) sewer mining would be common practice,
particularly in larger urban areas, as a means for enabling effective use of reclaimed
water; and (6) reclaimed water would be used widely to flush toilets in commercial
facilities, industrial facilities, hotels and motels, and multiple-family residential units.

To achieve these visions, the State of Florida established the following 16 strategies for
managing reclaimed water as a valuable resource (State of Florida, 2004). Highlights of
these strategies follow.

* Encourage metering and volume-based rate structures. This strategy encourages
municipalities, water, and wastewater agencies to meter and charge for reclaimed
water service.

* Implement viable funding programs. Funding should be targeted at reuse projects
featuring high potable quality water offsets or recharge fractions as a means for
encouraging efficient and effective water use.

» Facilitate seasonal reclaimed water storage including aquifer storage and recovery
(ASR). Storage represents a major concern particularly for projects emphasizing
irrigation with reclaimed water where large seasonal fluctuations in use may occur.

» Encourage use of reclaimed water in lieu of other water sources in agricultural irri-
gation, landscape irrigation, industrial/commercial/institutional, and indoor water
use sectors.

» Link water reuse to regional water supply planning (including integrated water
resource planning). Water planning must fully consider the full range or alternative
supplies, including reclaimed water.

* Develop integrated water education programs. This issue addresses the need to
inform the public fully about the need for and issues involved with alternative water
supplies.

» Encourage groundwater recharge and indirect potable reuse as they offer significant
advantages for augmenting existing water supplies.

» Discourage effluent disposal to emphasize that large quantities of wastewater effluent
are being wasted.

» Provide water use permitting incentives for utilities that implement water reuse
programs.

* Encourage reuse in Southeast Florida. In this area, particularly Miami-Dade and
Broward counties, the vast majority of treated wastewater is wasted. For significant
gains in water reuse in the state, effluent disposal must be discouraged and water
reuse encouraged. Sewer mining has been one method identified in implementing
water reuse.

» Encourage use of supplemental water supplies from all sources including treated
stormwater.

» Encourage efficient irrigation practices.

* Encourage interconnection of reuse systems to provide greater flexibility and
reliability.

» Enable redirecting of existing reuse systems to more desirable reuse options as a
means of motivating utilities.
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» Use reclaimed water at government facilities. The state should lead by example in
water reuse not only to conserve water but to also serve as an effective means of edu-
cating the public.

» Ensure continued safety of water reuse. This strategy addresses such topics as cross-
connection control, control of pathogens and emerging contaminants, responsible
utility management and oversight, and public education.

One of the objectives of water reuse planning in Florida is the removal of institutional
and regulatory inconsistencies related to water. A key component is the development of
“use-based” standards that are independent of the source of water used (State of
Florida, 2004). In other words, Florida recognizes that “water is water”” and alternative
water resources, including reclaimed water, will play increasingly important roles in
water management in the future. Water reuse is already recognized as a key component
of wastewater management and water resource management. These water reuse strate-
gies will ensure that water and wastewater agencies continue to pursue the State’s
objectives of encouraging and promoting water reuse.

2-6 WATER REUSE IN OTHER PARTS OF THE WORLD

Significant
Developments
Worldwide

Similar to the situation in the United States, the growing trends in water reclamation and
reuse in the world are to consider water reuse practices as an essential component of inte-
grated water resources management. The development of water reclamation and reuse in
many countries is closely related to water scarcity, water pollution control measures, and
obtaining alternative water resource. In cities and regions of the developed world, where
wastewater collection and treatment have been the common practice, water reuse is prac-
ticed with proper attention to the environment, public health, and esthetic considerations.

The water reclamation and reuse activities in the countries belonging to the European
Union (EU) are guided by the EU Water Framework Directives promulgated in 2000.
In the European Communities Commission Directive (91/271/EEC), “Treated waste-
water shall be reused whenever appropriate . . . ,” and that “. . . disposal routes shall min-
imize the adverse effects on the environment . . .” (EEC, 1991). Most of the significant
developments in water reclamation and reuse have occurred in arid regions of the world.
Several Mediterranean countries in Europe, particularly in Portugal, Spain, southern
provinces of France and Italy, Cyprus, and Greece, have been the vanguards in water
reclamation and reuse using secondary or tertiary treated effluents. In addition, Israel,
Tunisia and other Maghreb countries have well-established agricultural irrigation pro-
grams using reclaimed water (Mujeriego and Asano, 1991 and 1999; Angelakis et al.,
1996, 1999, and 2003; Shelef and Azov, 1996; Marecos do Monte, 1998; Bonomo et al.,
1999; Shelef, 2000; Brissaud et al., 2001; Sala et al., 2002; Jimenez and Asano, 2004;
Bahri and Brissaud, 2004; Bixio et al., 2005; Lazarova and Bahri, 2005).

The drought that afflicted much of Australia in 2001-2003 resulted in water restrictions
being imposed in Sydney, Melbourne, Canberra, Perth, and the Queensland Gold Coast.
Over 500 municipal wastewater treatment plants now engage in the water reclamation of
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at least part of their treated effluent. Specific water reclamation and reuse targets have
been established for major cities (Radcliffe, 2004; Anderson, 2005). For example, the
Queensland Water Recycling Strategy is a whole government initiative aimed at maxi-
mizing water reclamation and reuse in an efficient, economic, and environmentally sus-
tainable manner without adverse health effects.

Unique to the prevailing water reuse applications which are mostly in irrigation uses,
Japan’s water reclamation and reuse has focused on urban water applications such as in
building water reuse for toilet flushing in commercial and office buildings, urban land-
scapes, stream flow augmentation, and even snow melting and heating and air condi-
tioning using heat content of the reclaimed water (Japan Sewage Works Association,
2005; UNEP and GEC, 2005).

Some of the significant worldwide activities in water reuse that have occurred since 1960 are
summarized in Table 2-7. In addition, a summary of water reclamation and reuse in leading
countries of the world is shown in Table E-2 in App. E. A wide range of water reuse appli-
cations, which may be closely tied to local regulatory, environmental, and pressing water
resources conditions, are presented in Table E-2. The majority of water reuse is for non-
potable applications such as agricultural and landscape irrigation, and industrial reuse. Some
of the representative water reuse applications are shown on Fig. 2-8.

In Windhoek, Namibia, because of extreme drought conditions, extensive research was
conducted in 1968 on direct potable reuse technology and an epidemiological study was
conducted to assess the health effects of reclaimed water consumption (Isadcson et al.,
1987; Odendaal et al., 1998). Based on the findings from the research, highly treated
wastewater has been commingled with other drinking water sources. In Singapore, water
reclamation and reuse has been implemented as a source of raw water to supplement
Singapore’s water supply. Indirect and direct potable reuse including Singapore and
Windhoek are discussed in detail in Chaps. 23 and 24, respectively. Technologies such
as membrane bioreactors, membrane filtration, and ultraviolet disinfection are important
in the production of high quality reclaimed water and are further discussed in Part 3.

In 1989, the World Health Organization (WHO) published Health Guidelines for the
Use of Wastewater in Agriculture and Aquaculture (WHO, 1989) that provided guid-
ance for less developed countries that had little or no experience with planned reuse of
wastewater. In these countries, waste stabilization ponds and wastewater storage and
treatment reservoirs are two possible treatment options prior to water reuse in agricul-
ture. The WHO guidelines have been under revision since 2002 and revised guidelines
are expected to be published in 2006 (Carr et al., 2004; also see Chap. 4, Sec. 4-8). The
guidelines are intended to be used as the basis for the development of international and
national approaches (including standards and regulations) to managing the health risks
from hazards associated with wastewater use in agriculture and aquaculture, as well as
providing a framework for national and local decision-making (WHO, 2005 and 2006).

Urban growth impacts on infrastructure in developing countries are extremely pressing
(see Chap. 1, Sec. 1-2). In many cities of Asia, Africa, and Latin America, engineered
wastewater collection systems and wastewater treatment facilities are nonexistent.

The World
Health
Organization’s
Water Reuse
Guidelines

Water Reuse
in Developing
Countries
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Significant events related to water reclamation and reuse in the world?

Period

1962

1965
1969

1968

1977

1984

1988

1989

1999

2002

Location

La Soukra, Tunisia

Israel

Wagga Wagga,
Australia

Windhoek, Namibia

Tel-Aviv, Israel

Tokyo, Japan

Brighton, UK

Girona, Spain

Adelaide, South
Australia

Singapore

Event

Irrigation with reclaimed water for citrus plants
and groundwater recharge to reduce saltwater
intrusion into coastal groundwater.

Use of secondary effluent for crop irrigation.
Landscape irrigation of sporting fields, lawns,
and cemeteries.

Research on direct potable reuse and
subsequent implementation.

Dan Region Project—Groundwater recharge
via basins. Pumped groundwater is transferred
via a 100-km-long conveyance system to
southern Israel for unrestricted crop irrigation.

Toilet flushing water for commercial buildings

in the Shinjuku District using reclaimed water
from the Ochiai Wastewater Treatment Plant
operated by the Tokyo Metropolitan Sewerage
Bureau.

Inauguration of the Specialist Group on
Wastewater Reclamation, Recycling and Reuse
at the 14th Biennial Conference of the
International Association on Water Pollution
Research and Control (currently, the International
Water Association, headquartered in

London, UK).

Golf course irrigation using reclaimed water
from the Consorci de la Costa Brava waste-
water treatment facility.

The Virginia Pipeline Project, the largest water
reclamation project in Australia—irrigating
vegetable crops using reclaimed water from
the Bolivar Wastewater Treatment Plant
(120,000 m3/d).

NEWater-reclaimed water that has undergone
significant purification using microfiltration,
reverse osmosis, and ultraviolet disinfection.
NEWater is used as a raw water source to
supplement Singapore’s water supply.

8Compiled from various sources including Metcalf and Eddy (1928); AWWA (1981); Ongerth and
Ongerth (1982); Asano and Levine (1996); Baird and Smith (2002).
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Figure 2-8

Some representative water reuse applications in various parts of the world: (a) fodder crop,
Australia; (b) row crop, Israel (Courtesy of MEKOROT, Israel National Water Company);
(c) Agave, Jordan (Courtesy of A. Bahri); and (d) constructed wetland, Costa Brava, Spain

(Courtesy of L. Sala).

Where wastewater collection systems are available, they often discharge untreated
wastewater to the nearest drainage channel or watercourse. For developing countries,
particularly in arid areas, wastewater is simply too valuable to waste. It contains scarce
water and valuable plant nutrients, and crop yields are higher when crops are irrigated
with wastewater than with freshwater (Shende et al., 1988). Farmers use untreated
wastewater out of necessity and it is a reality that cannot be denied or effectively banned
(Buechler et al., 2002). Unfortunately, these are the realities in developing countries,
and should not be confused with planned and regulated water reclamation and reuse.
Major health concerns make it imperative to governments and the United Nations agen-
cies to implement public health and environmental protection during the era of rapid
urbanization in these developing countries.

Almost all water reuse in developing countries is for agricultural purposes. Some of the
representative water reuse applications are shown on Fig. 2-9. Because alternative low-cost
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Figure 2-9

Water reuse appli-
cations in develop-
ing countries:

(a) hand watering
on vegetable crops
with stream water
dominated by
untreated waste-
water in Ghana
(Courtesy of
IWMI, Ghana),

(b) drip irrigation
of date palms in
Aqaba, Jordan.
(Coordinates:
29.563 N,

34.988 E)

sources of water are generally not available for irrigation of high-value market crops near
these cities, the common practice is to use untreated wastewater directly or to withdraw it
from nearby streams that may be grossly polluted with untreated municipal and industrial
wastewaters. One-tenth or more of the world’s population consumes food grown with irri-
gation supplied by wastewater (Smit and Nasr, 1992). Wastewater and excreta are also
used in urban agriculture which often supplies a large proportion of the fresh vegetables
sold in many cities, particularly in less developed countries. For example, in Dakar,
Senegal, more than 60 percent of the vegetables consumed in the city are grown in urban
areas using a mixture of groundwater and untreated wastewater (Faruqui et al., 2002).

In most developing countries where wastewater is used for irrigation, it is used without
adequate treatment (see Fig. 2-10). The consequence of contamination of food that is
eaten uncooked is a high level of enteric diseases and has serious impacts on visitors to
these regions. Thus, the protection of the public health, as well as the provision of addi-
tional water supply, is an incentive to the initiation of agricultural water reuse projects
near the cities in developing countries. Collecting wastewater for treatment is a formi-
dable and expensive task at present in many developing countries. Under these condi-
tions, WHO is trying to develop realistic health guidelines for the use of wastewater in
agriculture (Blumenthal et al., 2000; Mara, 2003; Carr et al., 2004; see also Chap. 4).

Water Lines, an international journal of appropriate technologies for water supply and
wastewater treatment reported several water reuse practices in developing countries which
included water reuse by a natural filtration system in a Vietnamese rural community
(Takizawa, 2001) and sewage reclamation for industrial uses in Chennai (formally Madras),
India (Kurian and Visvanathan, 2001).
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(d)

Figure 2-10

Mexico City’s untreated municipal wastewater and Mezquital Valley irrigation canal system. The
complex hydraulic system was implemented to regulate water distribution according to crop water
needs with nine dams (six with wastewater), three rivers, and 858 km channels that convey 60 m%/s
of untreated municipal wastewater produced by 19 million Mexico City residents: (a) view of the
Grand Canal (facing upstream) used to transport untreated wastewater from Mexico City to agricul-
tural areas some 28 km from the city. In addition to serving as a transport canal, the Grand Canal
also serves as one of the world’s largest oxidation ponds, (b) view (facing downstream) from one of
the pumping stations used to lift water from the canal to agricultural areas through a series of distri-
bution canals, (c) and (d) views of the distribution canals and agricultural lands irrigated with untreated
wastewater. (Coordinates: from 19.778 N, 99.120 W to 19.579 N, 99.024 W)

2-7 SUMMARY AND LESSONS LEARNED

Several milestone water reuse projects and research studies in the twentieth century have
led to the current knowledge of water reclamation and reuse. Selected milestone proj-
ects and research studies in the United States are shown in Table B-1 in App. B.
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These projects were selected because some are pioneering projects as measured by their
water reuse applications and others had significant scientific and engineering impacts
on later developments in water reuse.

In the United States, two federal statutes, the CWA and the SDWA, have had a signifi-
cant impact on the quantity and quality of wastewater discharges and the potential for
water reuse. These regulations were enacted in the early 1970s and have encouraged
water reclamation and reuse through more stringent discharge regulations and specific
water reuse encouragement via federal and state grants and loans.

Historically, water reclamation and reuse sites tend to be located where water is the
scarcest. Scarcity occurs in areas such as the arid and semiarid western and southwestern
United States, including Arizona, California, Colorado, Nevada, Texas, and Utah, and
humid regions where rapid growth is occurring such as Florida, Georgia, Maryland, and
Missouri. Overall, the States of California and Florida have the most comprehensive water
reclamation and reuse regulations and practices, most likely because these states have
been actively involved with water reclamation and reuse for close to half a century.

The growing trend in water reclamation and reuse in the world is to consider water
reuse practices as an essential component of sustainable, integrated water resources
management. Similar to the situation in the United States, underlying the development
of water reclamation and reuse in many countries is water scarcity, water pollution
control measures, and obtaining alternative water resources. In cities and regions of
developed countries, where wastewater collection and treatment have been the common
practice, water reuse is practiced with appropriate attention to the environment, public
health, and aesthetic considerations.

In many developing countries, however, confined wastewater collection system and
wastewater treatment are often nonexistent, and untreated or partially treated waste-
water often provides an essential water and fertilizer source. For developing countries,
particularly in arid areas, wastewater is simply too valuable to waste and untreated
wastewater is used out of necessity. Step-by-step implementation of public health and
environmental protection to address major health concerns associated with food con-
taminated by raw wastewater is necessary to develop safe and effective water reclama-
tion and reuse programs in developing countries.

There is a wide spectrum of challenges and solutions in implementing water reclama-
tion and reuse, even in areas where public health standards are high. Regulations for
water pollution control and environmental protection are in place and enforced rigor-
ously, and there is little opportunity for year-round irrigation using reclaimed water.
Some of the salient lessons learned in implementing water reuse in such areas follow.

* Motivating factors in water reclamation and reuse include water scarcity, wastewater
effluent discharge regulations, and obtaining dependable alternative water sources.

» In all cases, reliable wastewater treatment is the foundation for successful water recla-
mation and reuse.



Problems and Discussion Topics

* As demand for water reuse has increased, locating treatment systems closer to the
point of use has become more feasible, resulting in an increase in decentralized or
satellite wastewater treatment and water reuse systems. Water reclamation and reuse
by mining wastewater from sewer lines (sewer mining) in local areas or on-site water
reuse systems have been implemented effectively with technology such as mem-
brane bioreactors and ultraviolet disinfection systems.

* Based on studies on future reclaimed water use, it is anticipated that the next uses
for large volumes of reclaimed water will be (1) landscape irrigation in urban areas,
(2) industrial reuse, and (3) indirect potable reuse with groundwater recharge and
surface water augmentation. In addition, the U.S. EPA has a program for artificial
wetlands development using reclaimed water that may become more important in
the future (see Chap. 21).

* Water reclamation and reuse are generally one part of a comprehensive water
resources approach. Urban water supply sources consist of multiple water sources
which may include (1) water transfer from agriculture uses to domestic uses, (2)
imported water (interbasin transfer of water), (3) local surface water and groundwa-
ter, (4) water conservation, (5) water reclamation and reuse, and (6) seawater and
blackish water desalination. A water source plan that is illustrative of the concept of
multiple water sources is shown on Fig. 2-6.

» The development of a successful water reuse project is contingent on multiple factors,
including nontechnical issues. Public perception and the political process are vital to
incorporating water reclamation and reuse into a comprehensive water resource plan.

* Public health concerns with water, both reclaimed and potable, are increasing.
Advances in treatment technology have made water reclamation and reuse safer,
more reliable, and more economical, which is helping to address public health con-
cerns. Newer technology, such as membrane treatment is important in developing
safe and effective decentralized and on-site treatment facilities, which in turn may
encourage greater use of reclaimed water.

PROBLEMS AND DISCUSSION TOPICS

2-1 Prepare a brief summary of water reuse opportunities in your community or
region. What factors might affect the implementation of water reuse opportunities cited
in your summary.

2-2 Based on a review of the literature, how would you explain the relative differ-
ences in the first four water reuse applications between Florida and California, as listed
in Table 2-3.

2-3 Do you feel, based on a review of the literature, that desalination in coastal water-
short areas will reduce the incentive to conserve and reuse water?

2-4 What impact has the synthesis and use of chemicals in consumer products in the
twenty-first century had on the admonition of Sir Edwin Chandwick—the rain to the
river and the sewage to the soil. Cite a minimum of three references.
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acceptable regardless of the source of water. Discuss pros and cons of this argument
focusing on health risks as well as ethics and public acceptance issues.
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Part 2

HEALTH AND ENVIRONMENTAL
CONCERNS IN WATER REUSE

While there is no reliable epidemiological evidence that the use of reclaimed water for
any of its applications has caused a disease outbreak in the United States, potential
transmission of infectious disease by pathogenic organisms is the most common concern
in water reclamation and reuse. This concern is true particularly in developing countries
where untreated or inadequately treated wastewater is used widely, unfortunately.
In addition, the production, distribution, and use of reclaimed water that is regulated
inadequately may result in a number of adverse environmental impacts.

In Part 2, health and environmental issues associated with water reuse are discussed in
three related chapters. Characteristics of municipal wastewater and health and environ-
mental issues are presented in Chap. 3. Waterborne pathogens, chemical constituents in
wastewater and reclaimed water, and emerging contaminants, as well as environmental
impacts are discussed in this chapter. The development and implementation of water
reclamation and reuse regulations, which have played such an important role in the
advancement of water reuse, are presented and discussed in Chap. 4. Applicable regula-
tions and guidelines for various uses of reclaimed water are also discussed in Chap. 4.
Health risk assessment is an emerging and potentially useful tool in evaluating the risk
to human health due to microbiological, and the natural and anthropogenic chemical
constituents of water, reclaimed water, and wastewater. Following a brief introduction
to tools and methods used in health risk analysis that include concepts from public
health, epidemiology, and toxicology, chemical and microbial risk assessment in water
reuse applications are discussed in Chap. 5.
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WORKING TERMINOLOGY
Term Definition

Abiotic reaction

Advanced treatment
Anthropogenic

compounds

Asymptomatic

Biotic reaction

Carcinogen

Coliform group
of bacteria

Cyst

De facto indirect
potable reuse

Disinfection byproducts
(DBPs)

Nonliving reaction in an ecosystem. The abiotic factors of the environment include light,
temperature, and atmospheric gases (e.g., chemical oxidation, photolysis, volatilization,
and sorption).

Removal of total dissolved solids and or trace constituents as required for specific water
reuse applications. See Table 3-8 for the related treatment stages.

Chemical compounds created by humans, often resistant to biodegradation.

Used to describe an individual who does not currently show symptoms of the disease
being discussed. Asymptomatic individuals may develop symptoms of the disease at a
later point in time if and when the disease onsets.

Produced or caused by living organisms. See also abiotic reaction.

Cancer-causing substance or agent. Radiation and some chemicals and viruses are
known carcinogens.

Coliforms include several genera of bacteria belonging to the family Enterobacteriaceae,
of which Escherichia coli is the most important member. The historical definition of this
group is based on the method (lactose fermentation) used for its detection.

In parasitology, a cyst is the resistant dormant stage of a single-celled organism which
is passed out and encourages the propagation of the species (see Oocyst).

Many cities withdraw drinking water from rivers that contain varying amount of discharges
from upstream cities and industries. Thus, indirect, unplanned, or de facto potable reuse
of wastewater in domestic and public water supply is widespread and increasing.

Chemicals that are formed with the residual organic matter found in treated reclaimed
water as a result of the addition of a strong oxidant (e.g., chlorine or ozone) for the pur-
pose of disinfection.




Emerging
contaminants

Endocrine-disrupting
compounds (EDCs)

Enteric

Enterohemorrhagic

Epidemiology

Etiology

Fecal coliforms

Gastrointestinal illness

Hemolytic uremic
syndrome (HUS)

Indicator organism

In vitro

In vivo

Oocyst

Personal care products
(PCPs)

Pharmaceutically active
compounds (PhACs)

Pathogens

Public health

Sodicity

3-1 Wastewater in Public Water Supplies—De Facto Potable Reuse 75

Constituents, which have been identified in water, that are being considered for regulatory
action pending the development of additional information on health and the environ-
mental impacts.

Synthetic and natural compounds that mimic, block, stimulate, or inhibit natural hormones
in the endocrine systems of animals, including humans. The origins of EDCs include pes-
ticides, pharmaceutically active chemicals (PhACs), personal care products (PCPs), her-
bicides, industrial chemicals, and disinfection byproducts.

Intestinal, associated with human feces [e.g., enteric disease, diseases of the intestinal
tract, generally causing diarrhea; or enteric bacteria (or virus) to describe pathogens
that affect the intestinal tract].

Causes bloody diarrhea.

Medical science that involves the study of the incidence and distribution of diseases
in large populations, and the conditions influencing the spread and severity of
disease.

A branch of medical science concerned with the causes and origins of diseases.

Bacteria in the coliform group that inhabit the intestinal tract and are associated with
fecal contamination. E.coli, the most common enteric bacterium, is commonly used as
an indicator organism.

A broad range of symptoms including vomiting, diarrhea, or nausea combined with
abdominal cramps relating to both the stomach and the intestines.

A disease in which red blood cells are destroyed and the kidneys fail.

An organism whose presence or absence in an environment indicates the presence of
other organisms of concern. For example, the coliform group of bacteria in water indi-
cates the possible presence of pathogens.

Biological studies which take place in isolation from a living organism such as in a test
tube or petri dish.

Biological studies which take place within a living biological organism.

Enteric protozoan parasites produce a cyst or oocyst. The oocyst is usually the infectious
and environmental stage, and it contains sporozoites.

Products such as shampoo, hair conditioner, deodorants, and body lotion.

Chemicals synthesized for medical purposes (e.g., antibiotics).

Disease-causing organisms capable of inflicting damage on a host it infects.

The science and practice of protecting and improving the health of a community through
preventive medicine, health education, control of communicable diseases, application of
sanitary measures, and monitoring of environmental hazards.

A parameter representing the amount of exchangeable sodium cation in water and
relating to water infiltration in soil.
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Tertiary treatment

Thermotolerant
coliforms (also known
as fecal coliform)

Total coliforms

Trace organics

Vadose zone

Removal of residual suspended solids (after secondary treatment), usually by granular
medium filtration, surface filtration, and membranes. Disinfection is also typically a part
of tertiary treatment. Nutrient removal is often included in this definition. See Table 3-8
for the related treatment stages.

A subset of the coliform group of bacteria found in the intestinal tract of humans and other
warm-blooded animals. They can produce acid and gas from lactose at 44.0—44.5°C; hence
the test for them is more specific than for total coliforms and selects a narrower range
of organisms. E.coli is typically the major proportion of thermotolerant coliforms.

All bacteria in the coliform group, including those not associated with the fecal matter of
warm-blooded animals. Total coliform is commonly used as an indicator organism.

Organic compounds detected at very low (minute) levels by the use of sophisticated
instrumentation capable of measuring concentrations in the range of 10-'2 to 103 mg/L.

Designation of the layer of the ground below the surface (unsaturated zone) but above
the water (groundwater) table.

Reclaimed water derived from municipal wastewater (traditionally known as sewage)
comes from a variety of sources including households, schools, offices, hospitals, and
commercial and industrial facilities. The quantity and quality of wastewater derived
from each source varies among communities, depending on the number and type of
commercial and industrial establishments in the area, and the condition of the waste-
water collection system such as the extent of infiltration and inflow, and, in the case of
combined sewer systems, urban stormwater runoff. Thus, untreated municipal waste-
water typically contains a variety of biological and chemical constituents that may be
hazardous to human health and the environment. In many developing countries, the irri-
gation of vegetable crops with untreated or inadequately treated wastewater is a major
source of enteric disease. The situation is different, however, in the United States and
other industrialized countries where reliable wastewater treatment and health-related
water reclamation and reuse regulations dictate the feasibility and acceptability of
water reuse.

Health and environmental issues associated with water reclamation and reuse are relat-
ed to wastewater treatment, reclaimed water quality, chemical and microbiological
constituents that may be present in water, health risk assessment, and public percep-
tion and acceptance. Many issues related to nonpotable reclaimed water applications
have been addressed successfully, and numerous agricultural and landscape irrigation
projects and industrial cooling applications have been implemented throughout the
world.

Characteristics of municipal wastewater and related health and environmental issues are
presented in this chapter to serve as an introduction to water reuse regulations and guide-
lines (Chap. 4) and health risk analysis in water reuse applications (Chap. 5). The fol-
lowing topics are discussed in this chapter: (1) wastewater in public water supplies—de
facto potable reuse, (2) introduction to waterborne diseases and health issues, (3) water-
borne pathogenic microorganisms, (4) indicator organisms, (5) occurrence of micro-
bial pathogens in untreated and treated wastewater and the environment, (6) chemical
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constituents in untreated and treated wastewater, (7) emerging contaminants in water
and wastewater, and (8) environmental issues.

3-1 WASTEWATER IN PUBLIC WATER SUPPLIES—DE FACTO
POTABLE REUSE

Many cities withdraw drinking water from surface water impoundments in protected
upstream watersheds, which generally provide high quality surface water. In less desirable
situations, drinking water is drawn from rivers that contain discharges from upstream cities
and industries, as shown on Fig. 3-1 (see also Figure 23-1 in Chap. 23). Philadelphia,
Cincinnati, New Orleans, and Los Angeles are examples of such cities. Other cities includ-
ing New York, San Francisco, and Seattle have been able to develop protected upstream
sources. Some cities are fortunate enough to have groundwater sources available, which are
generally of high quality because they are protected from many environmental influences.
However, many cities have overdrawn their groundwater sources and have been obliged

Figure 3-1

Unplanned and incidental (de facto) potable reuse occurs in many river systems in the
United States: (a) Sacramento River at Sacramento, CA and (b) the Mississippi River near
St. Louis, MO (Adapted from U.S. Geological Survey). In (a), river water containing treated
wastewater discharges from the City of Sacramento, and other cities adjacent to the
Sacramento River and its tributaries, is transported from the San Francisco Bay-Delta to
southern California via the California Aqueduct as a source of potable water supply. In
(b), the Mississippi River flows from the State of Minnesota to the Gulf coast; cities along
its path use it as a source of potable water and for the discharge of treated wastewater.
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to turn to surface waters containing varying amounts of treated wastewater for expanded
drinking water supply. Thus, the indirect, unplanned, or de facto potable reuse of waste-
water in domestic and public water supply is widespread and increasing.

Treated wastewater sometimes represents a significant portion of the total flow in many
receiving waters. Notable examples include the Santa Ana River in southern California;
the Platte River downstream from the City of Denver, Colorado; the Ohio River near
the City of Cincinnati, Ohio; and the Occoquan Watershed located southwest of
Washington, DC.

Most water reuse in these situations is incidental and unplanned, and goes largely
unrecognized by the public and many professionals. Although these situations are
beyond the scope of this textbook, which deals with formal and planned water recla-
mation and reuse, it must be recognized that where treated wastewater is present in a
water supply source, what occurs is the de facto reuse of wastewater for potable pur-
poses. In fact, the distinctions between the various types of water reuse are arbitrary and
every degree of water reuse exists. “The distinction between inadvertent or unplanned
and planned indirect potable reuse is, after all, one of intention or attention” (Dean and
Lund, 1981).

Because conventional wastewater treatment does not remove all of the known con-
stituents from wastewater, and stormwater is not treated typically, concerns exist about
the health risk to downstream water supplies. As the quantities of treated wastewater dis-
charged into the nation’s waters increase, much of the research that is focused on
unplanned indirect potable reuse is becoming equally relevant to planned direct and indi-
rect potable water reuse. Because of the research interest, advanced analytical techniques,
and public concerns, emerging pathogens (i.e., pathogens that have been identified recently)
including several enteric viruses, and trace organic constituents, including disinfection
byproducts, PhACs, and PCPs have been reported in natural waters as well as in reclaimed
water. Many of these compounds are suspected endocrine disruptors. The ramifications
of many of these constituents in trace quantity are not well understood with respect to
long-term health effects and the environmental impact.

It is important to note, however, that the great majority of planned water reuse applica-
tions in the United States and in the developed world are for nonpotable reuse, such as
irrigation of agricultural lands and landscapes, and industrial applications. Thus, public
health concerns related to the possible ingestion of reclaimed water are remote and not
directly applicable to most water reuse applications.

3-2 INTRODUCTION TO WATERBORNE DISEASES AND HEALTH ISSUES

The potential transmission of infectious disease by pathogenic organisms is the most
common concern in water reclamation and reuse. While there is no epidemiological
evidence that the use of reclaimed water (i.e., appropriately treated municipal wastewater
meeting strict water reclamation and reuse regulations) for any of its applications has
caused a disease outbreak in the United States, the potential spread of infectious disease,



3-2 Introduction to Waterborne Diseases and Health Issues

particularly in developing countries, through untreated or inadequately treated municipal
wastewater remains a public health concern.

Concerns over particular waterborne microorganisms have changed over the years due
to improved sanitation, evolving microorganisms, the use of preventive medicine, and
improved microbiological and epidemiological methods for identifying the micro-
organisms responsible for disease outbreaks. Historically, microorganisms were first
identified as agents of waterborne disease during the cholera outbreak in England in
the 1860s. In 1884, a pioneering German pediatrician and bacteriologist, Theodor
Escherich isolated organisms, which he initially thought were the cause of cholera,
from the stools of a cholera patient. Later it was found that similar organisms were also
present in the intestinal tracts of every healthy individual. The organism isolated by
Escherich was eventually named for him—-ESscherichia coli or E. coli. In 1892, the New
York State Board of Health used the fermentation tube method, developed by Theobald
Smith, for the detection of E. coli to demonstrate the connection between sewage con-
tamination of the Mohawk River and the spread of typhoid fever (see Fig. 3-2). In the
1920s, typhoid fever was linked to the waterborne bacterium Salmonella typhi. Giardia
lamblia, a waterborne protozoan, became a major concern in the 1960s; rotavirus and
Norwalk virus were associated with a large number of disease outbreaks beginning in
the 1970s; and Cryptosporidium parvum, also a protozoan, was first associated with

s

Figure 3-2

Important
Historical
Events

Detection of coliform group of bacteria by (a) multiple-tube fermentation technique, and

(b) membrane filter technique.
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n

Figure 3-3
Microscopic pictures of representative pathogens: (a) E. coli, (b) protozoa, (c) helminths, and (d) virus.
[Images courtesy of (a) A. Levine, (b) and (d) U.S. EPA, and (c) K. Nelson.]

waterborne outbreaks in the 1980s (Hunter, 1997; NRC, 1998; Crittenden et al., 2005).
Microscopic pictures of representative pathogens are shown on Fig. 3-3.

Waterborne Microorganisms associated with waterborne disease are primarily enteric pathogens,

Diseases including enteric bacteria, protozoa, and viruses. These pathogens can survive in water
and infect humans through ingestion of feces-contaminated water, person-to-person
contact, or contaminated surfaces and food. A schematic representation of the routes of
transmission for enteric disease is shown on Fig. 3-4.

Any potable water supply receiving human or animal wastes can be contaminated with
disease-causing microbial agents. Even so-called pristine water supplies have been asso-
ciated with disease outbreaks, presumably due to contamination from wildlife in pro-
tected watersheds (Cooper and Olivieri, 1998; NRC, 1998; Yates and Gerba, 1998).
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Figure 3-4

Conceptual framework for disease transmission and the roles of wastewater, water supply,

and food preparation. (From Crittenden et al., 2005.)

As shown in Table 3-1, a diversity of pathogenic organisms, including bacteria, proto-
z0a, cyanobacteria, helminths (intestinal worms), and viruses are potentially present in
untreated municipal wastewater. The concentration of helminths is particularly high in
untreated municipal wastewater in developing countries due to the high rates of infec-
tion in these areas.

In the United States, state and local public health departments are responsible for
detecting disease outbreaks, monitoring, and conducting epidemiological investigations
of suspected waterborne outbreaks. When an outbreak occurs and waterborne
pathogens are suspected, epidemiological studies to obtain the information on the eti-
ology (causes and origins) of waterborne disease are conducted to identify whether
water is the vehicle of transmission.

For gastrointestinal illness, routine stool examinations by hospital laboratories typically
include culturing for Salmonella, Shigella, and Campylobacter bacteria. At the specific
request of a physician, many laboratories can also test for rotavirus, Giardia, and
Cryptosporidium. Nevertheless, no specific agent is identified in many outbreaks, leaving
the cause classified only as acute gastrointestinal illness (AGI) of unknown etiology.
Before 1982, in fact, most waterborne outbreaks reported were listed as AGI (NRC, 1998).
Improper collection of clinical and/or water samples and limitations of diagnostic tech-
niques for many enteric pathogens can prevent accurate determination of the pathogen.
Based on the clinical symptoms it appears that many of the AGI outbreaks may be due to
viral agents, such as Norovirus (previously known as Norwalk-like virus) and related
human Caliciviruses (NRC, 1998; Craun and Calderon, 1999; Huffman et al., 2003).

Etiology of
Waterborne
Disease
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Table 3-1

Examples of major
groups and genera
of waterborne and
water-based
pathogens?

Group

Bacteria

Protozoa

Cyanobacteria
(blue-green
algae)

Helminths

Viruses

Pathogen

Salmonella
Shigella
Campylobacter

Yersinia enterocolitica
Escherichia coli O157:H7
and other certain strains

Legionella pneumophila

Naegleria

Entamoeba histolytica
Giardia lamblia
Cryptosporidium parvum

Cyclospora
Microsporidia includes
Enterocytozoon spp.

Encephalitozoon spp.
Septata spp.
Pleistophora spp.
Nosema spp.

Microcystis

Anabaena

Aphantiomenon
Ascaris lumbricoides
Trichuris trichiora
Taenia saginata
Schistosoma mansoni

Enteroviruses (polio,
echo, coxsackie)

Hepatitis A and E
Human Caliciviruses
Noroviruses
Sapporo
Rotavirus
Astroviruses
Adenovirus

Reovirus

Characteristics of Municipal Wastewater and Related Health and Environmental Issues

Diseases and symptoms caused

Typhoid and diarrhea

Diarrhea

Diarrhea—leading cause in
foodborne outbreaks

Diarrhea

Diarrhea, which can lead to
hemolytic uremia syndrome in
small children.

Pneumonia and other respiratory
infections

Meningoencephalitis

Amoebic dysentery

Chronic diarrhea

Acute diarrhea, fatal for
immunocompromised individuals

Diarrhea

Chronic diarrhea and wasting,
pulmonary, ocular, muscular, and
renal disease

Diarrhea from ingestion of the
toxins these organisms produce

Microcystin toxin is implicated in
liver damage

Ascariasis

Trichuriasis (whipworm)

Beef tapeworm

Schistosomiasis (affecting the liver,
bladder, and large intestine)

Meningitis, paralysis, rash, fever,
myocarditis, respiratory disease,
and diarrhea

Infectious hepatitis

Diarrheal/gastroenteritis

Diarrheal/gastroenteritis

Diarrheal/gastroenteritis

Diarrhea

Diarrhea (types 40 and 41), eye
infections, and respiratory disease

Respiratory and enteric infections

@Adapted from Gerba (1996); Straub and Chandler (2003).
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Similar to drinking water safety, available information on health issues and reclaimed
water quality continues to expand, which in turn increases the ability to answer ques-
tions related to the safety of reclaimed water. Conclusions drawn from data gathered
from actual water reuse applications in the United States and other developed countries
are that the risk of transmission of infectious disease is minimal after proper treatment
and when the applicable water reclamation and reuse regulations are met, as further dis-
cussed in Chaps. 4 and 5.

3-3 WATERBORNE PATHOGENIC MICROORGANISMS

The principal infectious agents that may be found in untreated municipal wastewater
can be classified into four broad groups: bacteria, protozoa, helminths, and viruses.
Many of the infectious agents reported in Table 3-1 are potentially present in untreated
municipal wastewater. Waterborne gastroenteritis associated with drinking water and
recreational water is shown in Tables 3-2 and 3-3, respectively. Important members of
each of these groups are considered briefly in the following discussion.

According to convention, every biological species (except viruses) bears a Latinized
name that consists of two words. The first word is the genus (e.g., Giardia), and the sec-
ond word is the species (e.g., lamblia). The first letter of the genus name is capitalized,
and both the genus and species are either italicized or underlined. After the full names
of genus and species names (e.g., Escherichia coli) have been given, further reference
to the organism may be abbreviated as E. coli. Many of these organisms can be further
differentiated on the basis of antigenic recognition by antibodies of the immune system,
a process called serotyping (Cohn et al., 1999). It should be noted that these conven-
tions do not apply to viruses, which are not living.

Because microorganisms often exist in large numbers in excreta or municipal waste-
water, their removal or inactivation in wastewater treatment processes is often
expressed as log removal. With detectable levels of microorganisms, log removal rep-
resents the reduction associated with wastewater treatment or water reclamation
processes. Log removal is defined as

CONC,y, ) 3-1)

Log removal = —log < conc

For example, if the concentration of Giardia lamblia is reduced from 100/L in the
influent to 1/L in the effluent by activated sludge treatment process, the log removal
due to the treatment is

100

Bacteria are microscopic organisms ranging from approximately 0.2 to 10 pm in length.
They are distributed ubiquitously in nature and have a wide variety of nutritional
requirements. Many types of harmless and beneficial bacteria colonize in the human
intestinal tract and are routinely shed in the feces. Pathogenic bacteria are also present
in the feces of infected individuals. Therefore, municipal wastewater can contain a wide

1
Log removal = —log () =2 or 99% removal

Terminology
Conventions
for Organisms

Log Removal

Bacteria
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variety and concentration range of bacteria, including those pathogenic to humans
(Schroeder and Wuertz, 2003).

Enteric bacteria are associated with human and animal feces and may be transmitted to
humans through fecal-oral transmission routes (refer to Fig. 3-4). Most illnesses due to
enteric bacteria cause acute diarrhea, and certain bacteria tend to produce particularly
severe symptoms. Classical waterborne bacterial diseases such as dysentery, typhoid,
and cholera, while still important in developing countries, have dramatically decreased
in the United States since the 1920s (Craun, 1991). However, Campylobacter, nonty-
phoid Salmonella, and pathogenic E. coli have been estimated to cause three million ill-
nesses per year in the United States (Bennett et al., 1987). As measured by hospitalization
rates during waterborne disease outbreaks (i.e., the percentage of illnesses requiring
hospitalization), the most severe illnesses are due to pathogenic E. coli (14 percent),
Shigella (5.4 percent), and Salmonella (4.1 percent) (Gerba et al., 1994). Hence, enteric
bacterial pathogens remain an important cause of waterborne disease in the United
States. It is estimated that enteric bacteria caused 14 percent of all waterborne disease
outbreaks in the United States from 1970 to 1990 (Craun, 1991). Enteric bacteria of par-
ticular concern are discussed below (Cohn et al., 1999; AWWA, 1999; Schroeder and
Wauertz, 2003).

Shigella

Shigella infects humans and primates and causes shigellosis bacillary dysentery. S. sonnei
causes the bulk of waterborne infections, although all four subgroups (S. dysenteriae,
S. flexneri, S. boydii, and S. sonnei) have been isolated during different disease out-
breaks (Moyer, 1999). Waterborne shigellosis is most often the result of contamination
from one identifiable source, such as an improperly disinfected well. The survival of
Shigella in water and their response to water treatment is similar to that of the coliform
bacteria. Therefore, systems that control coliforms effectively protect against Shigella.

Salmonella

Over 2,200 known serotypes of Salmonella exist, all of which are pathogenic to
humans. Most cause gastrointestinal illness; however, a few can cause other types of
disease, such as typhoid (S. typhi) and paratyphoid (S. paratyphi) fevers. The latter two
species infect only humans; while the others are carried by both humans and animals.
At any time, about 0.1 percent of the population is excreting Salmonella (mostly as a
result of infections caused by contaminated foods).

Escherichia coli

E. coli is a member of the fecal coliform group of bacteria found in the intestinal tracts
of humans and warm-blooded animals, and is normally harmless (see Fig. 3-3a). This
organism in water indicates fecal contamination. Some strains of E. coli are, however,
pathogenic and cause gastroenteritis. A particular strain, E. coli O157:H7, causes acute
bloody diarrhea and abdominal cramps (enterohemorrhagic), and in some cases (two to
seven percent of infections) have resulted in hemolytic uremic syndrome (HUS), in
which red blood cells are destroyed and the kidneys fail. One of the highest mortality
rates of all waterborne diseases is due to HUS.
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Known microbial reservoirs for E. coli O157:H7 are healthy cattle. Transmission can occur
by ingestion of undercooked beef or raw milk, and by drinking contaminated water (NRC,
1998). Drinking water was identified as the source of an outbreak of E. coli O157:H7 in a
Missouri community in 1989, which involved 243 cases (i.e., a person with the disease)
that included 32 hospitalizations, and four deaths. Unchlorinated well water and breaks in
the water distribution system were considered to be contributing factors. Another water-
borne outbreak of E. coli O157:H7 involved 80 cases in Oregon in 1991 and was attributed
to recreational water contact in a lake (Oregon Health Division, 1992; CDC, 1993).

Yersinia enterocolitica

Yersinia enterocolitiea can cause acute gastrointestinal illness, and is carried by
humans, pigs, and a variety of other animals. The organism is found commonly in sur-
face waters and has been isolated occasionally from groundwater and drinking water.
Yersinia can grow at temperatures as low as 4°C and has been isolated in untreated sur-
face waters more frequently during colder months than warmer months.

Campylobacter jejuni

Campylobacter jejuni can infect humans and a variety of animals and is the most com-
mon bacterial cause of gastrointestinal illness requiring hospitalization, and a major
cause of foodborne illness. The natural habitat of Campylobacter is the intestinal tract
of warm-blooded animals, and it is found commonly in wastewater and surface waters.

Protozoa are single-celled organisms that lack a cell wall, but do possess a flexible cov-
ering called a pellicle (see Fig. 3-3b). Typically they are larger than bacteria and, unlike
algae, cannot photosynthesize. Protozoa are common in fresh and marine water, and
some can grow in soil and other locations (Cohn et al., 1999). The enteric protozoan
parasites produce cysts or oocysts that aid in their survival in wastewater and under
adverse conditions in the aquatic environment. Important pathogenic protozoa include
Giardia lamblia, Cryptosporidium parvum, and Entamoeba histolytica.

Giardia lamblia

Waterborne giardiasis, caused by the protozoan G. lamblia, is recognized as the most
common protozoan infection in the United States and remains a major public health con-
cern (Craun, 1986; Kappus et al., 1992). The reported incidence of waterborne giardiasis,
a gastrointestinal disease manifested by diarrhea, fatigue, and cramps, has increased in the
United States since 1971 (Craun, 1986). According to the Giardia Surveillance data for
the period from 1998 to 2002, the total number of reported cases ranged from about
19,700 to 24,200 per year (Hlavsa et al., 2005a). Between 1993 and 2002, there were 21
outbreaks of giardiasis associated with drinking water, and seven associated with recre-
ational water. Because G. lamblia is endemic in wild and domestic animals, infection can
result from water supplies that have no wastewater contribution. The disease cycle for
G. lamblia is illustrated on Fig. 3-5. Densities of G. lamblia cysts in untreated wastewater
have been reported in a range between 10! and 10* cysts/L (Sykora et al., 1991; Rose et
al., 1996; Chauret et al., 1999; Caccio et al., 2003) and as high as 3375 cysts/L. In addi-
tion, G. lamblia has been detected in treated wastewater effluent and is much more resist-
ant to disinfection with chlorine than is bacteria. Ultraviolet irradiation has been found
effective for inactivating G. lamblia and G. muris (Craik et al., 2000; Linden et al., 2002).

Protozoa
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Figure 3-5 Reproduction
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excystation occurs feces, diagnostic methods

may be used to identify
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Infection
Human ingestion of

infective oocysts/cysts
trasmitted by feces,
contaminated water,
food, and fomites

Cryptosporidium parvum

C. parvum was first described as a human pathogen in 1976 (Juranek, 1995). Two
Cryptosporidium species, C. parvum and C. hominis, which was formerly recognized
as a genotype of C. parvum, are known to infect humans. Other species including
C. canis, C. felis, C. meleagridis, and C. muris may also infect immunocompromised
persons (CDC, 2005a). In the environment, Cryptosporidium is in the form of an
oocyst, which is about 4 to 6 um in diameter and capable of surviving until it is ingest-
ed by an animal. Once it reaches the intestinal tract of an animal, sporozoites in an oocyst
initiate infection, causing a gastrointestinal disorder, that is, cryptosporidiosis.

Cryptosporidiosis causes severe diarrhea; no pharmaceutical cure exists at present.
Average infection rates in the United States, as measured by oocyst excretion in a popu-
lation, range from 0.6 to 20 percent (Fayer and Ungar, 1986; Lisle and Rose, 1995). The
disease can be particularly hazardous for people with compromised immune systems
(Current and Garcia, 1991).

According to the CDC’s Surveillance for Waterborne Disease Outbreaks, there were 10
outbreaks of cryptosporidiosis associated with drinking water, and 49 associated with
recreational water between 1993 and 2002 (Hlavsa et al., 2005b). In 1993, a massive out-
break of cryptosporidiosis occurred in Milwaukee, WI, causing approximately 400,000
illnesses and at least 50 fatalities. Deterioration of raw water quality by either animal or
human wastes and decreased effectiveness of water treatment processes due to storm-
water inflow were attributed to the outbreak, but the original source of Cryptosporidium
was not identified definitively (MacKenzie et al., 1995; Kramer et al., 1996).

Cryptosporidium has been found in secondary effluent samples at various levels, typi-
cally between 10" and 10° oocysts/L (Madore et al., 1987; Peeters et al., 1989; Villacorta-
Martinez et al., 1992; Rose et al., 1996; Robertson et al., 2000). Low concentrations of
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oocysts have been detected in reclaimed waters that were treated with conventional sec-
ondary treatment followed by filtration and chlorination; some of the detected oocysts
were determined to be infective (Korick et al., 1990; Gennaccaro et al., 2003; Ryu et al.,
2005). Chlorination is not effective for inactivating Cryptosporidium. Alternatively, ultra-
violet (UV) irradiation has been proven to be effective to inactivate Cryptosporidium
oocysts (Clancy et al., 2000; Craik et al., 2001).

Entamoeba histolytica

When ingested, E. histolytica can cause amoebic dysentery, with symptoms ranging
from acute bloody diarrhea and fever to mild gastrointestinal illness. Occasionally, the
organism can cause ulcers and then invade the bloodstream, causing more serious
effects. However, most infected individuals do not have clinical symptoms. In contrast
to the case for G. lamblia and C. parvum, animals are not reservoirs for E. histolytica,
so the potential for source water contamination is relatively low, especially if munici-
pal wastewater treatment practices are adequate. About 3000 cases of amebiasis occur
typically in the United States each year, and waterborne disease outbreaks caused by E.
histolytica are infrequent (CDC, 1985).

The term helminths is used to describe a group of mostly parasitic worms (see Fig. 3-3¢).
Worldwide, helminths are one of the principal causative agents of human disease, col-
lectively on the order of 4.5 billion illnesses per year. Over the last century, helminth
infections in the United States decreased dramatically, because of more extensive sani-
tation facilities, and improved wastewater treatment facilities and food handling prac-
tices. However, due to increased levels of immigration to the United States of persons
from countries where parasitic worms are endemic, helminths and helminth ova (eggs)
are found increasingly in untreated municipal wastewater in the United States
(Tchobanoglous et al., 2003; Maya et al., 20006).

Ascaris lumbricoides

The infectious disease caused by A. lumbricoides (an intestinal roundworm) is known as
ascariasis. In its moderate form ascariasis is characterized by digestive and nutritional
problems, abdominal pain, vomiting, and the passage of live worms in stools or vomit.
More serious cases involving the liver can cause death. Transmission is through the
ingestion of salads and vegetables contaminated with helminth ova from human feces.
Worldwide, especially in moist tropical areas, the prevalence of this type of infection can
exceed 50 percent. In the United States, ascariasis is most common in the south.

Schistosoma mansoni

Schistosomiasis, caused by S. mansoni, is a debilitating infection where worms inhabit
veins of the host and chronic infection affects the liver or urinary system. Humans,
domestic animals, and rats serve as the primary hosts and snails act as a necessary inter-
mediate host. Larvae found in water, incubated and released from snails, are able to
penetrate through human skin. Eggs are excreted via urine or feces and the cycle begins
again as larvae develop in water and reinfect snails. Schistosomiasis is prevalent in
Africa, the Arabian Peninsula, South America, the Middle East, Asia, and parts of India.

Viruses are obligate intracellular parasites able to multiply only within a host cell and
are host-specific. Viruses occur in various shapes and range in size from 0.01 to 0.3 um

Helminths

Viruses
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in cross-section and are composed of a nucleic acid core surrounded by an outer coat
of protein. Enteric viruses are obligate human pathogens, which mean they replicate
only in the human host (see Fig. 3-3d). Their simple structure, a protein coat sur-
rounding a core of genetic material (DNA or RNA), allows for prolonged survival in
the environment. There are more than 120 identified human enteric viruses. Some of
the better understood viruses include the enteroviruses (polio-, echo-, and coxsack-
ieviruses), hepatitis A virus, rotavirus, and human caliciviruses (e.g., Noroviruses).

Most enteric viruses cause gastroenteritis or respiratory infections, but some may cause
other diseases as well, including encephalitis, neonatal disease, myocarditis, aseptic menin-
gitis, and jaundice (Gerba et al., 1985, 1996; Frankel-Conrat et al., 1988; Wagenkneckt et al.,
1991; see also Table 3-1). Some common enteric viruses that have caused, or could poten-
tially cause, waterborne diseases are discussed below (Cohn, et al., 1999).

Hepatitis A

Although all enteric viruses are potentially transmitted by drinking water, evidence of this
route of infection is strongest for hepatitis A virus (HAV). The HAV causes infectious
hepatitis, an illness characterized by inflammation and necrosis of the liver. Symptoms
include fever, weakness, nausea, vomiting, diarrhea, and sometimes jaundice.

Noroviruses and Other Caliciviruses

The pathogenic viruses classified as caliciviruses are not well quantified as they do not
grow in culture. Viruses in this group are generally identified by molecular technologies
such as reverse-transcriptase polymerase chain reaction (RT-PCR), and electron
microscopy. Human caliciviruses (HuCVs) have generally been named after the location
of the first outbreak (i.e., Norwalk agent, Snow Mountain agent, Hawaii agent,
Montgomery County agent, and so on) (Gerba et al., 1985). The family of caliciviruses
(Caliciviridae) is divided into four genera, of which Noroviruses and Sapoviruses have
been associated with human diseases. Noroviruses, which were previously recognized as
Norwalk-like viruses, or small round structured viruses, are considered to be responsible
for a vast majority of nonbacterial gastroenteritis (Karim and LeChevallier, 2004).

Based on current estimates, over 90 percent of nonbacterial gastroenteritis outbreaks of
unidentified etiology may be due to HuCVs. Between 1997 and 2000, for example,
fecal specimens from 284 nonbacterial outbreaks were examined by the Center for
Disease Control and Prevention (CDC), of which 93 percent were attributed to
Noroviruses (Fankhauser et al., 2002). Information on several documented waterborne
outbreaks of calicivirus is shown in Table 3-4. With advances in molecular methods for
identification and quantification of previously unidentifiable viruses, a strategy for the
detection of the caliciviruses in various water matrices is being refined (Huffman et al.,
2003; Karim and LeChevallier, 2004).

Rotaviruses

Rotaviruses cause acute gastroenteritis, primarily in children. Almost all children have
been infected at least once by the age of five years; and in developing countries,
rotavirus infections are a major cause of infant mortality. Rotaviruses are spread by
fecal-oral transmission and have been found in municipal wastewater, lakes, rivers,
groundwater, and even tap water (Gerba et al., 1985; Gerba, 1996).
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Estimated no. of Table 3-4
Year Location Water source primary cases Viral genotype Documented
2000 ltaly Municipal 344 GGll \év;it(e:i:/?ﬂ;e
1999  France Municipal ~6 GGl outbreaks?
1998  Switzerland Groundwater >1750 GG, GGl
1998  Finland Municipal 1700 to 3100 GaGill
1998  Wisconsin Laked 18 Serum Ab positive®
1998  Ohio Laked 30  Serum Ab positive®
1996 Florida Well 594 Serum Ab positiveP
1995  Wisconsin Municipal 148 SRSV
1995 Alaska Shallow well 433 GGll
1994  United Kingdom  Municipal 130 GGl
Bristol/South GaGll
Wales
1988 Idaho Well 339 Serum Ab positive®
1987  Pennsylvania, Well® 5000  Serum Ab positiveP
Delaware,
New Jersey
1986  South Dakota Well 135 Serum Ab positive®
1986  California Laked 41 Serum Ab positive®
1986 New Mexico Stream 36 Serum Ab positive?
1978  Washington Municipal >1600 Serum Ab positive?
(cross-
connection)
1977  Ohio Swimming 103 Serum Ab positive?
pool
1976  Colorado Spring 418 Immune, electron

8Adapted from Huffman et al. (2003).
bFourfold increase in serum antibody titer compared to control sera.
®Noncommunity well used to manufacture ice.
dRecreational water-related outbreak.

microscopy

Enteroviruses

The enteroviruses include polioviruses, coxsackieviruses, and echoviruses. Enteroviruses
are found in wastewater and surface water, and sometimes in drinking water. In 1952, a
polio outbreak with 16 cases of paralytic disease was attributed to a drinking water source,
but since then, no well-documented case of waterborne disease caused by poliovirus has
been reported in the United States (Craun, 1986). Poliovirus vaccine and large-scale vac-
cination programs have eradicated paralytic poliomyelitis from the Western Hemisphere
(Gerba, 1996). Vaccination with oral poliovirus vaccine (OPV) was discontinued in the
United States in 2000. In 2005, however, four unvaccinated children in Minnesota were
infected by poliovirus, raising concerns regarding transmission of poliovirus to other
communities with low levels of vaccination, and the potential for an outbreak in the
United States (CDC, 2005b).
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Coxsackieviruses, and to a lesser extent echoviruses, cause a large variety of illnesses,
some very serious in humans, including the common cold, aseptic meningitis, and heart
disease. Symptoms can include fever and gastrointestinal problems.

Adenoviruses

There are 47 known types of adenoviruses, but only types 40 and 41 are important caus-
es of gastrointestinal illness, especially in children. Other types of adenoviruses are
responsible for upper respiratory illness, including the common cold. However, all types
may be shed in the feces, and may be spread by the fecal-oral route. Although aden-
oviruses have been detected in wastewater, surface water, and drinking water, data on
their occurrence in water are limited. Drinking water outbreaks implicating these viruses
have not been reported and, therefore, their significance as waterborne pathogens is
uncertain. Adenoviruses are relatively resistant to disinfectants and may not readily be
inactivated or removed by traditional treatment methods (Cohn et al., 1999).

3-4 INDICATOR ORGANISMS

Characteristics
of an Ideal
Indicator
Organism

The number and variety of microbial constituents that may be present in municipal waste-
water are considerable. Routine monitoring for all possible microbial constituents,
especially viruses, is either impossible or impractical. In addition, the time required to
complete most identification analyses precludes their utility as a water quality control
tool. Thus, tests for surrogate microorganisms (known as indicator organisms) that are
present when pathogens are present have been used to estimate the presence of pathogens.

An ideal indicator organism should have the following characteristics (Cooper and
Olivieri, 1998; Maier et al., 2000; NRC, 2004):

1. The indicator organism must be present when fecal contamination is present.

2. The numbers of indicator organisms present should be equal to or greater than those
of the target pathogenic organism (e.g., pathogenic viruses)

3. The indicator organism must exhibit the same or greater survival characteristics in
treatment processes and the environment as the target pathogen organism for which
it is a surrogate.

4. The indicator organism must not reproduce outside of the host organism (i.e., the
culturing procedure itself should not produce a serious health threat to laboratory
workers).

5. The isolation and quantification of the indicator organism must be faster than that of
the target pathogen (i.e., the procedure must be less expensive and it must be easier
to cultivate the indicator organisms than the target pathogen).

6. The organism should be a member of the intestinal microflora of warm-blooded
animals.

As noted above, one of the ideal characteristics of an indicator organism is that it must
be present when the target pathogen is present. Unfortunately, the target pathogen(s) may
not be present during the entire year, because the shedding of pathogenic organisms is
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not uniform throughout the year. Thus, it is important that the indicator organism be
present when fecal contamination is present, if public health is to be protected. To date,
no ideal indicator organism has been found.

The intestinal tract of humans contains a large population of rod-shaped bacteria known
collectively as the coliform group of bacteria (see Figs. 3-2 and 3-3a). Each person
excretes from 100 to 400 billion coliform bacteria per day, in addition to other kinds of
bacteria. Thus, the presence of coliform bacteria in environmental samples has, over the
years, been taken as an indication that pathogenic organisms associated with feces (e.g.,
viruses) may also be present, and the absence of coliform bacteria has been taken as an
indication that the water is also free from disease-producing organisms.

Fecal coliform are indicative of fecal contamination and associated health risks; how-
ever, the measurement and control of total coliforms (rather than only fecal coliforms)
during disinfection is considered to be a more stringent treatment goal. Fecal coliform
bacteria are classified as the coliform group of bacteria that are able to ferment lactose
at 44.5°C and produce indole from tryptophan. Most organisms identified using the
fecal coliform test are E. coli that originate from warm-blooded animals; however,
some other nonfecal thermotolerant bacteria may also be present. Organisms identified
with the total coliform test must be able to grow at 35°C in the presence of bile salts
and produce acid and gas during the fermentation of lactose (Standard Methods, 2005).
Water quality standards have used either (total or fecal) or both measures, depending on
the type of water use (NRC, 1998). While coliform bacteria serve well as indicators of
bacterial pathogens, they may not predict the inactivation or removal of enteric proto-
zoa, viruses, and helminths.

Standards for drinking water quality have been based upon the total coliform count,
which is quite conservative as the standard is low (< 1 coliform/100 mL) regardless of
the type of coliform. The U.S. EPA has proposed fecal coliform to be the standard indi-
cator bacteria for reclaimed water. However, some regulatory agencies, for example,
California Department of Health Services, are more conservative, and require total coli-
form measurement for the compliance with the standard/criteria for reclaimed water
(see Chap. 4).

Bacteriophages are viruses that infect bacteria. They have been used as models or sur-
rogates for human viruses in basic genetic research as well as water quality assessment
(Grabow, 2001). Coliphages are viruses that infect E. coli (see Fig. 3-6). The presence
of coliphages in water, therefore, is taken as an indication of the presence of their host
E. coli, which is excreted by animals and humans. Coliphages may serve as better indi-
cators for human enteric viruses than bacterial indicators, because coliphages more
closely resemble human enteric viruses in size, shape, and resistance to treatment
processes. In a comparison of untreated and treated wastewater, river water, treated river
water, and treated lake water, Havelaar et al. (1993) found significant correlations
between levels of coliphage and levels of enteric viruses in all but the untreated and
treated wastewater samples. The conclusion reached from an analysis of these data was
that other unknown factors may complicate the use of coliphages as indicators when
evaluating recent wastewater inputs into a water body (NRC, 1998).

The Coliform
Group of
Bacteria

Bacteriophages
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(a)

Figure 3-6

(b)

Test procedure for the determination of coliphage MS-2 viruses that infect Escherichia coli:
(a) sample containing coliphage is poured onto a preformed lawn (growth) of E. coli in a petri
dish, and (b) each clear spot on the petri dish after incubation for 12 h is counted as an individual

coliphage.

Other Indicator

Organisms

Other microorganisms that have been used or proposed for use as indicators of fecal
contamination are summarized in Table 3-5. Indicator organisms that have been used to
establish performance criteria for various water uses are reported in Table 3-6.

3-5 OCCURRENCE OF MICROBIAL PATHOGENS IN UNTREATED AND
TREATED WASTEWATER AND IN THE ENVIRONMENT

Pathogens in
Untreated
Wastewater

The presence of pathogenic microorganisms in various types of wastewater is discussed
in this section. The types of wastewater considered includes (1) untreated wastewater,
(2) primary effluent, (3) secondary effluent, (4) tertiary effluent, and (5) effluent pro-
duced by advanced wastewater treatment (AWT). Because all forms of wastewater have
been used in various water reuse applications, the information presented is useful when
assessing associated health risks in water reuse applications, which are discussed in
Chap. 5.

The occurrence and concentration of pathogenic microorganisms in untreated munici-
pal wastewater depends on a number of factors that are not entirely predictable such as
overflows of untreated wastewater (see Fig. 3-7). Important variables include the source
and original use of the water, the general health of the population, the existence of dis-
ease carriers for particular infectious agents, excretion rates of infectious agents, dura-
tion of the infection, and the ability of infectious agents to survive outside their hosts
under various environmental conditions (NRC, 1998). In the following discussion it is
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Indicator organism

Total coliform bacteria

Fecal coliform bacteria

Klebisella spp.

E. Coli

Bacteroides

Fecal Streptococci

Enterococci

Clostridium perfringens

P aeruginosa and
A. hydrophila

Characteristics Table 3-5
Specific organisms
Species of gram-negative rods which ferment lactose or groups of

with gas production (or produce a distinctive colony within
24 + 2 to 48 *+ 3 h incubation on a suitable medium) at
35 £ 0.5°C. However, there are strains that do not con-
form to this definition. The total coliform group includes or propqseq for
four genera in the Enterobacteriaceae family. These are use, as indicators
Escherichia, Citrobactor, Enterobacter, and Klebisella. of fecal

Of the group, the Escherichia genus (E. coli species) contamination?
appears to be most representative of fecal contamination.

The fecal coliform bacteria group is the group of
gram-negative rods that have the ability to produce gas
(or colonies) at an elevated incubation temperature
(44.5 £ 0.2°C for 24 + 2 h).

The total coliform population includes the genera
Klebisella. The thermotolerant Klebisella are also
included in the fecal coliform group. This group is
cultured at 35 + 0.5°C for 24 £ 2 h.

The E. coli is one of the coliform bacteria populations
and is more representative of fecal sources than other
coliform genera.

Bacteroides, an anaerobic organism, has been proposed
as a human specific indicator.

This group has been used in conjunction with fecal
coliform to determine the source of recent fecal
contamination (man or farm animals). Several strains
appear to be ubiquitous and cannot be distinguished
from the true fecal streptococci under usual analytical
procedures, which detract from their use as an indicator
organisms.

Two strains of fecal streptococci, S. faecalis and

S. faecium, are the most human specific members of
the fecal streptococcus group. By eliminating the other
strains through the analytical procedures, the two strains
known as enterococci can be isolated and enumerated.
The enterococci are generally found in lower numbers
than other indicator organisms, however, they exhibit
better survival in seawater.

This organism is a spore-forming anaerobic-persistent
bacteria, and the characteristics make it a desirable
indicator where disinfection is employed, where pollution
may have occurred in the past, or where the interval
before analysis is protracted.

organisms that
have been used,

These organisms may be present in wastewater in
large numbers. Both can be considered aquatic
organisms and can be recovered in water in the
absence of immediate sources of fecal pollution.

8Adapted from Tchobanoglous et al. (2003).
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Table 3-6

Indicator
organisms used in
establishing
performance
criteria for various
water uses and
types?

Figure 3-7

Water type or use

Drinking water
Freshwater recreation

Saltwater recreation

Shellfish growing areas

Agricultural irrigation
(for reclaimed water)

Wastewater effluent
Disinfection

Characteristics of Municipal Wastewater and Related Health and Environmental Issues

Indicator organism

Total coliform

Fecal coliform
E. coli
Enterococci

Fecal coliform
Total coliform
Enterococci

Total coliform
Fecal coliform

Total coliform

Total coliform
Fecal coliform

MS2 coliphage

8Adapted from Tchobanoglous et al. (2003).

assumed that the principal sources of pathogenic organisms in wastewater are from
municipal wastewater from residential, commercial, and industrial sources. Additional
information on the sources of wastewater in a collection system is presented in the next
section, Pathogens in Treated Wastewater.

Reported microorganism concentrations in untreated municipal wastewater are shown
in Table 3-7, along with an estimate of the median infectious dose. Note that a wide
range of concentrations of pathogenic microorganisms are encountered in the field, and

the median infectious dose, N, corresponds to the typical dose needed to cause disease

iAVISO!

ELOONTACTD COt A ]
2 FELOIEND

(b)

Pathogens in the environment: (a) stormwater drain at the swimming beach, and (b) health warning
indicating bacterial levels exceed health standards. (Photos courtesy of Orange County Sanitation

District, CA.)
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Concentration
in raw wastewater, Median infectious
Organism MPN/100 mLP dose number (N,

Bacteria

Bacteroides 107-1010

Coliform, total 107-10°

Coliform, fecal® 105-108 106-1010

Clostridium perfringens 103-10° 1-101"°

Enterococci 10%-10°

Fecal streptococci 10%-108

Pseudomonas aeruginosa 103-108

Shigella 109103 10-20

Salmonella 102104
Protozoa

Cryptosporidium parvum oocysts 10'-10° 1-10

Entamoeba histolytica cysts 10°-10°% 10-20

Giardia lamblia cysts 10'-104 <20
Helminth

Ova 10°-103

Ascaris lumbricoides 1-10
Virus

Enteric virus 10%-104 1-10

Coliphage 10%-104

@Adapted in part from; Feacham et al. (1983); NRC (1996); Crook (1992).
BMPN = most probable number.
CEcherichia coli (enteropathogenic).

in humans (see Fig. 3-8). There is also a wide person-to-person variation in the N, dose,
depending on the overall health of the individual, genetic factors, the age of the person,
and whether the immune system is compromised, which is represented by reporting the
N, dose as a range of values. The subject of median infectious dose is considered further
in Chap. 5.

The occurrence and concentration of pathogenic microorganisms in treated municipal
wastewater depends on a number of factors including (1) the number of organisms in
the untreated wastewater, (2) the level of treatment, (3) the treatment technologies
employed, and (4) the regulatory requirements. A discussion on the level of treatment
and the available treatment technologies is presented first, followed by information on
the pathogens in treated wastewater. Treatment technologies are discussed in great
detail in Part 3 of this textbook.

Treatment Levels and Technologies

Methods of treatment in which the application of physical forces predominate are
known as unit operations. Methods of treatment in which the removal of contaminants
is brought about by chemical or biological reactions are known as unit processes. At the

Table 3-7

Microorganism
concentrations
found in untreated
wastewater and
the corresponding
median infectious
dose?

Pathogens
in Treated
Wastewater
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\ \ \ \ \ \ \
Cryptosporidium parvum oocysts Fecal coliform (enteropathogenic E. coli)
1 1

Giardia lamblia cysts

Shigella Fecal streptococci
1
Clostridium perfringens Total coliform
1 1
Helminth ova Enterococci
1

Pseudomonas aeruginosa

Salmonella Bacteroides

1
Coliphage
1

Entamoeba histolytica cysts
1
Enterovirus

100 101 102 103 104 105 106 107 108 109 1010
Concentration in untreated wastewater, No./100 mL
(@)
! ! ! ! ! ! !
Cryptosporidium lamblia oocysts Fecal coliform (enteropathogenic E. coli)
B — \ i
Giardia lamblia cysts Shigella Vibrio cholerae
Hepatitis A Campylobacter jejuni
Adenovirus 4 Coxsackie Bacillus anthracis
— 1 —
Rotavirus  Echovirus 12 Salmonella typhosa
Polio 1
‘_
Ascaris lumbricoides Salmonella (non-typhoid)
100 101 102 103 104 105 106 107 108 109 1010

Median infectious dose, N5g

(b)
Figure 3-8

Reported microorganism concentrations in untreated municipal wastewater and
median infectious dose. (Adapted from Crittenden et al., 2005.)

present time, unit operations and processes are grouped together to provide various lev-
els of treatment known as preliminary, primary, advanced primary, secondary, tertiary,
and advanced treatment (see Table 3-8 and Fig. 3-9). In preliminary treatment, gross
solids that may damage equipment are removed by screening. In primary treatment, a
physical operation, usually sedimentation, is used to remove the floating and settleable
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Table 3-8

Classification of stages used for wastewater treatment and water reclamation?

Treatment level?

Preliminary

Primary
Advanced primary

Secondary

Secondary with
nutrient removal

Tertiary

Advanced

Description

Removal of wastewater constituents such as rags, sticks, floatables, grit, and grease
that may cause maintenance or operational problems with the treatment operations,
processes, and ancillary systems.

Removal of a portion of the suspended solids and organic matter from the wastewater.

Enhanced removal of suspended solids and organic matter from the wastewater;
typically accomplished by chemical addition or filtration.

Removal of biodegradable organic matter (in solution or suspension) and suspended
solids. Disinfection typically is also included in the definition of conventional secondary
treatment.

Removal of biodegradable organics, suspended solids, and nutrients (nitrogen,
phosphorus, or both nitrogen and phosphorus).

Removal of residual suspended solids (after secondary treatment), usually by granular
medium filtration, surface filtration, and membranes. Disinfection is also typically a
part of tertiary treatment. Nutrient removal is often included in this definition.

Removal of total dissolved solids and or trace constituents as required for specific

water reuse applications.

8Adapted, in part, from Crites and Tchobanoglous (1998).
bSee also Fig. 3-9 for treatment process diagrams.

materials found in wastewater (see Fig. 3-9a). In secondary treatment, biological and
chemical processes are used to remove most of the organic matter (see Fig. 3-9b and also
Fig. 3-10). Disinfection is typically a part of secondary treatment. Nutrient removal is
also often included in this step (see Fig. 3-9¢). In tertiary treatment residual suspended
solids are removed to enhance the disinfection process, usually by filtration. In advanced
treatment (see Fig. 3-9d), additional combinations of unit operations and processes are
used to remove constituents that are not reduced significantly by conventional secondary
and tertiary treatment for specific water reuse applications (Tchobanoglous et al., 2003).

Pathogens in Primary Effluent

Primary treatment does little to remove microbiological pathogens from wastewater.
However, some protozoa and parasite ova and cysts will settle out during primary treat-
ment, and some particulate-associated microorganisms may be removed with settleable
matter. Estimated microorganism removals during primary treatment are reported in
Table 3-9.

Pathogens in Secondary Effluent

Secondary treatment reduces pathogens but does not eliminate them from the effluent,
even with disinfection (see Fig. 3-9b). Typical log removal of microorganisms by var-
ious wastewater treatment processes is shown in Table 3-9. Based on the data presented
in Table 3-9, it can be concluded that wastewater discharges may contribute enteric
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Figure 3-9

wastewater
treatment
operations and
processes:

(a) primary
treatment,

(b) secondary
treatment,

(c) tertiary
treatment, and
(d) advanced
treatment.

Various municipal
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Sedimentation
and floatation

Influent - r Effluent

<

Settlable and
floatable solids
(@
Aeration by activated sludge,
attached growth biofilter,
and/or stabilization ponds

Influent =T ﬁ“‘“j: r < Effluent
I Return
biomass Waste

(b) biomass
Granular or
membrane
filtration

Influent ‘C:ﬁwjjw 1o o Effluent
Filterable

(c) solids

Reverse osmosis

or nanofiltration
- Effluent

Influent - R W C v v

sk i

(d) brine

pathogens to natural waters, many of which may be used downstream of the wastewater
effluent discharge as a source of water for potable purposes (see Chap. 1).

Pathogens in Tertiary and Advanced Wastewater Treatment Effluent

The concentration of microorganisms in the effluent from advanced treatment processes
is dependent on the specific microorganism and the form of advanced treatment (e.g.,
chemical treatment, granular medium filtration, membrane filtration). Reclaimed water
derived from tertiary and advanced wastewater treatment processes is deemed safe for
unrestricted landscape irrigation (see Fig. 3-11b).
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Figure 3-10
City of San Diego, CA, aquaculture facility (ca. 1996) employed water hyacinths in place of conventional
secondary treatment with either activated sludge process or trickling filters. (a) empty plug-flow basin

with stepped influent feed distribution piping and aeration system and (b) view of process in operation
with full coverage of water hyacinths.

Table 3-9

Typical microorganism log removal by wastewater treatment processes?

Organism

Fecal coliforms

Salmonella

Mycobacterium tuberculosis
Shigella

Campylobacter
Cryptosporidium parbum
Entamoeba histolytica
Giardia lamblia

Helminth ova

Enteric viruses

Removal of organism for given treatment process, log units

Primary Secondary Tertiary Advanced
Plain Activated  Trickling  Depth Reverse
sedimentation sludge filter filtration ~ Microfiltration®  osmosis®
<0.1-0.3 0-2 0.8-2 0-1 1-4 4-7
<0.1-2 0.5-2 0.8-2 0-1 1-4 4-7
0.2-0.4 0-1 0.5-2 0-1 1-4 4-7
<0.1 0.7-1 0.8-2 0-1 1-4 4-7
1 1-2 0-1 1-4 4-7
0.1-1 1 0-3 1-4 4-7
0-0.3 <0.1 <0.1 0-3 2-6 >7
<1 2 0-3 2-6 >7
0.3-1.7 <0.1 1 0-4 2-6 >7
<0.1 0.6-2 0-0.8 0-1 0-2 4-7

8Adapted in part from Crook (1992).
bwide range of values due to differences in performance of membranes from different manufacturers and imperfections

or failure of the membrane (see Example 8-4 in Chap. 8).
%In theory, reverse osmosis should remove all organisms, however, due to imperfections or failure of the membrane some

organisms may pass through with the permeate stream (see Example 8-4 in Chap. 8).
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(@)

Figure 3-11

WE ARE CONSERVING OUR MOST |B
VALUABLE RESOURCE
BY IRRIGATING OUR LANDSCAPE
WITH RECY@LED WATER

Reclaimed water is used safely in various irrigation applications: (a) irrigation of grape vines, and

(b) landscapes.

Pathogens
in the
Environment

Survival of
Pathogenic
Organisms

Table 3-10

Survival of enteric
pathogens and
indicator bacteria
in freshwaters?

In receiving waters, natural processes tend to reduce the concentrations of enteric
microorganisms due to dilution and die-off. The natural inactivation or die-off rate is
usually reported in terms of the time required for a 90 percent reduction in the viability
of the microbial population. Many factors influence the inactivation rate, including the
amount of particulate matter, oxygen, salinity, and UV light the water is exposed to.
However, temperature, as discussed below, appears to play the most significant role.

It is known that enteric pathogens generally survive longer at lower temperatures.
Survival rates of some pathogens at selected temperatures are shown in Table 3-10. The
data given in Table 3-10 are incomplete and should be used as a rough guide only, as
numerous exceptions have been reported in the literature.

Time reported for 90 percent reduction

Microorganism in viable concentrations
Coliforms 0.83 to 4.8 d at 10 to 20°C, avg. 2.5d
E. coli 3.7d at 15°C

Salmonella 0.831t0 8.3 d at 10 to 20°C

Yersinia 7 dat5to8.5°C

Giardia 14 to 143 d at 2 to 5°C

3.4t07.7dat 12 to 20°C
Enteric viruses 1.7 t0 5.8 d at 4 to 30°C

8Adapted from Feachem et al. (1983); Korhonen and Martikainen
(1991); Kutz and Gerba (1988); McFeters and Terzieva (1991).
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3-6 CHEMICAL CONSTITUENTS IN UNTREATED AND
TREATED WASTEWATER

Chemical constituents of wastewater are classified typically as inorganic and organic.
Inorganic chemical constituents of concern include dissolved constituents, nutrients,
nonmetallic constituents, metals, and gases. Organic constituents of interest in waste-
water are classified as aggregate and individual. Aggregate organic constituents are
comprised of a number of individual compounds that cannot be distinguished separately.
Both aggregate and individual organic constituents are of great significance in the treat-
ment and reuse of wastewater.

To understand the chemical characteristics of wastewater, it is important to know the
sources of the chemical constituents found in wastewater. Untreated wastewater con-
tains known and unknown inorganic and organic constituents that are (1) present natu-
rally in the water supply source, (2) present in the treated water as supplied at the tap,
(3) added from residential, commercial, industrial, and other human activities in the
water and wastewater service area; (4) added from stormwater in combined collection
systems and from infiltration into the collection system; (5) formed in the collection
system as result of abiotic and biotic reactions; and (6) added to the wastewater in col-
lection systems for odor or corrosion control. Each of the sources of chemical con-
stituents in wastewater is considered briefly in the following discussion.

Constituents in Natural Water

Natural waters contain both inorganic and organic constituents. Inorganic constituents
in natural waters are derived from the dissolution of the rocks and minerals, which have
been in contact with the water. Concentrations of inorganic constituents are increased
by the natural evaporation process that removes some of the surface water and leaves
the inorganic substance behind in the water. The principal inorganic cation constituents
of most natural waters are calcium (Ca?"), magnesium (Mg?*), potassium, (K*), and
sodium (Na*). The corresponding major anions are bicarbonate (HCO,"), sulfate (SO42‘),
and chloride (CI"). Many trace inorganic constituents occur in natural water in varied
concentrations, depending on the geologic characteristics of the region, and human and
agricultural activities in the watershed.

In addition to inorganic constituents, most natural waters, especially surface waters, also
contain a variety of natural organic matter (NOM), the breakdown products of these com-
pounds, and a vast array of microorganisms. Groundwater generally does not contain
measurable concentrations of organic compounds. However, some groundwaters, which
have been in contact with peat bogs or other organic materials found in the subsurface or
which are under the influence of surface water, do contain a variety of organic com-
pounds, most of which have not been identified. The concentration of organic matter in
natural waters will vary widely, depending on the source (e.g., reservoirs versus aquifers).

Typically NOM is composed of humic materials from plants and algae, microorganisms
and their metabolites, and high molecular weight aliphatic and aromatic hydrocarbons.
These organics are typically benign, although some are nuisance constituents such as

Chemical
Constituents in
Untreated
Wastewater
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odoriferous metabolites that can cause aesthetic concerns such as taste and odor. A few
of the high molecular weight aliphatic and aromatic hydrocarbons may have adverse
health effects. In addition, humic materials may serve as precursors in the formation of
trihalomethanes (THMs) and other organohalogen oxidation byproducts during disin-
fection.

Constituents in Public Water Supplies

With the exception of one or two large water supply sources, which are of pristine qual-
ity, most public water supplies are treated to remove specific inorganic and organic con-
stituents to meet regulatory requirements, as specified in the U.S. EPA Drinking Water
Standards. Residual inorganic chemicals found in drinking water represent a varying
degree of health concerns. Some are known or suspected carcinogens, such as arsenic,
lead, and cadmium. Several inorganic chemicals are essential to human nutrition at low
doses, yet demonstrate adverse health effects at higher doses. These include aluminum,
chromium, copper, manganese, molybdenum, nickel, selenium, zinc, and sodium.
Additional constituents often leach into treated drinking water from contact with pip-
ing or plumbing materials, such as lead, copper, zinc, and asbestos.

The aggregate residual organic compounds in treated water are generally of little concern.
Other organic constituents such as acrylamide or epichlorohydrin, components of coagu-
lants (e.g., polyacrylamide), which can leach out during water treatment, may be present.
In addition, it has been found that undesirable components of pipe coatings, linings, and
joint adhesives, such as polynuclear aromatic hydrocarbons (PAHs), epichlorohydrin, and
solvents can also leach into the treated water. Disinfection byproducts (DBPs), discussed
below, can be formed in the distribution system before arriving at the tap.

When public water supplies are used for domestic, commercial, and industrial purposes,
a wide variety of known and unknown constituents are added to the water that ends up
as wastewater. Data on the increase in the mineral content of wastewater resulting from
water use, and the variation of the increase within a collection system, are especially
important in evaluating the reuse potential of wastewater. Typical data on the incre-
mental increase in mineral content that can be expected in municipal wastewater result-
ing from domestic use are reported in Table 3-11. Increases in the mineral content of
wastewater may be due in part from addition of highly mineralized water from private
wells and groundwater infiltration, and from industrial use. Domestic and industrial
water softeners also contribute significantly to the increase in mineral content and, in
some areas, may represent the major source. Occasionally, water added from private
wells and groundwater infiltration (because of its high quality) will serve to dilute the
mineral concentration in wastewater. The amount of salt added to wastewater from
water softeners can be estimated using the following equation.

with water softener

(fraction of homes ) (salt added to each water)
s/ \ softener per year, kg/yr

Salt in blended effluent, kg/m3 =

(365 d/yr)(average daily flow rate per home, m*/d)

Organic compounds are normally composed of a combination of carbon, hydrogen, and
oxygen, together with nitrogen and sulfur, in some cases. The organic matter in wastewater
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Constituent Increment range, mg/L°¢
Anions:
Bicarbonate (HCO,) 50-100
Carbonate (CO,) 0-10
Chloride (Cl) 20-50
Sulfate (SO,) 15-30
Cations:
Calcium (Ca) 6-16
Magnesium (Mg) 4-10
Potassium (K) 7-15
Sodium (Na) 40-70¢
Other constituents
Aluminum (Al) 0.1-0.2
Boron (B) 0.1-0.2
Fluoride (F) 0.2-0.4
Manganese (Mn) 0.2-0.4
Silica (SiO,) 2-10
Total alkalinity (as CaCO,) 60-120
Total dissolved solids (TDS) 150-380

8From Tchobanoglous et al., 2003.

bBased on 460 L/capita+d (120 gal/capita+d), which is classified as medi-
um strength wastewater.

Values do not include commercial and industrial additions.
dExcluding the addition from domestic water softeners.

consists typically of proteins (40 to 60 percent), carbohydrates (25 to 50 percent), and
oils and fats (8 to 12 percent). Urea, the major constituent of urine, is another impor-
tant organic compound found in fresh wastewater. Because urea decomposes rapidly, it
is seldom found in other than fresh wastewater. Along with the proteins, carbohydrates,
fats and oils, and urea, wastewater typically contains varying amounts of a large num-
ber of different synthetic organic chemicals (SOCs), with structures ranging from simple
to extremely complex. While many individual chemical compounds are known, the vast
majorities of these compounds are unknown and are usually reported as aggregate con-
stituents.

It is interesting to note that prior to about 1940, most of the municipal wastewater in the
United States was generated from domestic sources. After 1940, as industrial develop-
ment in the United States grew significantly, increasing amounts of commercial and
industrial wastewater have been and continue to be discharged to municipal collection
systems. The amounts of SOCs generated by commercial and industrial activities have
increased, and some 10,000 new organic chemicals are developed each year. Many of
these chemicals are now found in the wastewater from most municipalities and com-
munities. The addition of new chemicals will continue to make the complete character-
ization of wastewater an unachievable goal.

Table 3-11

Typical mineral
increase from

domestic water

use?
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Constituents Added from Stormwater in Combined Collection

Systems and Infiltration

In addition to the constituents added through usage, other usually unknown, inorganic and
organic constituents are often added to the wastewater from stormwater inflow and infil-
tration. In addition, combined sewers are used in many parts of the country. Constituents
of concern in stormwater include oils, grease, tars, and metals from roadway runoff; pes-
ticides and herbicides; fertilizers; animal feces; and decayed humic materials.

Infiltration is an ongoing problem with wastewater collection systems, especially as
collection systems age and become less watertight. A constituent of great concern in
coastal areas is salinity, principally in the form of sea- or brackish water. Dissolved
humic substances are constituents of concern, which are difficult to treat and can inter-
fere with the disinfection process.

Constituents Formed in the Collection System as a Result of Abiotic
and Biotic Reactions

In some collection systems with long travel times, typically greater than 6 h, a number
of abiotic and biologically mediated reactions occur as wastewater is transported to a
centralized location for treatment. The formation of hydrogen sulfide under anoxic con-
ditions is a well known example of a biological reaction that occurs in collection sys-
tems. However, little is known about the exact nature of most of the transformations that
occur under anoxic and anaerobic conditions as wastewater is transported.

Constituents Added to the Wastewater in Collection Systems for Odor
or Corrosion Control

In some collection systems with long travel times, chemicals are added to control the
formation of odors and to mitigate corrosion. In some cases pure oxygen is added to
suppress anoxic and anaerobic reactions leading to the formation of hydrogen sulfide.

Composition of Untreated Wastewater

The influent to a wastewater treatment plant contains a mixture of the constituents dis-
cussed above, which varies with the day of the week, the month of the year, and sea-
sonally. Typical data on the composition of untreated domestic wastewater as found in
wastewater collection systems are reported in Table 3-12. The data presented in
Table 3-12 for medium-strength wastewater are based on an average flow of 460
L/capita-d (120 gal/capita+d) and include constituents added by commercial, institu-
tional, and industrial sources. Typical concentrations for low-strength and high-strength
wastewater, which reflect different amounts of infiltration, are also given. Because there
is no “typical” wastewater, it must be emphasized that the data presented in Table 3-12
should only be used as a guide.

The aggregate constituents, biochemical oxygen demand (BOD), chemical oxygen
demand (COD), and total organic carbon (TOC), are used to characterize the bulk of the
organic matter in wastewater (see Table 3-12). Within these categories there are a num-
ber of trace SOCs that are unknown. Volatile organic chemicals (VOCs), is the category
used to characterize some of these compounds. It should be noted that the term SOCs is
now often used as a regulatory rather than a chemical description for these compounds.
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Table 3-12
Typical composition of untreated domestic wastewater?
Concentration

Contaminants Unit Range Typical®
Solids, total (TS) mg/L 390-1230 720
Dissolved, total (TDS) mg/L 270-860 500
Fixed mg/L 160-520 300
Volatile mg/L 110-340 200
Suspended solids, total (TSS) mg/L 120-400 210
Fixed mg/L 25-85 50
Volatile mg/L 95-315 160
Settleable solids mg/L 5-20 10
Biochemical oxygen demand
(BOD) 5 d, 20°C mg/L 110-350 190
Total organic carbon (TOC) mg/L 80-260 140
Chemical oxygen demand (COD) mg/L 250-800 430
Nitrogen (total as N) mg/L 20-70 40
Organic mg/L 8-25 15
Free ammonia mg/L 12-45 25
Nitrites mg/L O—trace 0
Nitrates mg/L O—trace 0
Phosphorus (total as P) mg/L 4-12 7
Organic mg/L 1-4 2
Inorganic mg/L 3-10 5
Chlorides® mg/L 30-90 50
Sulfate® mg/L 20-50 30
QOil and grease mg/L 50-100 90
Volatile organic compounds (VOCs) mg/L <100—>400 100400
Total coliform no./100 mL 106-10° 107-108
Fecal coliform no./100 mL 103107 104105
Cryptosporidum oocysts no./100 mL 10-'-102 10-'-10"
Giardia lamblia cysts no./100 mL 10-'-10°3 10-'-10?

8Adapted from Tchobanoglous et al. (2003).
bTypical wastewater composition is based on an approximate flow rate of 460 L/capita+d (120 gal/capita+d).
CValues should be increased by amount of constituent present in domestic water supply.

Because the actual compounds that compose aggregate parameters such as BOD,
COD, TOC, TDS, and TSS are unknown, there is a degree of concern about using
treated wastewater in indirect potable reuse applications. However, advanced treat-
ment methods and new and improved analytical methods have helped to mitigate these
concerns.
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The required water quality for reclaimed water varies with each reuse application. The
focus of the following discussion is to consider the constituents that are present in treated
wastewater after varying degrees of treatment as discussed previously (see Table 3-8).
Information on the chemical constituents in treated wastewater is of importance in
assessing the potential health risks associated with the use of reclaimed water.

Constituents Remaining after Primary Treatment

As noted previously, primary treatment is used to remove floating and settleable materials
found in wastewater. As a result of the removal of settleable materials there are measura-
ble reductions in BOD, TSS, TOC, along with some metals that are associated with TSS.
Performance data on the removals that can be achieved with primary treatment and the con-
stituents remaining are presented in Table 3-13. The data in Table 3-13 were collected at a
3800 m?/d water reclamation facility employing fine screens in place of conventional sed-
imentation facilities and water hyacinths in place of conventional secondary treatment
employing activated sludge or trickling filters (see Fig. 3-10). Generalized information on
the constituents remaining after primary treatment is reported in Table 3-14.

Constituents Remaining after Secondary Treatment

Biological and chemical processes are used in secondary treatment to remove most of
the organic matter and the TSS. Performance data on the removals that can be achieved
with secondary treatment and the constituents remaining are presented in Tables 3-13
and 3-14. The data in Table 3-13 are for the water reclamation plant described previ-
ously. Generalized information on the constituents remaining after secondary treatment
with a variety of process combinations are reported in Table 3-14.

Constituents Remaining after Tertiary Treatment

The principal application of tertiary treatment is for the removal of residual TSS
remaining after secondary sedimentation, typically by cloth or media filtration. Typical
performance data on the removals that can be achieved with tertiary treatment and the
constituents remaining are presented in Tables 3-13 and 3-14. The data in Table 3-13
are for the water reclamation plant described previously. Generalized information on
the constituents remaining after tertiary treatment is reported in Table 3-14.

Constituents Remaining after Advanced Wastewater Treatment

As noted previously, AWT is used to remove residual suspended solids and other con-
stituents that are not reduced significantly by conventional secondary treatment.
Performance data on the removals that can be achieved with advanced treatment and the
constituents remaining are presented in Tables 3-13 and 3-14. The data in Table 3-13
are for the water reclamation plant described previously. Generalized information on
the constituents remaining after AWT is reported in Table 3-14.

The ability of AWT processes to remove many trace chemical contaminants is well estab-
lished (see Chap. 10). Several pilot and demonstration potable water reuse studies have
shown that AWT can produce water that exceeds U.S. EPA primary, and some secondary
drinking water standards. A comparison of the quality of water produced by San Diego’s
Aqua III pilot plant, Tampa’s Hookers Point AWT pilot plant, and Denver’s Potable Reuse
Demonstration Project to U.S. EPA drinking water standards is shown in Table 3-15.
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Table 3-15

Comparison of
U.S. EPA Drinking

U.S. EPA drinking

Characteristics of Municipal Wastewater and Related Health and Environmental Issues

Reclaimed water®

Water Standards Constituent® water standards San Diego Tampa Denver

with water quality Physical

parameters for TOC - 0.27 1.88 0.2

three reclaimed TDS 500 42 461 18

waters? Turbidity (NTU) - 0.27 0.05 0.06

Nutrients
Ammonia-N - 0.8 0.03 5
Nitrate-N - 0.6 0 0.1
Phosphate-P - 0.1 0 0.02
Sulfate 250 0.1 0 1
Chloride 250 15 0 19
TKN - 0.9 0.34 5
Metals

Arsenic 0.05 <0.0005 o¢ ND®
Cadmium 0.005 <0.0002 0d ND
Chromium 0.1 <0.001 0d ND
Copper 1.0 0.011 0d 0.009
Lead f 0.007 o¢ ND
Manganese 0.05 0.008 0d ND
Mercury 0.002 <0.0002 0d ND
Nickel 0.1 0.0007 0.005 ND
Selenium 0.05 <0.001 0d ND
Silver 0.05 <0.001 04 ND
Zinc 5.0 0.0023 0.008 0.006
Boron - 0.29 0 0.2
Calcium - <2.0 - 1.0
Iron 0.3¢9 0.37 0.028 0.02
Magnesium - <3.0 0 0.1
Sodium - 11.9 126 4.8

8Adapted from CH2M Hill (1993), Lauer et al. (1991), Western Consortium for Public Health
(1992).

bNTU = nephelometric turbidity units; TDS = total dissolved solids; TKN = total Kjeldahl
nitrogen; TOC = total organic carbon. All reported values with the exception of turbidity are
expressed in mg/L.

®San Diego physical and nutrient concentration values are arithmetic means. Any nondetected
observations were assumed to be present at the corresponding detection limit. Metal concen-
tration values are geometric means determined through probit analysis. Tampa values are

arithmetic means of detected values. Denver values are geometric means of detected values.

dNot detected in seven samples.

®Not detected in more than 50 percent of samples.
fLead is regulated according to a treatment standard.
9Noncorrosive limit for iron.
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Table 3-16
Reported removal

Removal range, percent

Secondary Reverse ; lected
Constituent? treatment Microfiltration osmosis rangesl or selecte
emerging
N-nitrosdimethylamine (NDMA) 50-75 50-75 50-75 constituents of
17B-Estradiol 50-100 concern
Alkyphenols ethoxylates (APEOs) 40-80 40-80 40-80

aSignificant variations have been observed in the concentrations of these constituents in the
influent wastewater.

Removal of Trace Constituents

The removal of trace constituents occurs in both conventional and AWT processes, but the
levels to which individual constituents are removed are not well defined. Typical per-
formance data for the removal of nonconventional constituents are reported in Table 3-16
for complete secondary treatment, microfiltration, and reverse osmosis. From a review of
the data presented in Table 3-16, it can be concluded that the treatment performance for
nonconventional constituents in trace concentrations is quite variable and not well
defined.

Impact of Constituents Remaining after Treatment

The impact of the constituents that remain after various treatment processes can be of
profound importance with respect to the long-term protection of public health and the
environment. The ability to measure the emerging constituents listed in Table 3-16 in
the 107 or 102 g/L range is new as of a few years ago. Their health and environmen-
tal impacts are mostly unknown at the present time.

The chemical oxidation processes, such as chlorination, that are used to disinfect waste- Formation of
water effluents produce DBPs. Most DBPs are primarily dissolved organohalogens Disinfection
derived from the oxidative breakdown of organic substances in water (Bellar et al., Byproducts
1974; Rook, 1974; Cooper et al., 1983; Bauman and Stenstrom, 1990; Rebhun et al., (DBPS)

1997). The DBPs may be grouped generally into trihalomethanes, haloacetonitriles,

haloketones, haloacetic acids, chlorophenols, aldehydes, trichloronitromethane, chloral

hydrate, and cyanogen chloride. Among them, trihalomethanes and haloacetic acids are

by far the most common DBPs and often present at higher concentrations than the other

less frequently detected DBPs (Krasner et al., 1989). Another DBP that has been found

in wastewater and reclaimed water is N-nitrosodimethylamine (NDMA), a potent car-

cinogen. Occurrence of NDMA in reclaimed water is further discussed in Sec. 3-7.

Chlorine disinfection has been the most common disinfection method for wastewater (see
Chap. 11). The extent of DBP formation by chlorination depends on pH, temperature, reac-
tion time, free and combined chlorine concentrations, ammonia concentration, DBP pre-
cursor concentration, and precursor type (Stevens et al., 1989; Reckhow et al., 1990;
Rebhun et al., 1997). Organic matters that are highly aromatic, and contain chlorine reac-
tive sites such as phenol, 2, 4-pentanedione, organic nitrogen, meta-dihydroxybenzene, and
various acetyl moieties, are thought to be precursors of DBPs (Stevens et al., 1989). Even
though organic matters in wastewater effluent tend to be less aromatic than many NOMs,
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DBP formation is observed in most chlorinated wastewater effluent because of high dis-
solved organic carbon (DOC).

The likelihood of harm caused by DBPs is derived primarily from the direct ingestion
of chlorinated water (Canter et al., 1998; Hildesheim et al., 1998; Waller et al., 1998).
In crop irrigation, consumers may be indirectly exposed to DBPs through food chain
transfer and/or contamination of the underlying groundwater. Disinfection byproducts,
however, are subject to volatilization in the ambient environment and are readily
degradable through chemical and biological reactions. Chlorinated reclaimed water is
stored typically prior to use for irrigation and the DBPs formed during chlorination
decay typically during storage. After land application, the processes of degradation con-
tinue in the soil. Because DBPs are not expected to accumulate in the soil they are of
little concern in agricultural irrigation. It is also unlikely that DBPs are a serious threat
to the groundwater underneath the irrigated fields, considering the transient time of
water and degradation of DBPs in the vadose zone (Thomas et al., 2000; Chang, 2002).
Formation of DBPs in reclaimed water is of greater concern when indirect or direct
potable reuse is considered.

Natural water, or water that has been in contact with the environment for a long period
of time, will attain chemical and biological signatures related to the mineral surfaces of
the soils, the microorganisms found in the aquatic and terrestrial environment, and
anthropogenic compounds. Because of the long retention time in the environment, a
number of abiotic and biotic transformations occur which are mediated by physical,
chemical, and biological reactions. Ultimately, these reactions result in the accumulation
of a wide variety of naturally synthesized organic compounds and breakdown products
of biological origin in the water body. As noted previously these organic compounds
found in natural waters are collectively known as NOM. Thus, drinking water obtained
from surface water sources will contain background concentrations of these NOM and
anthropogenic chemicals.

The organisms found in wastewater treatment are primarily derived from organisms
found in natural aquatic systems as well as in excreta. The microbial metabolic reac-
tions occurring in biological wastewater treatment processes are representative of vari-
ous biological reactions that occur in nature. However, while the reactions are similar
to those that occur in nature, the reaction rates in the engineered system are designed to
increase, through process optimization, to the extent required to meet wastewater dis-
charge permits. The increased reaction rates necessary for accelerated biological waste-
water treatment also impact the constituents found in reclaimed water. The easily
biodegradable organic constituents found in wastewater are assimilated readily by the
biomass, whereas many of the more difficult to treat constituents may not or only be
degraded partially. As a result, effluent from wastewater treatment will contain much of
the natural chemical signature as well as the chemical and biological characteristics
resulting from conventional biological treatment. For water reclamation and reuse,
additional treatment process may include granular media filtration, membrane filtra-
tion, reverse osmosis, conventional (low-level) chemical oxidation, advanced (high-
level) chemical oxidation, or UV exposure. Each of these processes and operations has
a unique impact on the residual constituents in the reclaimed water. However, with the
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exception of reverse osmosis, advanced oxidation, and extensive advanced treatment
processes, much of the natural chemical signature including that added during biologi-
cal treatment will remain intact.

Following discharge to the environment, natural processes and systems will assimilate
the compounds, and the reclaimed water will once again take on the chemical signature
of the environment. The degree of treatment and environmental factors will control the
rate and extent of assimilation. Anthropogenic constituents can be found in systems
with short retention time in the environment such as water flowing in streams with low
environmental reaction rates (Barber et al., 1996; Kolpin et al., 2004; Lin et al., 2006).
The use of several of these organic compounds to determine the origins of the organic
contamination in the Mississippi River from municipal and industrial wastewater
sources is illustrated in Table 3-17. Examples of natural systems which assimilate
residual constituents more rapidly include shallow open water systems, wetlands, and
vadose zone percolation. Conversely, reclaimed water from advanced treatment
processes may be of much higher quality than the receiving water in the environment,
resulting in degradation of the reclaimed water quality.

Because reclaimed water may contain hundreds of compounds that can be traced to nat-
ural and human origins, rigorous analytical methods are needed to characterize even a
portion of these chemicals quantitatively. To overcome the limitations associated with
expensive sampling and time-consuming laboratory work, several surrogate parameters
have been developed to assess the chemical makeup of treated effluent and reclaimed
water, and the potential degree of environmental assimilation. The primary surrogates
for aggregate organic trace constituents in water, depending on concentration, include
assimilable organic carbon (AOC), biodegradable dissolved organic carbon (BDOC),
total organic carbon (TOC), and chemical oxygen demand (COD). However, the diffi-
culty with these aggregate organic parameters is that they do not relate any information
regarding the specific compounds that makeup the measured parameter. Any measura-
ble AOC, BDOC, TOC, or COD is an indication that an unknown organic suite of chem-
ical compounds is present in the reclaimed water.

Because of the uncertainties associated with the unknown chemicals in reclaimed water,
particularly in the indirect and direct potable reuse situations, it would be useful if one
or more surrogates were available (see Chaps. 23 and 24). Unfortunately, surrogates
that may be used to characterize the safety and suitability of reclaimed water for human
and environmental exposure do not exist at present, due in part, to the limitations of
health and environmental risk analysis, as reviewed in Chap. 5. Environmental systems
are extremely complex. For example, some trace constituents in treated wastewater
effluents are known or suspected to cause abnormalities in fish in receiving waters. Fish
are increasingly recognized as an excellent model for such tests, in that the aquatic envi-
ronment may provide early warnings of the effects that these chemicals will have on
human health (Klime, 1998). Because the observed abnormalities can also be caused by
naturally occurring compounds or other factors such as temperature, methods must be
developed to assess the effects of different chemical compounds and mixtures of com-
pounds. Although numerous surrogates have been evaluated including caffeine and other
medicines, more research will be needed to resolve the many issues involved (NRC, 1998).

Use of
Surrogate
Parameters
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3-7 EMERGING CONTAMINANTS IN WATER AND WASTEWATER

The term emerging contaminants is used for chemicals and microorganisms that have
been identified in water only recently and are under consideration to be regulated. The
potential environmental impacts of emerging contaminants such as PhACs, endocrine
disruptors, and new and reemerging pathogenic microorganisms are discussed in this
section. These constituents are inherent to municipal wastewater (Rebhun et al., 1997;
Hale et al., 2000; Huffman et al., 2003); however, knowledge of their occurrence in
reclaimed water is limited. When reclaimed water is applied on land or discharged to
aquatic environments, these chemical constituents and pathogens may be inadvertently
released, potentially resulting in an adverse impact on the environment (Bouwer et al.,
1998). The fate and transport in the vadose zone and in groundwater, and the risks asso-
ciated with the unintentional transfer of these chemicals and pathogens to humans, are
virtually unknown.

For over several decades, scientists have reported that certain synthetic and natural Endocrine
compounds could mimic, block, stimulate, or inhibit natural hormones in the endocrine Disru ptors
systems of animals. These substances are now collectively known as endocrine- and Pharma-
disrupting compounds (EDCs), and have been linked to a variety of adverse effects in ~ceutically
both humans and wildlife. Chemicals classified as EDCs have a wide variety of origins ~Active
including pharmaceuticals, personal care products, household chemicals, pesticidesand Chemicals
herbicides, industrial chemicals, disinfection byproducts, naturally occurring hor-

mones, and metals. Chemicals that are classified as PhACs are synthesized for medical

purposes, such as antibiotics, anti-inflamatories, X-ray contrast media, and antidepres-

sants. Some PhACs, such as contraceptives and steroids, are also EDCs (NRC, 1999).

These synthetic and naturally occurring chemicals have been discovered in various sur-
face and groundwaters, some of which have been linked to ecological impacts at trace
concentrations (Kolpin et al., 2004). The majority of EDCs and PhACs are more polar
than traditional contaminants and several have acidic or basic functional groups. These
properties, coupled with occurrence at trace levels (i.e., <1 pg/L), create unique chal-
lenges for both removal processes and analytical detection. Reports of EDCs and
PhACs in water have raised substantial concern among the public and regulatory agen-
cies; however, little is known about the fate of these compounds during drinking water
and wastewater treatment. A substantial number of studies have shown that conven-
tional drinking water and wastewater treatment plants can not completely remove many
EDCs and PhACs.

Oxidation with chlorine and ozone can result in transformation of some compounds
with reactive functional groups under the conditions employed in water and wastewater
treatment plants. Advanced treatment technologies, such as activated carbon, advanced
oxidation, and reverse osmosis, appear viable for the removal of many trace contami-
nants including EDCs and PhACs (see Chap. 10). Future research needs include more
detailed fate and transport data, standardized analytical methodology, removal kinetics,
predictive models, and determination of the toxicological relevance of trace levels of
EDCs and PhACs in water (Snyder et al, 2003).
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Some Specific
Constituents
with Emerging
Concern

During the past decade, a variety of water contaminants have indeed become much
more prominent in the minds of public health officials, environmental engineers, and
scientists. This situation is an illustration of how the intersection of sensitive new ana-
Iytical techniques, modern industrial products, and improved understanding of science
and engineering lead to the emergence of new contaminants (Alvarez-Cohen and
Sedlak, 2003). In this section, a brief discussion on nitrosodimethylamine (NDMA);
1, 4-dioxane; perchlorate; methyl tertiary-butyl ether (MTBE); and other oxygenates
is provided.

N-Nitrosodimethylamine

N-nitrosodimethylamine is a member of a family of extremely potent carcinogens, the
N-nitrosamines. Until recently, concerns about NDMA mainly focused on the presence
of NDMA in food, consumer products, and polluted air. However, current concern
focuses on NDMA as a drinking water contaminant resulting from reactions occurring
during chlorination or via direct industrial contamination. Because of the relatively high
concentrations of NDMA formed during wastewater chlorination, the intentional and
unintentional indirect potable reuse of reclaimed water is a particularly important area
of concern. Although UV irradiation can effectively remove NDMA, there is consider-
able interest in the development of less expensive alternative treatment technologies.
These alternative technologies include approaches for removing organic nitrogen-
containing NDMA precursors prior to chlorination and the use of sunlight photolysis,
and in situ bioremediation to remove NDMA and its precursors (Mitch et al., 2003;
Sedlak and Kavanaugh, 2006).

Effluents from conventional and AWT plants can contain relatively high concentrations
of NDMA. In addition, NDMA is often present in untreated municipal wastewater prior
to chlorination. For example, NDMA concentrations as high as 105,000 ng/L have been
reported in effluents from printed circuit board manufacturers using NDMA-
contaminated dimethyldithiocarbamate to remove metals (Orange County Sanitation
District, 2002). These industrial inputs resulted in concentrations of NDMA of approx-
imately 1500 ng/L in the untreated wastewater. As a result of removal processes that
occur during secondary treatment, NDMA concentrations in unchlorinated secondary
effluent are typically less than 20 ng/L, although industrial inputs can result in larger
spikes in NDMA influent and effluent concentrations. Chlorination of secondary waste-
water effluent typically results in the formation of between 20 and 100 ng/L. NDMA. In
water reclamation plants receiving secondary wastewater effluent, NDMA concentra-
tions in microfiltration effluent may increase by approximately 30 to 50 ng/L as a result
of chlorination before the membrane to prevent biological fouling (Mitch et al., 2003).

Facilities with advanced treatment capabilities typically use MF-RO and/or UV treat-
ment. This treatment train has been shown to be effective in removing NDMA and
NDMA precursors (Sedlak and Kavanaugh, 2006).

1, 4-Dioxane

1, 4-dioxane has been reported as a water contaminant in a wide variety of locations,
due to its widespread occurrence in industrial and commercial products, high aqueous
solubility, and resistance to biodegradation.
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As early as 1975, Kraybill (1977) reported the detection of 1, 4-dioxane in drinking
water in the United States. Johns et al. (1998) identified 1, 4-dioxane as a frequent con-
taminant of the lower Mississippi River. In a survey of natural waters in Japan, Abe
(1999) found 1, 4-dioxane at concentrations from 1.9 to 94.8 ug/L in 83 of 95 river,
ocean, and groundwater samples. The 1, 4-dioxane was believed to originate from 1,
1, 1-trichloroethane (TCA) contaminated groundwater and chemical and municipal
treatment plant effluents.

1, 4-dioxane is classified as a probable human carcinogen. It is used as a stabilizer for
chlorinated solvents, particularly TCA, and it is formed as a byproduct during the man-
ufacture of polyester and various polyethoxylated compounds. Improper disposal of
industrial waste and accidental solvent spills have resulted in the contamination of
groundwater with 1, 4-dioxane. Volatilization and sorption are not significant atten-
uation mechanisms due to 1, 4-dioxane’s complete miscibility with water. The low 1,
4-dioxane removal efficiency in conventional wastewater treatment processes contributes
to its presence in aquatic environments. At present, advanced oxidation processes
(AQOPs) are the only proven technology for their removal (Adams et al., 1994; Zenker
et al., 2004). Chemical and energy costs for many AOPs, however, may be substantial,
thus their use is not widespread.

Ultraviolet light is also used commonly as part of an AOP. Because 1, 4-dioxane is a
relatively weak absorber of UV light, it is degraded poorly by direct photolysis.
Ultraviolet light can be used in combination with H,O,, however, to produce hydroxyl
radicals that react with 1, 4-dioxane. Ultraviolet light, in combination with a TiO2 cat-
alyst, has also been demonstrated to degrade 1, 4-dioxane. Hill et al. (1997) achieved
greater than 99 percent reduction in 1, 4-dioxane using wavelengths greater than 300
nm. Ethylene diformate was observed as the most significant oxidation byproduct.
Hydrogen peroxide can also be used in combination with ferrous ion (Fenton’s reagent)
to degrade 1, 4-dioxane. There are several different AOPs that are commercially avail-
able for the treatment of 1, 4-dioxane that use combinations of H,0,, 0,, and UV light
(Mohr, 2001). Additional discussion on AOPs is presented in Chap. 10.

Perchlorate

Perchlorate (ClO;) is a highly oxidized (+7) chlorine oxyanion manufactured for use as
the oxidizer in solid propellants for rockets, missiles, explosives, and pyrotechnics
(Gullick et al., 2001; Logan, 2001). Perchlorate release into the environment has
occurred primarily in association with its manufacture and use in solid rocket propellant.
When released into groundwater, perchlorate can spread over large distances because it
is highly soluble in water and adsorbs poorly to soil. Two proven techniques to remove
perchlorate from drinking water are anaerobic biological reactors and ion exchange.

Perchlorate contamination of the environment may affect agricultural plants as well as
naturally occurring flora (U.S. EPA, 2002). Chlorate has been used as a defoliant, and
therefore, it is not surprising that perchlorate can also be taken up by plants. The accu-
mulation of perchlorate in plants is of concern for several reasons (Hutchinson et al.,
2000). Perchlorate can be toxic to some plants. If the perchlorate accumulates in, and
is not degraded by, a plant, it may be released back into the environment when the plant

119



120 Chapter 3  Characteristics of Municipal Wastewater and Related Health and Environmental Issues

New and
Reemerging
Microorganisms

dies, which could be toxic to other plants or wildlife. Perchlorate accumulation in
food plants could present another route of human exposure to perchlorate. Perchlorate-
contaminated water, such as Lake Mead or the Colorado River, is presently used for irri-
gating food crops. Recently, perchlorate accumulation has been found in crops irrigated
with contaminated water and subsequently used as animal feed, resulting in significant
concentrations in dairy products (Urbansky et al., 2000).

Methyl Tertiary-Butyl Ether and Other Oxygenates

The production and use of fuel oxygenates has increased dramatically in the United States
since the early 1990s due to federal and state regulations aimed to improve air quality.
Currently, methyl tertiary-butyl ether (MTBE) is the most widely used oxygenate in gaso-
line, followed by ethanol. Widespread use of oxygenates in gasoline has been accompa-
nied by widespread release of these materials into the environment. Accidental gasoline
releases from underground storage tanks and pipelines are the most significant point
sources of oxygenates in groundwater. Because of their polar characteristics, oxygenates
migrate through aquifers with minimal retardation, raising great concerns nationwide of
their potential for reaching drinking water sources (Deeb et al., 2003).

Within the past decade there has been an increase in the number of disease outbreaks in
the United States and in many other parts of the world, some caused by a number of
endemic contagious diseases that were thought to have been controlled or eliminated
(only smallpox to date). For example, the bacteria Legionella pneumophila, the causative
agent in Legionnaire’s disease, has been found in wastewater and reclaimed water. The
high incidence of tuberculosis reported in Africa is an example of the reemergence of a
disease that was thought to be under control or essentially eliminated. The significance of
the identification of new disease organisms, disease outbreaks, and the reemergence of old
diseases is that the concern for public health must remain the primary objective of waste-
water management including water reclamation and reuse (Tchobanoglous et al., 2003).

3-8 ENVIRONMENTAL ISSUES

The production, distribution, and use of reclaimed water may result in a number of envi-
ronmental impacts. An environmental impact statement (EIS) must be submitted for
federally funded projects and is required by some state laws if certain criteria are appli-
cable (Kontos and Asano, 1996). The EIS criteria, as listed below, are useful in identi-
fication of the potential effects that may result from a water reuse project:

» The project may significantly alter land use.

» The project is in conflict with any land use plans or policies.

*  Wetlands will be adversely impacted.

» Endangered species or their habitat will be affected.

» The project is expected to displace populations or alter existing residential areas.

» The project may adversely affect a flood plain or important farmlands.

» The project may adversely affect parklands, preserves, or other public lands desig-
nated to be of scenic, recreational, archaeological, or historical value.
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» The project may have a significant adverse impact upon ambient air quality, noise
levels, surface or groundwater quality or quantity.

* The project may have adverse impacts on water supply, fish, shellfish, wildlife, and
their actual habitats.

Potential impacts from water reclamation systems range from aesthetic (placement of
tanks and reservoirs), sociocultural (disturbance of above ground and below ground cul-
tural resources), physical (location of underground pipelines), environmental (benefi-
cial uses of groundwater and surface waters), sensory (offensive odors), to health and
safety issues (aerosols, air pollution, chemicals, pathogens).

Constituents in reclaimed water such as nutrients, salts, and organic and inorganic com-
pounds may all affect soil and plants when applied to soil for irrigation. In addition,
reclaimed water may contain microorganisms that could alter the native microbial com-
munity or be pathogenic to vegetation. Excessive or insufficient watering for local plant
uptake and soil drainage requirements may also impact soil and vegetation. A water bal-
ance for soil and vegetation under irrigation can be used to estimate the proper amounts
of reclaimed water that may be applied. Guidelines for the application of reclaimed water
with chemical constituents, salinity, and nutrients are discussed in detail in Chap. 17.

The discharge of salts, nutrients, and pathogens to surface water and groundwater may
impact water quality and the beneficial use of these waters. Surface waters may be
contaminated from reclaimed water runoff or direct discharge. Runoff waters may be
controlled by water application at proper rates or facilities for the catchment of excess
flow. High efficiency irrigation methods, such as drip and subsurface techniques, are
preferred for preventing runoff. Low-permeability soils under irrigation may require
drainage systems to prevent waterlogging. Water flowing onto the irrigation site as a
result of rainfall should be controlled to avoid saturating soils. Irrigation immediately
before, during, or after rainfall events is not recommended. In addition to the dangers
associated with the discharge of pathogens to the environment, excess nutrients may
result in algal blooms in receiving waters. Algal blooms can affect drinking water sys-
tems, aquatic life, and may limit the use of the water for other beneficial uses. Toxic
compounds produced by some algae may be of particular concern.

Groundwater may be impacted by the leaching of irrigation water into underlying uncon-
fined aquifers. Of the compounds likely to be present in reclaimed water, nitrate is among
the most well-known groundwater contaminant because of its mobility with water through
soil. A variety of other contaminants may also be present, especially when industrial dis-
charges are present to the wastewater system. The movement of constituents contained in
applied reclaimed water depends on many properties of the site, including soil properties
and the site hydrogeology. Thus, a groundwater monitoring program should be imple-
mented for aquifers that may be impacted by reclaimed water applications.

Water reclamation programs can have an adverse impact on ecosystems associated with
rivers and terrestrial systems where the water flow and receiving water quality are mod-
ified. Therefore, careful consideration should be given to the application of reclaimed

Effects on
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water to areas that contain or are located near sensitive ecological resources. The appli-
cation of reclaimed water may selectively induce the growth of one species over another
or alter the structure and characteristics of a given ecosystem. In some cases, the flow
in a river or stream may be composed of a large fraction, or entirely of, wastewater
effluent. The implementation of a water reclamation and reuse program may have a
large impact on downstream water use under these conditions. In some cases, reclaimed
water may be used beneficially for stream-flow augmentation, where minimum flows
are required to protect the habitat of aquatic organisms or support downstream activi-
ties (see Chap. 21). Limits on water quality and quantity may be implemented to pro-
tect sensitive and important species.

Wastewater effluent diversion to water reuse may affect environmental water quality in
a number of ways. In some cases, wastewater effluent discharges are considered a
source of pollution in ecological systems and diversion is considered to be an improve-
ment. For example, there have been reports of effects in the reproductive systems of
aquatic organisms living in the vicinity of wastewater outfalls. However, there are also
examples where it is necessary to augment stream flows with reclaimed water and an
ecosystem has adapted well to the affected stream flows over a period of time.

Application of reclaimed water on soil for irrigation may indirectly increase the amount
of stormwater runoff due to the increased moisture content present in the soil. Irrigation
and groundwater recharge systems both have the potential to increase the level of the
groundwater. Both increased stormwater runoff and an increase in the level of the
groundwater may result in increased runoff in impacted river systems.

Reclaimed water projects have the potential to promote urban growth and changes in
patterns of development. In areas constrained by a limited water supply, reclaimed
water may be used as a reliable source for nonpotable uses. Residential, industrial,
municipal, and agricultural developments have all been made possible due to the imple-
mentation of a water reuse system. Parks, golf courses, nurseries, and gardens are
examples of outdoor water users that may be feasible when an adequate and reliable
water supply is made available. However, changes in the pattern of water use may have
a negative effect on these developments whose viability is dependent on reclaimed
water. Because land-use changes that may result from a water reuse project are difficult
to predict in advance and because sometimes there is opposition to new development,
it is important to involve the public in the decision-making process from inception of
the project (see Chap. 26).

PROBLEMS AND DISCUSSION TOPICS

3-1 Anincreasing number of communities use water sources that contain a significant
wastewater component. Review the current literature and prepare a brief synopsis of the
articles on the growing knowledge of the potential impact of trace contaminants in the
nation’s freshwater sources used for drinking water supply. Cite a minimum of three
references.
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3-2  So-called “emerging” pathogens and contaminants in water and wastewater have
changed with time. For examples, there were major concerns for nonbiodegradable (hard)
detergent in 1960s; disinfection byproducts in 1970s; Legionellae and protozoan (Giardia
and Cryptosporidium) in air, drinking water, and wastewater; and trace contaminants
(pharmaceuticals and endocrine disruptors in the 1990s and the early 21st century) with
much debate and little consensus. Review the current literature (a minimum of three
articles) and prepare a brief synopsis of the articles on emerging contaminants of interest
and discuss the significance of these constituents in drinking water, wastewater, reclaimed
water, and the aquatic environment. How should municipalities deal with future “emerging”
pathogens and other contaminants in water reclamation and reuse?

3-3 Obtain a list of the influent and effluent characteristics for your local wastewater
treatment plant. How do the values compare with the values given in Tables 3-12 and
3-147 Discuss any major differences.

3-4 Determine the amount of mineral increase from domestic water use by compar-
ing the TDS in the public water supply in your community to the TDS in the effluent from
the corresponding wastewater treatment plant. How does the value obtained compare to the
value given in Table 3-11?

3-5 Indirect potable reuse schemes where treated wastewater is first discharged into
aquatic environments or aquifers and blended with natural water is widespread. The
scheme may be planned or unplanned where unplanned indirect potable water reuse has
been practiced for centuries in many parts of the world. Assess the pros and cons of
future indirect potable reuse possibilities in light of increasing knowledge of analytical
chemistry, toxicology, public health, economics, and public perception and acceptance.
How can the increased knowledge be used to rationalize and increase acceptance of
planned indirect potable reuse?

3-6 Compare reclaimed water to natural water and discuss significant differences in
terms of concentration, constituents, variability, and public perception.

3-7 In 1968, a direct potable water reclamation system from municipal wastewater
was pioneered in Windhoek, Namibia, to supplement the potable water supply to the
city. Review the following paper and discuss implications of the sage words of
Dr. Lucas van Vuuren, one of the pioneers of the Windhoek water reclamation system,
“Water should not be judged by its history, but by its quality.”

Harrhoff, J., and B. Van der Merwe (1996) “Twenty-five Years of Wastewater
Reclamation in Windhoek, Namibia,” Water Sci. Technol., 33, 10-11, 25-35.

3-8 Discuss briefly the management alternatives for chemicals and/or pharmaceuti-
cals that cannot be degraded during conventional biological treatment. Summarize the
pros and cons of each management option.

3-9 Discuss the relative significance of the sources of N-nitrosodimethylamine
(NDMA) from dietary intake, industrial chemical use, and disinfection byproducts.
Review three or more articles and explain how this impacts water reclamation and reuse.
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WORKING TERMINOLOGY

Term

Definition

Coliform group

Criteria

Criterion

Direct potable reuse

Fecal coliforms

Guidelines

All aerobic and facultative anaerobic, gram-negative, non-spore-forming, rod-shaped bacteria
that ferment lactose with gas formation within 48 h at 35°C. The coliform group consists
of several genera of bacteria belonging to the family Enterobacteriaceae, mostly of intestinal
origin (see also Chap. 3).

Standards, rules, or tests on which a judgment or decision can be based. Sometimes used
interchangeably with “standards,” “rules,” “requirements,” or “regulations.”

A constituent or other parameter concentration or level or a narrative statement upon
which scientific judgment may be based. Sometimes used interchangeably with “stan-
dard,” “rule,” “requirement,” or “regulation.”

Introduction of reclaimed water directly into a drinking water distribution system, without
intervening storage or additional treatment (e.g., pipe-to-pipe).

Bacteria in the coliform group that inhabit the intestinal tract and are associated with fecal
contamination. Escherichia coli, the most common enteric bacterium, is commonly used
as an indicator organism (see also Chap. 3).

Recommended or suggested standards, criteria, rules, or procedures that are voluntary,
advisory, and nonenforceable.




Indicator organism

Indirect potable reuse

Morbidity

Mortality

Most probable
number (MPN)

Multiple-barrier
concept

Pathogens

Personal care
products (PCPs)

Pharmaceutically
active compounds
(PhACs)
Standard

Total coliforms

Regulations

Stakeholder

Use area

Vector

Water reclamation
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A nonpathogenic microorganism used to detect the possible presence of pathogenic
microorganisms in water or other medium. An ideal indicator organism has attributes such
as survival and transport similar to pathogens and is present in greater numbers than
pathogens (see also Chap. 3).

Augmentation of a raw water supply with reclaimed water followed by an environmental
buffer. The mixture of raw and reclaimed water typically receives additional treatment
before distribution as drinking water.

A disease or the incidence of disease within a population. The morbidity rate is a ratio that
measures the incidence and prevalence of a specific disease. Within the framework of a
given time period, it gives the number of people who are afflicted with that disease per
standard unit of population.

Mortality refers to death. The number of individuals that die as a result of a specific dis-
ease or group of diseases each year. When expressed as a rate, it is the number of
deaths during that time period per standard unit of population.

A statistical determination of coliform organism density per 100 mL employing liquid culture
medium in test tubes and serial dilutions. It is not an actual enumeration.

To limit the presence of pathogens and harmful chemicals in reclaimed water, multiple
barriers including source control, various unit operation and process combinations, and
design and operation of the reclaimed water distribution system to increase reliability of
treatment operations and processes and to provide consistent water quality.

Disease-causing organisms capable of inflicting damage on a host it infects.

Products such as shampoo, hair conditioner, deodorants, and body lotion.

Chemicals synthesized for medical purposes (e.g., antibiotics) (see Chap. 3).

Standard applies to any enforceable rule, principle, or measure established by a regula-
tory authority. Often synonymous with numerical water quality limits.

All bacteria in the coliform group, including those not associated with the fecal matter of
warm-blooded animals. Total coliform is commonly used as an indicator organism (see
Chap. 3).

Criteria, standards, rules, or requirements that have been legally adopted and are enforce-
able by government agencies.

A person, persons, community, business, regulatory agency, or organization with a con-
cern and interest in some issue.

A location with defined boundaries where reclaimed water is used for one or more bene-
ficial purposes, such as a golf course or other irrigation site, impoundment, or a building.

An organism, such as a mosquito or tick that carries disease-causing microorganisms
from one host to another.

The act of treating wastewater to make it acceptable for beneficial reuse. For the purposes
of this chapter, water reuse criteria, standards, regulations, or guidelines implicitly include
water reclamation requirements.
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Water Reuse Regulations and Guidelines

The development and implementation of water reclamation and reuse regulations and
guidelines were important milestones in the advancement of water reuse in the United
States and around the world. The purpose of this chapter, which deals with the regula-
tions and guidelines for the reuse of municipal wastewater, is to present information on
(1) regulatory terminology, (2) the development of standards, regulations, and guide-
lines for water reuse, (3) general regulatory considerations for water reclamation and
reuse, (4) regulatory considerations for specific nonpotable water reuse applications,
and (5) regulatory considerations for indirect and direct potable reuse. The information
presented in the first five sections is intended to serve as background for the three sec-
tions that follow them, which deal with (1) state regulations; (2) U.S. Environmental
Protection Agency (U.S. EPA) guidelines for water reuse; and (3) World Health
Organization (WHO) guidelines for water reuse. The chapter concludes with a discus-
sion of future directions in establishing regulations and guidelines.

4-1 UNDERSTANDING REGULATORY TERMINOLOGY

Standard and
Criterion

Standard
versus
Criterion

Before discussing the basis for the development of water reuse regulations and guide-
lines, it is useful to define and examine the basis of some commonly used regulatory
terminology. Terms routinely used in regulatory documentation concerning water recla-
mation and reuse include standard, criterion, criteria, regulation, and guideline. The
meanings of these terms are examined in the following discussion.

The following definitions of a standard and criterion are excerpted from the seminal
publication, Water Quality Criteria by McKee and Wolf (1963). The term standard
applies to any rule, principle, or measure established by an authority. Because the stan-
dard has been established by an authority, it tends to be quite rigid, official, or quasi-
legal. An authoritative origin does not necessarily mean that a standard is fair, equitable,
or based on sound scientific knowledge, for it may have been established somewhat
arbitrarily and tempered by a cautious factor of safety. When scientific data are being
accumulated to serve as yardsticks of water quality without regard for legal authority,
the term criterion is most applicable. Unlike a standard, a criterion generally does not
connote authority other than that of fairness and equity; nor does it imply an ideal con-
dition. To be useful, a criterion should be capable of quantitative evaluation by accept-
able analytical procedures. Without numerical criteria, vague descriptive qualitative
terms are subject to legal interpretation or administrative decisions.

In a classical sense, criterion should not be used interchangeably with, or as a synonym
for, standard. A criterion typically represents a constituent concentration or level asso-
ciated with a degree of environmental effect. A criterion may be a narrative statement,
for example, needed treatment processes to produce acceptable reclaimed water.
Criteria usually are developed solely on the basis of available data and scientific judg-
ment, often without consideration of technical or economic feasibility, and serve as a
basis for standards. In practice, the terms standards and criteria (standard and criterion)
are often used interchangeably by states, and regulations contain enforceable standards
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or criteria. Standards usually—but not always—infer numerical limits, while criteria
may include both numerical limits and narrative statements prescribing other than
numerical limits. The term requirement is also used to describe an administrative deci-
sion by a regulatory body and may include a standard, criterion, or other requisite, such
as signage or other use area operational or management controls.

A standard, criterion, or guideline becomes a regulation when adopted officially by a reg-
ulatory body, such as a state legislature or a water pollution control agency. It is important
to note that regulations are mandatory and enforceable by governmental agencies. For
example, once adopted by the individual states the U.S. EPA drinking water standards then
become enforceable drinking water regulations. Water reuse regulations usually include
wastewater treatment process requirements, treatment reliability requirements, reclaimed
water quality criteria, and use area controls such as cross-connection control provisions,
signage, and setback distances. Developing regulations for water reclamation and reuse is
challenging and often controversial. Currently, there are no federal regulations governing
water reclamation and reuse practices in the United States, typically regulations are devel-
oped at the state level. Thus, state regulatory agencies impose water reclamation and reuse
regulations and guidelines to reduce threats to public health and the environment.

Understanding the difference between regulations and guidelines is important. Whereas
regulations are legally adopted, enforceable, and mandatory, guidelines are advisory,
voluntary, and nonenforceable but can be incorporated in water reuse permits and, thus,
become enforceable requirements. Some states prefer the use of guidelines to provide
flexibility in regulatory requirements depending on project-specific conditions, which
can result in differing requirements for similar uses within a state and lead to inequities
in water reuse permits if guidelines are not uniformly imposed. As reclaimed water use
becomes more pronounced in states having guidelines, most states eventually progress
to development and imposition of regulations.

The treatment of wastewater and its subsequent beneficial use commonly is called water
reclamation and reuse, although different terms are used in various states or regions. For
example, some frequently used terms include water reuse, water recycling, water
purification, reclaimed water, recycled water, reuse water, repurified water, and
NEWater. Throughout this textbook, the term water reclamation refers to treatment or
processing of municipal wastewater to make it reusable; reclaimed water refers to treated
municipal wastewater that is used for beneficial purposes; the term water reuse refers
to the use of reclaimed water.

Regulation

Difference
between
Regulations
and Guidelines

Water
Reclamation
and Reuse

4-2 DEVELOPMENT OF STANDARDS, REGULATIONS, AND GUIDELINES

FOR WATER REUSE

The focus of the early history of public health in the environmental field was to provide
safe water supply and safe disposal of wastewater. With the latter, the first efforts were
directed at eliminating indiscriminate discharges of untreated wastewater to the envi-
ronment and at providing wastewater treatment. These efforts progressed to (1) providing
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Basis for Water
Quality
Standards

Development of
Water Reuse
Regulations
and Guidelines

higher levels of treatment—in particular, biological oxidation to restore receiving waters
to aerobic conditions; (2) disinfection of effluents to protect against microbial health haz-
ards from public contact with recreational waters; and (3) reducing contamination of
potable water supplies. Standards for acceptable performance evolved from these
practices—standards that represented good practice, that could be attained by well-
designed and operated wastewater treatment plants, and that were validated by indications
that the resulting conditions were no longer producing epidemic disease. Hence, water
quality standards evolved as part of the process to control major public health hazards
associated with drinking water supply and municipal wastewater disposal. To understand
more fully the complexities involved in developing standards and implementing regula-
tions it is useful to review (1) the basis for water quality standards, (2) the development
of water reuse standards, and (3) the steps involved in the regulatory process.

Water quality standards ultimately must express quality factors in numbers that will
establish a desired boundary condition. McGauhey (1968) listed the following bases that
may be used: (1) established or ongoing practice; (2) attainability, either easily or rea-
sonably attainable technologically and economically; (3) educated guess, making use of
best information available; (4) epidemiological and toxicological data; (5) human expo-
sure; and (6) data from mathematical models or treatment process effectiveness. Since
the above listing was put forth, a significant body of information has become available
as a result of ongoing research studies, from the operation of pilot and demonstration
plants, and long-term full-scale treatment plant operational data. In addition, the science
of risk assessment and risk analysis has progressed significantly and risk analysis is used
extensively in developing water quality standards, especially for many of the trace con-
stituents. Because of the importance of health risk assessment, an entire chapter, Chap. 5,
is devoted to the subject. Also included in Chap. 5 is an analysis of the use of epidemi-
ological and toxicological studies to assess the safety of reclaimed water.

In practice, the supporting basis for reclaimed water quality standards usually includes
consideration of several of the above-mentioned factors. Considering the factors
involved in establishing the standards, it is evident that standards should be dynamic in
nature and subject to revision as new information becomes available. As a practical mat-
ter, however, standards promulgation can be a time-consuming process, often involving
several years of effort, and once standards are established and adopted, they are diffi-
cult to change.

Although agricultural irrigation with low quality wastewater was practiced in some
areas of the United States in the late 1800s, there were no significant regulations or
restrictions on the practice until the early part of the twentieth century. As urban areas
began to encroach on sewage farms and as the scientific basis of disease became more
widely understood, concern about the health risks associated with irrigation using
wastewater grew among public health officials. This led to the establishment of regula-
tions and guidelines for the use of wastewater for agricultural irrigation, which was the
first reclaimed water application to be regulated.

Currently, water reuse regulations and guidelines are based on a variety of considera-
tions, including the factors identified in Table 4-1. The protection of public health is
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Factors affecting water reuse guidelines and regulations and water quality requirements

Factor

Public health
protection

Use area controls

Use requirements

Environmental
considerations

Aesthetics

Economics

Political realities

Description

Water reuse guidelines and regulations are directed principally at public health protection.
For nonpotable reclaimed water applications, criteria generally address only microbio-
logical and environmental concerns. Health risks associated with both pathogenic
microorganisms and chemical constituents need to be addressed where reclaimed
water is to be used for potable water supply augmentation.

Reclaimed water quality requirements are based on proper controls and safety pre-
cautions implemented at areas where the water is used. Depending on reclaimed
water quality and type of use, controls may include warning signs, color-coded pipes
and appurtenances, fencing, confinement of the water to approved areas of use,
cross-connection control provisions, and other public health protection measures.
Many industrial uses and some other applications have specific physical and chemical
water quality requirements that are not related to health considerations. Similarly, the
effect of individual constituents or parameters on crops or other vegetation, soil, and
groundwater or other receiving water is an important consideration for reclaimed
water irrigation applications. Physical, chemical, and/or microbiological quality may
limit user or regulatory acceptability of reclaimed water for specific uses. Numerous
guidelines with suggested or recommended water quality limits are available. Water
quality requirements not associated with public health or environmental protection are
seldom included in water reuse criteria by regulatory agencies.

The natural flora and fauna in and around reclaimed water use areas and receiving
waters should not be adversely impacted by the reclaimed water.

For high level nonpotable uses, e.g., urban irrigation and toilet flushing, the reclaimed
water should be no different in appearance than potable water, i.e., clear, colorless,
and odorless. For recreational impoundments, reclaimed water should not promote
algal growth.

Although regulatory agencies take into account the costs that regulations impose on
reclaimed water producers and users, they are prone to set standards thought to

be safe and do not lower health or environmental standards for the sole purpose of
making projects economically attractive.

Regulatory decisions regarding water reclamation and reuse may be influenced by
public policy, public acceptance, technical feasibility, and financial considerations.

achieved by eliminating or reducing the concentrations of microbial and chemical con-
stituents of concern through wastewater treatment and/or by limiting public or worker
exposure to the water via design and operational controls. A variety of use area controls
have been developed and implemented to further protect public health. Examples of signs
that have been used to alert the public that reclaimed water is being used are illustrated on
Fig. 4-1. Where reclaimed water is used for agricultural crop irrigation (see Fig. 4-2)
water quality requirements are of critical importance. Environmental protection of natu-
ral flora and fauna is always of concern in water reuse applications. Because of the impor-
tance of public acceptance, special attention to water quality is required in water reuse
applications such as recreational impoundments and toilet flushing. During development
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FOR WATER CONSERVATION, THIS
LANDSCAPE IS IRRIGATED WITH
RECLAIMED WATER - DO NOT DRINK!

3
CYCLED WATER

USED FOR -
LANDSCAPE @

OBTAIN DRINKING
WATER
FROM POTABLE

JPP :

PARA CONSERVAR AGUA, ESTE
JARDIN SE RIEGA CON AGUA
RECUPERADA - NO LA TOME

(a) (b)

Figure 4-1
Examples of signs highlighting (a) water conservation and (b) water reuse.

of water reuse regulations and guidelines, regulatory agencies also consider other
factors such as economics, technical feasibility, enforceability, and political realities
(see Table 4-1).

Regulations and guidelines may take the form of (1) process specifications or level of
treatment (such as requiring granular medium filtration); (2) reclaimed water quality
specifications (such as turbidity and coliform limits); and (3) design and operational con-
trols (such as treatment reliability requirements, cross-connection control provisions,
setback distances, and operator certification requirements). The ideal method for estab-
lishing regulations and guidelines involves a scientific determination of environmental
benefits and health risks, a technical/engineering decision of costs to meet various water
quality objectives, and a regulatory/political decision that weighs benefits and costs.

Figure 4-2
Irrigation of grape
vines with
reclaimed water.

NO TRESPASSING [

AIMED WATER |
RE:% NOT DRINK

AR -0HiBIDO EL PASO
AGUA RECLAMADA
o TOME
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The regulatory process leading to adoption of water reuse regulations typically pro-
ceeds in a logical stepwise fashion: (1) beneficial uses of reclaimed water are identified;
(2) a regulatory agency forms a technical advisory committee (TAC) to help develop
draft standards; (3) draft standards are developed and provided to stakeholders and oth-
ers for review and comments; (4) comments and suggested revisions are received by the
regulatory agency; (5) the regulatory agency evaluates all comments and may revise the
draft standards, often with assistance and advice from the TAC; (6) public hearings are held
to present draft standards and receive additional comments; (7) final revisions are made
by the regulatory agency and standards are promulgated; (8) public notice of proposed
regulation adoption is made; and (9) standards/regulations are adopted. For various
reasons, these steps are not always followed in exactly this progression, but the above
process is a common procedure. The range of factors that must be considered is dis-
cussed in the following section. Considerations for specific applications are considered
in Sec. 4-4.

The Regulatory
Process

4-3 GENERAL REGULATORY CONSIDERATIONS RELATED TO WATER

RECLAMATION AND REUSE

General regulatory considerations related to water reclamation and reuse encompass a
wide range of concerns including the constituents in water, wastewater treatment tech-
nologies, monitoring requirements, storage requirements, reclaimed water application
rates, aerosols and windborne sprays, and cross-connections. In addition to these gen-
eral concerns, there are additional concerns related to specific water reuse applications
and, more recently, about the use of reclaimed water for indirect potable reuse. General
regulatory considerations are addressed in this section; specific reuse applications and
indirect potable reuse are addressed in Secs. 4-4 and 4-5, respectively. The material pre-
sented in this and the following two sections is meant to serve as background material
for understanding the basis for the development of the various water reuse regulations
and guidelines presented and discussed in Secs. 4-6, 4-7, and 4-8.

The constituents found in municipal wastewater were presented and discussed in detail
in Chap. 3. In what follows, the microbial and chemical constituents and physical prop-
erties of water that are of concern in water reuse applications, as delineated in Table 4-2,
are considered briefly.

Microbiological Constituents

As discussed in Chap. 3, untreated municipal wastewater contains pathogenic microor-
ganisms and a wide range of chemical constituents, many of which are known to cause
illness or disease upon contact, inhalation, or ingestion. In developing countries,
adverse health effects, including disease outbreaks associated with the use of untreated
or improperly treated wastewater for irrigation, are well documented. In considering the
potential adverse health and environmental risks involved in the use of reclaimed water
originating from municipal wastewater, controls are needed to assure that microbial and
chemical constituents are removed or reduced to safe levels in reclaimed water. The
classes of microorganisms of concern are identified in Table 4-2. It should be noted that
the occurrence and concentration of pathogenic microorganisms in untreated municipal

Constituents
and Physical
Properties of
Concern in
Wastewater
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Table 4-2

Water Reuse Regulations and Guidelines

Microbiological and chemical constituents and physical properties of concern in water reclamation

and reuse

Factor

Description

Bacteria

Protozoa

Helminths

Viruses

Biodegradable
organics

Total organic
carbon, TOC

Nitrates

Microbiological constituents

Although untreated wastewater may contain large numbers of bacterial pathogens,
bacteria have not been shown to represent a major public health threat in adequately
treated reclaimed water. Research studies and operating experience over the last 50
years or more indicate that conventional secondary or tertiary treatment, when coupled
with a high level of disinfection to reduce either total or fecal coliform organisms to low
levels, effectively eliminates bacterial pathogens or reduces them to insignificant levels
in reclaimed water.

Several waterborne disease outbreaks around the world have been attributed to the
protozoan parasites Giardia lamblia and Cryptosporidium parvum in drinking water and
recreational water. Although no giardiasis or cryptosporidiosis cases related to water
reuse projects have been confirmed, protozoa have emerged as major waterborne
causes of diseases.

Helminths (worms) represent a significant health threat in developing countries where
untreated or poorly treated wastewater is used for irrigation, but are of lesser concern
in industrialized countries where secondary or higher levels of treatment readily
remove the organisms. Helminths have not been shown to present a health problem at
any reclaimed water use site in the United States.

Untreated municipal wastewater contains a myriad of pathogenic viruses. Some viruses
are more resistant to disinfection than coliforms and there is little direct correlation
between coliform level and virus concentration in reclaimed water. However, there is no
consensus among public health experts regarding the health significance of low levels
of viruses in reclaimed water. A significant body of information exists indicating that
enteric viruses are removed, destroyed, or inactivated to low or nondetectable levels
via wastewater treatment processes including filtration and disinfection (Crook, 1989;
Engineering Science, 1987; SDLAC, 1977). Difficulties with the identification of specific
viruses is discussed in Chap. 3.

Chemical constituents

Biodegradable organics can create aesthetic and nuisance problems. Organics provide
food for microorganisms, adversely affect disinfection processes, make water unsuit-
able for some industrial or other uses, and may cause acute or chronic health effects if
reclaimed water is used for potable purposes.

Total organic carbon (TOC) is the most common monitoring parameter for gross
measurement of organic content in reclaimed water used for potable purposes. TOC is
used as a measure of treatment process effectiveness. TOC analysis, however, is not
a useful predictive tool for indicating very low levels of some health-significant chemicals,
and identification of one or more wastewater constituents that can be used as surrogates
for nonregulated chemicals is needed.

When applied at excessive levels on land, the nitrate form of nitrogen will readily leach
through the soil and may cause groundwater concentrations to exceed drinking water
standards. Nitrate and nitrite are also of concern when reclaimed water is used for
potable reuse.



Heavy metals

Hydrogen ion
concentration, pH

Trace constituents

Disinfection
byproducts

Total dissolved
solids, TDS

Total suspended
solids, TSS

Turbidity

Temperature
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Some heavy metals such as cadmium, copper, molybdenum, nickel, and zinc may
accumulate in crops to levels that are toxic to consumers of the crops. Heavy metals in
reclaimed water that has received at least secondary treatment are generally within
acceptable levels for most uses; however, if industrial wastewater pretreatment pro-
grams are not enforced, certain industrial wastewaters discharged to a municipal
wastewater collection system may contribute significant amounts of heavy metals.

The pH of wastewater affects disinfection efficiency, coagulation, metal solubility,

and alkalinity of soils. Normal pH range in municipal wastewater is 6.5 to 8.5, but some
industrial wastes may have pH levels well outside of this range.

Pharmaceutically active compounds (PhACs), endocrine disrupting compounds
(EDCs), personal care products, and other trace constituents have been implicated in
adverse effects to frogs, fish, and other aquatic animals. Although a number of trace
constituents are removed via conventional treatment, low concentrations of some of
them may be present in wastewater effluent. The health risks associated with low con-
centrations of many of these compounds are unknown; however, they may present a
health concern if reclaimed water is used for potable purposes or if reclaimed water
used for irrigation or other uses makes its way into groundwater or surface supplies.

The reaction of chemical oxidants such as chlorine and ozone with organics in water
can create a wide range of disinfection byproducts (DBPs), some of which may be
harmful to human health if ingested over the long term. The principal DBPs of concern
in drinking water are the trihalomethanes, haloacetic acids, bromate, and haloacetoni-
triles (see Chap. 11).

A measure of the total ionic constituents in water. High TDS concentrations are of
concern in a number of reuse applications including agricultural and landscape irriga-
tion, and industrial applications (see Chaps. 17, 18, and 19).

Physical properties

Suspended solids can shield microorganisms from disinfectants and react with
disinfectants such as chlorine or ozone to lessen disinfection effectiveness. Where
ultraviolet (UV) radiation is used as the disinfection process, it is essential to reduce
particulate matter to low levels in the wastewater prior to disinfection. The TSS can
affect the performance of reuse facilities such as drip irrigation systems.

Turbidity is used as a surrogate measure of suspended solids. Unfortunately, the
measurement of turbidity often does not reflect the presence of large particles that
can shield microorganisms in the disinfection process.

Because wastewater temperatures are generally higher than the ambient environment,
the temperature of the water may affect certain reuse applications including accelerated
biological growth and scaling in pipes and appurtenances.

wastewater depend on a number of factors, and it is not possible to predict with any
degree of assurance what the general characteristics of a particular wastewater will be
with respect to infectious agents.

The potential transmission of infectious disease by pathogenic microorganisms is the
most common concern associated with nonpotable reuse of treated municipal wastewater.
Due to the progress in public health engineering and preventive medicine, waterborne dis-
ease outbreaks of epidemic proportions have, to a great extent, been controlled in the
United States. However, the potential for disease transmission through the water route has
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not been eliminated. With a few exceptions, the pathogens of past epidemic history are
still present in municipal wastewater today and the status is more one of severance of the
transmission chain than a total eradication of the disease agent. Although there have not
been any confirmed cases of infectious disease resulting from the use of properly treated
reclaimed water in the United States, the potential spread of infectious diseases through
inappropriate water reuse remains a public health concern. For nonpotable applications of
reclaimed water, regulations and guidelines generally are based on the control of patho-
genic organisms, while potable water augmentation requires control of both microbial and
chemical constituents. Regulations and guidelines become more stringent and restrictive
as the degree of human contact with reclaimed water increases. Health and environmen-
tal issues associated with water reuse are discussed further in Chap. 5.

Chemical Constituents

The principal chemical constituents of concern in water reuse applications are also listed
in Table 4-2. In general, the chemical constituents identified in Table 4-2 are related to
specific reuse applications. Where there is a potential for indirect potable reuse there is
concern over the composition of the organic matter, measured as BOD, TOC, or COD,
whose specific composition is unknown. In a recent comprehensive study, a concerted
effort was undertaken to identify the individual constituents that comprise the organic
fraction (Leenheer, 2003). Based on the results of the analytical studies, it was found
that the majority of the residual organic matter in treated effluent was comprised of cell
fragments of the terpenoid family. For example, some vitamins, hormones, and biolog-
ical polymers are terpenoids.

Physical Properties

The principal physical properties of concern in water reuse applications are identified
in Table 4-2. Total suspended solids and turbidity are related to the treatment processes
used to treat wastewater. Turbidity is commonly used both as a surrogate measure of
TSS and as a parameter for process control. Unfortunately, turbidity measurements
themselves provide little information on the particle size distribution of the particles
measured as turbidity, which is important for evaluating disinfection efficacy.
Temperature is a factor that is site-specific and its significance will depend on the water
reuse application (e.g., snowmaking, snowmelting, and rate of pipe corrosion).

To provide assurance that reclaimed water will be produced that is essentially free of
measurable levels of pathogens and health-significant chemicals, it is necessary to pre-
scribe both treatment unit processes and operations and acceptable water quality limits.
A combination of treatment and quality requirements known to produce reclaimed water
of acceptable quality obviates the need to monitor the finished water for some chemical
and microbial contaminants. Expensive and time-consuming monitoring of product
water for certain constituents of interest, for example, some health-significant chemical
constituents or pathogenic microorganisms such as enteric viruses or parasites, may be
eliminated without compromising health protection.

Type of Wastewater Treatment
Where expected exposure is incidental or not likely, a low level of wastewater treatment
is usually acceptable and undisinfected or disinfected secondary treated effluent may be
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allowed depending on the type of use. In most states, the definition of secondary treat-
ment means that neither the BOD nor TSS exceed 30 mg/L. A few states use the term
“oxidized wastewater” to define secondary treated wastewater, where oxidized waste-
water is defined as wastewater in which the organic matter has been stabilized, is nonpu-
trescible, and contains dissolved oxygen. Most state regulations do not require a specific
type of secondary treatment (e.g., conventional activated sludge, extended aeration
activated sludge, lagoon systems), and various types of secondary treatment may be
acceptable. Where public exposure to reclaimed water used for nonpotable applications
is expected to occur, tertiary treatment usually is required. Types of acceptable tertiary
treatment may include sand filtration, multi-media filtration, membranes, or other
methods shown to be effective in reducing particulate and organic matter.

Economic Considerations

It is sometimes argued that inclusion of treatment process requirements in regulations
may result in economic infeasibility, that treatment process requirements will stifle the
development and implementation of innovative treatment techniques, and, thus, that
selection of treatment processes to meet established water quality limits should be left
to project proponents. While regulatory agencies do consider economic and technical
feasibility during regulation development, their primary responsibility is public health
and environmental protection. Thus, regulatory agencies do not compromise health and
welfare in the interest of making water reuse projects more economically attractive.
States with comprehensive regulations allow alternative methods of treatment provided
they are demonstrated—in the opinion of the regulatory agency—to be as effective as
those specified in the regulations (Crook, 1998; Crook et al., 2002).

BOD, TSS, and Turbidity Requirements

Most states specify wastewater treatment processes and reclaimed water quality limits
for TSS and/or turbidity, total or fecal coliforms, and disinfection. States that have reg-
ulations for potable reuse also include limits on chemical constituents that include, but
are not limited to, the U.S. EPA drinking water standards. For uses of reclaimed water
that require a high quality product water, BOD and TSS limits as low as 5 mg/L are
specified in some states. These limits are applicable where filtration or other tertiary
treatment processes are used to remove some objectionable constituents and prepare the
water for disinfection. Daily sampling for BOD and TSS, using composite samples is
usually required, although less frequent sampling is allowed in some states. Not all
states include limits for BOD and TSS, and several states specify turbidity requirements
in lieu of TSS. Turbidity limits generally are required only for tertiary-treated reclaimed
water where human contact is expected or likely. Where necessary, most states require
that turbidity be monitored continuously. The compliance point for turbidity usually is
just prior to disinfection.

Where specified, limits on turbidity in reclaimed water after filtration range from 1 to
10 NTU, with 2 NTU being a common requirement. California specifies different tur-
bidity requirements depending on the type of tertiary treatment. Where media filtration
is the tertiary treatment process, turbidity after filtration cannot exceed an average of
2 NTU within any 24-h period, cannot exceed 5 NTU more than 5 percent of the time
within a 24-h period, and cannot exceed 10 NTU at any time. Where membranes are
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used in lieu of media filtration, turbidity cannot exceed 0.2 NTU more than 5 percent
of the time within a 24-h period and cannot exceed 0.5 NTU at any time. The rationale
for California’s turbidity requirements is discussed in Sec. F-1 in Appendix F.

The Use and Limitations of Indicator Organisms

Because it is impractical to monitor reclaimed water for all pathogenic organisms of
concern, surrogate parameters are accepted universally (see Chap. 3, Sec. 3-4). Currently,
either total or fecal coliform organisms are the preferred indicator organisms for mon-
itoring reclaimed water in the United States. Regulatory decisions regarding the selec-
tion of which coliform group to use are somewhat subjective. Where low levels of
coliform organisms are required to indicate the absence of pathogenic bacteria, there is
no consensus among microbiologists that the total coliform analysis is superior to the
fecal coliform analysis. The use of total coliforms provides an added safety factor that
appeals to regulatory agencies that adhere to a conservative approach to water reuse.
Other indicator organisms such as enterococci, E. coli, Clostridium perfringens, and
coliphage have been proposed but for various reasons are not recommended or
required in any existing water reuse regulations or guidelines in the United States, with
the one exception that E. coli is used as the indicator in Colorado’s reclaimed water
regulations.

As analytical detection and identification techniques have improved through the years,
it has become apparent that coliforms, by themselves, are inadequate indicators of the
presence or concentration of some pathogens, particularly viruses and parasites, as
many pathogens have been shown to be more resistant to wastewater treatment than
classical microbial indicators such as coliforms. In addition, concerns for pathogenic
organisms such as Giardia lamblia and Cryptosporidium parvum, which may originate
from nonhuman sources, have led to questioning the use of indicators that arise prima-
rily from human fecal inputs. Therefore, it is improper to infer that a high level of either
total or fecal coliform removal—by itself—is indicative of high levels of pathogen
removal from reclaimed water.

Disinfection Requirements

Where chlorine is used as the disinfectant, several states require continuous monitoring
of chlorine residual and specify both the chlorine residual and contact time that must
be met, particularly for reclaimed water uses where human contact with the water is
likely to occur. Required chlorine residuals and disinfection contact times differ sub-
stantially from state to state, ranging from 1 to 5 mg/L and 15 to 90 min at peak flow,
respectively. Where UV is used for disinfection, most states do not specify UV dosage
or design or operating conditions, although some state regulations require compliance
with the Ultraviolet Disinfection Guidelines for Drinking Water and Water Reuse
(NWRI, 2003).

While the need to maintain a chlorine residual in reclaimed water distribution systems to
prevent odors, slimes, and bacterial regrowth was recognized early in the development
of dual water systems (Okun, 1979); only in the last decade or so have regulatory agen-
cies begun to require such residuals. A few states now require maintenance of a chlorine
residual (typically 0.5 or 1.0 mg/L) in distribution systems carrying reclaimed water.
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Necessary decisions involving monitoring water quality include selection of water qual-
ity parameters, numerical limits, sampling method and frequency, and the monitoring
compliance point. It is impractical to monitor reclaimed water for all toxic chemicals
and pathogenic organisms of concern. Thus, surrogate parameters are necessary and
widely accepted. In addition to the previously described issue concerning indicator
organisms, important issues include the need to monitor for viruses, and the appropri-
ate parameter for measurement of particulates.

Suspended Solids Monitoring

Because particulate matter has a direct influence on disinfection effectiveness, turbidity
or TSS measurements are useful parameters to monitor in wastewater immediately
prior to disinfection. Suspended solids measurements typically are performed daily on
a 24-h composite sample and produce an average value for the sampling period. A com-
mon argument in support of monitoring for suspended solids is that the required sam-
pling frequency for most other parameters is daily on either grab or composite samples,
and, therefore, more frequent monitoring for particulate matter is unjustified.
Monitoring for TSS is appropriate for reclaimed water that receives only secondary
treatment, since the effluent is not intended to be completely free of measurable levels
of all pathogens.

Turbidity Monitoring

It is clear that continuously monitored turbidity is superior to daily suspended solids
measurements as an aid to treatment performance. Reliable instrumentation is available
for continuous online measurement of turbidity, and turbidity monitoring has found
wide application as a water quality parameter at water reclamation facilities. Low tur-
bidity or suspended solids values by themselves do not indicate that reclaimed water is
devoid of pathogenic microorganisms, and turbidity or suspended solids measurements
are not used as an indicator of microbiological quality but rather as a quality criterion
for reclaimed water prior to disinfection.

Monitoring Compliance Point

The location of the monitoring point for indicator organism regulatory compliance has
been an issue in some states. One viewpoint is that the reclaimed water should meet
microbial water quality limits at the point of use. Arguments in favor of this position
generally center on the possible regrowth of microorganisms between the treatment
plant and the point of reuse. However, restrictive coliform requirements ensure that
pathogenic bacteria are destroyed during disinfection and any bacterial regrowth would
only be that of nonpathogenic organisms. Viruses require living cells to invade and
replicate themselves and do not increase in concentration in the open environment.
Similarly, parasites such as Giardia and Cryptosporidium require a host to reproduce.
Many regulatory agencies subscribe to the rationale that any degradation that may occur
during storage and distribution would be no different than that which would occur with
the use of other water. This approach is not meant to imply that subsequent water qual-
ity control should be ignored. Depending on the treatment provided, use of the reclaimed
water, and storage and distribution system characteristics, it may be appropriate to main-
tain a chlorine residual to reduce slime growths in distribution systems, help eliminate
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musty odors, and provide an added disinfection safety factor. In most states, the moni-
toring compliance point for indicator organisms is immediately after disinfection.

Groundwater Monitoring

Groundwater monitoring is often required when reclaimed water is used for irrigation
or for impoundments that are not sealed to prevent seepage. In general, the ground-
water monitoring programs require that one well be placed hydraulically upgradient of
the water reuse site to assess background and incoming groundwater conditions within
the aquifer in question and one or more wells be placed hydraulically down gradient of the
reuse site to monitor compliance with groundwater quality requirements (see Fig. 4-3).
Groundwater monitoring programs associated with reclaimed water irrigation generally
focus on water quality in shallow aquifers. Sampling parameters and frequency of sam-
pling are considered generally on a case-by-case basis.

Current regulations and guidelines regarding storage requirements are based primarily
upon the need to limit or prevent surface water discharge and are not related to storage
required to meet diurnal or seasonal variations in supply and demand. Storage require-
ments vary from state to state and are dependent generally upon geographic location,
climate, and site conditions. A minimum storage volume equal to 3 d of the average
design flow is typical in water-short states with warm climates, while more than 200 d
of storage are required in some northern states because of the high number of nonirri-
gation days due to high rainfall or freezing temperatures.

Most states that specify storage requirements do not differentiate between operational and
seasonal storage. The majority of states that have storage requirements in their regulations
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or guidelines require that a water balance be performed on the water reuse system, tak-
ing into account all inputs and outputs of water to the system based on a specified rain-
fall recurrence interval.

Most state regulations do not include requirements or recommendations regarding
reclaimed water irrigation application rates, as these are based on plant or crop irrigated
and site-specific conditions. Of the states that do recommend application rates, the max-
imum recommended hydraulic loading rate typically is 50 mm/wk (2.5 in./wk).

Exposure to reclaimed water in aerosols and wind-borne sprays has often been cited as
a public health concern (see Fig. 4-4). Aerosols are particles suspended in air that range
in size from 0.01 to 50 um. Pathogen levels in aerosols caused by spraying of reclaimed
water are a function of their concentration in the applied water, droplet size, and the
aerosolization efficiency of the spray process. Typically, one percent or less of the
sprayed water is aerosolized. The possibility of disease transmission depends on several
factors, including degree of wastewater treatment, extent of aerosol or windblown spray
formation and travel, proximity to populated areas or areas accessible to the public, pre-
vailing climatic conditions, and design of the irrigation system. Infection or disease
may be contracted directly by inhalation or indirectly by aerosols containing infectious
organisms that are deposited on surfaces such as food, vegetation, and clothes. The
infective dose of some pathogens is lower for respiratory tract infections than for infec-
tions via the gastrointestinal tract; thus, for some pathogens, inhalation may be a more
likely route for disease transmission than either contact or ingestion.

Pathogen Survival

Some pathogenic organisms, such as enteroviruses and Salmonella, appear to survive
the wastewater aerosolization process much better than indicator organisms (Teltsch
et al., 1980). If pathogens are present in aerosols, they generally remain viable and travel

Figure 4-4
Public health concerns related to the exposure to reclaimed water in aerosols and windborne sprays:
(a) from agricultural irrigation and (b) from landscape irrigation.
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farther with increased wind velocity, increased relative humidity, lower temperature,
and lower solar radiation. Aerosols can be transmitted for several hundred meters under
optimum conditions.

Little research has been conducted in the last two decades on aerosol formation and
pathogen transport resulting from spray irrigation with wastewater or reclaimed water.
Studies directed at residents in communities subjected to aerosols from municipal waste-
water treatment plants have not detected any definitive correlation between exposure to
aerosols and disease (Camann et al.,, 1980; Fannin et al., 1980; Johnson et al., 1980).
While bacteria and viruses have been found in aerosols emitted by spray irrigation sys-
tems using untreated and poorly treated wastewater, there have not been any documented
disease outbreaks resulting from spray irrigation with disinfected reclaimed water, and
studies indicate that the health risk associated with aerosols from spray irrigation sites
using disinfected reclaimed water is low (U.S. EPA, 1980; U.S. EPA, 1981).

Limiting Exposure

The general practice is to limit exposure to aerosols and airborne sprays produced from
reclaimed water that is not heavily disinfected through design or operational controls.
Design features include setback distances, which are sometimes called buffer zones;
windbreaks such as trees or walls around irrigated areas; low-pressure irrigation sys-
tems and/or spray nozzles with large orifices to reduce the formation of fine mist; low-
profile sprinklers; and surface or subsurface methods of irrigation. Operational meas-
ures include spraying only during periods of low wind velocity, not spraying when wind
is blowing toward sensitive areas subject to aerosol drift or windblown spray, and irri-
gating at off-hours when the public or employees would not be in areas subject to
aerosols or spray.

Setback Distances

Windblown spray of reclaimed water droplets may present a greater potential health
hazard than that from aerosols. The intent of setback distances is to prevent excessive
human contact with the reclaimed water or to prevent potential contamination of
potable water supply sources. Although predictive models have been developed to esti-
mate microorganism concentrations in aerosols or larger water droplets resulting from
spray irrigation of wastewater, setback distances are somewhat arbitrarily determined
by regulatory agencies based on experience and engineering judgment.

Many states have established setback distances between reclaimed water use areas and
surface waters, potable water supply wells, or areas accessible to the public. Setbacks
are usually required where reclaimed water is used for spray irrigation, cooling water
in towers, and other areas where spray or mist is formed. Setbacks may also be required
at irrigation or impoundment sites to prevent percolated reclaimed water from reaching
potable water supply wells. Setback distances vary depending on the quality of
reclaimed water, type of reuse, method of application, and purpose of the setback, for
example, to avoid human contact with the water or protect potable water sources from
contamination. Setback distances, where required, vary considerably from state to state,
and range from 15 m (50 ft) to as much as 240 m (800 ft). Some states do not require
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setback distances from irrigated areas to areas accessible to the public if a high level of
treatment and disinfection is provided. Setback distances required in California are
given in Sec. F-1 in Appendix F.

4-4 REGULATORY CONSIDERATIONS FOR SPECIFIC WATER REUSE
APPLICATIONS

In addition to the factors discussed in Sec. 4-2, there are a number of considerations for
specific reuse applications, including those for (1) agricultural irrigation, (2) landscape
irrigation, (3) dual distribution systems and in-building uses, (4) impoundments,
(5) industrial uses, (6) miscellaneous nonpotable uses, and (7) groundwater recharge.
These considerations are discussed briefly in the following sections. Regulatory aspects
of indirect and direct potable reuse, which are evolving and challenging water reuse
applications, are discussed separately in Sec. 4-5.

The major health concern associated with using reclaimed water for agricultural irriga- Agricultural
tion is the potential for contamination of food crops and resulting adverse effects to Irrigation
consumers of the crops (see Chap. 17). Important considerations for agricultural irriga-

tion, as discussed below, include: (1) the direct and indirect contamination of crops,

(2) the survival of pathogenic constituents, (3) processing of crops before distribution,

(4) the uptake of trace chemical constituents, and (5) specifying the level of treatment.

Crop Contamination

Wastewater containing microbial pathogens can contaminate crops directly by contact
during irrigation or indirectly as a result of soil contact. Spray irrigation of food crops
that grow above the ground surface and are eaten uncooked, requires more stringent
requirements because of the direct contact between the reclaimed water and the crops.
Spray or surface irrigation of root crops, such as carrots, beets, and onions also results
in direct contact between the crop and reclaimed water. Indirect contamination of crops
can occur by blowing dust or by workers, birds, and insects that convey organisms from
irrigation water or soil to the edible portion of the crop.

Concern for Pathogens

Organisms contaminating food crops may remain viable on food surfaces. Many
pathogens can survive for extended periods on plants and in soil, and simply providing
extensive time periods between irrigation and crop harvest, or providing commercial
storage before public sale cannot be relied upon to destroy all pathogens.

Crop Processing

If reclaimed water used to irrigate food crops is not highly treated to destroy pathogens,
physical or chemical commercial processing should be performed before the crops are sold
for human consumption. Transmission of infectious organisms may occur by handling
crops that are contaminated and from selling or distributing the crops before processing.

Trace Constituents
Trace chemical constituents may be of concern due to the potential for uptake through
the roots from the applied water or the soil and by foliar uptake. Some constituents are
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known to accumulate in particular crops, thus presenting potential health hazards to
both grazing animals and/or humans; however, it has been postulated that most trace
organic compounds are too large to pass through the semipermeable membrane of plant
roots (U.S. EPA, 1981; NRC, 1996).

Level of Treatment

The level of treatment depends on water quality, type of crop irrigated (food, nonfood,
eaten uncooked, cooked before consumption), method of irrigation employed (spray,
surface, or subsurface), and degree of contact between the crop and reclaimed water.

Landscape irrigation involves the irrigation of golf courses, parks, cemeteries, school
grounds, freeway medians, residential lawns, and similar areas (see Chap. 18). Depending
on the area being irrigated, its location relative to populated areas, and the extent of
public access or use of the grounds, water quality requirements and operational controls
placed on the system may differ. Considerations for landscape irrigation, as discussed
below, include: (1) level of public access, (2) accumulation of trace chemical con-
stituents, and (3) use area controls.

Public Access

Landscape irrigation frequently takes place in urban areas or on grounds frequented by
the public where control over the use of the reclaimed water is more critical than where
public access is limited or prohibited (see Fig. 4-5). For example, the irrigation of land-
scaped areas where children congregate such as parks and playgrounds, may result in
contact or ingestion of turf or soil. Irrigation of areas not subject to public access have
limited potential for creating public health problems, whereas the need to reduce the
level of microbial pathogens in the irrigation water becomes more important as the
expected level of direct or indirect human contact with reclaimed water increases.

Examples of unrestricted public access to the areas using highly treated reclaimed water: (a) golf
course irrigation in California and (b) artificial stream (known as Seseragi in Japanese) in Sapporo,
Japan (Courtesy of City of Sapporo, Japan).
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Trace Constituents

Unsupported concerns have been voiced in recent years that trace chemical constituents
such as PhACs and EDCs may be present in irrigation water. These constituents may
migrate to groundwater used as drinking water supply sources or accumulate to health-
significant levels in turf or soil and be ingested inadvertently or contacted by children.

Use Area Controls

Use area controls need to be imposed at open access landscape irrigation sites as an
added safety precaution to protect both children and adults who frequent the irrigation
sites. Useful controls may include signs warning the public that the area is irrigated
with reclaimed water, protecting drinking water fountains from direct contact with the
irrigation water, eliminating the potential for ponding of reclaimed water, confining the
reclaimed water and spray to the designated irrigation site(s), and irrigating only dur-
ing off-hours. All use areas should be subjected to routine surveillance by the producer
or user of the reclaimed water to ensure adherence to all use area controls.

Increasing use of reclaimed water for multiple uses (e.g., residential and other irrigation,
ornamental fountains, toilet and urinal flushing, car washes, and commercial laundries)
in urban areas has resulted in the development of several large dual water systems that
distribute both potable water and reclaimed water to the same service area. Important
considerations include (1) identification of reclaimed water lines and appurtenances,
(2) cross-connection control, (3) reclaimed water quality, and (4) distribution system
design and construction.

Identification Considerations

Identification of reclaimed water lines and appurtenances is usually accomplished by
color-coding and labeling. Proper identification of building piping used to transport
reclaimed water is necessary for maintenance activities and for avoiding cross-
connections. Identification of pipelines and plumbing systems for reclaimed water serv-
ice is discussed in Chaps. 14 and 15.

Cross-Connection Control

Reclaimed water used inside buildings for toilet and urinal flushing or for fire protec-
tion presents cross-connection control concerns. Although such uses do not result in fre-
quent human contact with the reclaimed water, inadvertent cross-connections to potable
water systems have occurred; thus, highly disinfected reclaimed water is needed for
those uses to reduce the potential for disease transmission upon inadvertent ingestion
of small quantities of reclaimed water.

Regulations often address identification of transmission and distribution lines and appur-
tenances via color-coding, taping, or other means; separation of reclaimed water and
potable water lines; allowable pressures; surveillance; and backflow prevention devices
(see Chaps. 14 and 15). At use areas that receive both potable and reclaimed water, back-
flow prevention devices are usually required on the potable water supply line to each site
to reduce the potential of contaminating the potable drinking water system in the event
of a cross-connection at a use area. Direct connections between reclaimed water and
potable water lines are not allowed in any state.

Dual
Distribution
Systems and
In-building
Uses
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Impoundments

California’s Water Recycling Criteria require compliance with the California Department
of Health Services cross-connection control regulations (State of California, 2000).
Those regulations require that water systems serving residences through a dual-water
system that uses reclaimed water for landscape irrigation must, as a minimum, be protected
by a double-check valve assembly backflow preventer. The same requirement applies to a
public water system in buildings using reclaimed water in a separate piping system within
buildings for fire protection. A reduced-pressure principle backflow—prevention device is
required as a minimum to protect the potable system at sites other than those mentioned
earlier. An air gap separation is required where a public water system is used to supple-
ment a reclaimed water supply.

California’s criteria for dual-plumbed systems within buildings include the following
requirements:

+ Internal use of reclaimed water within any individually owned residential unit,
including multiplexes or condominiums is prohibited

» Submission of a report that includes a detailed description of the intended use area,
plans and specifications, and cross-connection control provisions and testing procedures

» Testing for possible cross-connections at least every four years

* Notification of any incidence of backflow from the reclaimed water system into the
potable water system within 24 h of discovery

* Conformance to the Department of Health Services (DHS) cross-connection control
regulations

* Facilities that produce or process food products or beverages can use reclaimed
water internally only for fire suppression systems

Reclaimed Water Quality

Where there is likely to be any human contact with the reclaimed water, advanced
treatment and a high level of disinfection are needed to minimize health risks. Chemical
constituents in highly treated effluent are generally not a problem for most types of non-
potable urban reuse. Nutrients in reclaimed water—particularly nitrogen and
phosphorous—may stimulate biofilm growth, but, if necessary, can be controlled or
removed by advanced wastewater treatment processes (see Chap. 7).

Distribution System Features
Distribution system design and construction features include monitoring, storage, use
area controls, and management (see Chap. 14).

Impoundments may serve a variety of functions from aesthetic, noncontact uses, to
boating, fishing, and swimming. As with other uses of reclaimed water, the level of
treatment needed varies with the intended use of the water and increases as the poten-
tial for human contact increases. The important considerations for impoundments
include: (1) impoundment use and (2) water quality issues.

Impoundment Use
Reclaimed water impoundments may be categorized according to whether they are used
for aesthetic or recreational purposes. Recreational impoundments can be subdivided
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into either restricted (nonbody contact only) or nonrestricted (body contact allowed)
impoundments. Nonbody contact includes activities such as boating and fishing where
there is only incidental contact with the reclaimed water, while body contact includes
full body immersion.

Water Quality Issues

The water quality requirements for an impoundment vary depending on the intended
use. Nonrestricted recreational impoundments (and reflecting pools and decorative
fountains) should not contain chemical substances that are toxic following inadvertent
ingestion or be irritating to the eyes or skin, and the water should be safe from a micro-
biological standpoint. Other concerns are temperature, pH, chemical constituents,
aquatic growths, and clarity. Clarity is important for several reasons, including safety,
visual appeal, and recreational enjoyment. Reclaimed water used for recreational
impoundments where fishing and boating are allowed should not contain high levels of
pathogenic microorganisms or heavy metals that accumulate in fish to levels that pres-
ent health risks to the consumers of the fish. If fish, shellfish, or plants exposed to
reclaimed water are used for human consumption, both the microbiological and chem-
ical quality of the source water should be thoroughly assessed for possible bioaccumu-
lation of toxic contaminants through the food chain.

Reclaimed water from conventional wastewater treatment processes is of adequate quality
for many industrial applications that can tolerate water of less than potable quality.
Reclaimed water also has the important advantage of being a reliable supply even in
drought years. Industrial uses of reclaimed water include cooling, process water, stack
scrubbing, boiler feed, wash water, transport of material, and as an ingredient in a nonfood-
related product (see Chap. 19). Regulatory considerations for reuse of water in industrial
applications include: (1) generation of aerosols and (2) safety of manufactured products.

Aerosols

Pathogenic microorganisms in reclaimed water used in cooling towers present potential
hazards to workers and to the public in the vicinity of cooling towers from aerosols and
windblown spray. In practice, however, biocides and other chemicals are usually added
to all cooling waters onsite to prevent slimes and otherwise inhibit microbiological
activity, which has the secondary effect of eliminating or greatly diminishing the poten-
tial health hazard associated with aerosols or windblown spray.

Safety of Manufactured Products

The suitability of reclaimed water for use in industrial processes depends on the partic-
ular use and the potential for worker or public contact with the water. Low quality
reclaimed water should not be used in the manufacture of—or incorporated into—
products subject to contact or ingestion upon sale to the public unless processing is suf-
ficient to assure that microbial pathogens or health-significant chemical constituents are
eliminated or reduced to acceptable limits.

Less common uses of reclaimed water include flushing sanitary sewers, street cleaning,
dust control, soil compaction, making concrete, snowmaking, snowmelting, decorative
fountains, commercial laundries, commercial car washes, equipment washing, and
fire protection systems (see Chap. 20). While each application must be evaluated on a
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case-by-case basis, the common regulatory considerations include: (1) the amount of
human contact and (2) potential environmental impacts.

Health Considerations

The expected degree of human contact with reclaimed water determines the appropri-
ate level of disinfection. Minimal disinfection of reclaimed water is needed for uses
where there is little or no expected human contact with the water, such as flushing sani-
tary sewers or making concrete, whereas uses such as snowmaking and vehicle washing
are likely to result in contact with the reclaimed water, thus necessitating a considerably
higher level of disinfection.

Environmental Impacts

Environmental impacts from reclaimed water depend on the specific application and
should be evaluated on a case-by-case basis. For example, additional treatment, such as
nutrient removal, may be needed for reclaimed water used to make snow at ski resorts
in the event that the snowmelt runs off into the pristine environment or percolates to
potable water supplies.

The regulatory considerations related to groundwater recharge depend on: (1) charac-
terization of the aquifer, (2) recharge of nonpotable aquifers, (3) recharge of potable
aquifers, (4) design of a soil-aquifer treatment (SAT) process, and (5) issues associated
with direct aquifer injection (see Chap. 22).

Aquifer Characterization

Health concerns pervade almost all recharge projects, because rarely are the boundaries
between potable and nonpotable aquifers well defined. In the event that distinct bound-
aries cannot be identified, a conservative assumption is that the aquifer will be used for
potable purposes and appropriate treatment levels for recharging a potable aquifer
should be used.

Recharge of Aquifers Used for Nonpotable Purposes

Where reclaimed water is recharged into nonpotable aquifers and there is no possibility
of the water migrating to potable aquifers, health concerns are mitigated, although the
reclaimed water, upon extraction, is subject to the appropriate water quality requirements
for the subsequent use of the water.

Recharge of Aquifers Used for Potable Purposes

Groundwater recharge of potable aquifers is problematic, as many utilities distribute
drinking water from potable water supply wells with little or no treatment. As a conse-
quence, it is necessary for reclaimed water to meet all drinking water standards—and
water quality limits for potentially toxic unregulated chemical contaminants and micro-
bial pathogens—prior to extraction.

Soil-Aquifer Treatment

Surface spreading provides additional treatment of the reclaimed water as it percolates
through the vadose zone. In some cases, all applicable standards may be met prior to
mixing with the native groundwater. If SAT is intended to replace conventional media
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filtration as one of the required wastewater treatment processes prior to reuse, controls
or limits may be placed on the percolation rate and required depth of the vadose zone.
Extracted water would have to meet all reclaimed water quality requirements specified
for its subsequent use, which may result in the need for disinfection following SAT.

Direct Aquifer Injection

Injection directly into a confined aquifer provides little opportunity for additional water
quality improvement in the subsurface, resulting in the need to meet all water quality
limits prior to injection via incorporation of advanced wastewater treatment processes.
Regulatory considerations relating to groundwater recharge of potable aquifers are
complex and are discussed in detail in Chap. 22.

4-5 REGULATORY CONSIDERATIONS FOR INDIRECT POTABLE REUSE

Planned indirect potable reuse involves the use of reclaimed water to augment surface
water that is used as a source of drinking water supply. The water typically receives
additional treatment prior to distribution as drinking water. In direct potable reuse, by
contrast reclaimed water is introduced directly into a drinking water distribution sys-
tem. However, direct potable reuse is not practiced in the United States at present.

The use of natural waters derived from the most protected source as water supply is
practiced traditionally as much as practicable; thus, there are relatively few formal and
planned indirect potable reuse projects. The principle of using protected water sources
has guided the selection of potable water supplies for almost 150 yr in the United States
and was well-stated in the /1962 Public Health Service Drinking Water Standards: “The
water supply should be taken from the most desirable source which is feasible, and
effort should be made to prevent or control pollution of the source.” (U.S. Department
of Health, Education, and Welfare, 1962). This finding was reaffirmed by U.S. EPA in
1975 in its Primary Drinking Water Regulations, . . . priority should be given to selec-
tion of the purest source. Polluted sources should not be used unless other sources are
economically unavailable . . .” (U.S. EPA, 1975). Public health concerns related to
potable reuse centers on water quality, treatment reliability, aesthetics, and the difficul-
ty of identifying and estimating human exposures to the potentially toxic chemicals and
pathogens that may be present. To some extent the assessment of possible health risks
can rely on the vast body of knowledge that has been developed for drinking water sup-
plies using conventional source water containing substantial discharges from municipal
wastewater treatment plants.

The Safe Drinking Water Act (SDWA) requirements assure a safe drinking water when
relatively uncontaminated, protected water sources are used. Conversely, the federal
Clean Water Act (CWA) is intended to eliminate pollution and maintain the physical,
chemical, and biological integrity of the nation’s waters, but its water quality limits are
not reflective of drinking water standards (see Section 2-3 in Chap. 2). Thus, the provi-
sions of the CWA and SDWA are insufficient to address all the public health concerns
associated with municipal wastewater constituents since neither the CWA nor the
SDWA establish standards for all of the potentially harmful constituents that may be
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present in wastewater. The level of wastewater contribution that triggers additional con-
stituent controls has not been identified in law or in the literature. The threshold level
in any particular case depends on a number of factors, including: the industrial, commer-
cial, research, and medical contributions to the municipal wastewater that may present
unique problems; the wastewater treatment processes utilized; and the natural barriers
to contaminant transport that exist between the waste discharge and the drinking water
system surface intake or well. Thus, reclaimed water used for planned indirect potable
reuse may have to meet additional water quality criteria for known or suspected micro-
bial and chemical constituents of concern than those that normally apply to drinking
water and wastewater discharges.

Indirect potable reuse is practiced where treated wastewater is discharged into a
water course, a raw water reservoir, or an underground aquifer and withdrawn
downstream or down gradient at a later time for treatment and subsequent distri-
bution as drinking water. Potable reuse, on its face, is less desirable than using a
higher quality source water for drinking, and reclaimed water is inherently suspect
as a source water supply as untreated municipal wastewater contains potentially
harmful contaminants, including pathogens, heavy metals, and organic compounds.
Reclaimed water used for potable reuse ultimately must meet all physical, chemi-
cal, radiological, and microbiological drinking water standards. However, drinking
water standards are not intended to apply to contaminated source waters that may
contain unregulated constituents that are known or suspected to be harmful upon
ingestion. Thus, the drinking water standards cannot be relied on as the sole stan-
dard of safety.

Most chemical constituents found in treated municipal wastewater are present at con-
centrations that are of concern only with chronic exposure. Thus, these constituents are
of particular importance where treated wastewater discharges persist for extended peri-
ods of time. However, constituents found in treated wastewater at concentrations that
are high relative to those considered safe for potable use may present a health-risk due
to acute exposure, even at lower discharge rates.

Quality standards have been established for many inorganic constituents and treatment
and analytical technology has demonstrated the capability to identify, quantify, and
control these substances. Similarly, available technology is capable of eliminating path-
ogenic agents from contaminated waters. On the basis of available information, there is
no indication that health risks from using highly treated reclaimed water for potable
purposes are greater than those from using existing water supplies (NRC, 1994).
However, unanswered questions remain with organic constituents, due mainly to their
potential large numbers and unresolved health-risk potential resulting from long-term
ingestion of low concentrations.

Studies have been made on the chemical and microbiological characteristics of reclaimed
water, although they are limited in number and scope. Several studies have indicated that
reclaimed water can meet drinking water standards and often exceed such standards. Such
findings lead some experts to conclude that reclaimed water is acceptable as a drinking
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water source. Other experts disagree stating, for example, that: (1) disinfection of reclaimed
water may create different and unidentified disinfection byproducts than those found in
conventional water supplies; (2) less than 25 percent by weight of the organic com-
pounds in reclaimed water have been identified and the health effects of only a few of
the individual constituents have been determined; (3) the health effects of mixtures of
two or more of the thousands of compounds potentially present in reclaimed water are
not characterized easily; and (4) throughout the whole process, there is increased
reliance on technology and management (see Chap. 3).

The assessment of health risks associated with indirect potable reuse is not definitive
due to limited chemical and toxicological data and inherent limitations in the available
toxicological and epidemiological methods. The results of epidemiological studies
directed at drinking water have generally been inconclusive, although the hypothesis
that there may be a health risk is still present. Recognizing the limitations of epidemi-
ological studies because of the many confounding variables, health-related studies do
provide a basis for concern for potable use of reclaimed water. In addition, the limited
data and extrapolation methodologies used in toxicological assessments (see Chap. 5)
provide a source of limitations and uncertainties in the overall risk characterization. In
these circumstances, the readers are reminded of the precautionary principle discussed
in Chap. 1.

A multiple barrier system using demonstrated treatment technologies is essential to assure
that reclaimed water used to augment drinking water supplies is at least as safe and reli-
able as other alternative supplies. Existing treatment technology is able to produce
reclaimed water that meets all current drinking water standards. However, in considera-
tion of the source water, meeting drinking water standards does not necessarily indicate
that the water is safe. Intensive water quality monitoring and contingency plans for
response to system failures should be a part of a conservative regulatory approach.
Monitoring programs should be adequate to verify the performance of treatment processes
and to detect potentially harmful regulated and unregulated contaminants. Monitoring is
a particular concern for membrane processes, where development of online water quality
monitoring is needed to detect contaminant breakthrough via leaking seals, imperfections
or holes in membranes, or improper operating conditions (see Chaps. 8 and 9).

4-6 STATE WATER REUSE REGULATIONS

There are no federal regulations governing water reclamation and reuse in the United
States; thus, regulations are developed and implemented at the state government level.
The lack of federal regulations has resulted in differing standards among states that
have developed water reuse regulations. In the 1990s, several states adopted or revised their
respective regulations, and it was common practice to base water reuse regulations on those
of states that had comprehensive regulations, guidelines, and background information
to support them. The Guidelines for Water Reuse (U.S. EPA, 1992; 2004) were also
used as a resource by states that had limited or no regulations or guidelines. Since

Assessment of
Health Risks
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the guidelines were published, interest in water reuse has increased in several states that
previously did not have water reuse regulations.

At present, no states have regulations that cover all potential uses of reclaimed water,
but several states have extensive regulations that prescribe requirements for a wide
range of end uses of the reclaimed water. Other states have regulations or guidelines
that focus on land treatment of wastewater effluent, emphasizing additional treatment
or effluent disposal rather than beneficial reuse, even though the effluent may be used
for irrigation of agricultural sites or public access lands.

The status and summary of water reclamation and reuse regulations and guidelines in
the United States as of 2004 have been documented in the Guidelines for Water Reuse
(U.S. EPA, 2004) and are provided in Table 4-3. The absence of state regulations and
guidelines for specific reuse applications does not necessarily prohibit those applica-
tions; many states evaluate specific types of water reuse on a case-by-case basis.
Based on the data in Table 4-3, 25 states have adopted regulations regarding the use
of reclaimed water, 16 states have guidelines or design standards, and nine states have
no regulations or guidelines. These data are somewhat misleading, as they include
regulations and guidelines directed at land disposal of effluent or land application of
wastewater intended primarily as a disposal mechanism rather than for beneficial
reuse.

The number of states with regulations or guidelines for each type of reuse is summa-
rized in Table 4-4, which has been adapted from the Guidelines for Water Reuse. As
indicated in Table 4-4, agricultural and landscape irrigation represent the reclaimed
water uses most commonly regulated, and many states have implemented regulations
that apply only to those types of use. As noted above, these data include state regula-
tions that pertain to land disposal of effluent or land application of wastewater intended
primarily as a disposal mechanism rather than beneficial reuse. The standards in states
having the most reuse experience tend to be more stringent than those in states with
fewer reuse projects. States that have water reuse regulations or guidelines typically set
standards for reclaimed water quality and specify minimum treatment requirements;
although a few states, such as Texas and New Mexico, do not prescribe treatment
processes and rely solely on water quality limits.

Variations amongst State Regulations

In the past, most state water reuse regulations were developed in response to a need to
regulate a growing number of water reuse projects in the particular state. Recently,
some states that currently have few reuse projects have taken a proactive approach, and
have adopted criteria which tend to encourage implementation of projects. Arizona,
California, Florida, and Texas, which have had comprehensive criteria for a number of
years, have revised their water reuse regulations within the last ten years to reflect addi-
tional reclaimed water uses, advances in wastewater treatment technology, and increased
knowledge in the areas of microbiology and public health protection. The variations and
inconsistencies among state regulations are illustrated in Table 4-5, which includes
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Table 4-3

Summary of state water reuse regulations and guidelines for nonpotable reuse applications?
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State

New Jersey

New Mexico
New York

North Carolina
North Dakota

Ohio

Oklahoma
Oregon

Pennsylvania
Rhode Island

South Carolina
South Dakota
Tennessee
Texas

Utah

Vermont
Virginia

Washington

West Virginia
Wisconsin

Wyoming

8Adapted from U.S. EPA (2004).
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Table 4-4
Number of states with water reuse regulations or guidelines for different types of use?

Number of states
with regulations

Type of use or guidelines Description
Unrestricted urban water reuse 28 Irrigation of areas in which public access is not

Irrigation 28 restricted, such as parks, playgrounds, school
Toilet flushing 10 yards, and residences.
Fire protection 9 Toilet flushing, air conditioning, fire protection,
Construction 9 construction, cleansing, ornamental fountains,
Landscape impoundment 11 and aesthetic impoundments.
Street cleaning 6

Restricted urban water reuse 34 Irrigation of areas in which public access can be
controlled, such as golf courses, cemeteries,
and highway medians.

Agricultural irrigation of 21 Irrigation of food crops which are intended for

food crops human consumption.
Food crop is processed.
Food crop is consumed uncooked.

Agricultural irrigation of 40 Irrigation of fodder, fiber, and seed crops,

nonfood crops pasture land, commercial nurseries, and sod
farms.

Unrestricted recreational 7 An impoundment of water in which no

water reuse limitations are imposed on body-contact
water recreational activities.

Restricted recreational 9 An impoundment of reclaimed water in which

water reuse recreation is limited to fishing, boating, and
other noncontact recreational activities.

Environmental water reuse 3 Reclaimed water used to create manmade
wetlands, enhance natural wetlands, and to
sustain stream flows.

Industrial water reuse 9 Reclaimed water used in industrial facilities
primarily for cooling system makeup water,
boiler feedwater, process water, and general
washdown and cleansing.

Groundwater recharge 5 Using infiltration basins, percolation
ponds or injection wells, reclaimed water is
used to recharge groundwater aquifers.

Indirect potable reuse 5 The intentional discharge of highly treated

8Adapted from U.S. EPA (2004).

reclaimed water into surface waters or
groundwater that will be used as a source of
potable water supply.



aog /6w og

SS1 /6w og SSL
payioads aogq /6w og /6w gL
ION W 00L/Moo payqiyosd payqiyold Jw Q0 /109 (Aotj0d)
1829} 001 asn oS  P8Janod JoN paJon0d JON  pauioads JoN |e28) 000L  O2IX8N MON
SS11/Pw g SS11/Pw g
aosgo aoso SS.1 1/6w 0z
/6w 0z /6w 0z aogo
uoposyuisig W 00L/1109 uoposyuisiq W 00}/1109 /6w 0z
uonexn|i4 |20} panqiyosd payqiyoud uones|i4 [e08) uonosjuIsiq W 00L/1109
Alepuooag "Jo8}9p ON asn asn Alepuooag 'Jo9}ap ON Alepuooag |1e28} 002 epuo|4
PaJanod JoN PaJano9 JoN pPaJanod JoN pPaJoA0D JON  PaISA0D JON paJenod JON paJenod JON paJenod JON opelJojo)
uonosyuIsig
uonesi4 NIN 2
uoposyuisiq W OOL/IOD  uonenBeod W 001/1109 payioads
uonepixo 1810} 2°2 uonepIxo (810} 2°C uopepixQ  payioads JoN uonepIxo 10N ejuiojiied
NIN ¢ NINZ
uonosyuisig W 00L/1I09 uonosjuIsig Jw 001/1109
uones|i4 [e0d) uonesid [e08} W 001/1109
Alepuooag "Jo8}op ON Alepuooag 'JO9}9p ON  PaJanod JON paJenod JON Alepuooag 1e298} 000°L euozuy
paJinbai spwi| Ayjeny paJinbai S| paJinbal suwi| Ayjend paJinbai S| alels
juswieal| juswieal| Aenp juswiyeal] juswiyeal] Aenp
pStuswpunodul Luonebulr doso poo4 quonebiu doio guonebul doio Jappo4

[BUONESI08) PBOLISaY pOO} Passa00id

suoneoljdde sjgejoduou pajos|es 1o} suolje|nbai asnal lejem ajels Jo seidwexg
S-v 9lqel

162



"UIW G| UBY) 2Iow Joj NLN G peaoxa AJpigJn) Jusnjjul syl 8Y} Pinoys Jajemaisem

3y} 1JBAIP 10 UONIPPE [B2IWBYD a)eAloe Ajjeonewoine o} Aljigedes ay) S| alay) pue ‘LN 0} SPe99xe JeAsu pue ulW G| Uey) alow Jol LN G Paaoxa jou

$30p AYIpIgIN] JUSNIUI BY) ‘PaINSESW A][ENURUOD SI SJAY1 BY) O} JuN|jul Y} Jo AIPIqIN) 8y} ‘NLN g PSIX3 10U SS0P AYIPIGIN] JUSN|YS JSJ|l JI PAPaSU 10N,
"'SelIAnOE J0BjU0D Apoquou Jeyjo pue ‘Buleoq ‘Bulysy 0} pepwi| SI UOHEB.I0DY,
‘doso ay) Jo uontod 9|qipa 8y} PUE Jajem PaWIE[oal U8amlad JOBIUOD JOBlIp SI 818U} Iaym Mel usjes sdold pood,

"douo ay) Jo uontod a|qIpe By} pue Jajem pawie|oal Usamlag Joe)
-uo9 Joa.Ip ou si a1ay} asaym Aldde Aew sjuswalinbal aAoLysal ssa “swsiuebiooloiw olusboyied Aosisap 0} juaioyns Buissaooud |eolwayo Jo _mo_w\fn_n

J9)em pawiejoal yum pajebuul ainjsed uo azelb o) pamojje aue sjewiue Bunijiw aseym A|dde syuswalinbal SAIOLISS) 2I0W SSJE)S SWOS U],

uonoauIsia
uonepIXQ

payoads
10N

uoposjuisig
Alepuodag

W 00L/1109
1810} 2°C

aogo Jo
aog /6w g
NLN €

W 00L/1109
[e99} 02

SS1 /6w gz
aogd /6w sz
W Q0L /1109

[B9®} 002

uoposyjuisia
uofesi4
uonenbeon
uonepixo

payqiyold
asn

uonosyjuisia
uoheni4
Alepuodag

NIN ¢
W 001/109
|ejo) ¢'¢

payqiyosd

osn

NLN Z

aog /6w o}
W Q0 L/I09
|eos}

"Jo8}ep ON

uonoauIsiq
uonepIXQ

payoads
10N

uonosyuisia
uofeni4
Alepuooag

Jw Q0L /1102

[B30} O
aosgo

/6w G

aog /6w oz
W Q0 L/I09

[B98} 002

NINZ

aog /6w o1
W Q0 L/I09
|ed8})

"Jo8}ep ON

uonoauIsiq
uolepIxQ

payioads JON

uonosjuisia
Alepuodag

W 001L/109
1€10} 0t¢

aogo 1/fw g
aod /6w oz

W 00 L/1I09
[B98} 002

SS1 /6w gz
aogd /6w sz
W 00 L/1I09

[B99} 002

uoibulysepn

sexa]

yen

163



164

Chapter 4

Water Reuse Regulations and Guidelines

examples of several states’ reclaimed water regulations for uses ranging from fodder
crop irrigation to toilet and urinal flushing in buildings. The reader is referred to the
Guidelines for Water Reuse (U.S. EPA, 2004) for a complete tabulation of all state water
reuse regulations. Some of the notable variations among state regulations are high-
lighted below:

Coliform Bacteria Limits Most states use fecal coliform organisms as the indicator
organism for microbial pathogens in reclaimed water, while a few states use total col-
iform. Fecal or total coliform limits depend on use of the water and are highly variable
among states. Arizona, Florida, and some other states’ regulations are similar to, or
based on, the Guidelines for Water Reuse and use fecal coliform organisms as the indi-
cator organism. In those states regulations typically require that reclaimed water has no
detectable fecal coliform/100 mL for high level nonpotable applications and does not
exceed 200 fecal coliform/100 mL for uses where human contact is minimal.

States that use total coliform as the indicator organism require that the number of total
coliform organisms not exceed 2.2/100 mL for high level uses and either 23 or 240/100
mL for uses where there is no or minimal human contact with the water. Higher single
sample maximum coliform limits are allowed in several states. Regulatory compliance
varies in different states, but usually is based on median or geometric mean values over
a given time period. Coliform samples are usually required to be collected on a daily
basis during peak flow conditions to represent the most demanding treatment facility
operating conditions. Less frequent coliform sampling is allowed in some states.
Several states require that coliform analyses be conducted using the multiple tube fer-
mentation technique with the results expressed as the most probable number (MPN),
while others allow use of the membrane filter (MF) technique. A few states do not spec-
ify which enumeration technique to use, and some states allow the use of either the
MPN or MF methods. While the presence of coliforms can still be taken as a sign of
fecal contamination, the absence of coliforms should not be viewed as an indication that
the water is uncontaminated.

Limits and Monitoring for Pathogenic Organisms At present, no states have set lim-
its on pathogenic organisms for any nonpotable reuse application, but at least two states
require monitoring for specific pathogens under certain circumstances—Florida and
California. In an effort to learn more about the possible presence of protozoan pathogens
in reclaimed water that receives tertiary treatment and a high level of disinfection, Florida’s
reuse rules contain parasite monitoring requirements. Facilities with capacities of 3.78 X
10® m?d (1.0 Mgal/d) and larger are required to sample their reclaimed water for Giardia
and Cryptosporidium at least once every two years. Smaller facilities must sample at least
once every five years. Samples are required to be taken following the disinfection process.

California requires that reclaimed water used for nonrestricted recreational impound-
ments be monitored for enteric viruses, Giardia, and Cryptosporidium if tertiary treatment
does not include a sedimentation process between the chemical coagulation and filtration
processes. Monthly sampling is required for the first year of operation, and quarterly
sampling is required during the second year of operation. Sampling may be discontin-
ued after the second year of operation with approval of the California DHS.
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Treatment Facility Reliability Some states have adopted treatment reliability require-
ments to ensure that inadequately treated reclaimed water is not reused. Generally,
requirements consist of alarms warning of power failure or failure of essential unit
processes, automatic standby power sources, emergency storage or disposal provisions,
and the provision that each treatment process be equipped with multiple units or a backup
unit. Reliability requirements for California and Florida are presented below as examples.

CALIFORNIA REQUIREMENTS California’s Water Recycling Criteria provide design
and operational considerations covering alarms, power supply, emergency storage and
disposal, wastewater treatment processes, and chemical supply, storage, and feed facil-
ities. For treatment processes, several reliability features are acceptable. For example,
for all biological treatment processes one of the following is required: (1) alarm (fail-
ure and power loss) and multiple units capable of producing oxidized wastewater (i.e.,
secondary treatment) with one unit not in operation; (2) alarm (failure and power loss)
and short-term (at least 24 h) storage or disposal provisions and standby replacement
equipment; or (3) alarm (failure and power loss) and long-term (at least 20 d) storage or
disposal provisions. Similar reliability requirements apply to other treatment processes
(California Department of Health, 1973).

FLoORIDA REQUIREMENTS Florida requires Class I reliability as defined by the U.S.
EPA (U.S. EPA, 1974) at water reclamation facilities where filtration and high-level
disinfection are provided. Class I reliability requires multiple treatment units or backup
units and a secondary power source. In addition, a minimum of one day of storage is
required to store reclaimed water of unacceptable quality. Florida also requires staffing
at the water reclamation facility 24 h/d, 7 d/wk or 6 h/d, 7 d/wk as long as reclaimed
water is delivered to the reuse system only during periods when a qualified operator is
present. Operator presence can be reduced to 6 h/d if additional reliability features are
provided.

Voluntary versus Mandatory Water Reuse

In almost all states, water reuse is voluntary and not mandated by governmental agen-
cies. An exception is Florida, where a mandatory reuse program has been established
that is actively enforced (Florida Department of Environmental Protection, 1999). The
policy requires the state’s water management districts to identify water resource caution
areas having water supply problems that have become critical or are anticipated to
become critical within the next 20 yr. State legislation requires preparation of water
reuse feasibility studies for treatment facilities located within the water resource cau-
tion areas. A reasonable amount of reclaimed water use from municipal wastewater
treatment facilities is required within the designated water resource caution areas unless
water reuse is not economically, environmentally, or technically feasible.

Water reuse regulations focus on public health implications of using reclaimed water;
thus, water quality criteria not related to health protection usually are not included in
water reuse regulations. Most states with extensive water reuse experience have compa-
rable, conservatively based water quality criteria or guidelines. Arguments for less restric-
tive standards are most often predicated upon a lack of documented health hazards rather
than upon any certainty that hazards are small or nonexistent. In the absence of definitive
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epidemiological data and a unified interpretation of scientific and technical data on
pathogen exposures, selection of water quality limits will continue to be somewhat sub-
jective and inconsistent among the states. Regulatory requirements for some nonpotable
uses of reclaimed water not included in Table 4-5 are discussed below:

Wetlands

In most cases, the primary intent in applying reclaimed water to wetlands is to provide
additional treatment of effluent prior to discharge or reuse, although wetlands are some-
times created solely for environmental enhancement. In such cases, secondary treatment
is usually acceptable as influent to the wetland system. Very few states have regulations
that specifically address the use of reclaimed water for creation of artificial wetlands or
the restoration or enhancement of natural wetlands. Where there are no regulations, reg-
ulatory agencies prescribe requirements on a case-by-case basis. In addition to state
requirements, natural wetlands, which are considered waters of the United States, are pro-
tected under EPA’s National Pollutant Discharge Elimination System (NPDES) Permit
and Water Quality Standards programs. Constructed wetlands built and operated for the
purpose of wastewater treatment generally are not considered waters of the United States.

In the few states that have adopted regulations for reclaimed water use in wetlands,
requirements vary based on the type of wetland system and degree of public access. For
example, the State of Washington requires that reclaimed water discharged to natural
wetlands where there is no expected human contact with the water must meet Class D
reclaimed water standards (secondary treatment and not more than 240 total col-
iforms/100 mL). Discharges to natural or constructed wetlands providing human-
contact recreational or educational beneficial uses must meet Class A reclaimed water
standards (tertiary treatment and not more than 2.2 total coliforms/100 mL in the
reclaimed water). Reclaimed water discharged to any wetland system in Washington
cannot exceed the following water quality limits: 20 mg/L BOD, 20 mg/L TSS, 3 mg/L
total Kjeldahl nitrogen (as N), and 1 mg/L total phosphorus (as P).

Industrial Uses Other than Cooling

Due to the myriad of industrial processes that use water, regulatory agencies generally
prescribe water reuse requirements for industrial applications other than cooling on an
individual case basis. For example, Florida regulations address the use of reclaimed water
for food processing at industrial facilities. Florida’s water reuse rule specifically prohibits
the use of reclaimed water in the manufacture or processing of food or beverages for
human consumption where the reclaimed water will be incorporated into, or come in con-
tact, with the food or beverage product. Similarly, Washington standards do not allow the
use of reclaimed water for food preparation and prohibit its use in food or drink for
humans. While many industrial uses require water of higher chemical quality than that
typically present in reclaimed water, (e.g., computer chip manufacturing requires reverse
osmosis treatment to produce ultrapure wash water), water reuse regulations are intended
to provide health protection and only include requirements to attain that end.

Miscellaneous Nonpotable Uses
While all states that have water reuse regulations or guidelines include criteria for crop
and/or landscape irrigation, some include requirements for less common uses of reclaimed
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water, such as flushing sanitary sewers, street cleaning, dust control, soil compaction,
making concrete, snowmaking, decorative fountains, commercial laundries, commer-
cial car washes, equipment washing, and fire protection systems. For these and similar
uses, the various state standards impose wastewater treatment process requirements,
reclaimed water quality limits, and design and operational requirements reflective of the
degree of human exposure to the water that are in concert with other more common uses
of reclaimed water. For example, secondary treatment with a minimal level of disinfec-
tion is acceptable for uses where there is little or no expected human contact with the
water, such as flushing sanitary sewers or making concrete. Conversely, uses such as
snowmaking and vehicle washing are likely to result in contact with the reclaimed
water, and tertiary treatment with a high level of disinfection is usually required.

There are no planned direct potable reuse projects in the United States, and no state has
developed regulations allowing such use (see Chap. 24). From a regulatory standpoint,
few states have addressed the challenge of developing regulations for indirect potable
reuse (see Chap. 23). California and Florida are in the forefront of developing discrete
criteria relating to planned indirect potable reuse of reclaimed water. Some of the other
states rely on U.S. EPA’s Underground Injection Control regulations to protect potable
groundwater basins, while some states prohibit indirect potable reuse altogether. There
are no federal regulations that specifically address indirect or direct potable reuse of
reclaimed water.

State of California

The existing California Water Recycling Criteria include general requirements for
groundwater recharge of domestic water supply aquifers by surface spreading. The reg-
ulations state that reclaimed water used for groundwater recharge of domestic water
supply aquifers by surface spreading “shall be at all times of a quality that fully protects
public health” and that DHS recommendations “will be based on all relevant aspects of
each project, including the following factors: treatment provided; effluent quality and
quantity; spreading area operations; soil characteristics; hydrogeology; residence time;
and distance to withdrawal.” Until more definitive criteria are adopted, proposals to
recharge groundwater by either surface spreading or injection will be evaluated on a
case-by-case basis. California has prepared draft criteria for groundwater recharge (the
most recent being in 2004), which are presented in Appendix F in Section F-2.

State of Florida

Florida’s water reuse rules pertaining to groundwater recharge and indirect potable
reuse are summarized in Table 4-6. The rules address rapid-rate infiltration basin sys-
tems and absorption field systems, both of which may result in groundwater recharge.
Although not specifically designated as indirect potable reuse systems, groundwater
recharge projects located over potable aquifers could function as an indirect potable
reuse system. If more than 50 percent of the wastewater applied to the systems is col-
lected after percolation, the systems are considered to be effluent disposal systems and not
beneficial reuse. Loading to these systems is limited to 230 mm/d (9 in./d). For systems
having higher loading rates or a more direct connection to an aquifer than normally
encountered, reclaimed water must receive secondary treatment, filtration, disinfection,
and must meet primary and secondary drinking water standards.

State
Regulations for
Indirect Potable
Reuse
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Table 4-6
State of Florida water reuse rules for groundwater recharge and indirect potable reuse®

Type of use

Groundwater recharge via rapid
infiltration basins (RIBs)

Groundwater recharge via RIBs
in unfavorable conditions

Groundwater recharge or injection
to groundwaters having TDS
< 3000 mg/L

Groundwater recharge or injection
to groundwaters having
TDS 3000-10,000 mg/L

Indirect potable reuse: discharge
to Class | surface waters
(used for public water supply)

Water quality limits

200 fecal coli/100 mL

20 mg/L CBOD,

20 mg/L TSS

12 mg/L NO, (as N)

No detectable fecal coli/100 mL

20 mg/L CBOD,

5.0 mg/L TSS

Primary® and secondary drinking
water standards

10 mg/L total N

No detectable total coli/100 mL

20 mg/L CBOD,

5.0 mg/L TSS

3.0 mg/L TOC

0.2 mg/L TOX®

10 mg/L total N

Primary® and secondary drinking
water standards

No detectable total coli/100 mL
20 mg/L CBOD,

5.0 mg/L TSS

10 mg/L total N

Primary drinking water standards®

No detectable total coli/100 mL

20 mg/L CBOD,

5.0 mg/L TSS

3.0 mg/L TOC

10 mg/L total N

Primary ® and secondary drinking
water standards

WQBELs® may apply

8Adapted from Florida Department of Environmental Protection (1999).

bExcept for asbestos.
°TOX = Total organic halogen.

Treatment required

Secondary
Disinfection

Secondary
Filtration
Disinfection

Secondary

Filtration

Disinfection

Multiple barriers for control
of pathogens & organics
Pilot testing required

Secondary
Filtration
Disinfection

Secondary
Filtration
Disinfection

dWQBELSs are water quality based effluent limitations to ensure that water quality standards in a receiving body of water

will not be violated.

The Florida regulations include requirements for planned indirect potable reuse by
injection into water supply aquifers and augmentation of surface supplies. A minimum
horizontal separation distance of 150 m (500 ft) is required between reclaimed water injec-
tion wells and potable water supply wells. The injection regulations pertain to G-I, G-I,
and F-I groundwaters, all of which are classified as potable aquifers. Reclaimed water must
meet G-II groundwater standards prior to injection. G-II groundwater standards are, for the
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most part, primary and secondary drinking water standards. Florida considers dis-
charges to Class I surface waters (public water supplies) as indirect potable reuse.
Discharges less than 24 h travel time upstream from Class I waters are also considered
as indirect potable reuse. Outfalls for surface water discharges cannot be located within
150 m (500 ft) of existing or approved potable water intakes within Class I surface
waters. Pilot testing is required prior to implementation of injection or surface water
augmentation projects.

Other States

In some states, regulations addressing indirect potable reuse are independent from the
state’s water reuse regulations. For example, the use of reclaimed water for groundwa-
ter recharge in Arizona is regulated under statutes and administrative rules administered
by the Arizona Department of Environmental Quality (ADEQ) and the Arizona
Department of Water Resources (ADWR). Several different permits are required by
these agencies prior to implementation of a groundwater recharge project. In general,
ADEQ regulates groundwater quality and ADWR manages groundwater supply. All
aquifers in Arizona currently are classified for drinking water protected use, and the
state has adopted National Primary Drinking Water Maximum Contaminant Levels
(MCLs) as aquifer water quality standards. These standards apply to all groundwater in
saturated formations that yield more than 20 L/d (5 gal/d) of water. Any groundwater
recharge project involving injection of reclaimed water into an aquifer is required to
demonstrate compliance with aquifer water quality standards at the point of injection.

4-7 U.S. EPA GUIDELINES FOR WATER REUSE

In recognition of the increasing role of water reuse as an integral component of the
nation’s water resources management—and to facilitate the orderly planning, design,
and implementation of water reuse projects—the U.S. EPA, in conjunction with the
U.S. Agency for International Development (U.S. AID), published Guidelines for
Water Reuse in 1992 (U.S. EPA, 1992). The U.S. EPA took the position that national
water reuse standards were not necessary and comprehensive guidelines, coupled with
flexible state regulations, would foster increased consideration and implementation of
water reuse projects. The guidelines were updated in 2004 (U.S. EPA, 2004) to include
technological advances, research data, and other information generated in the last
decade. The guidelines address various aspects of water reuse and include recom-
mended treatment processes, reclaimed water quality limits, monitoring frequencies,
setback distances, and other controls for various water reuse applications. The sug-
gested guidelines for wastewater treatment and reclaimed water quality are presented
in Table 4-7.

It is recommended in the guidelines that, regardless of the type of reclaimed water use,
some level of disinfection be provided to avoid adverse health consequences from inad-
vertent contact or accidental or intentional misuse of a water reuse system. Two differ-
ent levels of disinfection are recommended for nonpotable uses of reclaimed water.
Reclaimed water used for applications where no direct public or worker contact with
the water is expected should be disinfected to achieve a fecal coliform concentration not

Disinfection
Requirements
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exceeding 200/100 mL for the following reasons: most bacterial pathogens will be
destroyed or reduced to low or insignificant levels in the water; the concentration of
viable viruses will be reduced somewhat; disinfection of secondary effluent to this col-
iform level is readily achievable at minimal cost; and significant health-related benefits
associated with disinfection to lower, but not pathogen-free, levels are not obvious.

For uses where direct or indirect contact with reclaimed water is likely or expected, and
for dual water systems where there is a potential for cross-connections with potable
water lines, the guidelines recommend a high level of disinfection to produce reclaimed
water having no detectable fecal coliform organisms/100 mL. This more restrictive dis-
infection level is intended for use in conjunction with tertiary treatment and other water
quality limits, such as a turbidity of <2 NTU in the wastewater prior to disinfection.
The combination of treatment and water quality limits has been shown to be capable of
producing reclaimed water that is essentially free of measurable levels of bacterial and
viral pathogens.

The guidelines include limits for fecal coliform organisms but do not include parasite or
virus limits. Parasites such as helminths have not been shown to be a problem at water
reuse operations in the United States at the treatment levels and reclaimed water limits
recommended in the guidelines, although there has been considerable interest in recent
years regarding the occurrence and significance of Giardia and Cryptosporidium in
reclaimed water. Where filtration and a high level of disinfection are recommended to pro-
duce reclaimed water that is essentially free of measurable levels of pathogens, the guide-
lines indicate that it may be necessary to provide chemical addition prior to filtration to
assure removal or inactivation of parasites and viruses. While enteric viruses are a concern
in reclaimed water, virus limits are not recommended in the guidelines for the following
reasons: a significant body of information exists indicating that viruses are inactivated or
removed to low or immeasurable levels via appropriate wastewater treatment; there is a
limited number of facilities having the personnel and equipment necessary to perform the
analyses; there is no consensus among public health experts regarding the health signifi-
cance of low levels of viruses in reclaimed water; and no cases of viral disease resulting
from the reuse of wastewater have been documented in the United States.

As with state water reuse criteria, the guidelines are directed principally at health pro-
tection and include various control measures. For example, for nonpotable urban uses
of reclaimed water, the guidelines recommendations include the following: clear, col-
orless, and odorless product water; a setback distance of 15 m (50 ft) from irrigated
areas to potable water supply wells; maintenance of a chlorine residual of at least
0.5 mg/L in the distribution system; treatment reliability and emergency storage or dis-
posal of inadequately treated water; and cross-connection control devices on potable
water service lines and color-coded or taped reclaimed water lines and appurtenances.
Similar design and operational recommendations are included in the guidelines for the
other reclaimed water applications.

Whereas the water quality requirements for nonpotable water uses are tractable and not
likely to change significantly in the future, the number of water quality constituents to
be monitored in drinking water and, hence, reclaimed water intended for indirect potable
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reuse will increase and quality requirements are likely to become more restrictive.
Consequently, the authors of the guidelines determined that it would not be prudent to
suggest a complete list on reclaimed water quality limits for all constituents of concern.

In addition to some specific wastewater treatment and reclaimed water quality recom-
mendations, the guidelines provide some general recommendations to indicate the
extensive treatment and water quality requirements that are likely to be imposed where
planned indirect potable reuse is contemplated. The guidelines do not advocate direct
potable reuse and do not include recommendations for such use. Some of the pertinent
topics related to potable reuse are discussed in detail in the National Research Council
report, Issues in Potable Reuse: The Viability of Augmenting Drinking Water Supplies
with Reclaimed Water (NRC, 1998).

It is explicitly stated in the Guidelines for Water Reuse that the recommended treatment
unit processes and water quality limits presented in the guidelines “are not intended to
be used as definitive water reclamation and reuse criteria. They are intended to provide
reasonable guidance for water reuse opportunities, particularly in states that have not
developed their own criteria or guidelines.” (U.S. EPA, 2004).
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4-8 WORLD HEALTH ORGANIZATION GUIDELINES FOR WATER REUSE

As discussed in Chap. 1, within the next 50 yr, it is estimated that more than 40 percent
of the world’s population will live in countries facing water stress or water scarcity.
Most population growth is expected to occur in urban and periurban areas of develop-
ing countries. Given the fact that only about 10 percent of all wastewater produced in
developing countries receives any treatment, the challenge to public health and envi-
ronmental protection is enormous.

Over the years, the World Health Organization (WHO) has provided guidance for the
safe use of wastewater. In 1971, WHO sponsored a meeting of experts on water reuse,
which culminated in a 1973 report recommending health criteria and treatment processes
for various wastewater applications (WHO, 1973). The 1973 criteria were revised in
1989; and the most recent, third edition of the WHO Guidelines has been published in
2006 (WHO, 2006).

In general, the WHO guidelines are significantly less restrictive than water reuse regu-
lations or guidelines adopted by various states of the United States. The intentions of
international technical cooperation organizations such as WHO, the Food and
Agriculture Organization of the United Nations (FAO), and of multilateral development
agencies such as the World Bank and the United Nations Development Programme
(UNDP) are to introduce at least some level of treatment of wastewater and to achieve
positive disease transmission interruption or exposure prevention prior to food crop
irrigation. The WHO guidelines satisfy that intent and can be considered appropriate as
an interim measure in the context of socio-economic realities of many countries, until
they have developed the capacity to produce higher quality reclaimed water.
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In 1989, WHO published Health Guidelines for the Use of Wastewater for Agriculture
and Aquaculture (WHO, 1989). The guidelines were based on the premise that the main
health risks with wastewater use are associated with helminth infections and, therefore,
a high degree of helminth egg removal is necessary for the safe use of wastewater in
agriculture and aquaculture. Waste stabilization ponds were identified as the method of
choice in meeting the guidelines in warm climates, where land is available at reason-
able cost, more sophisticated treatment methods are not affordable, and adequate tech-
nical backup support is lacking. Based on helminth removal, the guidelines recommend
a pond retention time of 8 to 10 d, with at least twice that time required in warm cli-
mates to reduce fecal coliforms to the guideline level of 1000/100 mL. However, based
on actual field experience at some existing full-scale and demonstration stabilization
pond systems, it has been found that the desired reductions of helminths and fecal coliform
organisms may be difficult to achieve in practice. However, following sound planning,
design, and operation and maintenance, stabilization ponds may increase the possibility
of meeting the desired helminth and coliform reductions. Comprehensive manuals and
publications are available on the subjects related to stabilization ponds (U.S. EPA,
1983; Arthur, 1983; Mara and Pearson, 1998; Mara, 2003).

In 2001, at a WHO expert meeting in Stockholm, Sweden, a framework was developed
that facilitates an integrated approach combining risk assessment and risk management
to control water-related diseases. This approach harmonizes the process of developing
health-based guidelines and standards in terms of water- and sanitation-related micro-
bial hazards and provides the conceptual framework for all WHO water-related guide-
lines. The Stockholm framework involves: (1) the assessment of health risks prior to the
setting of health-based targets and the development of guideline values, (2) the defini-
tion of basic control approaches, and (3) the evaluation of the impact of these combined
approaches on public health (Bartram et al., 2001; WHO, 2006).

The framework allows countries to adjust guidelines to local, social, cultural, economic,
and environmental circumstances and to compare the associated health risks with the
risks that may result from microbial exposures through wastewater use, drinking water,
and contact with recreational or occupational waters. This approach requires that dis-
eases be managed from an integrated health perspective and not in isolation. This, in
turn, implies that determination of acceptable risk, or tolerable risk, needs to be put into
the context of actual disease rates in a population related to all the exposures that lead
to a particular disease, including other water and sanitation-related exposures. Different
countries may, therefore, set different health targets, based on their own contexts.
Furthermore, disease outcome from one exposure pathway, or from one illness to another,
can be compared by using a common measure, such as disability adjusted life years,
discussed in the following section.

The disability adjusted life years (DALYs) is a summary measure of population health
and the loss of DALY is an indicator for the burden of disease due to a specific illness
or risk factor. The DALY is an attempt to measure the time lost through disability or
death from a particular disease, by comparing it to a long life free of disability in the
absence of the disease. The DALYs are calculated by adding the years of life lost
(YLLs) to premature death to the years lived with a disability (YLDs). Years of life lost
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are calculated from age-specific mortality rates and the standard life expectancies of a
given population. Years lived with a disability are calculated from the number of cases
multiplied by the average duration of the disease and a severity factor, which ranges
from one (death) to zero (perfect health), based on the disease. For example, watery
diarrhea has a severity factor ranging from 0.09 to 0.12, depending on the age group
(Murray and Lopez, 1996; Priiss and Havelaar, 2001). Disability adjusted life years are
an important tool for comparing health outcomes because they account not only for
acute health effects but also for delayed and chronic effects, including morbidity and
mortality (Bartram, Fewtrell & Stenstrom, 2001). When risk is described in DALYs,
different health outcomes can be compared (e.g., cancer can be compared to giardiasis)
and risk management decisions can be prioritized in a cost-effective way (Aertgeerts
and Angelakis, 2003).

The following criteria can be used to judge whether a risk is acceptable (Hunter and
Fewtrell, 2001):

» The risk falls below an arbitrary, defined probability.
* The risk falls below some level that is already tolerated.

» The risk falls below an arbitrary, defined attributable fraction of total disease burden
in the community.

* The cost of reducing the risk would exceed the costs saved when the “costs of
suffering” are also factored in.

» The money would be better spent on other, more pressing public health problems.
» Public health professionals say that the risk is acceptable.

» The general public say that the risk is acceptable (or more likely, do not say that it
is not acceptable).

« Politicians say that the risk is acceptable.

Tolerable risks are not necessarily static. As tools for managing water-related disease
transmission improve, the levels of risk that are tolerable may decrease. Tolerable
risks can therefore be set with the idea of continuous improvement. For example,
smallpox and polio were eradicated because it was technologically feasible to do so,
not because of the continually decreasing global burden of disease attributed to these
pathogens.

For water-related exposures, WHO has determined that a disease burden of 107°
DALYs (i.e., one micro-DALY) per person per year from a disease (caused by either a
chemical or an infectious agent) transmitted through drinking water is a tolerable risk
(WHO, 2003). This level of health burden is equivalent to a mild illness (e.g., watery
diarrhea) with a low fatality rate (e.g., 1 in 100,000) at an approximately 1 in 1000 annual
risk of disease to an individual, which is equivalent to a 1 in 10 risk over a lifetime
(WHO, 1996).

Tolerable risk can be looked at in the context of total risk from all exposures; risk man-
agement decisions can then be used to address the greatest risks first. For example, if
99 percent of cases of salmonellosis were related to food, then halving the number of

Concept of
Tolerable
(Acceptable)
Risk

Tolerable
Microbial Risk
in Water
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cases attributed to drinking water would have very little impact on the disease burden.
For water-related exposures to microbial contaminants, the incidence of diarrhea or gas-
trointestinal disease is often used to represent all waterborne infectious diseases.

Following a final expert review meeting held during June 13-17, 2005, in Geneva,
Switzerland, the third edition of the WHO Guidelines for the Safe Use of Wastewater,
Excreta and Greywater, published in 2006, was an extensive update of the previous two
editions (1973 and 1989, respectively), expanded to include new scientific evidence
and contemporary approaches to risk management encompassing the Stockholm
Framework, discussed earlier. The Guidelines are presented in four separate volumes:
Vol. I—Policy and Regulatory Aspects; Vol. [I—Wastewater in Agriculture; Vol. III—
Wastewater and Excreta Use in Aquaculture; and Vol. IN—Excreta and Greywater Use
in Agriculture. The Guidelines are intended to be used as the basis for the development
of international and national approaches (including standards and regulations) to man-
aging the health risks from hazards associated with wastewater use in agriculture and
aquaculture, as well as providing a framework for national and local decision-making
(WHO, 2005 and 2006).

Assessment of Health Risks

Three types of evaluations were used to assess risk in the Guidelines: microbial and
chemical laboratory analysis, epidemiological studies, and quantitative microbial risk
assessment (QMRA). Wastewater contains a variety of different pathogens, many of
which are capable of survival in the environment (in the wastewater, on the crops, or in
the soil) long enough to be transmitted to humans. In places where wastewater is used
without adequate treatment, the greatest health risks are usually associated with intes-
tinal helminths. Another conclusion reached from the QMRA evaluation was that the
risk for rotavirus transmission was estimated to be higher than the risks associated with
Campylobacter or Cryptosporidium infections.

Health-Based Targets

Health-based targets define a level of health protection that is relevant to each hazard.
A health-based target can be based on a standard metric of disease, such as a DALY
(e. g., 10° DALYs5), or it can be based on an appropriate health outcome, such as the
prevention of the transmission of vector-borne (from an organism, such as a mosquito
or tick, that carries disease-causing microorganisms from one host to another) dis-
eases resulting from exposures associated with wastewater use in agriculture. To
achieve a health-based target, health protection measures are developed. Usually a
health-based target can be achieved through a combination of health protection meas-
ures targeted at different components of the system to achieve the tolerable risk of
10 DALYs.

The WHO'’s health-based target for wastewater use in agriculture is shown in Table 4-8.
The health-based targets for rotavirus are based on QMRA conclusions that the
pathogen reduction required to achieve 107 DALY for different exposures. To develop
health-based targets for helminth infections, epidemiological evidence was used. This
evidence demonstrated that excess helminth infections (for both product consumers and
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Health-based target Log pathogen Table 4-8
(DALY per person reduction  Number of helminth Health-based
Exposure scenario per year) needed eggs/L targets for
Unrestricted irrigation <107%P yvasteyvater uas ©
Lettuce 6 <1cd in agriculture
Onion 7 <1¢d
Restricted irrigation <10-8b
Highly mechanized 3 <1¢d
Labor intensive 4 <1¢d
Localized (drip) irrigation <10-6b
High-growing crops® 2 No recommendation
Low-growing crops® 4 <1°¢

8Adapted from WHO (2006).

bRotavirus reduction. The health-based target can be achieved, for unrestricted and localized
irrigation, by a 6—7 log unit pathogen reduction (obtained by a combination of wastewater
treatment and other health protection measures); for restricted irrigation, it is achieved by a
2-3 log unit pathogen reduction.

®When children under 15 yr are exposed, additional health-protection measures should be
used (e.g., treatment to <0.1 eggs/L, protective equipment such as gloves or shoes/boots, or
chemotherapy.)

9dArithmetic mean should be determined throughout the irrigation season. The mean value of
<1 eggs/L should be obtained for at least 90 percent of samples in order to allow for the
occasional high-value sample (i.e., with >10 eggs/L). With some wastewater treatment
processes (e.g., waste stabilization ponds), the hydraulic retention time can be used as a
surrogate to assure compliance with <1 eggs/L.

®No crops to be picked up from the soil.

farmers) could not be measured when wastewater of a quality of <1 helminth egg/L.
was used for irrigation. This level of health protection could also be met by treatment
of wastewater; by a combination of wastewater treatment and washing of produce to
protect consumers of raw vegetables; or by wastewater treatment and the use of per-
sonal protective equipment (shoes, gloves) to protect workers. When children less than
15 yr old are exposed in the fields, either additional wastewater treatment (to achieve a
wastewater quality of <0.1 helminth egg/L) or the addition of other health protection
measures (e.g., antihelminthic treatment such as chemotherapy) should be considered.

Health Protection Measures

A variety of health protection measures can be used to reduce health risks to consumers,
workers and their families, and local communities. Strategies for managing health risks
to achieve health targets include wastewater treatment to achieve appropriate microbi-
ological quality guidelines, crop restriction, wastewater application methods, control of
human exposure, chemotherapy (e.g., antiparasitic pills), and immunization. Phased
implementation of microbial water quality standards may be necessary as treatment is
gradually introduced or upgraded over a period of time, for example, 10 to 15 yr. For a
maximum public health effect, the guidelines should be coimplemented with other
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health interventions such as hygiene promotion, provision of adequate drinking water
and sanitation, and other health care measures (Carr et al., 2004; WHO, 2006).

4-9 FUTURE DIRECTIONS IN REGULATIONS AND GUIDELINES

Continuing
Development
of State
Standards,
Regulations,
and Guidelines

Technical
Advances in
Treatment
Processes

Information
Needs

As noted previously, there are currently no federal regulations in the United States that
specifically address or control water reclamation and reuse and, where they exist,
water reuse regulations have been established at the state level. While the U.S. EPA
has published guidelines for water reuse (U.S. EPA, 1992; 2004), there is no indica-
tion that national regulations similar in scope to those for drinking water will be prom-
ulgated in the foreseeable future. Thus, the burden of developing water reuse standards
and permitting reclaimed water projects will continue to rest with the individual states.
As a result, the current lack of uniformity among state water reuse regulations will
continue.

Historically, water-short states such as Arizona, California, Florida, and Texas have
taken the lead in developing comprehensive water reclamation and reuse standards,
which provide direction and encourage water reuse in those states. Other states typical-
ly have adopted less-comprehensive and—in some cases—Iess rigorous standards. As
water shortages have begun to pervade many regions of the country previously thought
to be water-rich, water reuse is becoming an integral component of water resources
management throughout the nation. As a consequence, water reuse regulations have
recently been developed in states where water reuse was not previously considered to
be an economically viable alternative source of water.

Technical advances in wastewater treatment processes and microbial and chemical con-
taminant detection methodology, coupled with decreased costs as the technologies
mature, undoubtedly will be reflected in future regulations. For example, membranes
already are beginning to replace conventional media filtration at many water reclama-
tion facilities as a more effective means of tertiary treatment; UV irradiation is now the
favored method of disinfection at many facilities; and polymerase chain reaction (PCR)
analytical techniques—while not yet required in any water reuse monitoring regulations
for microbial pathogens—may ultimately be required to monitor the quality of
reclaimed water used for some applications. As research and demonstration projects
validate the effectiveness of new or improved treatment processes over time, regulatory
agencies will no longer consider them “alternative treatments” that require extensive
data collection and documentation of treatment effectiveness at each individual site
prior to approval. Such processes will be incorporated in state regulations and become
part of the standard requirements.

While current water reclamation and reuse regulations and practices have not been
shown to present unreasonable health risks, information is needed in several areas to
assist regulatory agencies in improving or verifying the effectiveness of their criteria,
including the following:
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» Better indicator organisms to estimate the presence or absence of microbial
pathogens in reclaimed water.

* Less expensive methodology to determine the presence and viability of microbial
pathogens.

* More rapid, online monitoring of indicator organisms and pathogens.
» Better parameters for determination of disinfection pretreatment effectiveness.

» Advances in risk assessment methodology to make it a more useful tool during reg-
ulation development.

» Determination of treatment effectiveness and reliability for removal of potentially
hazardous microbial and chemical constituents in reclaimed water.

» Toxicological assessment of PhACs, EDCs, and other potential health-significant
chemical contaminants in reclaimed water.

» Better surrogates for chemical constituents of health concern.

* Development of online biomonitoring methods for reclaimed water intended for
potable reuse in lieu of current toxicological assessment methodology.

Regulations will be modified as new information becomes available. The many dis-
crepancies among state water reuse regulations indicate that some state regulations pro-
vide a greater degree of health protection than others. Determination of the actual health
risks resulting from compliance with different requirements and a more uniform inter-
pretation of acceptable risk are needed. Resolution of these issues ultimately should
result in more uniform state regulations.

Revision and improvement of water reuse regulations often is a long-term process,
sometimes requiring years to achieve. It is, however, an ongoing task that is necessary
to advance the state-of-the-art of water reuse. Regulatory agencies have the responsi-
bility and authority to produce standards that are protective of public health and the
environment. Most state agencies do not have the financial capability to conduct needed
research to resolve knowledge gaps and rely heavily on academic institutions, research
organizations, consulting engineering firms, and others to assist in information devel-
opment. This situation is not likely to change, and the water reuse industry will continue
to work in concert with regulatory agencies to help craft reasonable and scientifically
sound water reuse regulations.

PROBLEMS AND DISCUSSION TOPICS

4-1 The U.S. EPA has determined that guidelines for drinking water standards should
be designed to ensure that human populations are not subjected to the risk of infection
by enteric disease greater than 10~ for a yearly exposure (Regli et al., 1991; Macler and
Regli, 1993). Shuval et al. (1997) estimated the additional cost of treating wastewater
to no detectable fecal coliform organisms/100 mL (U.S. EPA suggested guidelines),
rather than to 1000 fecal coliform organisms/100 mL (WHO suggested guidelines)
and the cost of each case of disease avoided. The total cost for rotavirus disease was
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$3.5 million and for hepatitis A $35 million. The additional health benefit that might
result from a further reduction of risk achieved by adhering to the U.S. EPA-suggested
guidelines appears to be insignificant in relation to the additional costs associated with
the expensive technology required to treat wastewater to such a rigorous standard.

Based on the assessment given above, one may argue that such costs can never be jus-
tified, and the money would be better spent on primary health care facilities such as
building new hospitals. Discuss pros and cons of more stringent standards in water
reclamation and reuse considering various factors involved in implementing a water
reuse project. Considerations may include local water scarcity, the value of water, pub-
lic health, public perception and acceptance, and economics.

4-2 The California Department of Health Services (DHS) has the authority to develop
water reuse criteria for groundwater recharge, which are enforced by the California
Regional Water Quality Control Boards (RWQCBs). Draft DHS recharge regulations only
apply to planned groundwater recharge projects and not to wastewater disposal projects.
Recharges resulting from disposal of wastewater to percolation ponds or to rivers where
the water eventually recharges potable groundwater basins are not subject to the DHS
groundwater recharge criteria. However, it occurs on a large scale in California, particu-
larly in the Central Valley region of the state. Such “unplanned” recharges are subject to
water quality limits imposed by the RWQCBs—Iimits that are considerably less restric-
tive than those in the DHS draft groundwater recharge regulations.

The inconsistency described above results in much more restrictive regulations applied
to planned versus unplanned or incidental groundwater recharge projects. Discuss:
(1) if DHS should only be concerned with the quality of groundwater that is extracted
for potable supply and thus, not worry about water quality at the point of recharge; and
(2) how, if you deem appropriate, imposition of a common set of criteria could be
imposed on all projects that result in augmentation of potable groundwater supplies.
Considerations may include changes in regulatory authority, groundwater quality, anti-
degradation policy, soil aquifer treatment, and public health protection.

4-3  For reclaimed water uses where human contact with the water is expected or likely,
most states require either turbidity or suspended solids limits after filtration to enhance
the potential for effective disinfection of the water. While turbidity is superior to sus-
pended solids as a measure of particulate removal by filtration, neither parameter corre-
lates well with pathogen removal via filtration or the ability of the disinfection process
to destroy certain pathogens.

Discuss the potential use of parameters other than turbidity or suspended solids to serve
as measures of particulate removal and thus, disinfection process effectiveness—for
example, particle counting. Considerations may include online monitoring capability,
analytical instrumentation, practicality, meaning of data obtained, relationship to treat-
ment provided and disinfection achieved, and suggested limits.

4-4 There are no federal regulations relating to water reuse in the United States, and
water reclamation and reuse regulations or guidelines are developed at the state level.



As a result, there are considerable differences among the various state regulations. The
U.S. EPA has published Guidelines for Water Reuse (U.S. EPA, 2004) that includes
suggested reclaimed water treatment processes, water quality limits, and other recom-
mendations; however, these guidelines have no enforcement status.

Discuss the pros and cons of developing and adopting national water reclamation and
reuse regulations similar in scope to the U.S. EPA drinking water standards.
Considerations may include the effort required to develop national regulations (time,
cost, expertise needed), enforcement, conflict with existing regulations, local condi-
tions, state’s rights issues, public confidence, and consistency.

4-5 Treated wastewaters sometimes represent a significant portion of the total flow in
many receiving waters including rivers, streams, and reservoirs. Thus, regulation of
municipal wastewater discharge and nonpoint source pollution will become intimately
and formally connected with the regulation of drinking water in the future.

Propose indirect potable reuse regulations for a community and compare and analyze
the situation described above with reference to your proposed regulations in terms of
engineering reliability, consistency in water quality, public health protection, and pub-
lic acceptance.

4-6 Compare and discuss similarity and differences between the U.S. EPA’s 2004
Guidelines for Water Reuse and the WHO’s 2006 Guidelines for the Safe Use of
Wastewater in Agriculture in terms of: (1) use of sciences such as microbiology, epi-
demiology, quantitative microbial risk assessment, and health statistics, (2) concept of
tolerable risk, (3) tolerable microbial risk in water and wastewater, (4) health protection
measures, and (5) relation to water pollution control and environmental protection.
Summarize the principal reasons why the guidelines are different.
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WORKING TERMINOLOGY

Term

Definition

Acute toxicity

Anthropogenic

Cancer potency

Chemical carcinogen

Chemical noncarcinogen

Chronic toxicity

Drinking water equivalent
level (DWEL)

Ecological risk
assessment

Ecotoxicology
Exposure
Hazard

Health risk assessment

A toxicity effect occurring shortly after a single exposure event.

Human-induced or resulting from human activities. The term is used in this textbook
in the context of chemical compounds or biological emissions that are produced as a
result of human activities often used to refer to environmental changes.

The upper 95 percent confidence limit slope of the dose/response relationship when
graphed (see Fig. 5-2) for a carcinogen as the dose approaches zero.

A chemical that has been shown to produce tumors in either experimental animals or
in humans.

A chemical that can produce adverse effects other than tumors in experimental ani-
mals or humans.

A toxic effect occurring from exposure over a long period of time (e.g., a year).

The concentration of a chemical in water at which no adverse noncancer health effect
is anticipated over a person’s lifetime, assuming a typical adult weight of 70 kg and a
daily water consumption of 2 L.

Evaluation of available toxicological and ecological information for the purpose of
estimating the probability that some undesired ecological event will occur.

The study of the fate and effects of toxic substances on ecosystems.
Contact with a chemical or physical agent by ingestion, inhalation, or dermal routes.
The intrinsic capacity of a substance to cause harm.

An evaluation of the potential for adverse health effects to occur as a result of actual
or potential exposures to chemicals.




Maximum contaminant
level (MCL)

Maximum contaminant
level goal (MCLG)

Reference dose (RfD)

Risk

Risk analysis

Risk assessment

Risk communication

Risk management

Vector
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Enforceable drinking water standards applicable to public water supplies. They are set
as close to the MCLG as feasible using the best available analytical and treatment
technology and taking cost into consideration.

A nonenforceable regulatory health goal set at a level at which no known or anticipated
adverse effect on health occurs with an adequate margin of safety.

An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily
dose (usually expressed in [(mg/kg)/d]) to the human population, including sensitive
subgroups, that is likely to be without an appreciable risk of deleterious effects over a
lifetime of exposure.

The probability that an organism exposed to a specified hazard will have an adverse
response.

Risk analysis consists of three principal elements: (1) risk assessment, (2) risk man-
agement, and (3) risk communication.

The qualitative or quantitative characterization and estimation of potential adverse
health effects associated with exposure of individuals or populations to hazardous
materials and situations.

Interactive exchange of information and opinions concerning risk and risk manage-
ment among risk assessors, risk managers, consumers, and other interested parties
about the nature, magnitude, significance, or control of a risk.

The process of evaluating and, if necessary, controlling sources of exposure and risk.
Sound environmental risk management means weighing many different attributes of
a decision and developing alternatives.

An organism, such as a mosquito or tick that carries disease-causing microorganisms
from one host to another (see also Chap. 4).

The need to quantify the health risks associated with exposure to environmental and
occupational toxicants has generated an interdisciplinary methodology referred to as
health risk analysis. Health risk analysis is potentially a useful tool for comparing the
risk to human health due to exposure to microbiological, natural, and anthropogenic con-
stituents in water and wastewater. Health risk analysis in water reuse originated from
U.S. drinking water regulations. Although health risk analysis is still in its infancy in
water reuse, knowledge has been accumulating rapidly in recent years. The purpose of
this chapter is to introduce and discuss health risk analysis, and how it relates to water
reuse applications. The topics introduced in this chapter include (1) an overview of risk
analysis, (2) health risk assessment, (3) risk management, (4) risk communication,
(5) tools and methods in risk assessment, (6) chemical risk assessment, (7) microbial risk
assessment, (8) microbial risk assessment in water reuse applications, and (9) limitations
in applying risk analysis to water reuse applications.

5-1 RISK ANALYSIS: AN OVERVIEW

Although the focus in this chapter is human health risk analysis, to understand risk
analysis it is useful to consider (1) the historical development of risk assessment, (2) the
objectives and applications of health risk assessments, (3) the steps involved in a health
risk analysis, and (4) definitions and concepts pertaining to risk analysis.
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Historical
Development
of Risk
Assessment

Objectives and
Applications
of Human
Health Risk
Assessment

Elements of
Risk Analysis

Risk assessment as a formal discipline emerged in the 1940s and 1950s paralleling the
onset of the nuclear industry and its regulatory activities. Safety hazard analyses (a type
of risk assessment) have been used since the 1950s in the nuclear, petroleum refining,
chemical, and aerospace industries. Human health risk assessment began in the 1980s
with the publication of Carcinogenic Risk Assessment Guidelines (U.S. EPA, 1986) and
continued to grow propelled by the “Superfund”’—Comprehensive Environmental
Response, Compensation, and Liability Act (CERCLA)—and the Resource Conservation
and Recovery Act (RCRA) programs. Growing public interest in ecological resources
with reference to sustainable development has provided further impetus for evaluating
ecological risks (Kolluru et al., 1996). Selected milestones in the evolution of risk
assessment are reported in Table 5-1.

For given conditions of exposure, risk assessment is used to provide (Hallenbeck and
Cunningham, 1986):

* A characterization of the type of health effects expected
* An estimate of the probability (risk) of occurrence of these health effects
¢ An estimate of the number of cases with these health effects

* A suggested acceptable concentration of a hazard in air, water, or food

The outputs of risk assessment are necessary for making informed regulatory decisions
regarding worker exposures, plant emissions and effluents, ambient air and water expo-
sures, chemical residues in foods, waste disposal sites, consumer products, and natu-
rally occurring contaminants. Risk assessment and risk management are an integral part
of contemporary regulatory activities of federal and state regulatory agencies. Key
objectives and the advantages and concerns of risk assessments are listed in Table 5-2.

Considerable uncertainty pervades health risk analyses because of multifactorial causa-
tion, disease occurrence in unexposed populations (background noise), and long latency
periods, the cause-effect relationship being at best tenuous. For example, humans are
all exposed to thousands of chemicals every day, most of which are not likely to cause
disease at the low concentrations to which they are generally exposed. However, dis-
covering a true hazard may be difficult because some diseases, especially cancers, have
a long latency of 10 to 20 or more years. Ecological risks may be even more difficult to
assess because the effects may not be evident except in retrospect, if at all, because of
natural fluctuations, instability, and resilience of ecosystems.

Risk analysis consists of three principal elements: (1) risk assessment, (2) risk manage-
ment, and (3) risk communication. Risk assessment is the qualitative or quantitative char-
acterization and estimation of potential adverse health effects associated with exposure of
individuals or populations to hazardous materials and situations (Hoppin, 1993). In risk
management, policy alternatives are examined in light of the results of risk assessment
and, if required, appropriate control options are selected and implemented, including reg-
ulatory measures. Risk communication is the interactive exchange of information and
opinions concerning risk and risk management among risk assessors, risk managers, con-
sumers, and other interested parties (Charnley et. al., 1997; WHO, 1999). Each of these
elements is considered further in Secs. 5-2, 5-3, and 5-4, respectively.
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Selected milestones in the development of quantitative risk assessment?

Year

1938
1940s-50s

1958-1975
1976

1980s

1980

1981
1983

1985

1986

1987

1988

1989

1990

1990s

Milestone

Federal Food, Drug, and Cosmetic Act

Development and application of probabilistic techniques in atomic energy and aerospace
operations (HAZOP, failure mode, fault-tree techniques, and procedures)

Food, Drug, and Cosmetic Act Amendments—Delaney clause (which prohibits the use of
any food additive or animal drug if it is found to induce cancer in humans or animals,
exemplifies the zero-risk ideal)

WASH-1400 Reactor Safety Study (Rasmussen), U.S. Nuclear Regulatory Commission

Publication of the U.S. EPA carcinogenic risk assessment guidelines (first quantification of
chemical cancer risks following radiation cancer risks)

Renewed emphasis on protecting human health, especially from carcinogenic risks,
e.g., U.S. EPA water quality criteria based on 107 to 10-° risk, linearized multistage
dose-response model

Supreme Court ruling that OSHA should prove health benefit of lowering benzene limit
from 10 ppm

First publication of the Society for Risk Analysis journal Risk Analysis
National Research Council (NRC) Report: Risk Assessment in the Federal Government:
Managing the Process
California Department of Health Services: “Guidelines for chemical carcinogens: risk
assessment and their scientific rationale”
U.S. EPA formalized risk assessment guidelines:

Guidelines for carcinogen risk assessment

Guidelines for developmental toxicity risk assessment

Guidelines for exposure assessment
Superfund Public Health Evaluation Manual
Mounting importance of risk communications in risk management (SARA Title Ill, 1986)
Publication of the U.S. EPA report Unfinished Business: A Comparative Assessment of
Environmental Problems

California Department of Health Services: Guidelines and safe use determination procedures
for the Safe Drinking Water and Toxic Enforcement Act of 1986 (Proposition 65)
Publication of the U.S. EPA report Risk Assessment Guidance for Superfund (RAGS),
Human Health Evaluation Manual; Environmental Evaluation Manual

U.S. EPA Science Advisory Board publication of Reducing Risk: Setting Priorities and
Strategies for Environmental Protection

U.S. EPA risk management programs under the Clean Air Act Amendments of 1990
(air toxics, accidental release prevention)

OSHA Process Safety Management (PSM) Standard (1992). Growing emphasis on
noncancer (e.g., reproductive) effects; increasing use of pharmacokinetic models, toxicity
equivalence, (e.g., dioxins, PAHs)

New guidelines for exposure; developmental, reproductive, and neurotoxicities; carcinogenic
risk; and indoor exposures (air quality)

Increasing attention to ecological/environmental impacts

International harmonization of risk issues through WHO, UNEP, OECD, etc. Expanded use
of risk and cost-benefit criteria in environmental decision-making

8Adapted from Paustenback (1989), Kolluru et al. (1996).
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Table 5-2 ltem Objectives, advantages, and limitations
Risk assessments: o . , ) . .
objectives Objectives « Obtain perspective on different sources and nature of risk—gain

insights into risks across sources, space, and time
« ldentify worst risks as well as investment-sensitive and time-
sensitive risks
« Seek a systematic framework for optimal resource allocation to
avoid or control risks
« Estimate the likelihood of an adverse effect on humans, wildlife,
or ecological systems posed by a specific level of exposure to
chemical or microbial agents
Advantages « Bottom line public health and safety concerns addressed with a
common language
« Systematic framework for prioritizing problems, allocating
resources, and avoiding future problems
« Scientific underpinnings for risk management
Limitations « No broad consensus on the purpose, the approach, or the results;
inadequate data, speculative and myopic nature of assumptions
« Few qualified professionals with needed range of skills; risk
assessors, engineers, and economists talk different languages
« Multiple clients, diverse interests, unrealistic expectations,
credibility problems

advantages, and
limitations?

8Adapted from Kolluru et al. (1996).

Risk Analysis:  Risk assessment can be defined broadly as the process of estimating the probability of
Definitions and  occurrence of an event and the probable magnitude of adverse effects on safety, health,
Concepts ecology, or finances over a specified time period. Perhaps the most widely cited defini-

tion of health risk assessment as applied to human health is the one given by the
National Research Council in 1983 (NRC, 1983).

We use risk assessment to mean the characterization of the potential adverse health effects
of human exposures to environmental hazards. Risk assessments include several elements:
description of the potential adverse health effects based on an evaluation of results of epi-
demiologic, clinical, toxicologic, and environmental research; extrapolation from those
results to predict the type and estimate the extent of health effects in humans under given
conditions of exposure; judgments as to the number and characteristics of persons exposed
at various intensities and durations; and summary judgments on the existence and overall
magnitude of the public-health problem. Risk assessment also includes characterization of
the uncertainties inherent in the process of inferring risk.

The purpose of risk assessment is to provide complete information to risk managers,
specifically, policy makers and regulators, so that they can make decisions based on the
best information available. Factors other than those addressed in a risk assessment
include societal concerns such as equity, control, and trust can, however, influence deci-
sions about risk. More specifically, a health risk assessment is a written document
wherein all the pertinent scientific information, regarding toxicology, epidemiology,
human experience, environmental fate, and exposure are assembled, critiqued, and
interpreted in the absence of moral judgments.
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The NRC emphasized that the processes of risk assessment and risk management
should be separate activities, under the umbrella of risk analysis. This was because
many assessments were laden with value judgments and subjective views of the risk,
not just scientific information (Paustenbach, 1989). To encourage this separation of
assessment and management by scientists, policymakers, and the public, the NRC
report contained the following definition of risk management (NRC, 1983):

The Committee uses the term risk management to describe the process of evaluating
alternative regulatory actions and selecting among them. Risk management, which is car-
ried out by regulatory agencies under various legislative mandates, is an agency decision-
making process that entails consideration of political, social, economic, and engineering
information with risk-related information to develop, analyze, and compare regulatory
options and to select the appropriate regulatory response to a potential chronic health haz-
ard. The selection process necessarily requires the use of value judgments on such issues
as the acceptability of risk and the reasonableness of the costs of control.

5-2 HEALTH RISK ASSESSMENT

The focus of this section is on the health risk assessment component of the overall risk
analysis process. The health risk assessment component is the qualitative or quantitative
characterization and estimation of potential adverse health effects associated with exposure
of individuals or populations to hazardous materials and situations. Health risk assessment
can be divided into four major steps including (1) hazard identification, (2) dose-response
assessment, (3) exposure assessment, and (4) risk characterization (NRC, 1983). The inter-
relationship of these steps is illustrated on Fig. 5-1. Health risk assessment includes chem-
ical and microbial risk assessment, which are further discussed in Secs. 5-6 and 5-7.

RESEARCH l RISK ASSESSMENT l RISK MANAGEMENT

I I
\
Laboratory and field | I
observation of adverse | Hazard identification |
health effects and ex- >| (Does the agent cause
posures to particular | the adverse effect?) | Development of
agents | | regulatory options
| I
| ! Risk characterizati | '
- ISK characterization Evaluation of public
Inf i i
nformation on Dose-response assessment (What is the estimated health, economic,
extrapolation methods | | | o tis the relationshio bet incidence of the adv- | ) "
for high to low dose (What is the relationship between : c social, political
or hig i i ) erse effect in a given
) | dose and incidence in humans?) | consequences of
and animal to human opulation?) i
| pop ! | regulatory options
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Figure 5-1

Elements of risk assessment and risk management. (Adapted from NRC, 1983.)
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Hazard identification, defined as the process of determining whether exposure to an
agent can cause an increase in the incidence of a health condition (such as cancer, birth
defect), is the most easily recognized in the actions of regulatory agencies. In water
reuse, the principal hazards are chemical and microbial constituents in reclaimed
water.

Chemical Constituents

Chemical hazard identification involves characterizing the nature and strength of the
evidence of causation. Although the question of whether a chemical constituent can
cause cancer or other adverse health effects is theoretically a yes-no question, there are
few chemicals on which human data are definitive. Therefore, the question is often
restated in terms of effects in laboratory animals or other test systems, for example,
“Does the agent induce cancer in test animals?” Positive answers to such questions are
taken typically as evidence that an agent may pose a cancer risk for any exposed
humans. Information from short-term in vitro (test tube) tests and on structural similar-
ity to known chemical hazards may also be considered.

Microbial Constituents

For microbial agents, the purpose of hazard identification is to identify the microor-
ganisms or the microbial toxins of concern. Hazards can be identified from relevant
data sources such as scientific literature, databases, and solicitation of expert opinion.
Relevant information for the hazard identification often includes review of clinical stud-
ies, epidemiological studies and surveillance, laboratory animal studies, investigations
of the characteristics of microorganisms, interaction between microorganisms and their
environment, and studies on analogous microorganisms and situations.

Dose-response assessment is the process of characterizing the relationship between the
dose of an agent administered or received and the incidence of an adverse health effect
in exposed populations and then estimating the incidence of the effect as a function of
human exposure to the agent (see Fig. 5-2a).

Chemical Constituents

Factors considered in developing dose-response relationships for chemical con-
stituents include intensity of exposure, age pattern of exposure, and possibly other
variables that might affect response, such as gender, lifestyle, and other modifying
factors. A dose-response assessment usually requires extrapolation from high dose to
low dose and extrapolation from animal test results to estimate human effects. The
extrapolation methods used to predict incidence and the statistical and biologic uncer-
tainties in these methods must be delineated and justified carefully (see Figs. 5-2b
and 5-3a). A detailed discussion on chemical dose-response extrapolation is given in
Sec. 5-6.

Microbial Constituents

For the microbial risk assessment, the dose-response assessment provides a quantitative
or qualitative description of the likelihood, severity and/or duration of adverse effects
that may result from exposure to a microorganism or its toxin. Dose-response relationships
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Figure 5-2

Definition illustrations for risk assessment: (a) dose-response curves for carcinogenic and noncar-
cinogenic constituents (as shown, it is assumed that dose-response curve for a carcinogenic con-
stituent has no threshold value) and (b) relative sensitivity of epidemiological studies in defining
excess risk. (Adapted from NRC, 1993.)

Y

Region where 0.9 - Exponental
data are available 270N 08l beta-Poisson, o = 1
’ 1 c beta-Poisson, o = 0.5
’ K S 07
~ ! ’ 3 beta-Poisson, o= 0.1
8 \ R4 = 0.6 |- )
= N = beta-Poisson, a. = 0.02
aé = c 05
£ >
2 S 04
3 3
Region where 2 0.3
data are required o
-=~ 0.2
A7 N
i 1 0.1
{ / 0 I ! ! !
N P 0.0001 0.001 0.01 0.1 1 10 100
=" Dose, mg/kg-d
Median normalized dose, d/Ng,
(@ (b)
Figure 5-3

Definition sketch for dose-response curves: (a) illustration of where data are available and where
data are required and (b) comparison of exponential and beta-Poisson dose-response functions.
(Adapted from Haas and Eisenberg, 2001.)



200 Chapter 5

Dose-
Response
Models

Table 5-3

Models used to
assess
nonthreshold
effects of toxic
constituents?

Health Risk Analysis in Water Reuse Applications

can be developed for different end points, such as infection or illness, depending on the
microorganism of interest. In the absence of appropriate dose-response data, risk
assessment tools such as expert elicitations could be used to consider factors such as
infectivity that may be necessary to describe hazard characterizations.

To predict what will happen at extremely low concentrations using dose-response data
obtained at high concentration values, the reported dose-response data are fit to models
that relate the probability of infection to the mean dose ingested. In some cases, illness as
an end-point is also investigated; however, the conditional modeling of illness given infec-
tion has proven to be difficult (Teunis and Havelaar, 1999). Typical dose-response mod-
els that have been proposed and used for human exposure include (1) single-hit models,
(2) multistage model, (3) linear multistage model, (4) multi-hit model, (5) beta-Poisson,
and (6) probit model. The characteristics of these models are summarized in Table 5-3.
The single-hit exponential, multistage, and beta-Poisson models, used most frequently
in both chemical and microbial risk assessment, are described in the following sections,
using infection as an endpoint.

Single-Hit Models
The simplest form of the single-hit model is:

P (0, 1) = 1 — (1 — )™ (5-1)

where P, . = the probability of infection which is a function of n and r
n = number of pathogens ingested
r = the nonzero probability that an ingested pathogen will survive all barriers
and colonize the host

Model° Description

Single-hit A single exposure can lead to the development of a tumor

Multi-stage The formation of a tumor is the result of a sequence of biological
events

Linear Modification of the multistage model. The model is linear at low

multi-stage doses with a constant of proportionality that statistically will produce
less than five percent chance of underestimating risk

Multi-hit Several interactions are required before cell becomes transformed

beta-Poisson The model is based on similar assumptions to the exponential
model except that the third assumption (that the probability of
infection per ingested organism is constant) is relaxed. In the
beta-Poisson model, the probability of surviving and reaching a
host site (“r” in the exponential model) is beta distributed, and
thus the model contains the two parameters (o and B) of the beta
distribution

Probit Tolerance of exposed population is assumed to follow a lognormal
(probit) distribution

8Adapted from Cockerham and Shane (1994); Pepper et al. (1996).

BIn all of the models cited above, it is assumed that exposure to the toxic constituent will always
produce an effect regardless of the dose.
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The exponential single-hit model, which is derived from the single-hit model given
above, is based on the following assumptions (Haas et al., 1999):

* Microorganisms are distributed in water randomly and thus, follow the Poisson dis-
tribution as explained below

» For infection to occur, at least one pathogen must survive within the host

» The probability of infection per ingested or inhaled organism is constant

The mathematical function used to describe the relationship between risk and dose for
the single-hit exponential model is:

Py(r,d) = 1 — exp(—rd) (5-2)

where P, . = the probability of infection which is a function of r and d
r = empirical parameter assumed to be constant for any given host and given
pathogen picked to fit the data
d = mean ingested dose

The dose-response relationship for many protozoans and viruses tend to follow this
model. The biological implication of this model is that differential susceptibility in the
challenged population tends to be weak, that is, members of the challenged population
are equally likely to become infected (McBride et al., 2002).

Multi-stage Model
The mathematical formulation used to describe the relationship between risk and dose
for the multi-stage model is:

Pulrad,s) = 1 — expl— ()] (5-3)
is0

where P, . = the probability of infection which is a function of r, d, and n
r, = positive empirical parameters picked to fit the data
d = mean ingested dose
s = number of stages

Beta-Poisson Model

The beta-Poisson model is based on similar assumptions to the exponential model
except that the third assumption (that the probability of infection per ingested organism
is constant) is relaxed. This model allows the probability of infection per ingested or
inhaled organism to vary with the population. In the beta-Poisson model, the probabil-
ity of surviving and reaching a host site in the exponential model is beta distributed, and
thus the model contains the two parameters (¢t and 3) of the beta distribution. The most
commonly used approximation to the beta-Poisson model has the following two
approximate forms, depending on the how the dose term is defined:

P(d o, B) =1 — (1 + g) (5-4)
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where P, .= the probability of infection which is a function of d, a, and [3
d = mean ingested dose
B = a slope parameter, which holds when § 21 and o0 £ 3
o = a slope parameter

and

a

Pur(d e Nyg) = 1 — |1+ (200 — 1) (5-5)
50

where N, = the median dose
other terms are defined as above.

The median dose is given by the following expression:

B

N50:21a_1

(5-6)
Often it is necessary to convert interchangeably between annual and daily probability
of infection, as shown in the following expression.

P,=1— (1 — Py (5-7)

where P = acceptable annual risk of infection caused by a pathogenic organism
P, = acceptable daily (single) exposure risk caused
n = number of exposure events per year (events/yr)

For more rigorous discussion of the beta-Poisson model refer to Haas et al. (1999).
Unfortunately, in this approximation to the beta-Poisson model, . does not have an
obvious physical interpretation. What can be said is that it is a shape parameter gov-
erning the steepness of the dose-response curve; the larger its value the steeper the
curve (McBride, et al., 2002).

New methods for dose-response assessment relying on Bayesian approaches have
begun to appear in the literature over the last several years. A key feature of Bayesian
approaches is the notion of using an empirically derived probability distribution for a
population parameter. The Bayesian approach permits the use of objective data or sub-
jective opinion in specifying a prior distribution (Messner et al., 2001; Englehardt,
2004; Englehardt and Swartout, 2004).

Model Coefficients

Coefficients for the various models discussed above are given in Table 5-4 for a
variety of microorganisms. The relationship between the single-hit exponential and
the beta-Poisson models is illustrated on Fig. 5-3b. The effect of the slope parameter
on the beta-Poisson dose-response relationship is also depicted on Fig. 5-3b. The beta-
Poisson is linear at low doses and is always shallower than the exponential model.
However, as o0 — oo, the beta-Poisson model approaches the exponential model (Haas
et al., 1999). The use of these coefficients is illustrated in Example 5-1.
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Model Table 5-4
Exponential beta-Poisson Summary of dose-
; response parame-
Constituent r o B Reference ters for exponential
Virus and beta-Poisson
Echovirus 12 0.374 186.69  Regli etal. (1991) | models from
Rotavirus 0.253 0.422  Ward et al. (1986) various enteric
Poliovirus 1 0.009102  0.1097 1524  Regli et al. (1991) pathogen ingestion
Poliovirus 3 0.409 0.788  Regli et al. (1991) studies
Bacteria
Salmonella 0.00752 Regli et al. (1991)
0.33 139.9
Shigella flexneri 0.2 2000
Escherichia coli 0.1705 1.61 x 108 Regli et al. (1991)
Campylobacter jejuni 0.145 7.589  Black et al. (1988)
0.039 55
Vibrio cholerae 0.097 13,020
Protozoa
Cryptosporidium 0.004191 Regli et al. (1991)
Giardia lamblia 0.02 Regli et al. (1991)

EXAMPLE 5-1. Application of the beta-Poisson
Dose-Response Model.

A drinking water source contaminated with Campylobacter jejuni contains 1200
organisms/100 mL. Using the beta-Poisson model, estimate the probability of
infection for an individual who ingests 250 mL of the drinking water. The coeffi-
cients for the beta-Poisson model for C. jejuni have been determined to be
o= 0.145 and B = 7.589 (see Table 5-4).

Solution
1. Calculate the dose obtained from ingestion of the drinking water.

Dose = (1200 org/100 mL)(250 mL) = 3000 organisms

2. Estimate the probability of infection using Eq. (5-4).

P =1 — (1+9) " =q - (142009 _ 45
= B) ° 7.589 -0

Comment

As shown in the above computation, ingestion of 3000 C. jejuni cells is expected
to result in infection in 58 percent of individuals. A portion of the infected indi-
viduals may further develop a clinical illness (a disease with clinical signs and
symptoms that are recognizable).
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Figure 5-4

Examples of exposure to reclaimed water in the urban environment: (a) child running in park irrigated
with reclaimed water in southern California (Courtesy of A. Bahri) and (b) children playing in an arti-
ficial stream (known as Seseragi in Japanese) in the urban environment where reclaimed water
[microfiltration and reverse osmosis followed by low dose chlorination (~0.1 mg/L)] is used for water
features and even for body contact recreation (Courtesy of Tokyo Metropolitan Government).

Exposure
Assessment

Risk
Characterization

Exposure assessment is the process of measuring or estimating the intensity, frequency,
and duration of human exposures to an agent currently present in the environment, or
of estimating hypothetical exposures that might arise from the release of new chemicals
into the environment. In its most complete form, the magnitude, duration, schedule, and
route of exposure; the size, nature, and classes of the human populations exposed; and
the uncertainties in all estimates must be quantified. Exposure assessment is often used
to identify feasible prospective control options and to predict the effects of available
control technologies on exposure (see Fig. 5-4).

For microbial risk assessment, exposure assessment describes the magnitude and/or
probability of actual or anticipated human exposure to pathogenic microorganisms or
microbiological toxins. For microbiological agents, exposure assessments may be
based on the potential contamination in water by a particular agent or its toxins, and on
other exposure pattern information (e.g., the frequency and/or duration of exposure).

Factors that must be considered for exposure assessment include the frequency of
human exposure to the pathogenic agents and the associated concentrations of those
pathogens over time. Another factor that may be considered in the assessment is the pat-
tern of consumption. Consumption patterns may be related to socioeconomic status,
ethnicity, seasonality, age (population demographics), regional differences, and/or con-
sumer preferences and behavior. Other factors to be considered include the potential
impact of environmental conditions and/or treatment system reliability, if appropriate.

Risk characterization is the process of estimating the incidence of a health effect under
the various conditions of human exposure described in exposure assessment. In addi-
tion, risk characterization may require compiling all of the data necessary for a given
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model and running simulations. It is performed by combining the exposure and dose-
response assessments. The summary effects of the uncertainties in the preceding steps
are described in this step.

Risk characterization represents the integration of the hazard identification, dose-
response assessment, and exposure assessment components to obtain a risk estimate.
The risk characterization process results in a qualitative or quantitative estimate of the
likelihood and severity of the adverse effects that may occur in a given population,
including a description of the uncertainties associated with these estimates.

Risk characterization depends on available data and expert interpretation of the data.
The weight of evidence integrating quantitative and qualitative data may permit only a
qualitative estimate of risk. The degree of confidence in the final estimation of risk
depends on the variability, uncertainty, and assumptions identified in all previous steps
(WHO, 1999).

Although the focus of this chapter has been on human health risk assessment, it is impor-
tant to note that there are corresponding parallels to ecological risk assessment (ERA).
Ecological risk assessment is a process that is used to evaluate the likelihood that
adverse ecological effects may occur or are occurring as a result of exposure to one or
more stressors (U.S. EPA, 1992). Ecological risk assessment is of particular importance
when reclaimed water is used for augmentaion of aquatic systems, habitat ehancement,
and other environmental uses (see also Chap. 21). A comparison of the major steps,
typical end points, and applications between human health and ERA is presented in
Table 5-5. As shown in Table 5-5, there is a wide range of applications for ERA, many
of which are relevant to water reclamation and reuse.

5-3 RISK MANAGEMENT

In risk management, policy alternatives are weighed in light of the results of risk assess-
ment and, if required, appropriate control options are selected and implemented includ-
ing regulatory measures (Cothern 1992; Charnley et. al., 1997). Risk management is the
process of evaluating and, if necessary, controlling sources of exposure and risk. Sound
environmental risk management means weighing many different attributes of a decision
and developing alternatives.

The scientific information provided by risk assessment is but one input to the process.
Other criteria include politics, economics, competing risks and equity, and other social
concerns. Although risk assessment is rooted in science, how useful its results are to
risk management depends on the questions it is designed to answer, how it is conducted,
and the way it is structured. Unfortunately, too many risk assessments prove to be of lit-
tle value to risk managers because of inadequate planning (Kolluru, et al., 1996). While
the intent of keeping risk assessment separate from management issues is to avoid pre-
judgment of the results by cost implications and value judgments (isolate science from
politics and policy), the assessment and management phases often suffer from this dis-
junction in practice.

Comparison

of Human
Health and
Ecological Risk
Assessment
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Table 5-5
Overview and comparison of human health and ecological/environmental risk assessments?

Human health Ecological/environmental

Maijor steps

1. Data analysis/hazard identification 1. Problem formulation (hazard screening)
Quantities and concentrations of chemical, Resident and transient flora and fauna,
physical, and biological agents in environmental especially endangered or threatened species;
media at a site or study area; selection of aquatic, and terrestrial surveys; contaminants,
chemicals of concern. and stresses of concern in study boundary.

2. Exposure assessment 2. Exposure assessment
Pathways and routes, potential receptors Pathways, habitats, or receptor populations,
including sensitive subgroups, exposure rates, especially valued and protected species;
and timing. exposure point concentrations.

3. Dose-response or toxicity assessment 3. Toxicity effects assessment
Relationship between exposure or dose and Aquatic, terrestrial, and microbial tests, for
adverse health effects. example, LC,, field studies.

4. Risk characterization 4. Risk characterization
Integration of toxicity and exposure data for Integration of field survey, toxicity and exposure
qualitative or quantitative expression of health data for characterizing significant ecological risks,
risks; uncertainty analysis. causal relationship, uncertainty.

Typical endpoints

Individual and population cancer risks, non-cancer Ecosystem or habitat impacts, for example,
hazards. population abundance, species diversity; global
impacts.

Typical applications

Hazardous-waste sites (Superfund, RCRA) Environmental impact statements

Air, water, land permitting Natural Resource Damage Assessments (NRDA)
Food, drugs, cosmetics Superfund/RCRA sites

Facility expansion or closure Facility siting, wetland studies

Pesticide registration

8Adapted from Kolluru et al. (1996).

5-4 RISK COMMUNICATION

The risk communication component of risk analysis is the interactive exchange of infor-
mation and opinions concerning risk and risk management among risk assessors, risk
managers, consumers, and other interested parties (Charnley et. al., 1997; WHO, 1999).

Risk communication can be defined as the exchange of information among interested
parties about the nature, magnitude, significance, or control of a risk. Interested parties
include government agencies, corporations or industry groups, unions, the media, sci-
entists, professional organizations, special interest groups, communities, and individual
citizens.
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Information about risks can be communicated through a variety of channels, ranging
from media reports and warning labels on products to public meetings or hearings
involving representatives from government, industry, the media, and the general public.
Issues related to public communications and acceptances are discussed in Chap. 26.

5-5 TOOLS AND METHODS USED IN RISK ASSESSMENT

Understanding the characteristics of human health hazards and exposures associated
with chemicals and microorganisms is important in the study of water reclamation and
reuse. Issues related to public health and safety of water reuse applications have been
based primarily on three areas of study. Within the medical field, there are infectious
disease and toxicology. The third area is in public health under which epidemiology has
focused on specific transmission routes, such as waterborne microbial agents. In this
and the following two sections, the relevant concepts in public health, epidemiology,
and toxicology are briefly reviewed.

Public health is defined broadly as the science and the art of preventing disease, pro-
longing life, promoting physical and mental health, and enhancing efficiency through
organized community efforts geared toward a sanitary environment; the control of com-
munity infections; the education of the individual in principles of personal hygiene; the
organization of medical and nursing service for the early diagnosis and treatment of dis-
ease; and the development of the social machinery to ensure to every individual in the
community a standard of living adequate for the maintenance of health.

The mission of public health is to fulfill society’s desire to create conditions so that peo-
ple can be healthy (IOM, 1988). The goal of public health is the reduction of disease and
the improvement of health in the community. The scientific basis for public health rests
on the study of risks to the health of populations and the environment, and on the systems
designed to deliver required services. Epidemiology and biostatistics are the scientific dis-
ciplines that underpin inquiry in all of public health (Scutchfield and Keck, 1997).

Measures of Disease

Three measures of disease are normally used in public health: incidence, prevalence,
and mortality. Incidence (or morbidity) is the number of people who contract a disease
during a specific period of time. Cumulative incidence (CI) is the proportion of people
who became diseased during a specified period of time, and is calculated as:

number of new cases of a disease during a given period of time
Cl = . - (5-8)
total population at risk

Prevalence (P) is incidence (morbidity) plus the number of people who already had and
still have the disease, and is calculated as:
number of existing cases of a disease at a given point in time

b= total population (3-9)

Mortality is the number of people who died during the specific period of time, usually
expressed as number of deaths per year (Hennekens and Buring, 1987).

Concepts from
Public Health
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Concepts from
Epidemiology

Figure 5-5

The epidemiologic
triad of a disease.
(Adapted from
Gordis, 1996.)

Environmental Public Health Indicators

Indicators that describe the public health consequences of environmental exposures are
called environmental public health indicators (EPHIs). Numerous national and interna-
tional organizations have recognized the compelling need for EPHIs. When combined
with other information, such as environmental monitoring data and data from toxicolog-
ical, epidemiological, or clinical studies, EPHIs can be an important key to improving
understanding of the relationship between pollution or hazards and health outcomes.

Epidemiology in its broadest sense is the study of disease patterns in human popula-
tions. A crucial objective of epidemiology is to identify subgroups in the population
who are at higher risk for disease than others. Environmental epidemiology is the study
of the effects on human health of biological, chemical, and physical factors in the exter-
nal environment. By examining specific populations or communities exposed to different
ambient environments, environmental epidemiology is used to clarify the relationship
between physical, biologic, or chemical factors and human health.

The Dynamics of Disease Transmission

Disease is the result of an interaction between the host, an infectious or other type of
agent, and the environment that promotes the exposure. In many cases, a vector (an
organism, such as a mosquito or tick, that carries disease-causing microorganisms from
one host to another) is involved in the transmission of a disease. The relationship between
host, agent, environment, and vector is illustrated as an epidemiologic triad on Fig. 5-5.

Study Design in Epidemiology

Unlike laboratory experiments, epidemiological studies generally involve observation of a
population or individuals that cannot be controlled by the investigator. Therefore, factors
potentially affecting the cause-effect relationship have to be examined carefully to extract
useful information. Epidemiological studies can be divided in two basic types (1) observa-
tional studies and (2) experimental studies. A framework for epidemiological studies is
shown on Fig. 5-6. The studies identified on Fig. 5-6 are described briefly in Table 5-6.

Issues in Environmental Epidemiology

Epidemiology is a useful tool to determine cause-effect relationship when the status of
exposure and outcome is evident. However, the conventional epidemiological approach
is encountering increasing difficulties in being able to identify causal inferences as both
suspected causes and effects become more complex and subtle. This problem is more
pronounced in environmental epidemiology. In environmental epidemiology, exposure
to the study risk generally occurs in a large population. However, the status of exposure
is difficult to identify because the exposure is usually at very low levels, and a number
of other risk factors, confounders and/or effect modifiers, interact in a complex manner,

Host

Vector
Agent Environment




5-5 Tools and Methods Used in Risk Assessment 209

Case reports
Surveillance systems

Descriptive studies

Cluster studies

Ecological studies

Observational studies

Ecological studies
Cross-sectional studies
Cohort studies
Case-control studies

Epidemiological studies Analytical studies

Experimental studies

Figure 5-6

Categories of epidemiological studies. The various types of studies are described

in Table 5-6.

while the expected effect is usually subtle, indirect, and chronic. Even for an acute
effect such as infection with enteric viruses, it is usually difficult to separate the case
from background prevalence. Furthermore, effects on local and global ecosystems are
more difficult to identify, and are often overlooked by environmental epidemiologists
(Pekkanen and Pearce, 2001).

It is a rare epidemiological study in which it is not concluded that more research is need-
ed. Such a conclusion is disconcerting, given that epidemiological studies are expensive,
typically costing one or two million dollars or more. Because of these problems, research
focus in environmental epidemiology has been shifting to the individual and molecular
levels. This shift leads essentially to rejection of epidemiological studies on environ-
mental risk, and moves toward risk assessment based primarily on toxicological studies.
However, the molecular and individual levels of study lack direct implication to the
human population. Development of study designs that incorporate molecular and indi-
vidual levels of study into population-based study are necessary to extrapolate from the
individual and molecular levels to the human population (Pekkanen and Pearce, 2001).

Toxicology is the study of the adverse effects of chemicals on living organisms
(Klaassen, 2001) and is a multidisciplinary field that encompasses biology, chemistry,
and environmental science. Environmental toxicology is the field of science that evalu-
ates effects of toxic substances, released from human activities into the environment, on
the biosphere and ecosystem, including humans. The toxic substances of interest are
usually at low concentrations and widely distributed in the environment.

A toxic or potentially toxic substance cannot be administered deliberately to humans to
test its toxicity. Therefore, various organisms, from mammals to bacteria, are usually
used to examine the potential human health effects of toxicants, and the results are
extrapolated to assess human health risk. Cells, nucleic acids and other components of
an organism can be used to investigate the potential toxicity and mechanism of the toxic
effects. Effects of toxicants on wildlife are examined using the living organisms in the
environment of interest. A summary of tests for toxicity is shown in Table 5-7. In vitro
and in vivo tests, the basis of toxicological testing, are described below.

Concepts from
Toxicology



210 Chapter 5

Table 5-6

Health Risk Analysis in Water Reuse Applications

Principal types of epidemiological studies used to investigate cause and effect disease events and

patterns?

Type of study

Experimental

Observational

Descriptive
(observational)

Case report

Cluster

Ecological

Surveillance
systems

Analytic
(observational)

Case-control

Description

In experimental studies, baseline conditions are recorded first, and then exposed and
nonexposed status is randomly assigned. Both groups are followed prospectively over
time for the occurrence of disease or other outcome of interest. A major advantage
in experimental studies is that unknown statistical confounders can be controlled by
randomization. For ethical and other reasons, however, subjects cannot be assigned
deliberately to receive a known risk. Therefore, experimental studies are used mostly
in clinical trials in a treatment or preventive measure, but cannot be used in the study
of health effects of toxic substances.

As a follow-up to anecdotal evidence and case histories, epidemiologists conduct two
major types of observational studies to assess the relationship or association between
suspected risk factors and disease: (1) descriptive and (2) analytical. These studies
are used most commonly to monitor: (1) disease, study risk and other risks apart from
the exposure of interest, (2) person and host characteristics, and (3) environmental
conditions, without altering the conditions of the sample.

Descriptive studies are implemented when little information is available about a disease,
exposure, or trait. In descriptive studies, current conditions are reported but no attempt
is made to link any of the variables. Rather, descriptive studies generate hypotheses to
be tested. Descriptive studies include case reports, cluster studies, ecologic studies,
and surveillance systems.

A case report is a descriptive study of a single individual or small group of individuals.
An association between an observed effect and a specific environmental exposure is
studied based on detailed clinical evaluations and histories of the individual(s).

A cluster study is a descriptive study of the population in a geographic area, occupational
setting, or other small group in which the rate of a specific adverse effect is much higher
than expected.

In ecological studies, the relationship between two or more variables is examined at
the population level. Ecological studies are most useful when large sets of data are
available. Statistical confounders are not important in ecological studies due to a broad
scale analysis. Ecological studies are generally categorized as descriptive, but the
study could be analytic depending on the type of analysis used. Ecological studies are
often used in attempt to assess the health effects of environmental pollutants.

Surveillance systems provide broad-scale information on specific populations for which
epidemiologic analyses can be conducted.

Analytic studies are conducted when sufficient information is available to form an a priori
hypothesis. Analytic studies include case-control studies, cohort studies, and cross-
sectional studies.

Case-control studies are used to investigate the relationships between potential risk factor
and disease by observing two groups of subjects: one with disease, trait, or condition of
interest (case); the other without these conditions (control). Case-control studies usually
depend on retrospective data. In a case-control study, selection of cases and controls
is a crucial part of the study design. Cases must be selected so that the data can be
generalized to all patients with the disease. Controls can be individuals without disease
selected from the same group of people.
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Table 5-6

Principal types of epidemiological studies used to investigate cause and effect disease events and
patterns? (Continued)

Type of study Description

Cohort In a cohort study, a group of exposed individuals and a group of nonexposed individuals
are observed and followed through time to evaluate changes in the incidence of disease.
There are two particular types in cohort studies: prospective (historical) study and
retrospective (concurrent) study. In the prospective cohort study, the exposure status at
present time is identified and the samples are followed up to determine any future disease
onset. In the retrospective approach, exposure status of cohort(s) in the past is identified
and they are followed up until the present time. Questionnaires or laboratory tests are
generally used in cohort studies to measure both exposure and outcome.

Cross-sectional In cross-sectional studies, the status of exposure and the state and/or occurrence of dis-
ease are measured at a single point in time. A population is first defined, and presence or
absence of exposure and presence or absence of disease for individuals is determined.
Advantages in cross-sectional studies include (1) one-stop, one-time collection of data,
(2) less expensive and more expedient to conduct, and (3) associations and correlation
between variables can be easily evaluated. A case-control study is desirable when the
disease occurrence is rare, because investigation of rare disease with a cohort study
will require a tremendous number of people to be followed to generate enough cases
for the study, and may not be practical.

8Adapted from NAS (1998); Gordis (1996); Sullivan and Krieger (2001).

In Vitro Tests

In vitro tests (biological studies which take place in isolation from a living organism
such as in a test tube or Petri dish) are conducted using microorganisms, cells, or other
specific components of organisms such as nucleic acids. With an in vitro assay, a part
of the process to exert toxicity is examined. A classic example of an in vitro test is the
Ames mutagenicity test. The Ames test examines the chemical substance’s capability to
cause mutations in Salmonella typhimurium (McCann et al., 1975). In vitro assays are
used increasingly because they are less costly than other types of tests, can be conducted
in a short time period, and are often very sensitive. However, it is difficult to establish
a correlation between the observed effects and actual toxicity, such as carcinogenicity
in in vitro assays. In addition, the results from in vitro tests cannot be applied directly
to human toxicity because the processes of absorption, distribution, detoxication, and
excretion in the human body are not duplicated in this type of test.

LD, and LC,, The median lethal dose (LDj) is the dose of a toxicant at which 50
percent of the population exposed under the defined conditions dies. The median lethal
concentration (LC,) is the concentration of a toxicant in the defined environment at
which 50 percent of the population will be killed. A conceptual diagram of dose-
response curve is shown on Fig. 5-7.

NOAEL and LOAEL The toxicity of a chemical from subchronic exposure (usually
exposed for 30- to 90-d period) is examined to establish a “no observed adverse effect
level” (NOAEL) and the “lowest observed adverse effect level” (LOAEL). Determination
of NOAEL and LOAEL values is important for regulatory purposes. The U.S. EPA
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Table 5-7

A summary of tests for toxicity?
0

Type of test Description
|I. Chemical and For the compound in question, probable contaminants from synthesis as well
physical properties as intermediates and waste products from synthetic processes.
Il. Exposure and A. Degradation studies—hydrolysis, photodegradation, etc.
environmental fate B. Degradation in soil, water, etc., under various conditions.
C. Mobility and dissipation in soil, water, and air.
D. Accumulation in plants, aquatic animals, wild terrestrial animals, food plants,
and animals, etc.
lll. In vivo tests A. Acute

1. LD, and/or LC,,—oral, dermal, or inhaled
2. Eye irritation
3. Dermal irritation
4. Dermal sensitization
B. Subchronic
1. 90-d feeding
2. 30- to 90-d dermal or inhalation exposure
C. Chronic
1. Chronic feeding (including oncogenicity tests)
2. Teratogenicity
3. Reproduction
D. Special tests
Neurotoxicity (delayed neuropathy)
Potentiation
Metabolism
Pharmacodynamics
Behavioral

IV. In vitro tests A. Mutagenicity—prokaryote (Ames test)
B. Mutagenicity—eukaryote (Drosophilia, mouse, etc.)
C. Chromosome aberration (Drosophilia, sister chromatid exchange, etc.)
V. Effects on wildlife Selected species of wild mammals, birds, fish, and invertebrates: acute toxicity,
accumulation, and reproduction.
A. Bioassay—determination of toxicity using organisms
B. Biomonitoring—determination of effects on aquatic life

aorowh =

8Adapted from Hodgson and Levi (1997).

utilizes the NOAEL, incorporates a safety factor, then calculates the reference dose (RfD),
which is used to establish “acceptable” levels of pollutants in regulations (Eaton and
Klaassen, 2001). The concept of NOAEL and LOAEL is also shown on Fig. 5-7.

In Vivo Tests

In vivo tests (biological studies which take place within a living biological organism) are
conducted using living organisms, such as mammals and fishes. The chemical compound
of interest is administered to the experimental animals to qualitatively and quantita-
tively examine short-term acute toxicity or long-term chronic toxicity. Human toxicity is
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Figure 5-7

Conceptual diagram of a dose-response curve. LD,
is a dose at which 50 percent mortality is observed.
The highest dose at which no observed adverse
effect is observed (NOAEL), and the lowest dose at
which any adverse effect is observed (LOAEL) are
also indicated in the figure.

estimated using the results of in vivo tests with various assumptions. The major advantage
of in vivo tests is that the similar exposure pathways for human toxicity can be examined
with mammalian animals. The major disadvantages of in vivo tests are that a large num-
ber of animals is required, they are expensive to conduct, and are time consuming.

Whole Animal Tests for Carcinogenicity

The intent of whole animal tests is to identify chemicals that may be human carcinogens
at low lifetime environmental or dietary doses, as indicated by their effects in animals at
very high test doses. The human lifespan exceeds 70 yr whereas the test animals’ is only
about two years; so test doses must be extreme to reduce the possibility that the test
would give false negatives. A false negative is a term used to indicate a test showed an
incorrect negative result.

Confidence that an apparently negative result in a long-term carcinogenicity test does
not represent a false negative is increased with increasing the numbers of animals in the
study, increased longevity of the test animals, and a high quality of pathologic exami-
nation (see Fig. 5-8).

The national toxicology program (NTP) cancer bioassay generally involves high dose
testing of individual chemicals in groups of 50 male and female inbred genetically sim-
ilar mice and rats for 18 to 24 mo (their approximate lifetimes) at each dose. Typically
two or three doses have been used: the maximum tolerated dose (MTD), half of the
MTD, and another positive dose. Various control population tests are also employed:
positive (known carcinogen), negative (vehicle only), as well as historical controls. Test
exposures may be by augmented dietary or drinking water consumption, or force feeding

National
Toxicology
Program
Cancer
Bioassay
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(a)

Figure 5-8

(b)

Examples of toxicity testing using fish bioassays: (a) laboratory setup used to conduct whole-
effluent toxicity tests using a series of fish tanks and (b) using Japanese Medaka fish as a
test species where mortality is the endpoint. (Courtesy of S. A. Lyon.)

Ecotoxicology:
Environmental
Effects

in a vehicle like corn oil, or inhalation. The MTD is usually determined from a prior 90 d
range-finding study; it is the highest dose that does not result in adverse effects other
than up to about 10 percent weight loss. The goal is to select an MTD that will allow
the animals to survive the subsequent carcinogenicity test so that the principal end
result is cancers rather than noncancer chronic toxic effects.

Frequently doses must be adjusted during the cancer tests due to premature mortality or
other confounding factors. It is necessary to use unusually high test doses because many
carcinogens are relatively low potency and high doses provide a greater potential for
carcinogenicity to be detected as statistically significantly distinct from the controls,
considering that only 50 animals are in each specie and sex group. At termination, the
health status of the animals and survival rate are assessed. The remaining animals are
euthanized and sections from numerous organ tissues are examined by pathologists for
indications of cancers. The types of cancers are diagnosed and the numbers and types
of cancerous lesions are tabulated (NIH, 2004).

Toxic substances affect not only humans but also ecosystems. The study of the fate and
effects of toxic substances on ecosystems is called ecotoxicology. The science itself
requires an understanding of ecologic principles and ecologic theory, and of how chem-
icals potentially affect individuals, populations, communities, and ecosystems.
Measurements are accomplished with the use of either species-specific responses to
toxicants or impacts at higher levels of organization. The ability to measure chemical
transport and fate and exposure of organisms in ecotoxicologic testing is critical to the
ultimate development of an ecologic risk assessment as outlined in Table 5-5 (Daughton
and Ternes, 1999; Klassen and Watkins, 1999).
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5-6 CHEMICAL RISK ASSESSMENT

Risk assessment is an integral part of the regulatory decision process particularly in the
qualitative determination of the strength of evidence relating to carcinogenicity and estab-
lishing MCLGs and MCLs. The assessment of chemical risk is reviewed in this section.

Toxicity has been defined as the intrinsic quality of a chemical to produce an adverse
effect. The toxicology of chemical substances found in drinking water can be divided into
three broad classes: (1) acute or chronic toxicity, (2) carcinogenicity, and (3) reproductive,
developmental, and neurotoxicity. The same substance may be capable of causing any and
all of the effects depending upon the dose and individual’s characteristics (Cotruvo, 1987;
1988). The distinguishing characteristics among these categories of effects lie:

1. In the probably unverifiable assumption that dose thresholds exist for chronic toxic-
ity effects

2. In the also unverifiable assumption that dose thresholds do not exist (or have not
been demonstrated) for (genotoxic) carcinogenic effects and neurotoxic effects

3. Where there are specific time periods during gestation when the fetus is at risk to
insult from certain toxicants, often even at relatively low doses

In the case that dose thresholds exist for chronic toxicity effects, the nominal basis for
standard setting is to achieve a total daily dose of the substance that is with practical
certainty below the level at which any injury would result to any individual in the pop-
ulation during exposure or after the exposure has ceased. For toxicants assumed to be
acting by nonthreshold mechanisms, it follows, at least hypothetically, that some finite
risk may exist at any nonzero dose level. For reproductive and developmental toxicants,
the timing of the exposure, even though brief, can be highly significant. Thus, standard
setting objectives range from zero, which is not quantifiable and often not practically
achievable (other than by banning the product), to a daily dose level that contributes
only a negligible theoretical or hypothetical incremental increase in the lifetime risk of
the effect to individuals and/or the population exposed.

Incremental Lifetime Risk
The U.S. EPA has defined incremental lifetime risk for cancer, above background, as
follows:

Incremental lifetime risk = CDI x PF (5-10)

The chronic daily intake (CDI) is computed as follows:

CDI = average daily dose, mg/d 511
= " body weight, kg (5-11)

where CDI = chronic daily intake over a 70 yr lifetime, mg/kg-d
PF = potency factor, (mg/kg-d)™!

Safety and Risk
Determination
in Regulation
of Chemical
Agents
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Table 5-8

Toxicity data for
selected potential
carcinogenic
chemical
constituentsa®

In its most general form, the total dose is defined as

constituent intake\ [exposure\ [absorption
Total dose, mg/kg-d = < . Pos! P ) (5-12)
concentration rate duration factor

Recommended standard values of weight and water ingestion for daily intake calcula-
tions have also been developed by the U.S. EPA. The average body weights used for an
adult and child are 70 and 10 kg, respectively, and the corresponding rates of water
ingestion are 2 and 1 L/d (U.S. EPA, 1986).

The potency factor (PF), often identified as the slope factor, is the slope of the dose-
response curve at very low doses (see Fig 5-3b). In effect, the PF corresponds to the
incremental risk above background resulting from a lifetime average dose of a toxi-
cant. The U.S. EPA has selected the linear multi-stage model as the basis for assess-
ing risk. Using this model and the best available data, the U.S. EPA has developed
and maintained an extensive database on toxic substances known as the Integrated
Risk Information System (IRIS). Typical toxicity data for several chemical con-
stituents are reported in Table 5-8. The relative potency of the chemical constituents
can be assessed by comparing the magnitude of the given values listed in Table 5-8
(e.g., for the oral route, the potency of arsenic is about 245 times that of chloroform).
It is important to remember, however, that because of the numerous uncertainties
involved in the development of the data base, including extrapolations of animal data
to humans and from high experimental dosages to the low environmental dosages
encountered in real life, the values given in the IRIS data base cannot be used to pre-
dict the incidence of human disease or the type of effects a given chemical con-
stituent will have on an individual. Use of the data listed in Table 5-8 is illustrated
in Example 5-2.

Potency factor, PF

Chemical Oral route, Inhalation route,

constituent CASRN¢® (mg/kg-d)~’ (ug/kg-d)™"
Arsenic, inorganic 7440-38-2 1.5 E+0 3.0 E-2
Benzene 71-43-2 1.5t05.5E-2 1.54 to 5.45 E-5
Bromate 15541-45-4 7 E-1 na
Chloroform 67-66-3 6.1 E-3 1.6 E-4
Dieldrin 60-57-1 1.6 E+1 3.2E-2
Heptachlor 76-44-8 45 E+0 9.1 E-3
N-Nitrosodiethylamine 55-18-5 1.2 E+2 3.0 E1
N-Nitrosodimethylamine 62-75-9 5.1 E+1 9.8 E-2
Vinyl chlorided 75-01-4 7.2 E-1 3.1t06.2 E-5

8Adapted from U.S. EPA IRIS database (1996) (http://www.epa.gov/iris).

bBecause the data in the IRIS data base is being revised continuously, it is important to check
the data base for the most current values.

®Chemical Abstracts Service Registry Number.
dContinuous lifetime exposure during adulthood.
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EXAMPLE 5-2. Risk Assessment for Lifetime Consumption
of Drinking Water Containing N-Nitrosodimethylamine.

Estimate the incremental lifetime risk for an adult associated with drinking
groundwater containing 2.0 pg/L of N-Nitrosodimethylamine (NDMA). Determine
the concentration that would be needed to limit the risk to 1 in 100,000.

Solution
1. Compute the CDI in mg/kg-d using Eq. (5-11).
(average daily dose, mg/d)
body weight, kg
(2.0 pg/L) (2 L/d) (1 mg/10—3 .g)
70 kg
2. Compute the incremental lifetime risk for drinking water consumption using
Eq. (5-11) and Table 5-8.
Incremental lifetime risk = CDI x PF

The PF of NDMA from Table 5-8 for the oral route is 5.1 x 10 (mg/kg-d)~

Incremental lifetime risk = (0.57 x 10~ mg/kg-d) [5.1 x 10 (mg/kg-d)~']
=0.29 x 102

CDI =

CDI =

= 0.57 X 10 *mg/kg-d

Thus, the calculated estimated probability of developing cancer as a result of
lifetime consumption of water containing 2.0 mg/L of NDMA would be 2.9 per
1000 persons.

3. Determine the concentration of NDMA to limit the risk to 1 in 100,000.
a. Estimate the CDI based on the determined risk and PF listed in Table 5-8.

105 = (CDI) [5.1 x 10 (mg/kg-d)~"]
CDI = 1.96 x 107 mg/kg-d

b. Estimate the concentration of NDMA by rearranging Eq. (5-12).

(C, pg/L) (2 L/d) (1 mg/10~° pug)
70 kg

—1.96 X 107 mg/kg - d
C = 0.0069 ug/L

Comment

NDMA is a member of a family of extremely potent carcinogens, the N-nitrosamines.
Until recently, concerns about NDMA focused mainly on the presence of NDMA
in food, consumer products, and polluted air. However, current concern focuses
on NDMA as a drinking water contaminant resulting from reactions occurring
during chlorination or via direct industrial contamination. Because of the rela-
tively high concentrations of NDMA formed during wastewater chlorination, the
fate of NDMA in planned or unplanned indirect potable reuse is a particularly
important area of concern.
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Noncarcinogenic Effects

In addition to the carcinogenic dose-response information, the U.S. EPA has developed
reference doses (RfDs) for a number of constituents based on the assumption that
thresholds exist for certain toxic effects (see Fig. 5-2b), such as cellular necrosis (local-
ized death of living tissue), but may not exist for other toxic effects, such as carcino-
genicity. In general, RfDs are established based on reported results from human epi-
demiological data, long-term animal studies, and other available toxicological informa-
tion. The RfD values represent an estimate (with uncertainty spanning perhaps an order
of magnitude) of the daily exposure to the human population (including sensitive sub-
groups) that is likely to be without an appreciable risk of deleterious effects during a
lifetime. Values for constitutent RfDs are available in the IRIS database.

The RfD is used as a reference point for gauging the potential effects of other doses.
Usually, doses that are less than the RfD are not likely to be associated with health risks.
As the frequency of exposure exceeds the RfD and the size of excess increases, the
probability increases that adverse health effects may be observed in a human popula-
tion. The RfD is derived using the following formula:

_ NOAEL or LOAEL
RID = GF % UF,..) X MF (5-13)

where NOAEL = no observable adverse effect level
LOAEL = lowest observable adverse effect level
UF,, UF, = uncertainty factors
MF = modifying factor

In the above equation, uncertainty factors are based on experimental species, effects,
and duration of the study, while modifying factors represent professional assessments
reflecting the confidence in the study. Taken together, these factors represent a safety
(uncertainty) factor. The LOAEL is used only when a suitable NOAEL is unavailable.

The modified RfD for long-term or lifetime exposure for an adult can be computed by
multiplying the experimental NOAEL (in milligrams per kilogram per day) by the ref-
erence weight of a typical adult (70 kg) and dividing by the safety (uncertainty) factor.

(NOAEL, mg/kg - d)(70 kg/person)
safety (uncertainty) factor

RfD, mg/person-d = (5-14)

Because the RfD is intended to account for total daily intake of the toxicant, inhalation
and food intake, as well as water, should be accounted for when attempting to arrive at
the maximum drinking water level or the adjusted RfD for drinking water at the maxi-
mum drinking water level considering only health factors. Thus, in the optimum case
when such information is available, the daily uptake from inhalation and the daily
intake from food (if 100 percent uptake is assumed) should be subtracted from the RfD.
Finally, for the determination of the acceptable drinking water concentration per liter,
the common assumption is that adults consume 2 L of water per person per day, thus,
the final value should be divided by a factor of 2:
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Drinking water target, mg/L =
[(RfD, mg/person-d) — (inhalation, mg/person-d) — (food, mg/person -d)]
2 (L/person + d) (

5-15)

One of the uncertainties is the actual amount of water consumed by each individual.
Studies have shown consistently that 2 L/d is about the 90th percentile of daily water
consumption across the population in the United States. The range is from something
less than 1 to 4 L at the 99th percentile (Ershow and Canter, 1989). Thus, the uncer-
tainty range for water consumption is about a factor of 2. This uncertainty is minute
compared to that associated with extrapolating animal toxicology to humans. The
assumed daily consumption of 2 L of drinking water provides an additional small safety
factor for most people.

The Relative Source Contribution The relative source contribution (RSC), the allo-
cation of the actual or assumed contribution from each route of exposure, should be fac-
tored into the ultimate MCL. Typically, the U.S. EPA will assume an RSC of 20 percent
from drinking water for inorganic chemicals with higher values for volatile organic
chemicals (VOCs). Note that as the RSC value decreases, the drinking water standard
will become more stringent, which is somewhat counter-intuitive because the burden on
the drinking water supplier increases as the significance of the drinking water contri-
bution to health risk decreases. For a NOAEL value of 20 mg/kg + d, a 70-kg person,
and an uncertainty factor of 1000, the RfD value is:

20 mg/kg - d) (70 kg/person
RfD, mg/person-d = ( £xe 12)5)0 £p ) = 1.4 mg/person-d

The drinking water equivalent level (DWEL) calculated by using the default assump-
tion of 20 percent of the daily dose allocated to drinking water is:

pwEL = LdmefpersonL) o e/l
" (2 Lfperson +d) <0 = DAsmg

The validity of a RfD is dependent entirely on the quality of the experimental data and
the judicious selection of the safety (uncertainty) factor, which is judgmental. Among the
factors influencing the quality of the experimental data beyond the mechanics of the
study are an understanding of the mechanism of action at low doses in humans; the selec-
tion of the appropriate animal model as the human surrogate; the number of animals at
each dose, the number and range of the doses for acceptable statistical significance of
results and the shape of the experimental dose-response curve; the actual detection of the
most sensitive adverse effect (which could be biochemical change only, frank organ
damage, or death); the length of the study (lifetime studies versus shorter-term studies);
and the appropriate route of exposure (inhalation, gavage, ingestion in food or water,
etc.). The quality of the experimental evidence determines the magnitude of the safety
(uncertainty) factor to be applied. The lesser the understanding of the toxicology, the
greater the uncertainty factor and the lower the RfD or MCL.

Safety (Uncertainty) Factors Safety factors are numbers that reflect the degree of
uncertainty that must be considered when experimental data are extrapolated to the
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human population. When the quality and quantity of dose-response data are high, the
uncertainty factor is low; when the data are inadequate or equivocal, the uncertainty fac-
tor must be larger.

The following general guidelines have been adopted by the National Academy of Sciences
Safe Drinking Water Committee, and the guidelines or a variant were also used by the U.S.
EPA in the development of drinking water standards, guidelines, and health advisories.

1. 10 Factor: Valid experimental results from studies on prolonged human ingestion
with no indication of carcinogenicity.

2. 100 Factor: Experimental results of studies of human ingestion not available or
scanty. Valid results from long-term feeding studies on experimental animals or, in the
absence of human studies, on one or more species. No indication of carcinogenicity.

3. 1000 Factor: No long-term or acute human data. Scanty results on experimental ani-
mals. No indication of carcinogenicity.

Various modifying factors ranging from 1 to 10 are also used sometimes to reflect qual-
ity of data, significance of effect and/or other concerns, particularly for high-risk pop-
ulations such as children. In summary, the larger the uncertainty factor, the less weight
given to the experimental data, the RfD or MCL becomes predominantly driven by the
uncertainty factor and is therefore less scientifically defensible. At least in theory,
improved understanding of the toxicology should result in smaller uncertainty factors
being required to reach a comfort level for the risk assessor.

Four principles for dealing with the assessment of hazards are outlined that involve
chronic irreversible toxicity or the effects of long-term exposure. These principles (par-
aphrased as follows) were intended to apply primarily to cancer risks from substances
whose mechanisms involve somatic mutations and may also be applicable to mutagen-
esis and teratogenesis:

1. Effects in animals, properly qualified, are applicable to humans. Large bodies of data
indicate that exposures that are carcinogenic to animals are likely to be carcinogenic
to humans, and vice versa.

2. Methods do not exist now to establish a threshold for long-term effects of toxic
agents. Thresholds in carcinogenesis that would be applicable to a total population
cannot be established experimentally.

3. The exposure of experimental animals to toxic agents in high doses is a necessary and
valid method of discovering possible carcinogenic hazards in humans. High dosages,
relative to expected human exposures, are given to animals under the experimental con-
ditions because there is no choice but to use numbers of animals that are small relative
to the exposed human populations. Biologically reasonable models can then be used to
extrapolate the results to estimate risk at low doses.

4. Material should be assessed in terms of human risk rather than as safe or unsafe.
Extrapolation techniques may permit the estimation of upper limits of risk to human
populations. To do so, data are needed to estimate population exposure; valid, accu-
rate, precise, reproducible animal assay procedures are required; and appropriate sta-
tistical methods are necessary.
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Risk Extrapolation for Carcinogens

Many mathematical models have been developed to estimate potential risks to humans
from low-dose exposures to carcinogens. Each model incorporates numerous unverifi-
able assumptions. Low-dose calculations are highly model dependent, widely differing
results are obtained commonly, and none of the models have been demonstrated to
apply at very low doses. Thus, the decision to use this approach and the choice of how
to do the calculations are primarily matters of policy judgment. Among the choices that
decision-makers must consider are which model(s) to employ, which assumptions to
incorporate, and which acceptable risk to allow. A default linearized multistage model
has been used typically for purposes of estimating nominal risks from lifetime (70 yr)
exposure to carcinogens in drinking water. However, as a better understanding of the
mechanisms modes and actions is achieved, biologically based models are being
employed with nonlinear dose-response models.

The methodology used to extrapolate risk to low doses is to develop an extrapolation
line based on the available data. Risk extrapolation, done by first selecting a point of
departure (POD) from the observed data, is the starting point for extrapolation to lower
doses. Unit risks for drinking water can be calculated from the slope factor [(mg/kg)/d]
at any point of the extrapolation line by converting the slope to milligrams per liter
terms (see Example 5-2).

Identification of Compounds Likely to be Carcinogenic to Humans

Risk assessment of potential human carcinogens is performed on substances that
exceed an evidentiary threshold for cancer. Thus, a conclusion of a substance causing
known or potential human cancer is based on scientific evidence of the substance
exceeding the defined evidentiary threshold. The International Agency for Research on
Cancer (IARC) and other organizations have provided guidelines for assessing the epi-
demiological and animal toxicological database leading to a conclusion of the strength
of the evidence of carcinogenicity of numerous substances.

Chemical Risk Assessment in U.S. Drinking Water Regulations

The Safe Drinking Water Act (SDWA, 1974) requires that the U.S. EPA set drinking
water standards after making a determination that a substance may have an adverse
effect on health. Setting drinking water standards is a two step process involving
(1) establishing a maximum contaminant level goal (MCLG), and (2) establishing a max-
imum contaminant level (MCL). The MCLG is developed through a risk assessment
process in which the health risks that can occur from excess exposure to the toxicant
are evaluated. The MCLG is the level of a contaminant in drinking water below which
there is no known or expected risk to health. Maximum contaminant level goals allow
for a margin of safety and are nonenforceable public health goals.

The MCL is the standard that is enforceable, and it is set as close as technologically fea-
sible, taking costs in consideration, to the MCLG. Both the MCLG and the MCL for a
substance are developed through a formal process defined in the SDWA that includes
public notice in the Federal Register and a public comment period. Both the MCLG and
the MCL may be legally challenged. Typically, the process of establishing a MCLG and
a MCL can take three to five years and frequently it takes longer than five years.
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Step Process or activity

Health Assessments Nationwide Occurrence in Water
Exposure Assessment
Risk Assessment
Cancer Classification
Draft MCLG
Toxicology Assessment
Technology/Economics Assessments Analytical Methods Performance (PQL)
National and Local Impact
Draft MCL and MCLG
Costs of Options
Assessment
Draft MCLG and MCL Publish in Federal Register as Proposed
Public Comments
Review/Revisions
Publish Final MCLG and MCL MCLG and MCL values are published
in Federal Register with designated
effective date

A generalized drinking water regulation development process is shown in Table 5-9.
The risk assessment process is an attempt to quantify human exposure from all routes
including drinking water using animal toxicology data and human epidemiology (when
available), to arrive at concentrations in drinking water at which exposure would result
in no known or anticipated adverse effects on health, with a margin of safety. This
process is complex requiring a number of informed judgments and assumptions. Fre-
quently, the available data are incomplete or deficient. Applying risk assessment to
decision-making, particularly for toxic substances that are considered to potentially act
without a discernable threshold (interact directly with DNA, i.e. a genotoxic carcino-
gen), requires many policy choices and assumptions beyond the scientific data.

U.S. EPA’'s Qualitative Assessment of Carcinogens

In developing the current drinking water regulations, the U.S. EPA applied a qualitative
weight of evidence scheme in which the following five groupings were defined to assess
the potential for a contaminant to increase the risk of cancer in humans.

Group A—Human carcinogen: sufficient evidence in humans.

Group B—Probable human carcinogen: limited evidence in humans or no evidence
in humans but sufficient evidence in animals.

Group C—Possible human carcinogen: limited or equivocal evidence in animals in
the absence of human data.

Group D—Not classifiable as to human carcinogenicity: inadequate or no data
available.

Group E—No evidence of carcinogenicity for humans: negative evidence in at least
two species.
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The above qualitative assessment of carcinogenicity has sometimes been applied in an
inflexible manner and without full consideration being given to all of the data (posi-
tive and negative) and mechanistic considerations. The U.S. EPA has been developing
new interpretive guidelines that are focused on weight-of-evidence with the intent of
providing toxicologists more incentive to exercise scientific judgment rather than typ-
ically choosing the most conservative interpretation. For example, most researchers
now believe that chloroform is not a cancer risk to humans at levels found typically in
drinking water, although it is carcinogenic at doses high enough to cause cytotoxicity
in the liver.

Three-Category Approach for Setting MCLGs

In setting the current drinking water regulations, the U.S. EPA employed a three-category
approach for setting MCLGs, based on the qualitative carcinogenicity classification
scheme discussed previously. Following this methodology, substances were grouped
into three categories as follows:

Category I: Group A and B substances: Goal equals zero (aspirational goal).

Category II: Group C substances: The goal equals 107 to 1076 (1 per 100,000 to 1 per
1,000,000) hypothetical excess cancer risk per 70 yr lifetime, or the goal equals the
RfD value converted to DWEL with an additional safety factor applied to allow for an
adequate margin of safety due to uncertainties in the substances carcinogenic potential
to humans. (Category II, Group C substances include those substances where some
limited but insufficient evidence of carcinogenicity exists from animal data.)

Category III: Group D and E substances: Goal is calculated using the RfD approach
with a portion allocated to drinking water.

For a compound to be considered part of carcinogenicity Category II, Group C, the fol-
lowing conditions were imposed:

1. The studies involved a single species, strain, or experiment
2. The experiments were restricted by inadequate dosage levels, inadequate reporting

3. There was an increase in benign tumors only

Two approaches were used to set MCLGs—either (a) the goal was set based upon non-
carcinogenic endpoints (the RfD) with an additional uncertainty (safety) factor of up to
10 applied; or (b) the goal was set based upon a nominal lifetime risk calculation in the
range of 107 to 107® using a conservative calculation model (linearized multistage). The
first approach is generally preferred; however, the second approach is used when valid
noncarcinogenicity data are not available but adequate experimental data are available
to perform the risk calculation.

The most controversial decisions in setting MCLGs and MCLs were related to the
establishment of nonenforceable goals for substances to be regulated based upon the
risk of human carcinogenicity (i.e., Category I, Groups A and B). The statutory direc-
tive (no known or anticipated adverse effect) and a brief statement in the legislative his-
tory that MCLGs for nonthreshold activity substances should be zero were the basis for
the three options considered as possible MCLGs. The three options considered were

223



224 Chapter 5 Health Risk Analysis in Water Reuse Applications

Risk
Considerations

1. MCLG = zero
2. MCLG based upon a target calculated risk

3. The analytical detection limit

Little support for the analytical detection limit approach was received because detection
limits are a consequence of the analytical techniques and practices, which are con-
stantly changing (improving). The choice between the zero option and the finite risk
option was made based upon the statutory direction and the legislative history. Setting
the MCLG using the finite risk option occurred after discussing whether it was appro-
priate to set a target that hypothetically permitted some number of cancer deaths. The
U.S. EPA also pointed out that setting an MCLG at zero did not imply that actual harm
would occur at levels somewhat above zero, and MCLGs are ideal or aspirational goals,
not standards.

Enforceable National Drinking Water Standards

The MCLs are set as close to the MCLGs as is feasible. Setting MCLs is usually not
difficult or costly for Category II and Category III substances that have finite goals.
However, a dilemma occurs when trying to establish MCLs for Category I substances
with MCLGs of zero. The ideal MCL for an MCLG of zero is zero as well; however,
MCLs consider feasibility, which MCLGs do not. The MCLs are determined based
upon an assessment of a variety of factors including the feasibility of best availability
technology (BAT), costs in a variety of water system conditions, the number of supplies
affected, total national costs, and the reliability of analytical methods. Then the nomi-
nal residual lifetime risks that are theoretically associated with exposures at the tech-
nologically determined MCLs are examined.

Even though an assessment of a large number of factors is considered when setting an
MCL, there are times when analytical methods are the limiting or deciding factor, espe-
cially where the MCL could potentially be set at a level below which the substance
could be measured reliably. Thus the concept of practical quantification limits (PQLs)
was developed. Practical quantification limits are defined as the lowest concentration
that can be determined reliably within specified limits of precision and accuracy during
routine laboratory operations in qualified laboratories. In cases where the analytical
method is the limiting factor, the PQL is the lowest level that may be set as the MCL
even though the risk assessment might lead to a lower value. As analytical capabilities
improve it should be expected that the MCL would be lowered. However, procedurally,
a new rulemaking process is undertaken, which includes a new risk assessment, regu-
latory assessment, a new proposal and public comment, and promulgation of a new reg-
ulation. Thus, even though analytical methods are changing continuously, existing
MCLs are changed infrequently.

After the above aspects are considered, the MCLs for the probable carcinogens are pro-
posed. The U.S. EPA then examines the putative risks at the proposed MCL level to
determine whether this level would be acceptable from a safety standpoint. The upper
bound generally considered acceptable (safe and protective of public health) is a risk
range of 10~*to 107° (1 death per 10,000 people to 1 death per 1,000,000 people) when
calculated by a typically conservative linear multistage model [see Eq. (5-2)]. The lower
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bound risk can actually be zero. This approach used by the U.S. EPA is consistent with the
concept expressed in the WHO’s Guidelines for Drinking-water Quality (2004), which
supports 107 as a general health protection-based guideline value for carcinogens in drink-
ing water. It was also noted that country-to-country applications could vary by a factor of
10 on either side (i.e., 10 to 107) for economic and other practical considerations.

The U.S. EPA has set aspirational MCLGs of zero for probable carcinogens, nonzero
MCLGs for noncarcinogens based upon classical toxicology, and a related system that
involves either additional safety factors or a nonthreshold risk model calculated target
for substances that have equivocal evidence regarding their carcinogenicity.

Legally enforceable drinking water standards, that is MCLs, are required to be set as
near as technically and economically feasible to MCLGs. For noncarcinogens and sub-
stances with equivocal evidence of carcinogenicity, the MCL is usually the same as the
MCLG. For probable carcinogens the MCL is set based on a variety of technological
performance/cost factors, but also a reference risk rank is targeted between 10~ and 10~
(hypothetical incremental lifetime risk using a conservative model unlikely to have
underestimated the risk). Standards falling in that range are concluded to be safe and
protective of public health. The regulatory process requires publication of the proposed
MCLGs and MCLs in the Federal Register along with their supporting rationales. A
public comment period follows and each comment must be addressed and resolved
before the final MCLGs and MCLs are established and implemented.

5-7 MICROBIAL RISK ASSESSMENT

Microbial risk assessment (MRA), also known as quantitative microbial risk assessment
(QMRA), is an emerging field and that can potentially provide useful tools for analyz-
ing microbial risk to human health. As discussed in Sec. 5-1, risk analysis consists of
three principal components: (1) risk assessment; (2) risk management; and (3) risk
communication. The focus of this section is on the first component of the risk analysis
process. Topics considered in this section include: (1) microbial risk assessment is
defined; (2) the implementation of MRA is described; (3) an overview of MRA method-
ologies is provided; and (4) a discussion of the lessons learned in the selection of MRA
methodologies is presented. The application of MRA in water reuse applications is
illustrated in the following section.

Microbial risk assessment (also known as pathogen risk assessment) is the process that
is used to evaluate the likelihood of adverse human health effects that can occur fol-
lowing exposure to pathogenic microorganisms or to a medium in which pathogens
occur (Cooper et al., 1986a; Cooper, 1991; Haas et al., 1999; ILSI, 2000). To the extent
possible, the MRA process includes evaluation and consideration of quantitative infor-
mation; however, qualitative information is also employed as appropriate (Cooper et al.,
1986b; WHO, 1999; Ashbolt, et al., 2005). Many of the early MRAs employed the NRC
conceptual chemical risk assessment framework (see Sec. 5-1) to provide a structure
from which the assessments could be conducted (Haas, 1983a; Cooper et al., 1986b;
ILSI, 1996; Regli et al., 1991; Rose et al., 1991a).

Chemical Risk
Assessment
Summary

Infectious
Disease
Paradigm for
Microbial Risk
Assessment
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Figure 5-9
Crowded beach.
Complexities of
person-to-person
interactions for
infection and
disease create
difficulties in
identifying
exposure
pathways.

Health Risk Analysis in Water Reuse Applications

Complexities of Person-to-Person Interactions

As the field of MRA developed, it became clear that there are some complexities asso-
ciated with modeling the infectious disease process that are unique to pathogens, such
as person-to-person transmission of infection, and individual immunity (see Fig. 5-9).
Thus, the conceptual framework for chemicals used in chemical risk assessment (static
modeling) as discussed in Sec. 5-6 is not adequate for the assessment of risk of human
infection following exposure to pathogens (via dynamic modeling). The fundamental
difference between the two risk assessment techniques is that static models do not
account for properties that are unique to a dynamic infectious disease process. For
instance, in static models, the number of individuals that are assumed to be susceptible
to infection is not time-varying, whereas in dynamic models that number is time-varying,
which more closely resembles what occurs in nature. Additional comparisons of static
and dynamic MRA models are described in Table 5-10. The fundamental difference
between these two model approaches is that the risk characterization perspective is
shifted away from an individual (static MRA) to a population-based perspective in the
dynamic MRA investigations. Static and dynamic MRA models are considered further
following a discussion of risk assessment methods (see Fig. 5-10).

Risk Analysis Framework

The U.S. EPA/ILSI (International Life Sciences Institute) framework for assessing the
risk of human infection following exposure to water- and food-borne pathogens is com-
prised of three principal components (1) problem formulation, (2) analysis, and (3) risk
characterization (Teunis and Havelaar, 1999; Soller et al., 1999; ILSI, 2000). The
framework is similar conceptually to the NRC paradigm for human health risk assess-
ments for exposure to chemicals (NRC, 1983) and the ecological risk assessment
framework (U.S. EPA, 1992), as discussed in Sec. 5-2.



Static risk assessment model

Static representation (not varying
in time)

Direct exposure (environment-to-
person)

Individual-based risk

Potential for secondary transmission
of infection or disease is negligible

Immunity to infection from microbial
agents is negligible
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Dynamic risk assessment model

Dynamic representation (time-varying)

Direct (environment-to-person) and
indirect exposure (person-to-person)
Population-based risk

Potential for secondary or person-to-
person transmission of infection or
disease exists

Exposed individuals may not be
susceptible to infection or disease

because they may already be infected
or may be immune from infection due
to prior exposure

Dose-response function is the
critical health component

The dose-response function is impor-
tant, however, factors specific to the
transmission of infectious diseases
may also be important

Quantitative methods to characterize human health risks associated with exposure to
pathogenic microorganisms started to appear in the published literature in the mid
1970s (Dudely et. al., 1976; Fuhs, 1975; Haas 1983a, b; Cooper, et. al., 1986b; Olivieri
et. al., 1986). Since then, the field of MRA has been developing and maturing and dose-
response relationships have been developed for various pathogenic microorganisms,
and the dose-response information can now be applied for practical use (Haas et al.,
1999; McBride et al., 2002).

Assessments using a static model for evaluating microbial risk are focused typically
on estimating the probability of infection or disease to an individual as a result of a sin-
gle-exposure event. These assessments generally assume that multiple or recurring expo-
sures constitute independent events with identical distributions of contamination (Regli
etal., 1991). Secondary transmission and immunity are assumed to be negligible or that
they effectively cancel each other out. In this context, secondary transmission would
increase the level of infection/disease in a community relative to a specific exposure to
pathogens, and immunity would decrease the level of infection/disease in a community
relative to a specific exposure to pathogens.

Model States

In static MRA models, as shown on Fig. 5-10a, it is assumed that the population may
be categorized into two epidemiological states: (1) a susceptible state; and (2) an infect-
ed or diseased state. Susceptible individuals are exposed to the pathogen of interest and
move into the infected/diseased state with a probability that is governed by the dose of
the pathogen to which they are exposed and the infectivity of the pathogen. The solid
lines on Fig. 5-10 are used to represent the movement of individuals from one epi-
demiological state to another, and the dotted lines represent the movement of
pathogens. Although humans may be exposed to pathogens from a number of potential

Table 5-10

Comparison
of static and
dynamic risk
assessment
models

Microbial Risk
Assessment
Methods

Static Microbial
Risk
Assessment
Models
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c2 Carrier 2 Individuals who are diseased and no longer have symptoms of
disease, but are still infected
P Postinfected Individuals who are neither infected nor symptomatic and have

resistance to infection
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Figure 5-10

Conceptual models for microbial risk assessment: (a) static and (b) dynamic. The
rate parameters for the dynamic model, shown as Greek symbols, are described in
Table 5-11.
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environmental sources, static models typically employ the assumption that susceptible
individuals are exposed to pathogens from the specific pathway under consideration for
the investigation and do not include the potential interaction and implications of multi-
ple routes of exposure.

Probability of Infection or Disease

The probability that a susceptible individual becomes infected or diseased is a func-
tion of the dose of pathogens to which that individual is exposed. When individuals
are exposed to pathogens from an environmental source, they move with a given
probability to an infected or diseased state. This probability dose-response function
is labeled P, . on Fig. 5-10b. The dose is typically calculated by estimating two quan-
tities: (1) the concentration of pathogens at the exposure site and (2) the volume of
water ingested. This dose quantity is then input into the dose-response function and
the probability that an exposed individual will become infected or diseased is
estimated.

Required Health Effects Information

The critical health effects information required for the static model, therefore, is cap-
tured in the function that represents the probability of infection (P, ), the pathogen-
specific dose-response function. The probability of infection following exposure to a
virulent pathogen depends on several host and pathogen-specific factors. The interac-
tion between a pathogen and the host can be viewed as a series of conditional events,
in which each event must occur to result in infection. The infection status depends on a
number of factors such as (1) the number of organisms that enter the host; (2) the abil-
ity of the host to inactivate these organisms; (3) the number of organisms that can with-
stand the host’s local immune defenses, adhere to mucosal surfaces, and multiply to
infect the host; and (4) variation in pathogen virulence and host susceptibility
(Eisenberg et al., 1996; Eisenberg et al., 2004). The probability of infection is often
multiplied by the number of exposed individuals to estimate the expected number of
infected individuals for the exposure scenario under consideration.

In a dynamic risk assessment model, the population is assumed to be divided into a
broader group of epidemiological states. Individuals move from state to state based on
epidemiologically relevant data (such as duration of infection and duration of immunity).
Only a portion of the population is in a susceptible state at any point in time, and only
those in the susceptible state can become infected or diseased through exposure to
microorganisms.

Movement from Susceptible to Exposed State

The probability that a susceptible person moves into an exposed state is governed by
(1) the dose of pathogen to which they are exposed, (2) the infectivity of that pathogen,
and (3) the number of infected/diseased individuals with whom they may come into
contact. Infectivity as a function of dose (estimated using a dose-response function) is
an important factor in estimating risk in static representations of the disease process.
The dose-response function is also important in a dynamic MRA model; however, other
factors such as person-to-person transmission, immunity, asymptomatic infection,
and/or incubation period may also be as or more important.

Dynamic
Microbial Risk
Assessment
Models
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Table 5-11

Description of rate
parameters for the
representative
dynamic model
shown on Fig. 5-10

Accounting for Additional Factors

Accounting for the additional factors, as cited above, when estimating risks associated
with exposure to pathogenic microorganisms requires a more sophisticated mathematical
model than the static model shown conceptually on Fig. 5-10a. When a dynamic dis-
ease transmission model is used, it is possible to account for attributes specific to the
transmission of infectious diseases. Depending on the infectious disease processes that
are important, the dynamic model may include more or less components, and therefore
vary in complexity. For example, a dynamic model may account for person-to-person
transmission, immunity, incubation, and asymptomatic infection, as is illustrated on
Fig. 5-10b (Soller et al., 2004).

Epidemiological States

The population on Fig. 5-10 is separated into six epidemiological states. Rate parame-
ters that are used to specify the movement between epidemiological states, given as
Greek letters on Fig. 5-10b, are described in Table 5-11. The model shown on Fig. 5-10b
is called a dynamic model because the number of people in each epidemiological state
varies over time. The dynamic model is more comprehensive mathematically as

Symbol Description

o Rate of movement from an exposed state to a carrier (infectious
and asymptomatic) state or a diseased state (infectious and symp-
tomatic). 1/a corresponds to the latency period prior to infection for
the pathogen of interest.

c Rate of movement from a carrier state to a postinfection state. 1/c
corresponds to the duration of infectiousness, or equivalently, the
duration of asymptomatic shedding of pathogens in feces.

) Rate of movement from a diseased state (infectious and sympto-
matic) to an asymptomatic (carrier) state. 1/d corresponds to the
duration of symptoms during infection.

Y Rate of movement from a postinfection state (not infectious,
asymptomatic, and not susceptible to infection) to a susceptible
state. 1/y corresponds to the duration of immunity or protection
from infection.

B, Rate of movement from a susceptible state to an exposed state
due to exposure to pathogens from an environmental source (i.e.,
not person-to-person transmission). Function of the number of
pathogens to which an individual is exposed and the infectivity of
the pathogen of interest. The infectivity is described quantitatively
through a dose-response function which is comprised of one or
two dose-response parameters.

B, Rate of movement from a susceptible state to an exposed state
due to exposure to pathogens from secondary (person-to-person
or person-to-environment-to-person) transmission.

PSym Probability of a symptomatic response. Clinical data describing the
proportion of infected individuals that develop symptoms.
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compared to the static model. However, as discussed in the following section, for a spe-
cific set of assumptions the two models are essentially equivalent (Soller et. al., 2004).

Equivalence of Static and Dynamic Models
Comparing Figs. 5-10a and 5-10b, the two risk assessment models would be equivalent
when:

» The background concentration of the pathogen (or equivalently the endemic level of
infection/disease) in the population is zero or unimportant

* The duration of infection and disease approaches zero, and

* Infection and/or disease do not confer immunity or the duration of immunity
approaches zero

In categorizing the epidemiological status of the population, individuals are considered
infected if they are shedding pathogens in their feces or exhibit an immune response
such as increased antibody levels. People are considered diseased if they exhibit any of
the clinical symptoms related to the specific pathogen of interest, for example, diarrhea
and/or vomiting. Individuals in the population move from one epidemiological state to
another based on clinically observable data, exposure data, and a dose-response relation
between the exposure and the probability of infection.

Deterministic or Stochastic Modeling

Dynamic MRA models can take two main forms: (1) deterministic, or (2) stochastic. In
the deterministic form, the model is expressed as a set of differential equations that have
defined parameters and starting conditions, which determine the rate of transfer of indi-
viduals from one epidemiologic state to another. This type of model is most suitable for
large populations of individuals interacting randomly with one another (Eisenberg
et al., 1996; Soller et al., 2003). In the stochastic form, the model incorporates proba-
bilities at an individual level and is evaluated by an iterative process such as Markov
Chain Monte Carlo analysis. Stochastic model forms are most suitable for small popu-
lations with heterogeneous mixing patterns (Koopman et al., 2002).

Microbial Risk Characterization Model Complexity

A variety of model types (from simple to complex) are available that can be used to
characterize infectious disease transmission, and evaluate the potential for interven-
tions. Different aspects of the disease transmission system are simulated through the
model parameters, with each model capturing a unique set of transmission methods or
pathways. Thus, it is unrealistic to presume that one model type is appropriate for all
waterborne MRA. For exposures to microbes from reclaimed water applications, it has
been demonstrated that the selection of an appropriate model form (static or dynamic)
can be identified based on as few as three to four model parameters (Soller et al., 2004).
It was also demonstrated that no one model form will be appropriate for all possible
combinations of potential pathogens of interest and exposures.

The selection of a model type involves tradeoffs. Biological or demographic “realism” can
be achieved, frequently through analytical complexity that distances the model from the
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Selecting a
Microbial Risk
Model

available data. Further, each model form involves certain types of assumptions that may
or may not be realistic or appropriate for a particular situation. With the perspective that
different model types, and forms, and accompanying analytical approaches may be nec-
essary for different applications, Koopman et al. (2001) suggest an analysis strategy
involving a hierarchy of models from simple to increasingly complex models that could
be traversed to make MRA analyses more realistic while remaining mathematically
tractable. From the information available today it is anticipated that the issue of model
complexity for MRAs will be an area of research that will receive substantial attention
in the future.

The most rigorous and scientifically defensible approach for modeling an infectious
disease process in a population is with a dynamic mathematical model because infectious
diseases behave dynamically. However, as noted previously, there may be conditions
where the results from the static and dynamic models yield similar results. These con-
ditions are of particular interest to risk assessors, because modeling the transmission of
infectious diseases as a static process requires substantially less data and mathematical
sophistication than modeling the process dynamically.

Evaluating Static and Dynamic Models

Recent work by Soller et al. (2004) evaluated the two types of models, and focused on
identifying when it may be appropriate to use the static model and when it may be nec-
essary to use the dynamic model for assessing risk for exposure to pathogens of public
health concern from reclaimed water. The work by Soller et al. (2004) is discussed in
detail in the following section.

The premises upon which the model evaluation results were based are as follows:

* Under the conditions in which the two models predict similar estimations of risk, the
static model is more appropriate, as it is simpler yet yields similar results.

* Under the conditions in which the two models predict substantially different
estimations of risk, the dynamic model is more appropriate, as one or more infec-
tious disease processes impact the assessment enough to impact the assessment
of risk.

Data Required

The data required to assess the risk associated with a given exposure to a pathogenic
microorganism for the static and dynamic models are compared in Table 5-12. As shown,
the static model requires substantially less data than the dynamic model. To differenti-
ate between the conditions under which the static and dynamic models predict similar
and substantially different estimations of risk for the specific exposure scenario under
consideration, a series of numerical simulations were set up to explore the range of fea-
sible parameter combinations. The exposure represented a range of pathogenic microor-
ganisms via reclaimed water applications. Based on the simulation strategy selected,
over 500,000 simulations were run. A sensitivity analysis was then conducted to deter-
mine which model parameters impacted the predicted difference in infection incidence
between the two models.
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Model

Parameters Static Dynamic

Exposure related

Concentration of pathogen X
Volume of water ingested X
Proportion of population exposed

Frequency of exposure

X X X X

Pathogen related

Dose response parameter(s) X
Duration of incubation

Duration of infectiousness

Duration of disease

Duration of protection

Probability of symptomatic response
Person-to-person transmission potentials

X X X X X X X X

Background concentration level

3Adapted from Soller et al. (2004).

Parameters Most Strongly Impacted

Based on the results of the sensitivity analysis, the parameters that most strongly
impacted the difference in predicted incidence between the static and dynamic models,
in order of decreasing importance are:

Dose of pathogen

Exposure intensity

Dose-response parameters (o and B for the beta-Poisson model)
Duration of infection

Important Caveats
Important caveats in the comparison of models (Soller et al., 2004) include:

Extrapolation of the results to routes of exposure, pathogens, and/or other model variants
not investigated, including levels of incidence difference, must be done with caution, as
the results are only applicable within the bounds investigated.

Microbial risk assessment is inherently agent specific, therefore, the cumulative effects
of exposure to multiple pathogens were not addressed explicitly.

The health outcome associated with infection and disease was gastroenteritis, as
dose-response data predict this health outcome. There are a number of other more
serious disease outcomes that are also associated with pathogenic microorganisms
and characterizing the risk associated only with one outcome likely underestimates
the true cumulative risk to public health. Developing a characterization methodology
for other endpoints was beyond the scope of the investigation, however the like-
lihood for such health outcomes is important and should be considered during the
risk management process.

Table 5-12

Parameters
required for
modeling static
and dynamic
disease
processes?
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The above results provide some insight and guidance to utilities and risk managers
regarding the conditions under which a less complex MRA model may be employed for
human exposure to pathogens via a reclaimed water pathway.

The Risk Manager’s Role

When selecting a MRA model, the risk manager is urged to use caution, as risk issues
are typically complex, and have impacts on both the development and the compliance
with regulations. A discussion of the latter point is addressed in a paper by Olivieri
et al. (2005) in which the costs and relative public health benefits of seasonally based
municipal wastewater treatment plant effluent limits (i.e., secondary treatment with
disinfection in the winter and tertiary treatment in the summer to protect public health
in swimming and body contact sports) were investigated. Allowance for seasonal lim-
its raises a significant water quality policy question with regard to the costs and rela-
tive benefits of providing tertiary treatment during the winter season in addition to the
summer season. The assumed societal benefit of winter tertiary treatment was
enhanced water quality for recreational purposes, and thus reduced risk to public
health. Olivieri et al. (2005) estimated that between 4 million and 16 million recreation
events would need to occur annually in northern California during the winter to justify
the costs of providing winter tertiary treatment. The information presented in the
paper could be used by water quality regulatory agencies to develop a risk-based pol-
icy to consider seasonal water quality limits for effluent discharge and water reuse
applications.

5-8 APPLICATION OF MICROBIAL RISK ASSESSMENT IN WATER
REUSE APPLICATIONS

Microbial Risk
Assessment
Employing a
Static Model

Three typical examples are presented in this section to illustrate the application of both
static and dynamic MRAs in water reuse applications: (1) a risk assessment employing
a static microbial model, (2) a risk assessment employing a dynamic microbial model,
and (3) an assessment of the health risks associated with enteric viruses in reclaimed
water. It should be noted that the derivation of the required equations and the computa-
tional procedures that are used in the examples presented in this section are beyond the
scope of this chapter. Nevertheless, where appropriate, the required equations are
included, without detailed derivation, and the computational procedures are described to
illustrate the methodology involved in MRA applications. Details on the derivation of
the equations used and the computational procedures employed may be found in the
cited references.

Static MRA methods, as noted in Sec. 5-7, have been used to evaluate the potential pub-
lic health effects associated with drinking water containing a range of waterborne
pathogens as well as reclaimed water. The methods employed in those assessments have
varied from relatively straightforward assessments using point estimate values for model
parameters to more complex assessments relying on stochastic (probabilistic) models.
Some representative examples of risk assessments employing static models are summa-
rized in Table 5-13. The use of a static MRA model is illustrated in Example 5-3.
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Table 5-13
Examples of risk assessment employing static models

Model purposes, components, and findings

The enteroviruses (a subgroup of enteric viruses), for which a standard analytical
method has been available for some time, could serve as an indicator of worst-case
potential occurrence for any specific virus. The dose-response relation for rotavirus
has been used to derive upper-limit risk estimates for viruses in water as rotavirus
is the most infectious waterborne virus for which dose-response information is
currently available.

Enteric virus monitoring data in California from secondary and tertiary effluents were
evaluated in conjunction with the State of California’s Water Recycling Criteria. The
analysis showed that annual risk of infection from exposure to chlorinated tertiary
effluent containing 1 viral unit/100 L in recreational activities such as swimming or
golfing is in the range of 102 to 10~7 while exposures resulting from foodcrop
irrigation or groundwater recharge with reclaimed municipal wastewater is in the
range of 106 to 10",

Uncertainties are accounted for in exposure assessments (lognormal distribution for
volume ingested) and the dose-response relationship (95 percent confidence
intervals about the maximum likelihood estimate for o and B) for viruses in

drinking water by applying Monte Carlo simulation techniques.

Point estimate values are used for the concentration of rotavirus in drinking water
(0.004/L and 100/L) and an assumed 99.99 percent reduction of rotavirus

through drinking water treatment. The volume of water ingested (2 L/d and 4 L/d)
and beta-Poisson dose response parameters (o = 0.26, f = 0.42) were also based
on point estimate values. The probability of clinical illness was determined by
multiplying the resulting probabilities of infection by 0.5. The probability of mortality
was determined by multiplying the probability of iliness by 0.01 percent for the
general population and one percent for the elderly.

Two concepts related to safety of water reclamation and reuse are presented.

The first is reliability, defined as the probability that the risk of infection from

enteric viruses in reclaimed wastewater does not exceed an acceptable risk.

The second is based on the expectation of the acceptable annual risk in which the
exposure to enteric viruses may be estimated stochastically by numerical simulation
(Monte Carlo methods).

Because enteric virus concentrations in unchlorinated secondary effluents were
found to vary over a wide range, characterizing their variability was found to be
extremely important. The reliability criterion of meeting the less than 10 annual
risk of infection (less than or equal to one infection per 10,000 population per year)
at least 95 percent of the time was used to assess the safety of using reclaimed
water in the four different exposure scenarios. The findings of this study served

as an independent verification of the California Water Recycling Criteria

(Title 22 regulations).

A model for virus decay on lettuce and carrot crops has been derived as part of
a comprehensive wastewater irrigation microbial risk assessment model under
development. Results from the decay modeling indicated the presence of a very

References

Regli et al. (1991)

Asano et al. (1992)

Haas et al. (1993)

Gerba et al. (1996)

Tanaka et al.
(1998)

Petterson and
Ashbolt (2001)

(Continued)
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Table 5-13
Examples of risk assessment employing static models (Continued)

Model purposes, components, and findings References

persistent subpopulation of viruses evidenced by an initial rapid phase of decay
followed by a very slow phase. In addition, virus counts fitted a negative binomial
rather than Poisson distribution indicating overdispersion. Hence the data indicated
that viruses were not uniformly distributed over the surfaces of both crops.

Rose et al. evaluated the potential public health effects associated with drinking water  Rose et al.

contaminated with Giardia lamblia and Cryptosporidium. Point estimates were used (1991a, b)

to characterize the volume of water consumed daily (2 L), average levels of cysts in Teunis et al. (1997)
surface waters (0.22 to 104/100 L), reduction of cysts due to drinking water treatment  Perz et al. (1998)
(99.9 percent), and the dose-response relation. Annual risks were computed as Teunis and
described above and source water concentrations corresponding to annual risks of Havelaar (1999)
1/10,000 were derived. Makri et al. (2004)

Teunis et al. (1997) conducted an assessment of the risk of infection by
Cryptosporidium and Giardia lamblia in drinking water from a surface water supply
in which the major contributing factors to risk were each treated as stochastic
variables. The stochastic variables investigated included the concentration of cysts
(Giardia lamblia) and oocysts (Cryptosporidium) in raw water, the recovery of the
detection method, the viability of recovered cysts or oocysts, the removal of
organisms in the treatment process, and the daily consumption of unboiled

tap water.

Teunis and Havelaar (1999) conducted a case study in which the risk of human
infection from Cryptosporidium parvum in drinking water was characterized. Exposure
was assessed by splitting into different stages the route of the pathogens from river
water to the consumed tap water. Assessment of the performance of a drinking water
treatment process was modeled using spores from sulfite reducing clostridia as the
surrogate organism. For dose-response assessment, the beta-Poisson model was
employed. The dose-response relations for infection and illness were used to
generate, via Monte Carlo methods, distributions for the risk of daily, annual, and
lifetime infection and illness.

Static models have been used to investigate the expected public health risk Olivieri and
associated with exposure to pathogens from recreational exposure in freshwater. Soller (2001)
The city of Vacaville and the El Dorado Irrigation District in California each HDR Engineering
conducted investigations to evaluate the potential health risks posed from et al. (2001)

exposure to pathogens via contact with the respective treated effluents from
recreational activities. For the city of Vacaville, the estimated risk values range from
approximately 1 infection per 10* to 108 recreation events for secondary treatment to
1 infection per 108 to 107 events for tertiary treatment. For El Dorado Irrigation District,
the median probability of infection to swimmers from exposure to tertiary treated
effluent is estimated to be on the order of 5 infections per 107 exposures. The
results of the investigation indicated that in the United States, the U.S. EPA
acceptable health risk levels for iliness (i.e., 8/1000) are more than met by the
current performance of the municipal wastewater treatment plants during both

the winter and summer seasons.
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EXAMPLE 5-3. Derivation of Wastewater Treatment
Requirements for Unrestricted Crop Irrigation with
Reclaimed Water Based on Rotavirus.

Use microbial risk assessment procedures to derive the required reduction of
rotavirus concentration through wastewater treatment for unrestricted crop irri-

gation with reclaimed water. Assume rotavirus is the organism of concern and
an acceptable level of risk of disease is P, = 10~ illnesses/person-yr. Assume

further that 10 percent of the persons infected will become ill. The following
parameter values are to be used in the quantitative microbial risk analysis.

1. 100 g lettuce consumed every second day throughout the year

2. The concentration of rotaviruses is 1000 /L in untreated wastewater

. Following irrigation, 10 mL of reclaimed water remain on 100 g lettuce
. 2 log viral die-off between last irrigation and consumption, and

. 1log unit viral reduction occurs due to washing the lettuce with clean water prior
to consumption (i.e., a total of 3 logs reduction due to die-off and washing)

g b~ W

A schematic diagram of the problem is as follows:

Wastewater

Raw wastewater | treatment | Rotavirus in treated Die-off Concentration at | Exposure

1000 rotavirus/L X logs water

3 logs

reduction

Probability of illness

time of exposure | 100 g lettuce

PiPint

Probability of

10 mL water on
100 g lettuce

No. of Exposures

Exposure dose

Dose response
relation
beta-Poisson

Ngg=6.17, ;= 0.253

every 2nd d for 1 yr

Probability of infection
per exposure event

per year 0.1 infection per year

Use the schematic diagram above and work backward from the “Probability of illness
per year” to determine the log reduction necessary during wastewater treatment.

Solution

1. Because the acceptable probability (risk) of illness per year is 1073, the
acceptable risk probability of infection is:
(1073 infections/person-yr)/0.1 disease/infection = 1 x 1072 infections/person-yr

2. Convert the acceptable probability of infection (1 x 10-2 infections/person-yr)
to the probability of infection per person per exposure event using Eq. (5-7).
P, =1—(1— Py
where n = number of exposure events
P . = acceptable level of risk (probability) of infection/person-year
P4 = acceptable probability of infection per person per day (single event)

Solving the above equation for the daily exposure, P, yields
Pe=1-—(1 — Py
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Substituting for Pyr, and noting that the exposure takes place every two days
throughout the year (i.e., the value of n in the above equation is 365/2) the
value of P, is equal to

Py =1— (1 — 1072152 = 5.5 x 10-5

3. Compute the corresponding dose of rotavirus using the B-Poisson dose-
response equation based on the median ingested dose (N.,) [Eq. (5-5)].

Solve the B-Poisson dose-response equation for dose (d). Note that P,
probability of infection from single exposure event corresponds to P, calcu-
lated above.
— — i M -
Pine(d, o, Ng) = 1 1+ N (2 1)

50
Solving the above expression for d yields
(1 = Pyt — 1
Nso/ (2« — 1)

Substituting the given values for the dimensionless “infectivity constants” for
rotavirus, N, = 6.17 and o. = 0.253, solve the above expression for the dose, d.

d =

1 -5 X 10-5)]- 10253 — 1
B 6_17/(21/0.253 _ 1)

4. Compute the concentration at the time of exposure: the computed dose of
5 x 10~* rotavirus is contained in the 10 mL remaining on the lettuce at the
time of consumption. Thus, the concentration at the time of exposure,
expressed in units of rotavirus per liter is 5 x 1072 /L.

5. Compute the concentration of rotavirus in the treated wastewater taking into
account the 3-log unit rotavirus reduction between the last irrigation and
consumption, the maximum allowable concentration of rotaviruses, C, in the
effluent of the treatment plant is

C =[(5x 102) x 103 = 50/L

d =5x 10¢

6. Compute the required rotavirus log reduction, R, through wastewater treat-
ment. The required reduction is by

Log R = log (1000/L)/log (50/L) = 1.77, round to 2

Therefore the total required rotavirus reduction corresponds to approxi-
mately 2 log reduction achieved by wastewater treatment, plus the 2 log
reduction due to die-off between the last irrigation and consumption, plus
the 1 log reduction due to washing the lettuce in clean water immediately
prior to consumption, is equal to (2 + 2 + 1); approximately a reduction of
5 logs overall.
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The fundamental difference between the static and dynamic MRA models is that the
risk characterization perspective is shifted away from an individual to a population-
based perspective in the dynamic MRA model applications. In dynamic MRAs, the
models are used to simulate the epidemiologic status of a population over time as well
as environmental variables such as pathogen density. A conceptual model for health
effects must be developed for each case under investigation. Risk characterization is
implemented by integrating the exposure and health effects components (models) via a
parameterization step, and by running Monte Carlo simulations. The resultant output
from the simulations is distributions of predicted adverse health effects. Examples of
risk assessment employing dynamic models are reported in Table 5-14. The use of a
dynamic MRA model is illustrated in Example 5-4. Although the computational proce-
dure utilized in Example 5-4 is beyond the scope of this textbook, the approaches uti-
lized in this example are valid and illustrative of the dynamic microbial risk assessment
models.

Table 5-14
Examples of risk assessment employing dynamic models

Model purposes, components, and findings

Dynamic microbial risk assessment methods have been used to characterize
the potential public health effects associated with rotavirus in drinking water,
obtain insight into the epidemic process related to drinking water treatment
failures, characterize risks from microbiological contaminants associated with
recreational activities, and estimate the bias associated with modeling the
infectious disease process using a static model.

In each investigation, a conceptual model for health effects was developed.
Risk characterization was implemented by integrating the exposure and
health effects components (models) via a parameterization step, and by
running Monte Carlo simulations. The resultant outputs from the simulations
are distributions of predicted adverse health effects.

A dynamic model was constructed and possible parameter combinations
were evaluated to find combinations consistent with surveillance data
from the outbreak of disease incidence for the 1993 cryptosporidiosis
outbreak in Milwaukee, Wisconsin. Evaluation of the model output indicated
that a smaller outbreak likely occurred prior to the large reported out-
break. This finding suggested that had surveillance systems detected
the earlier outbreak, up to 85 percent of the cases might have been
prevented.

Further analysis using the incidence data resulted in three inferred properties
of the infection process (1) the mean incubation period was likely to have
been between three and seven days; (2) there was a necessary concurrent
increase in Cryptosporidium oocyst influent concentration and a decrease

in treatment efficiency of the water treatment facility; and (3) the variability

of the dose-response function in the model did not appreciably affect the
simulated outbreaks.
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EXAMPLE 5-4. Risk Assessments Employing a Dynamic

Model.

Use a dynamic MRA approach to assess the potential public health risk from
enteric viruses that is associated with recreational activities in Newport Bay
in southern California. The following analysis is adapted from Soller et al.,

2006.

Analysis

1. A schematic diagram showing how different types of data were used for the
investigation is presented below.

Exposure Health effects
T T 1
. Beneficial
Existing use data
water quality
data
\ A
Additional Water Disease Risk
water quality > quality »| transmission estimate
data model model
Viru? Ioatding Virus loading Clinical and Dose
¢ SNk esl estimates epidemiologic response
o from bathers data data

2. A model for disease transmission was developed to describe the epidemi-
ologic status of individuals within a population, and how that status varies
over time. As illustrated on the following page, four state variables in the
dynamic disease transmission model (S, C, D, and P) are used to track the
number of people that are in each of the epidemiologic states at any point
in time. Rate parameters are used to determine the movement of the pop-
ulation from one state to another. The rate parameters include the rate of
acquiring infection, the rate of recovery from infectious states, and the rate
of decline in immunity. Rate parameters are determined through literature
review directly or are functions of model parameters determined from the

literature.
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S —
1 State variables
Exposure .
Latency | | Incubation S: Susceptible to infection, not infectious, not symptomatic
Béc B;D C: Infections and not symptomatic
D: Infectious and symptomatic
* * P: Protected from infection, not infectious, not symptomatic
C D Rate parameters
BI BI Bsc: Rate at which individuals in state S move to state C
| ||=o ?D | Bsp: Rate at which individuals in state S move to state D
ocp Exposure Opp Bpc: Rate at which individuals in state P move to state C
L1 Bpp: Rate at which individuals in state S move to state D
|_> p 4_I ocp: Rate at which individuals in state C move to state P
opp: Rate at which individuals in state D move to state P
| v v :Rate at which individuals in state P move to state S

Two routes of transmission are considered—primary transmission by back-
ground exposure and/or recreational contact in Newport Bay, and second-
ary transmission which includes person-to-person transmission. The
change in the fraction of the population in any state from one time period to
the next is modeled as a first order differential equation. For example, the
relative change in state S from one time period to the next due to primary
infection is:

dS,/dt = —Bgg, S — Bepy S+ 7P

Note that the numeric subscripts indicate that the route of transmission is
(1) primary or (2) secondary (person-to-person transmission). Similarly, the rel-
ative change in state S from one time period to the next due to secondary infec-
tions is directly related to the number of individuals who are in states S, C, and
D during that time period.

dS,/dt = (B, + Bspy) S (D + C)

The overall change in the number of susceptible individuals from one time
period to the next is equal to dS,/dt + dS,/dt.

3. A series of Monte Carlo simulations were run with randomly selected model
parameter values.
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Model parameters Parameter Units Range

Dose response parameters DR, Unitless 0.125-0.5
DRy Unitless 0.21-0.84

Probability of symptomatic response Pym Unitless 0.1-0.45
Previous exposure factor € Unitless 0.1-0.9
Reciprocal of incubation 17, d-’ 0.33-1.0
Reciprocal of latency 1/t d-’ 0.143-0.333
Rate diseased move to postinfection state o, d-’' 0.09-0.5
Rate carriers move to postinfection state O¢p d-’! 0.05-0.125
Rate of susceptible re-establishment Y d-’ 0.0009-0.0027

Rate parameters dependant on model parameters

BSC = (Pdose + Pcontact) X (1 - PSYm) x T'—
BsD = (Pdose + Pcontact) R (Psym) X

BPC = (Pdose + Pcontact) KEX (1 - PSYm) x T'—
BSD = (Pdose + Pcontact) RE X (PSym) x t'

Intermediate variables used to compute rate variables

Pie=1-(1+ dose/DRB)‘DRa
P =1.38 x 6/N

contact
N = Population size

1,200,000

4. Output from the disease transmission model is the number of people in each

of the states as well as the average daily prevalence for the simulation,
defined as the average proportion of the population that is symptomatic (in
state D) during the whole simulation period. For any given simulation the
number of individuals in each state changes until a steady state is achieved.

. The number of individuals in each of the epidemiological states at the end
of 1000 simulations was found to be very similar for background and back-
ground plus body contact recreation exposure conditions (see the following
figure).

From the results of this analysis, it was found that approximately 99.9 percent
of the population in the diseased state at any time is due to background
exposure compared to approximately 0.1 percent due to recreational
activities (REC-1). In these simulations, all members of the population
are subject to background exposure, whereas only those who choose to
recreate in the Newport Bay are subject to the incremental recreational
exposure.
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6. To provide an independent method of checking the disease transmission
modeling results, a separate analytical approach was employed to evaluate
enterococcus data collected in the most heavily used recreation site in
Newport Bay. The approach involved applying a static based risk assess-
ment approach utilizing the U.S. EPA enterococcus concentration—illness
response function. The water quality results of 246 enterococcus samples
were available from recreation sites for 1999 and 2000. The samples (48
percent of the total samples) that were below the detection limit of 10
MPN/100 mL were assumed to be present at the detection limit.

The enterococcus data were fit to a lognormal distribution using the method
of maximum likelihood. Based on this distribution and the U.S. EPA equation
relating enterococci density in marine water to illness rate (U.S. EPA, 1986),
Monte Carlo simulations were used to estimate the expected distribution of
disease attributable to REC-1 activities (see figure above).

Comparing the results of these simulations with the output from the disease
transmission modeling simulations (see figure following—disease transmis-
sion model output), the levels of disease predicted by both the enterococcus
data and the disease transmission model are below the U.S. EPA accepted
marine levels. Furthermore, the levels of disease attributable to body contact
recreation estimated by the disease transmission model are approximately
an order of magnitude lower than those estimated using enterococcus data.
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Often risks to human health are below levels that are practical to observe.
In such cases simulation based approaches are invaluable because of their
ability to evaluate the potential benefits and costs of proposed manage-
ment options. Although MRA methods inherently do not characterize the
cumulative risk associated with all pathogens potentially present in an envi-
ronment, it is possible to construct a simulation-based model that captures
the salient features of a class of pathogens of interest, and frame an inves-
tigation in a manner such that practical risk management decisions can be
made.

In the United States, the constituents in reclaimed water that have received the most
attention are pathogens, and specifically enteric viruses. The focus is on pathogens
because of their low-dose infectivity, long-term survival in the environment, difficulties
in monitoring them, and their low removal and inactivation efficacy in conventional
wastewater treatment. Health risks associated with enteric viruses in reclaimed water
are typically encountered in the following water reuse applications: (1) golf course irri-
gation, (2) food crop irrigation, (3) recreational impoundments, and (4) groundwater
recharge. An analysis of the health risks associated with each of these water reuse appli-
cations is presented in Example 5-5.
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EXAMPLE 5-5. Estimation of the Required Virus Reduction
in Tertiary Treatment to Achieve Acceptable Infection Risk
by the Exposure to Enteric Viruses in Reclaimed Water.

The distribution of rotavirus in the unchlorinated effluent from a secondary
treatment process is lognormal, with a geometric mean value of —1.47 virus
units/L (vu/L) and geometric standard deviation of 0.91 vu/L. If the accept-
able annual risk of infection is 10~* and rotavirus is the constituent of inter-
est, use the beta-Poisson model to determine the reliability of the tertiary
treatment process for rotavirus concentration log reductions of 3, 4, and 5 for
each of the four exposure scenarios given in the following table. In this exam-
ple, reliability is defined as the probability of time that the risk of infection
from the ingestion of virus is equal to or less than the acceptable annual
risk. Also determine the required level of virus reduction in tertiary treatment
for 90, 95, and 99.9 percent reliability. Use the values for the dose response
model parameters given by Rose and Gerba (1991a, b), where o= 0.232 and
B=0.247.

Summary of exposure scenarios?

Scenario
Item | Il ] \Y
Application Golf course Crop irrigation Recreational Groundwater
irrigation impoundment recharge
Risk group receptor Golfer Consumer Swimmer Groundwater
consumer
Exposure frequency Twice per wk Every day 40 d/yr— Every day
summer
season only
Amount of water 1 10 100 1000

ingested in a single
exposure, V, mL

Virus reduction Stop irrigation 1 d Stop irrigation No virus reduction

measures before golf play 2 weeks before
harvest and
shipment
Environmental 0.5/d 0.5 none

removal rate

3 m vadose zone
and 6 mo retention
in aquifer

0.69/d

8Adapted from Tanaka et al. (1998).
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Solution

1. Estimate the acceptable daily virus exposure concentration for exposure
Scenario |.

a. The acceptable daily (single) exposure risk caused by virus ingestion can

be estimated using Eq. (5-7), rearranged to solve for the daily exposure, P,.

Pa=1—(1— Py

For Scenario |, the exposure event occurs twice per week (52 x 2) with an
ingestion of 0.001 L per exposure. Thus, the daily risk is computed as follows:

P,=1—(1— 104" = 962 X 107

b. Compute the acceptable daily exposure virus concentration, C,, associated
with the given acceptable daily risk, P,, using the beta-Poisson dose-
response equation Eq. (5-4). Note that the daily dose is given by C, x V.
Use the values for the dose response model parameters, where o, = 0.232
and B = 0.247. The daily concentration for Scenario | is:

Co = [(1 = Pg)™" — 1BV

= [(1 — 0.000000962) 0232 — 1] 0.247/0.001L = 1.024 X 10-3vu/L

2. Estimate the reliability, p, of the water reuse Scenario | to provide reclaimed water
with a virus concentration equal to or less than the acceptable daily virus
concentration computed in Step 1. A sample calculation is shown for Scenario I.
a. Compute the fraction remaining after the virus reduction resulting from

the environmental exposure, E, after 1 day (note that virus reduction
measures, E = 1 d for Scenario I).

E = (05d")(1d) = 0.5

b. Compute the process reliability using the following expression, which rep-
resents the probability that the performance of the treatment process will
be equal to or less than the acceptable daily virus concentration

p=®{llogCs + R — logE — (u)c}

where @ = standardized normal function

R = log removal achieved by treatment process, unitless

E = virus reduction resulting from the environmental exposure, unitless

| = geometric mean of the lognormal distribution whose random vari-
able is logarithmically transformed with respect to viruses in unchlo-
rinated secondary effluent

¢ = standard deviation of the lognormal distribution whose random vari-
able is logarithmically transformed with respect to enteric viruses in
unchlorinated secondary effluent

Substituting the value of C,, computed in Step 1b, and the values given
in the problem statement, p is:

p = ®{llog 0.001024 + 3 — log 0.5 — (—1.47))/0.91} = ®{1.96}
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c. Convert the standardized value obtained above to the percent reliability.

The value of p may be determined using statistical tables or appropriate
computer software. The computation in Excel may be determined using
the standardized normal distribution function NORMSDIST.

p = NORMSDIST(1.96) = 0.975
3. Determine the corresponding values for different log removals for each of

the four given scenarios. The required values, obtained using the procedure
outlined above in Steps 1 and 2, are summarized in the following table:

Reliability, p, for indicated reuse scenario, %

Log removal of

virus by tertiary Golf course Crop Recreational ~ Groundwater
treatment process  lIrrigation irrigation  impoundment recharge

3 97.5 100.0 454 100.0

4 99.9 100.0 83.7 100.0

5 100.0 100.0 98.1 100.0

4. Determine the virus log reductions required for the secondary effluent to
meet the acceptable virus concentration at 90, 95, and 99.9 percent relia-
bility using the expression given in Step 2b and solving for R.

a. The computation for golf course irrigation (Scenario 1) at 90 percent reli-
ability is as follows: (Note that the Excel function NORMSINV may be
used to compute the inverse standardized normal function)

R

o® '(p) + n + log E — log Cq
0.91 ®-"0.90) + (—1.47) + log 0.5 — log 0.001024 = 2.4

b. The required log removal levels for the secondary effluent to meet the
acceptable rotavirus concentration (i.e., the concentrations expected to result
in one enteric virus infection per 10,000 population) at 90, 95, and 99.9 per-
cent reliability for the four scenarios are summarized in the following table:

Log reductions, R, necessary to
meet indicated percent reliability

Scenario 90 95 99.9

I. Golf course irrigation 24 2.7 4.0
Il. Crop irrigation 0.02 0.35 1.66
Ill. Swimming 4.3 4.6 5.92

IV. Groundwater recharge 0.0 0.0 0.0
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5. Determine the uncertainty in the annual risk of infection. Although beyond
the scope of this example, the Monte Carlo Method may be used to simu-
late the distribution of the risk for each of the exposure scenarios. The
method may be conducted using a spreadsheet model or proprietary risk
analysis software. The required steps are illustrated in the following schematic

diagram.

Randomizing series of numbers following
specific distribution for pathogen
concentration in reclaimed water

Repeat for each
data set

Calculation of a dose from the exposure
scenario and from randomized pathogen
concentrations in reclaimed water

Calculation of a single (daily)
exposure risk using
the dose-response curve

Repeat for annual
exposure frequency

Calculation of annual risk
from the specific
exposure scenario

Compare with acceptable

Average different
data sets

annual risk of infection
(e.g., U.S. EPA’s SWTR - one

Comment

Because of the variable nature of wastewater treatment processes, a proba-
bility distribution is used to describe the effluent constituent concentrations. In
the above analysis, only one organism (rotavirus) was considered; however, it
is likely in practice that a number of organisms may be present and the analy-

infection per 10,000/yr)

sis will need to be repeated for each organism and exposure scenario.
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5-9 LIMITATIONS IN APPLYING RISK ASSESSMENT TO WATER REUSE
APPLICATIONS

Although risk assessment is used in a variety of settings as an aid to decision making, a
number of serious limitations exist with the application of risk assessment to water reuse.
The principal limitations of risk assessment as applied to water reuse are (1) risk assess-
ment is determined as a health risk relative to other things as opposed to being a definitive
or absolute risk, (2) inadequate consideration of secondary infections in MRA, and (3) most
importantly, the limited availability of exposure data and valid dose-response data.

Because it is impossible to determine absolute risk with the present state of knowledge, Relative Nature
relative health risk as opposed to absolute risk, as illustrated above, must be used to  of Risk

assess the safety of Wgter reuse practices and to evaluate alternative water reuse apph— Assessment
cations. For instance, in a recently completed study by Englehardt et al. (2004) relative

human and ecological risks involved in three different effluent discharge options were

examined using a Bayesian analysis, based on available information and expert opin-

ion. Arsenic, Cryptosporidium parvum, rotavirus, and NDMA were used as indicators

of human health risks for the three alternative discharge options which were (1) injec-

tion to a deep subsurface aquifer located below a drinking water aquifer, (2) discharge

to surface canals where the treated effluent can infiltrate into and become mixed with

the existing natural groundwater, and (3) discharge to the ocean where body contact

sports including swimming and beach activities may be involved.

The Bayesian approach used in this study is directly applicable to water reuse projects.
However, regardless of the approach used, it is important to keep in mind that relative
risk is not well understood by the public; thus, if risk assessment is to be used for proj-
ect evaluation, it is imperative that the process be made as transparent as possible.

In chemical risk assessment, the basis for the analysis is the individual who is ingest- Inadequate

ing the chemical constituent of concern. Although the same approach can be used for  Consideration
MRA, as discussed above, more rigorous quantitative methodologies are required
because pathogens can be transferred from person to person. Because of the possi- .
bility of disease transmission from person-to-person, secondary infection must be con- Infections
sidered in assessing microbial risks, especially where large populations are exposed

(e.g., swimming in a reclaimed water—dominated water body). To describe the trans-

mission of enteric virus infection and disease within an exposed population, it has been

proposed that consideration should be given to the quantification of persons who are (1)

infectious and symptomatic, (2) infectious and not symptomatic, (3) not infectious and

not symptomatic, and (4) not infectious and not symptomatic with short-term or partial

immunity and their movement between these states (Eisenberg et al., 1996; Soller et al.,

1999). Such an approach has been applied in assessing the risk associated with the land

application of digested sludge (Eisenberg et al., 2004). However, this is not the typical

approach, and because of the possibility of disease transmission from person-to-person,

additional research should be done before MRA can be considered a routine

undertaking.

of Secondary
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Limited Dose-
Response Data

Finally, the most serious limitation in the application of risk assessment to water reuse
is the limited availability of dose-response data for most of the constituents of concern
in water reuse. As noted previously, numerous uncertainties are involved in the devel-
opment of the dose-response data including extrapolations of animal data to humans
and mathematical extrapolations from high experimental dosages to the extremely low
dosages encountered in most water reuse risk assessments. Because dose-response data
serve as the basis for most mathematical modeling, the results obtained from modeling
efforts must be used judiciously. Risk assessment in many water reuse applications will
remain a qualitative exercise until valid dose-response data becomes widely available.

PROBLEMS AND DISCUSSION TOPICS

5-1 Using Table 5-3 as a general guide, find examples of each model application from
literature for chemical and microbiological constituents that may be of importance in
water reclamation and reuse. Discuss practical applications of dose-response models
and limitations in water reclamation and reuse.

5-2  Use the exponential and beta-Poisson models to prepare a plot of probability of
infection as a function of normalized dose for poliovirus 1 using the data in Table 5-4.
Compare and comment on the two curves.

5-3  Verify the results shown on Fig. 5-3b for the exponential and beta-Poisson with
alpha equal to 1.

5-4 Using the data given in Table 5-8, estimate the incremental cancer risk for an
adult associated with drinking groundwater containing 2.0 pg/L of one of the following
constituents (to be selected by the instructor): inorganic arsenic, benzene, bromate,
chloroform, dieldrin, heptachlor, NDMA, or vinyl chloride. To limit the constituent
exposure to an acceptable cancer risk of 1 in 100,000, determine the concentration of
the constituent that can be allowed in extracted groundwater. Compare your computed
value to the value given in the U.S. EPA IRIS data base (http://www.epa.gov/iris).

5-5 Review the current literature (a minimum of three articles should be reviewed and
cited) and list health and regulatory factors affecting implementation of a water reuse
project. What is the rationale for setting less stringent microbiological standards in
developing countries where enteric diseases are rampant among the population?

5-6 Inactivation of pathogens in the environment occurs due to sunlight exposure,
predation, and natural die-off. Because the amount of environmental removal is diffi-
cult to control or predict, a range of environmental removal values is used to assess the
degree of treatment required. Solve the problem presented in Example 5-5 for golf
course irrigation using environmental removal rates of 0.25, 0.5, and 0.75. Compute the
log reductions necessary for 90, 95, and 99.9 percent reliability for the assumed envi-
ronmental removal rates. Given that the results represent a limited sensitivity analysis,
discuss the implications of the results with respect to the degree of treatment needed to
compensate for environmental factors.



5-7 Review briefly the status of static and dynamic risk assessment in modeling
microbial risk associated with water reuse.

5-8 Inits present state of development, what are the principal limitations of microbial
risk assessment? Cite three or more references.
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Part 3

TECHNOLOGIES AND SYSTEMS FOR WATER
RECLAMATION AND REUSE

An infrastructure consisting of treatment facilities, storage reservoirs, pumping stations,
and pipelines is needed for the production and delivery of the reclaimed water to the
user. The infrastructure can range from very complex-for large urban systems to small,
low-technology systems for small communities or clusters of homes. Each water reuse
system is unique because it has to be designed to meet local conditions. The technolo-
gies and systems used for water reclamation and reuse are determined by many factors
including wastewater characteristics, reuse criteria and regulations, user characteristics,
and system geography. Process variability and reliability, emphasized in the presenta-
tions in the Part 3 chapters, are also very important considerations in water reclamation
and reuse, especially in indirect potable reuse applications. A fundamental understand-
ing of these factors is required in selection of an appropriate system and its components.

Various technologies and systems available for the production and delivery of reclaimed
water are the subject of Part 3. An overview of the factors considered in process and sys-
tem selection is provided in Chap. 6. Removal of constituents by secondary treatment,
removal of residual particulate matter, and removal of dissolved constituents are con-
sidered in Chaps. 7, 8, and 9, respectively. Removal of specific constituents is discussed
in Chap. 10. Disinfection, a critical issue in water reuse, is presented in Chap. 11.
Satellite and decentralized systems that are used for special and small community appli-
cations are introduced in Chaps. 12 and 13, respectively. Storage and distribution and
plumbing systems for reclaimed water are discussed in Chaps. 14 and 15, respectively.
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WORKING TERMINOLOGY

Term

Definition

Centralized wastewater
management

Constituents

Conventional secondary
treatment

Decentralized wastewater
management

Membrane bioreactor
(MBR)

Multiple barrier concept

Pilot-scale testing

Process reliability

The collection and drainage of wastewater, and sometimes stormwater, from a large,
generally urban and suburban, area using an extensive network of pumps and piping
for transport to a central location for treatment and reclamation, usually near the point
of a convenient environmental discharge.

Individual and aggregate components, elements, or biological entities such as total
suspended solids (TSS), biochemical oxygen demand (BOD), E. coli, and ammonia
nitrogen present and quantifiable in wastewater.

Activated sludge treatment, commonly with nitrification, used for the removal of soluble
organic matter and particulate constituents.

Collection, treatment, and discharge/reuse of wastewater from individual homes, clusters
of homes, isolated communities, industries, or institutional facilities, as well as from
portions of existing communities at or near the point of wastewater generation.

A process that combines a suspended growth activated sludge reactor with a membrane
separation system; membrane separation is accomplished by either microfiltration or
ultrafiltration and used in place of conventional gravity sedimentation.

The provision of multiple safeguards to maintain reliably the finished water quality;
examples include source control, redundant systems, and treatment processes
arranged sequentially.

The testing of unit operations or processes at a small-scale to establish the suitabili-
ty of the treatment method in the treatment of a specific wastewater under specific
environmental conditions and to obtain necessary data on which to base full-scale
design.

The level of assurance that a process will achieve consistently the needed degree of
constituent removal over the expected range of operating conditions.




Satellite treatment
systems

Secondary effluent

Sidestream

Solids retention
time (SRT)

Standby

Treatment process flow
diagram, also known
as treatment train

Unit operation

Unit process
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Systems where wastewater in an upstream portion of the collection system is intercepted
and diverted for treatment in a water reclamation facility located close to the point of
reuse. Satellite treatment systems generally do not have solids-processing facilities;
solids removed during treatment are returned to the collection system for processing
in a central treatment plant located downstream.

Treated wastewater from a conventional biological treatment plant that typically meets
average 30 d concentrations of 30 mg/L TSS and 30 mg/L BOD.

A portion of the wastewater flow that has been diverted from the main treatment
process flow for specialized treatment.

The average period of time that biosolids remain in the activated sludge aeration tank.

A device or process that can be placed in service in an emergency or serve as a
substitute.

A combination of treatment operations and processes used to produce water meeting
specified water quality goals or standards.

Method of treatment in which the application of physical forces predominates. Gravity
sedimentation and filtration are common examples.

Method of treatment in which constituent removal is brought about by chemical or bio-

logical reactions.

For many water reuse applications such as agricultural irrigation and industrial cooling
water, effluent from secondary wastewater treatment plants was historically of suffi-
cient quality. However, as quality goals for these and other water reuse applications
have increased, spurred by the adoption of water reuse regulations (see Chap. 4), addi-
tional treatment has become necessary. Meanwhile, as regulations for effluent disposal
have become more stringent, additional treatment has become necessary even for plants
not practicing reuse. Thus, where feasible, it is reasonable to consider designing a treat-
ment system suitable for potential future water reuse applications.

The technologies now used for water reclamation have evolved from operations and
processes used for water and wastewater treatment. Even greater removals of measura-
ble constituents are possible through recent technological advances. With the increased
scientific knowledge developed over the past 10 yr concerning the potential impact of
specific constituents found in water and wastewater, the focus on water quality in both
drinking water and water reuse applications has intensified further, and especially so for
indirect potable water reuse applications such as groundwater recharge and reservoir
augmentation. Thus, in response to water quality issues and concerns, greater emphasis
is now being given to technologies that provide higher levels of removal of suspended,
colloidal, and dissolved solids; pathogenic organisms; and trace constituents. The tech-
nologies may include utilizing a combination of processes, applying newly developed
processes, or modifying or upgrading existing systems to enhance process performance
and reliability.

The purpose of this chapter is to provide an overview of the issues affecting the selection
of treatment technologies for water reuse applications and to serve as an introduction to
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the nine technology chapters that follow. Issues considered in this chapter include
(1) a review of the constituents of concern found in untreated municipal wastewater,
(2) technology issues in water reclamation and reuse, (3) an overview of treatment
technologies used for water reuse applications, (4) important factors in the selection of
technologies for water reclamation, (5) the impact of treatment plant location on water
reuse, and (6) the future of water reclamation technologies and treatment systems.

Although design values are presented in many of the chapters in Part 3, detailed design
is not the focus of these chapters. Rather, the focus is on the performance of the processes
and technologies presented and discussed with respect to constituents of concern in
water reuse applications including particulate matter (turbidity, particle size, and parti-
cle size distribution), dissolved constituents (trace constituents, nutrients, and salts),
and pathogenic microorganisms (bacteria, protozoa, helminths, and viruses).

CONSTITUENTS IN UNTREATED MUNICIPAL WASTEWATER

As discussed previously in Chap. 3, the constituents found in untreated wastewater, in
addition to those present in the water supply, derive from the substances added to the
water used for various domestic, commercial, and industrial uses. The principal classes
of constituents and the corresponding physical properties found in untreated wastewater
are identified in Table 6-1. What is apparent from a review of Table 6-1 is that several
constituents or parameters are listed under multiple constituent and property classifica-
tions. Therefore, removal of a particular wastewater component may affect several
water quality parameters. Alternately, various treatment processes may be used indi-
vidually or combined to remove a given wastewater component. It should be noted that
the constituents and physical properties of untreated wastewater are also dependent on
the substances present in the source water and added to the water supply during potable
water treatment.

While nearly all of the constituents found in untreated wastewater are potentially of
concern, not all of the constituents are removed equally by all wastewater treatment
processes. The classes of constituents that are removed by various treatment technolo-
gies are introduced in Sec. 6-3 and discussed in detail in the chapters where the corre-
sponding technologies are presented.

6-2 TECHNOLOGY ISSUES IN WATER RECLAMATION AND REUSE

In water reclamation and reuse, the reuse applications will govern the type of treatment
needed and the degree of reliability required for the treatment system. Because health
and environmental concerns are primary issues in implementing water reuse, attention
must be focused on developing approaches to ensure that water quality requirements are
met consistently. As compared to conventional wastewater treatment systems that pro-
duce an effluent usually of a single quality for disposal, the challenge for water recla-
mation systems is greater because (1) the water quality goals will be more stringent
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Principal classes of constituents and physical properties found in untreated wastewater?

Parameter

Description of components

Suspended solids

Organic matter

Inorganic matter

Pathogens

Nutrients

Trace constituents

Total dissolved

solids (TDS)

Turbidity

Constituent classification

Includes both suspended and colloidal matter. Typically made up of silt and clay,
microorganisms, and particulate organic matter. Suspended solids can lead to
the development of sludge deposits and anaerobic conditions, and, if inade-
quately treated, can affect disinfection efficiency.

Includes both dissolved and particulate matter. Composed principally of proteins,
carbohydrates, and fats. Biodegradable organics are measured most commonly
in terms of biochemical oxygen demand (BOD) and chemical oxygen demand
(COD). Organic compounds selected on the basis of their known or suspected
carcinogenicity, mutagenicity, teratogenicity, or high acute toxicity are often
identified as priority pollutants. Organic compounds that tend to resist conventional
methods of wastewater treatment are often classified as refractory organics.
Typical examples include surfactants, phenols, and agricultural pesticides.
Inadequate stabilization of organic matter can lead to the development of septic
conditions and odors.

Inorganic constituents such as calcium, sodium, and sulfate are added to the
original domestic water supply as a result of water use. Heavy metals are usually
added to wastewater from commercial and industrial activities. Inorganic compounds
selected on the basis of their known or suspected carcinogenicity, mutagenicity,
teratogenicity, or high acute toxicity are often identified as priority pollutants.
Specific inorganic constituents can greatly affect the uses to which reclaimed
water is to be applied.

The principal classes of pathogenic organisms are bacteria, protozoa, helminths,
and viruses.

The principal nutrients are nitrogen and phosphorus in various forms. Other
inorganic constituents are also nutrients. When discharged to water bodies,
nutrients can stimulate the growth of undesirable aquatic life. When applied

to land, especially for groundwater recharge, excessive amounts can lead to
groundwater contamination.

Constituents found in extremely low concentrations including pesticides,
pharmaceuticals, hormonally active agents, and residual personal care products.
Some metals are often identified as trace constituents. Trace constituents may
present health concerns if consumed (see Chap. 3).

Total dissolved solids are comprised of dissolved inorganic and organic matter.
Total dissolved solids content can affect the suitability of reclaimed water for
applications such as industrial reuse, agricultural irrigation, and groundwater
recharge.

Physical property

Particulate matter in water that scatters light may be quantified as turbidity.
Turbidity is often used as a surrogate parameter for evaluating process performance
and suitability for reuse.

(Continued)



262 Chapter 6

Table 6-1

Water Reuse Technologies and Treatment Systems: An Overview

Principal classes of constituents and physical properties found in untreated wastewater? (Continued)

Parameter Description of components
Physical property
Color Color can be used to assess the age or condition of the untreated wastewater
(e.g., fresh or septic).
Odor Results from the biological conversion of organic and inorganic constituents.
Odorous compounds can also be discharged into the collection systems.
Temperature A measure of how hot or cold is the wastewater. Temperature affects the rate of

Transmittance

Conductivity

biological activity in treatment systems.

A measure of the amount of light, expressed as a percentage, that passes
through a solution. Dissolved and colloidal constituents in water will absorb light
and reduce the overall transmittance, which may affect the performance of UV
disinfection processes.

A measure of the concentration of dissolved chemical elements.

@Numerical values for the various chemical constituents are presented in Table 3-12 and are also given in subsequent chapters.

Water Reuse
Applications

Water Quality
Requirements

with little or no margin for exceeding specified limits, (2) product water with different
quality levels may be necessary to meet a variety of uses, and (3) fail-safe provisions
are necessary to ensure public health protection.

To further examine technology issues in water reclamation and reuse it will be helpful
to consider (1) the range of potential reuse applications (more detailed descriptions are
provided in Part 4 of this textbook), (2) a general discussion of water quality for vari-
ous reuse applications, (3) a description of the multiple barrier concept used to ensure
water quality integrity, and (4) the utilization of multiple technologies for producing
multiple grades of product water and for implementing the multiple barrier concept.

Seven general categories of water reuse applications are described in Table 6-2 and are
listed in descending order of probable volume of use. The categories presented in
Table 6-2 cover a wide variety of potential applications, many of which may not be
applicable in specific cases. Each potential application has unique requirements related
to product water quality (discussed below), volume of water required, rate of use, and
time of use (continuous, intermittent, and seasonal).

Water quality requirements and regulations, as described in Chap. 4, are established by
regulatory agencies for each reuse application and vary depending on the regulatory
agency having jurisdiction. Ranges of water quality for the general water reuse categories
identified in Table 6-2 are presented in Table 6-3 and are based on water quality require-
ments of the states of California and Florida. The purpose of Table 6-3 is to present some
of the more common constituent limits for public health protection, but, for a given region
and application, the number of constituents could be quite extensive and the water quality
requirements different from those presented in this table. The constituent limits for treated
effluent or water to be reused could also be stated as not-to-exceed values with some level
of compliance. For example, the U.S. EPA recommends criteria for constituents that have
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General category Potential application
Agricultural irrigation Crop irrigation
Commercial nurseries
Landscape irrigation Public parks and school yards

Roadway medians and roadside plantings
Residential lawns
Golf courses
Cemeteries
Greenbelts
Industrial parks
Industrial Cooling water
Boiler feed water
Process water
Heavy construction (dust control, concrete curing,
fill compaction, and cleanup)
Groundwater recharge Groundwater replenishment
Barrier against brackish or seawater intrusion
Ground subsidence control
Recreation/environmental Surface water augmentation
Wetlands enhancement
Fisheries
Artificial lakes and ponds
Snowmaking
Nonpotable urban uses Toilet flushing
Fire protection
Air conditioning
Sewer flushing
Commercial car wash
Driveway and tennis court wash down
Indirect potable use Blending with public water supplies (surface water
or groundwater)

8Adapted from Tchobanoglous et al. (2003).

been associated with specific acute and chronic health effects. These criteria could
apply in special circumstances with a not to exceed limit of once in 3 yr or at a 99.9
percent level of compliance (U.S. EPA, 1994).

In selecting appropriate treatment operations and processes for water reuse applications,
the provision of multiple barriers is an important consideration. The multiple barrier con-
cept is utilized in potable water treatment and is based on the principle of establishing
a series of barriers to preclude the passage of pathogens and harmful organic and inor-
ganic contaminants into the water system to the greatest extent practicable (WEF,
1998). For water reuse, barriers may take the form of (1) source control programs
designed to prevent the entrance of deleterious substances into the wastewater collection
system that will inhibit treatment or may preclude reuse; (2) a combination of treatment
processes wherein each provides a specific level of constituent reduction; and (3) an
environmental buffer. Environmental buffers may be retention or storage ponds, dilution

Table 6-2

Potential
applications for
water reuse?

Multiple Barrier
Concept
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Table 6-3
Ranges of water quality for water reuse applications in California and Florida®®

Typical constituent concentration

Total Fecal
BOD, TSS, Total N, Turbidity, coliforms, coliforms
Type of reuse mg/L mg/L mg/L NTU No./100 mL  No./100 mL
California®
Agricultural irrigation
Nonfood crop <30 <30 <23
Food crop <10 <2 <22
Landscape irrigation
Restricted access <30 <30 <23
Unrestricted access <10 <2 2.2
Industrial® 23
Groundwater recharge® <2 <2
Recreational/environmental <10 <2 <22
Nonpotable urban uses <10 <2 <22
Indirect potable used <2 <22
Florida®
Agricultural irrigation
Nonfood crop <20 <5 200
Food crop <20 <5 25 max®
Landscape irrigation
Restricted access <20 <5 25 max®
Unrestricted access <20 <5 25 max®
Industrial® <20 <20 200
Groundwater recharge
Rapid infiltration basins <20
Favorable conditions <20 <20 <12 200
Unfavorable conditions <5 <10
Recharge or injection <5
Recreational
impoundments (restricted) <20 <5
Nonpotable urban uses <20 <5
Indirect potable use? <20 <5 <10

8Adapted from the California Code of Regulations, Title 22, except as noted (State of California, 2001).

bAdapted from Florida Administrative Code (State of Florida, 1999).

CIndustrial water quality varies based on the type of reuse and may require removal of specific constituents including TDS.
dRemoval of specific constituents may also be required.

eNondetect in 75 percent of samples.

fAs NO,-N.

Note: Blanks denote no values are given.
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with fresh water, or soil-aquifer treatment that permits blending or equalizing water qual-
ity. The primary advantages of the multiple barrier approach are that (1) the public and
the environment are provided a degree of protection even in the event one of the barriers
should fail, (2) the probability that multiple processes will fail simultaneously is reduced
significantly, and (3) a robustness to potential process upsets is provided because a greater
number of barriers is used. Monitoring to ensure compliance with water reuse standards
at several locations in a reuse system is an integral part of a multiple barrier system.

Where there are potentially several water reuse applications, each user may have spe-
cific requirements for the quality of reclaimed water. The use of multiple technologies
may be appropriate to meet the requirements in instances where (1) multiple grades of
product water are required that cannot be produced economically by a single process;
(2) additional safeguards are needed for public health protection based on the results of
the risk analysis, as described in Chap. 5; (3) changes in process operating parameters
to meet one reuse application are not compatible with other uses; and (4) high levels of
constituent removal are required to meet reuse criteria. In other cases where the use of
multiple technologies cannot be justified at the water reclamation plant, the user of the
reclaimed water may elect to employ additional treatment at or near the point of use.
The multiple treatment technology approach also applies to wastewater treatment plants
that must meet increasingly stringent discharge requirements.

Need for
Multiple
Treatment
Technologies

6-3 TREATMENT TECHNOLOGIES FOR WATER RECLAMATION

APPLICATIONS

Because of the importance of water quality in wastewater treatment and water reuse
applications, different technologies are utilized, either singly or in combination, to
achieve desired levels of constituent removal. Various levels of treatment were defined
in Table 3-8 as preliminary, primary, advanced primary, secondary, secondary with
nutrient removal, tertiary, and advanced. In this textbook, the focus of treatment tech-
nologies is on secondary, tertiary, and advanced treatment processes that meet the gen-
eral water quality limits for reuse described in Table 6-3.

The principal unit operations and processes along with the constituents classes for
which they are used in water reuse applications are listed in Table 6-4. The technolo-
gies listed in Table 6-4 are shown in a hierarchical arrangement according to applica-
tion on Fig. 6-1. In reviewing the operations and processes shown on Fig. 6-1 it is clear
that an almost endless number of treatment process flow diagrams can be developed,
depending on the water quality requirements. The general categories of treatment tech-
nologies discussed in this textbook are those technologies used for the:

* Removal of dissolved organic matter, suspended solids, and nutrients, by secondary
treatment (Chap. 7)

» Removal of residual particulate matter from secondary effluent (Chap. 8)

* Removal of residual dissolved constituents (Chap. 9)

» Removal of residual trace constituents (Chap. 10)

* Removal or inactivation of pathogens (disinfection) (Chap. 11)

265
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Water Reuse Technologies and Treatment Systems: An Overview

Each of these categories is described briefly below and discussed in greater detail in
subsequent chapters. In addition to treatment technologies, the types of water reuse sys-
tems, i.e., centralized, satellite, and decentralized, and infrastructure elements are intro-
duced later in this chapter and discussed in Chaps. 12 through 15.

In secondary treatment, biological and chemical processes are used to remove most of the
organic matter measured as BOD and TSS. Removal rates achieved by secondary treat-
ment for BOD and TSS range from 85 to 95 percent. Typical biological processes used
for secondary treatment, as illustrated on Fig. 6-1, include activated sludge, membrane
bioreactors, trickling filters, and rotating biological contactors. A typical process flow dia-
gram for secondary treatment with optional depth filtration and chlorine disinfection is
shown on Fig. 6-2a. Views of secondary treatment processes are shown on Fig. 6-3.
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Figure 6-2
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(b) (©

Typical treatment process flow diagrams based on the matrix of processes shown on Fig. 6-1:
(a) conventional activated sludge treatment, optional depth filtration (shown cross hatched), and
chlorination for agricultural reuse; (b) activated sludge with nitrification, chemical phosphorus

removal, optional depth filtration, and chlorination for golf course irrigation; (c) activated sludge with
nitrogen removal, microfiltration, and UV disinfection for landscape irrigation and industrial cooling
tower applications; (d) membrane bioreactor with biological nitrogen and phosphorus removal and
UV disinfection for ornamental water features; (e) activated sludge, microfiltration, electrodialysis,
and disinfection with chlorine for removal of TDS for landscape irrigation; and (f) activated sludge
with nitrification, microfiltration reverse osmosis, and UV/H,O, advanced oxidation for indirect
potable reuse through groundwater recharge or surface water augmentation.
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(d) (e) ()
Figure 6-2
(Continued)

Increasing numbers of secondary treatment plants have incorporated anoxic or anaero-
bic reactors or treatment zones to aid in the biological removal of nitrogen and/or phos-
phorus. Typical process flow diagrams incorporating nutrient removal are shown on
Figs. 6-2b—d. For small and medium size treatment plants, chemical precipitation is
generally favored over biological processes for the removal of phosphorus. Chemical
precipitation followed by filtration is also used where extremely low effluent phospho-
rus levels must be achieved.

Effluent from secondary treatment plants contains residual suspended and colloidal par- Removal of
ticulate matter that may require further removal. For example, residual particulate mat- Residual

ter shields pathogenic organisms from disinfection by chlorine or ultraviolet (UV) light.
In general, additional removal of residual particulate matter is required to optimize the .
disinfection processes. To meet reclaimed water standards such as California Recycled Matter in
Water Criteria (commonly referred to as “Title 22”) and for the protection of public Secondary
health, typical treatment technologies employed include depth, surface, and membrane  Efflyent
filtration and dissolved air flotation. Typical process flow diagrams incorporating some

form of filtration for the removal of residual particulate matter are shown on Figs. 6-2a—f.

A typical depth filter is shown on Fig. 6-4a and a typical microfiltration module is

shown on Fig. 6-4b.

Particulate
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Figure 6-3

Views of processes used for secondary treatment: (a) plug-flow activated sludge, (b) membrane
bioreactor with membrane being placed in reactor, (c) sequencing batch reactor, and (d) square
covered tower trickling filter with odor control facilities in foreground.

(a)
Figure 6-4

Views of filters: (a) granular-medium filters with fixed cast in place concrete washwater troughs
and (b) microfiltration process with pressurized membrane modules.
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Dissolved constituents, such as salts, may be present in treated wastewater in amounts
that limit or preclude water reuse in specific applications such as boiler makeup water.
Dissolved inorganic constituents may cause scaling or corrosion in equipment and pip-
ing systems, especially in cooling tower systems. The dissolved constituents may result
from: (1) high levels of minerals in the source water (Colorado River water with TDS
levels over 500 mg/L is an example), (2) mineral pickup through domestic water use,
ranging from 150 to 380 mg/L, (3) salt based water softeners, (4) discharges to the col-
lection system by commercial and industrial facilities, and (5) chemicals added during
the water reclamation process such as sodium hypochlorite and some coagulants.
Although not very common, saline water may be introduced into the collection system
in coastal areas. Demineralization may be accomplished by nanofiltration (NF), reverse
osmosis (RO), or electrodialysis (ED). Typical process flow diagrams incorporating ED
and RO for the removal of dissolved constituents are shown on Figs. 6-2¢ and f, respec-
tively. A typical RO installation is shown on Fig. 6-5.

Specific reuse applications such as groundwater recharge, surface water augmentation,
and industrial process water may require the removal of trace constituents. The need to
remove trace constituents has to be determined on a case-by-case basis. When trace
constituents of concern are not removed sufficiently by the conventional and tertiary
treatment methods described above, advanced oxidation, adsorption, or ion exchange
may be required, singly or in combination with NF or RO. A typical process flow dia-
gram incorporating RO and advanced oxidation are shown on Figs. 6-2f. A typical ion
exchange contactor is shown on Fig. 6-6.

A major goal of water reclamation and reuse is to reduce the pathogen content to decrease
the public health risks associated with exposure to reclaimed water. While disinfection

Figure 6-5

View of a typical
reverse osmosis
unit for the
removal of
residual dissolved
constituents.

Removal of
Residual
Dissolved
Constituents

Removal of
Trace
Constituents

Disinfection
Processes
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Figure 6-6

Views of ion
exchange process
used in water
reuse applications:
(a) stationary fixed
bed exchange con-
tactors and (b)
fixed bed
exchange contac-
tors on a moveable
platform for contin-
uous operation in
which one contac-
tor is regenerated
while the others
are in service.

(a) (b)

requirements may vary depending on the specific water reuse application, disinfection is
accomplished most commonly by the use of chlorine compounds and/or UV light.
Because of high cost, ozone is used only in selected applications. When UV is used as the
principal disinfectant, chlorine is often added to maintain a residual in the distribution sys-
tem to control regrowth of microorganisms. Monitoring of the residual disinfectant should
be done to maintain water quality in the distribution system (see Chaps. 11 and 14).

Disinfection is enhanced by the upstream removal of particulate matter that often shields
pathogenic organisms from the disinfecting agent. The removal of particulate matter is
especially critical for UV disinfection. Surface and membrane filtration are effective in
conditioning effluents for disinfection. Use of one or more disinfectants following the treat-
ment process and in conjunction with multiple barriers represents the best available tech-
nology to ensure public health protection and maximize process reliability. All of the
processes shown on Fig. 6-2 with the exception of Fig. 6-2f incorporate a separate distinct
disinfection step. In Fig. 6-2f, disinfection is achieved in the advanced oxidation step.
Examples of chlorination and UV installations are shown on Figs. 6-7a and b, respectively.

6-4 IMPORTANT FACTORS IN THE SELECTION OF TECHNOLOGIES
FOR WATER REUSE

To meet current and future reclamation requirements and regulations, the selection of
technologies for water reuse will involve the careful consideration and evaluation of
numerous factors. In selecting technologies for water reuse, consideration has to be
given as to whether existing facilities are to be modified or upgraded, or an entirely new
facility is to be constructed. In general, both physical and operational factors will have
to be considered. The most important factors that must be evaluated in the selection of
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Figure 6-7

Views of disinfection systems: (a) chlorine contact basin with serpentine channels and
(b) ultraviolet light disinfection unit with horizonal lamp placement perpendicular to flow

with hand operated lamp cleaning mechanism.

technology for existing and new facilities are identified in Table 6-5. While each factor
listed in Table 6-5 is important in its own right, some factors are considered further in
the following discussion. These factors are also discussed in subsequent chapters.

The first factor presented in Table 6-5, types of water reuse applications, is particularly
important where different water qualities are required to support multiple uses. Multiple
processes that produce water of different qualities might be considered in lieu of a sys-
tem that produces a single quality reclaimed water, albeit of the highest level required.
For example, as shown on Fig. 6-8, a treatment process flow diagram comprised of bio-
logical nitrogen removal, surface filtration, nanofiltration, ion exchange, and UV disin-
fection could be used to provide three different qualities of reclaimed water.
Alternatively, a given water quality could be produced for distribution and additional
treatment provided at the point of use. For upgrading an existing secondary treatment
plant where only a portion of the flow is reclaimed, an add-on or sidestream process
that treats some of the secondary effluent might be considered. For example, to provide
product water low in nitrogen and TSS at an existing secondary plant, a submerged
attached growth process may be used to remove nitrogen from the flow to be reclaimed
(see Chap. 7). For a new water reclamation plant, a membrane bioreactor with biologi-
cal nutrient removal that produces a single grade of reclaimed water with very low
nitrogen and TSS content might be the process of choice.

Another important factor deals with the concern for treating trace constituents that have
been undetected previously and are now of concern. Examples of trace chemical con-
stituents mentioned previously are N-nitrosodimethylamine (NDMA), methyl tertiary
butyl ether (MTBE), pharmaceutically active substances, pesticides, and industrial
chemicals, many of which are identified or suspected as endocrine disruptors (see Chap. 3).
Some constituents may be removed in the course of normal biological treatment; other
trace constituents may be generated in the wastewater treatment process, for example,
NDMA may be formed during the disinfection process where chlorine is used.

Multiple Water
Reuse
Applications

Need to
Remove Trace
Constituents
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Important factors and issues that must be considered in technology selection

Factor/Issue

Type(s) of water reuse
application

Wastewater characteristics
of the process feed stream

Reuse water quality goals
(requirements)

Trace constituents

Compatibility with existing
conditions

Comment

Upgrading an existing secondary
treatment plant

Different types of reuse place spe-
cial constraints on the technologies
to be used in terms of product
water quality (see below); product
water delivery schedule, i.e., contin-
uous, intermittent, seasonal, and
level of public health and environ-
mental protection required. Where
treatment upgrading is needed to
support a single reuse application,
process selection may be focused
on “add-on” type processes. Where
multiple grades of product water
quality are needed, multiple
processes might be considered.

The physical and chemical charac-
teristics of the secondary effluent
affect the types of processes to be
used and the effectiveness of disin-
fection.

The water quality goals limit
process selection to those systems
that are capable of meeting the
constituent constraints. For exam-
ple, if the goals limit total dissolved
solids in the product water, some
form of membrane treatment (most
likely nancfiltration or reverse
osmosis) will be required.

In special applications where trace
constituents have been identified in
treated effluent from an existing
plant, pilot-plant studies should be
conducted to determine the effec-
tiveness of removal and the design
parameters for a full-scale facility.

Selection of a new process may be
influenced by compatibility with
existing processes, hydraulic con-
siderations, and site constraints.

New water reclamation plant

For a new plant, integrated
processes will most likely be the
processes of choice instead of an
“add-on” process. Where multiple
grades of product water may be
desired, there may be fewer oppor-
tunities for use of multiple processes
because of practicality and cost.

The physical, chemical, and biologi-
cal characteristics of the untreated
wastewater affect the types of
processes to be used, including
pretreatment.

Same as for upgrading an existing
secondary plant. As stated above, if
more than one grade of product
water is acceptable for reuse,
where practicable a process train
capable of producing multiple
grades may enhance reuse oppor-
tunities.

Unless a specific trace constituent
problem has been identified, such
as in the case of treated effluent
from a plant in another part of the
collection system, unknown trace
constituents will have little effect on
process selection, except for allow-
ing space for the addition of a
future process.

For a plant on a new site, compati-
bility will be concerned mainly with
site and environmental constraints
discussed below.
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Important factors and issues that must be considered in technology selection (Continued)

Factor/Issue

Process flexibility

Operating and
maintenance
requirements

Energy requirements

Chemical requirements

Personnel requirements/
automation

Comment

Upgrading an existing secondary
treatment plant

In the event of future changes in
regulations or changes in the char-
acteristics of the feed stream, the
adaptability of the process in
accommodating probable changes
should be considered.

Evaluation and implementation of
new operating and maintenance
(O&M) requirements. Additional
training will be required for O&M of
new process equipment.
Supervisory control and data acqui-
sition system upgrading may be
required for additional process
monitoring and control.
Assessment of the impact of the
addition of more energy-using
devices such as pumps and blow-
ers on the existing electrical distri-
bution system and standby power
system. Determine how the peak
demand and energy rate schedule
will be affected.

The addition of new chemicals
might have an effect on the treat-
ment system, such as ozone on the
membrane material. Evaluate
whether the new chemicals will
adversely affect product water qual-
ity, the formation of disinfection
byproducts, and operation and
maintenance of the system.

New processes may necessitate
special operational skills, thus
requiring training of the existing
staff or adding new personnel. The
existing supervisory control system
should be evaluated to determine
the ease with which new processes
can be integrated and what new
system features are needed.

New water reclamation plant

Same as for upgrading an existing
secondary plant, and process flexi-
bility should consider past experi-
ence in similar applications and
results of pilot-plant studies.

Evaluation of what replacement
parts will be required and what
their availability and cost will be.
Service life of key components
such as membranes should be con-
sidered as well. Automated process
control systems will require special-
ized training.

The energy requirements, as well
as probable future energy cost,
must be known or estimated if
cost-effective systems are to be
designed. Evaluate whether stand-
by power is required or whether the
process can be interrupted safely if
a power failure occurs.

Same as for upgrading an existing
secondary plant. In addition, deter-
mine if the use of chemicals will
cause hazards in delivery to and
use at the plant site.

Staffing issues have to be deter-
mined such as the number of peo-
ple, skill levels needed to operate
and maintain the system, type of
worker (full-time or part-time),
degree of automation needed, and
attended or unattended operation
(24 h, 7 d, or less).

(Continued)
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Important factors and issues that must be considered in technology selection (Continued)

Factor/Issue

Environmental constraints

Comment

Upgrading an existing secondary
treatment plant

Additional noise and odor produc-
tion could impact the surrounding
area or violate regulations.
Mitigation measures might include
new or upgraded systems and
enclosures. Special residuals pro-
cessing or disposal may also be
needed.

New water reclamation plant

Environmental factors such as prox-
imity to residential areas, traffic,
potential odor generation, and noise
may affect selection of the plant
site, the type of process, and the
need for equipment enclosure and
automation. The residuals generated
may also require special processing

Need to
Conduct Pilot-
Scale Testing

Process
Reliability

or disposal considerations.

The need for special treatment, therefore, may be limited to those situations where the
trace constituents have been detected in treated effluent from an existing plant. In that
case, the sources of the constituents in question need to be identified and controlled,
where possible. If the sources cannot be identified or controlled and treatment is
required, pilot-scale studies should be conducted to determine applicable and appropri-
ate methods of treatment.

Where the applicability or performance of a process for a given situation is unknown
but the potential benefits of using the process are substantial, pilot-scale testing should
be conducted. The purpose of conducting pilot-scale studies is to establish the suitabil-
ity of the process for the intended use and to obtain necessary data including reliabili-
ty characteristics and scaling parameters that will serve as a basis for full-scale design.
Factors that should be considered in pilot-scale studies are presented in Table 6-6.
Although the relative importance of the factors presented in Table 6-6 will depend on
the specific conditions, it will be useful to consider the items in Table 6-6 as a prelim-
inary checklist. Specific pilot-scale testing programs are discussed further in chapters
dealing with various treatment technologies. Typical pilot-plant installations used for
evaluating advanced treatment processes are shown on Fig. 6-9.

Process reliability is defined as the probability of adequate performance for a specified
period of time under specified conditions, where performance is determined by the abil-
ity to meet regulated effluent constituent concentrations. Process reliability may apply
to an individual process or the effluent from a group of processes. The reason for the
emphasis on reliability is that reclaimed water treatment processes must perform reli-
ably if the public is to have confidence that the practice of water reuse is acceptable,
especially where indirect potable reuse may occur. Monitoring of performance is an
important part of process operation to ensure reliability. In facilities employing the mul-
tiple barrier approach, monitoring of each process stage will help ensure the integrity
of the system. Component failures can be detected early so appropriate corrective
measures can be applied. Further, regulations governing water reuse are often based on
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Table 6-6
A checklist for the conduct of pilot-scale studies?®

ltem Consideration

Reasons for Test new process
conducting pilot testing Test new application for existing process
Simulation of another process (e.g., use of MS2 for enteric virus)
Predict process performance, develop model parameters and treatment
kinetic coefficients
Document process performance
Optimize system design
Satisfy regulatory requirements
Satisfy legal requirements (e.g., Title 22 requirements)
Pilot-plant size Bench- or laboratory- scale model
Pilot-scale tests
Full (prototype) scale tests
Nonphysical design factors Available time, money, and labor
Degree of innovation and modification involved
Quality of water to be treated
Availability and location of facilities
Complexity of process
Similar testing experience
Security concerns
Demobilization requirements
Physical design factors Scale-up factors
Size of prototype
Flow variations expected
Variations in constituent concentrations
Facilities and equipment required and setup
Materials of construction
Power requirements
Design of pilot testing program Dependent variables including ranges and anticipated variability
Independent variables including ranges and anticipated variability
Data collection (data loggers or other means, communications, availability
of phone service or wireless network)
Time required
Time of year (seasonal effects)
Test facilities and appurtenances
Test protocols including number of samples and sampling schedule
Statistical design of experiments and analysis of experimental data

8Adapted from Tchobanoglous et al. (2003).

meeting water quality standards that are considered to be protective of public health
with essentially 100 percent confidence.

Process reliability is important to water reuse because of its relationship to the risk of an
adverse effect following exposure to reclaimed water. Process reliability is particu-
larly important for acute exposure events, for example, where a failed disinfection process
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results in a temporary increase in the effluent concentration of pathogens. An increase
in the effluent concentration of a toxic or pathogenic constituent, resulting from a
process failure or a breakthrough event, increases the risk of illness for the exposed
population. The mean design values specified during the engineering and design
process are sufficient for determination of expected performance on a daily basis; how-
ever, the peak events that occur at intervals of once a year (99.7 percent) or once every
3 yr (99.9 percent) will be of greater concern from a risk management perspective
(see Chap. 5). Factors that can influence reliability include:

« Amount of source wastewater available to meet the reclaimed water needs

» Range of constituent concentrations in the influent to the reclamation process and
the range of quality that the treatment system can produce successfully

» Rate of change of influent water quality, especially if the influent source is a connection
to the collection system subject to infiltration/inflow problems or industrial discharges

* Amount and type of instrumentation and automation
» Auvailability of skilled operating and maintenance personnel
* Mode of operation, i.e., continuous, intermittent, seasonal

» Availability of standby processes and equipment including an auxiliary electric power
supply

In water reuse applications, the need for standby or redundant processes or equipment
depends in part on the extent the supply of reclaimed water can be interrupted or the
maximum time a process can be out of service without detrimental effects. If, for exam-
ple, water is required to be delivered continuously, considerations have to be given to
provide (1) standby equipment or processes if mechanical or structural failure occurs,

Figure 6-9

Views of typical
pilot-plant installa-
tions: (a) upflow
continuous back-
wash filter and

(b) compressible

medium filter.

Standby and
Redundancy
Considerations
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Figure 6-10

Views of standby facilities: (a) redundant pumps at a reclaimed water distribution pumping station
and (b) an engine-generator used to provide an emergency source of electric power.

Infrastructure
Needs for
Water Reuse
Applications

(2) redundant equipment to permit periodic servicing of equipment in duty service (see
Fig. 6-10a), and (3) backup electrical power sources or a standby generator (see Fig. 6-10b)
in the event of a power failure.

The requirements for standby and redundancy have to be evaluated on a case-by-case
basis. An example where standby service is needed is the furnishing of process water to
an industry where service cannot be interrupted except for scheduled shutdowns. In this
case, emergency power generation and redundant equipment are necessary to maintain
service. Another example is the use of reclaimed water for fire protection for which an
adequate water supply must be available at all times. If the supply of reclaimed water
can be interrupted with minimal detrimental effects, the standby requirements can be
reduced considerably. Facilities from alternative sources such as potable water may be
considered to secure supply reliability in emergencies. Landscape irrigation is an
example where the supply of water could be interrupted for a day or two, thus the need
for auxiliary power or redundant equipment may not be necessary.

In a water reuse project, facility requirements go beyond providing treatment; a sup-
porting infrastructure is needed. Comprehensive planning is required to ensure that all of
the functional aspects of a complete system are met for delivering reclaimed water to the
user. The infrastructure may consist of pumping stations, transmission and distribution
pipelines, storage, and appurtenances such as diversion structures, service connections,
and metering stations. Typical infrastructure components are summarized in Table 6-7
and described in more detail in Chap. 14. Typical above-ground storage reservoirs are
shown on Fig. 6-11. The requirements and cost of the infrastructure have to be consid-
ered carefully in evaluating the overall project costs and economic benefits because the
cost of providing a dual piping system could preclude installation of the system.



6-5 Impact of Treatment Plant Location on Water Reuse 281

Component Function and Description

Pumping station Pumping stations may be required for the transport of
untreated wastewater to the reclamation plant and for
delivering reclaimed water to the point of use via the trans-
mission and distribution system. For conveying untreated
wastewater, the pumps should have solids-handling capa-
bilities. Pumping stations for reclaimed water are similar in
design to those used in water pumping applications.
Booster stations may also be required in large systems
with different pressure zones

Treated water Storage is needed to compensate for the difference in the

storage water production rate and the rate and time of use (demand).
Storage facilities may consist of underground or
aboveground structures, lakes or ponds, or aquifer storage

Transmission and Transmission lines are used to deliver water from the

distribution point of production to turnout locations that connect to

pipelines the distribution network. Distribution pipelines are used to
supply reclaimed water from the turnouts directly to the
users

Diversion For satellite facilities, diversion structures are used to

structures intercept or divert untreated wastewater flows from the
collection system to the satellite reclamation plant

Service Service connections are the individual piping or plumbing

connections that connects to the user from the distribution line. Service

connections consist normally of a corporation stop or valve
at the point of connection to the distribution main, service
line to the user’s property, and meter. Connections from the
meter to the point of use on the property are usually the
property owner’s responsibility. Service connections should
be marked distinctively, such as by color codes, to safe-
guard against possible improper use of nonpotable water
and installation of a cross-connection

Metering Metering is used to control the demand and to provide
the basis for charging for the amount used. The same
type of water meter used for domestic service is suitable
for reclaimed water use except that it should be marked
distinctively

Table 6-7
Description of
infrastructure com-
ponents used in
water reclamation
systems

6-5 IMPACT OF TREATMENT PLANT LOCATION ON WATER REUSE

Water reclamation can be accomplished at a principal wastewater treatment plant (the
term “centralized” is used in this textbook) where all or a portion of the plant effluent is
reclaimed, or in a satellite or decentralized facility designed especially for reclaiming
wastewater close to the source(s) of generation and the point of use. The alternatives for
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(a)

Figure 6-11
Views of a storage reservoirs: (a) a concrete tank and (b) a steel storage tank.

locating a water reclamation facility are shown schematically on Fig. 6-12. Often the
centralized plant is located remotely from potential areas of reuse, thereby limiting
reuse opportunities because the costs of transporting reclaimed water to the points of
reuse can be expensive. By constructing satellite facilities in upstream portions of the
drainage area, wastewater from the local collection systems can be intercepted, treated,
and distributed to areas of local reuse, thereby obviating the need to transport reclaimed
water great distances from a centralized facility. Decentralized facilities, which are used
to collect and treat wastewater for reuse independent of the primary collection system,
are also an alternative for implementing local reuse (see Fig. 6-13b, c¢). The treatment
plant location, therefore, has a major effect on (1) how a water reuse plan can be imple-
mented, (2) selecting the size and type of treatment facility, and (3) the type and extent
of ancillary facilities required. Satellite and decentralized wastewater management sys-
tems are discussed in more detail in Chaps. 12 and 13, respectively.

Centralized In a typical centralized treatment plant as shown on Fig. 6-12, the treatment plant is located
Treatment at a low point in the drainage area, usually near the point of effluent disposal. At the time
Plants of selecting the original location of the treatment plant, the area surrounding the plant may

have been relatively uninhabited. Over time, however, the surrounding land may be devel-
oped for residential, commercial, or industrial uses. In this environment, some local water
reuse opportunities might be available such as landscape irrigation and supplying indus-
tries with process water, particularly if a high quality of water is produced to meet dis-
charge requirements. If there is a substantial demand for reclaimed water, a sidestream
reclamation process might be added to produce water for special applications. An exam-
ple is the installation of an advanced treatment system to produce high quality reclaimed
water for use as industrial process boiler feedwater or cooling water. The advantages and
disadvantages of a centralized system are identified in Table 6-8.

Satellite In a satellite system, as shown on Fig. 6-12, a water reclamation plant is located in the
Treatment upper reaches of the service area close to potential applications such as groundwater
Facilities recharge, agricultural irrigation, and recreational enhancement. For this system, untreated
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Figure 6-12

Schematic of types and locations of wastewater treatment facilities used for water reclamation and
reuse: (a) centralized system, (b) satellite systems, and (c) decentralized systems.

wastewater is diverted from the collection system to the satellite plant. The satellite

plant is designed for treating the wastewater to reclamation grade product water, and

residuals produced in the treatment process are returned to the collection system for

processing at the central plant. Satellite treatment plants may use processes similar to

those used at a centralized treatment plant; however, the development of compact treat-

ment facilities has made satellite treatment applications more feasible. The advantages

and disadvantages of satellite systems are identified in Table 6-8. Satellite wastewater

management systems are discussed in more detail in Chap. 12.

Decentralized wastewater management is defined in this text as the collection, treat- Decentralized
ment, and reuse of wastewater from individual homes, clusters of homes, isolated com- Treatment
munities, industries, institutional facilities, or portions of existing communities at or ~ Facilities
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Figure 6-13

Views of wastewater management systems for water reuse applications: (a) centralized system,
(b) satellite (extended aeration activated sludge) system, and (c) decentralized system (Courtesy of
Orenco Systems, Inc.) Covers of six buried treatment units are shown on lower left at the third point.

near the point of wastewater generation and not connected to a centralized collection
system. Decentralized systems are also illustrated on Fig. 6-12. The elements of a
decentralized system comprise (1) wastewater pretreatment, (2) wastewater collec-
tion, (3) wastewater treatment, (4) reclaimed water production, (5) infrastructure
for water reuse, and (6) biosolids disposal or reuse. It should be noted that not
every decentralized system will incorporate all of these elements (Crites and
Tchobanoglous, 1998). Advantages and disadvantages of a decentralized system are
presented in Table 6-8.
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Advantages and disadvantages of centralized, satellite, and decentralized treatment facilities

Advantages

Disadvantages

Centralized treatment facilities

« A suitable site for the treatment facilities
may exist

« Skilled operating, laboratory, and maintenance
personnel are readily available

« Multiple qualities of water, i.e., secondary
effluent, filtered effluent, or low TSS effluent
may be produced economically depending
on the reuse requirements

« Unit costs for consumables, such as electricity
and chemicals, are lower because of volume
discounts

« Large reuse markets in the vicinity of the plant may
be limited due to the extent of surrounding residential
and commercial development

« Areas of reuse may be located remotely from the
central plant, thus requiring a costly investment in
infrastructure to provide service

« Operating costs, especially for high service
pumping, may be expensive for delivery to
outlying reaches of the service area

« Additional treatment processes required for
producing reclamation-grade product water may not
necessarily be compatible with existing wastewater
treatment processes

Satellite treatment facilities

« Opportunities for finding sites for local reuse
of reclaimed water are enhanced

« The supporting infrastructure and its cost can
be reduced significantly as compared to a
centralized system

« Greater potential for having reuse applications
adjacent to treatment system, thus minimizing
transmission costs

« Availability of land in the upper reaches of the
service area may be better for locating satellite
treatment and storage facilities

« Diversion of untreated wastewater from the
collection system reduces the hydraulic load on
the collection system and central treatment

« The overall cost of a distributed treatment
system, i.e., using one or more satellite plants,
may be more cost effective than an expanded
centralized system

« Energy consumption may be reduced by
eliminating long distance and high pressure
reclaimed water transport

« Construction disruptions may be less,
especially for pipelines in public streets

« Site selection may be controversial for treatment
plant and storage locations in or near residential
areas due to zoning, local land use ordinances,
and public opposition

« Availability of wastewater supply in the collection
system may not correlate with water reuse
demand

« Requires additional monitoring equipment and
telemetry for operation and control

« Labor and monitoring requirements will be more
costly with the addition of facilities in remote
locations

« May be more difficult to ensure reliability of
water reclamation system and power supply

« If chemicals are required for disinfection or other
purposes, transport of hazardous materials
through nonindustrial areas may be required

« If membrane bioreactors are used, special
chemicals and equipment may be required for
membrane cleaning and replacement

« Discharge of biosolids back to the collection
system may lead to the formation of odors

(Continued)
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Table 6-8
Advantages and disadvantages of centralized, satellite, and decentralized treatment facilities (Continued)

Advantages Disadvantages

Decentralized treatment facilities

« Can be used where there is no supporting « Topographic and geologic features such as
infrastructure such as a collection and steep slopes, subsurface bedrock formations,
treatment system and shallow soil water depth may limit use

« Can be used to limit or control development in « Solids generated in decentralized treatment
a given area systems require periodic removal and further

« Adaptable to individual homes, clusters of processing
homes, subdivisions, and isolated developments « Installation and management of many small systems

« Localized use of reclaimed water can be may be difficult to accomplish because small
facilitated and implemented for landscape communities have limited resources and expertise
irrigation and groundwater recharge « Inadequately maintained systems are subject to

« Because systems are generally not complicated, failure
highly skilled maintenance is generally not « Designs must consider wider variations in waste-
required water flows and loadings

Decentralized treatment systems maintain both the liquid and solid fractions of waste-
water near their point of origin, although residual solids may be transported to a cen-
tralized facility for further treatment and reuse. Typical situations where decentralized
wastewater management can be considered for water reuse applications are:

*  Where existing onsite systems must be improved or discontinued

*  Where the community or facility is located remotely from an existing collection system
*  Where localized reuse opportunities are available

*  Where fresh water for domestic supply is in short supply

* Where the existing centralized collection and treatment system lacks capacity and
funding for expansion.

Decentralized treatment facilities typically use septic tanks for primary treatment, inter-
mittent and recirculating packed-bed filters, constructed wetlands, or compact treat-
ment technologies for secondary treatment. Decentralized and onsite treatment systems
are discussed in Chap. 13.

6-6 THE FUTURE OF WATER RECLAMATION TECHNOLOGIES AND
TREATMENT SYSTEMS

The concept of sustainable water resources management, as discussed in Chap. 1, will
be one of the driving forces in expanding the use of reclaimed water for conserving and
extending existing water supplies. Other driving forces include increasingly stringent
wastewater discharge requirements that incorporate considerations for environmental
effects and health-based water quality standards and regulations.
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To meet the challenge of expanded use, the facilities for water reuse must (1) have the
capabilities of meeting existing and new reclaimed water regulations consistently and
reliably, (2) be capable of being integrated into existing wastewater treatment and water
reuse systems, where it is cost-effective to do so, (3) take advantage of new methods of
treatment that have been developed for water reclamation applications, and (4) become
affordable when compared to other water supply alternatives. The growth in water reuse
systems will be tested by their ability to meet the challenges of the future.

Trace constituents that have been identified or will be detected are of concern for the
future use of reclaimed water. Some of the trace constituents are recognized as carcino-
gens, while others are suspected of interfering with the normal functioning of the
endocrine system. The commercial, residential, and agricultural utilization for natural and
synthetic products containing these compounds makes them ubiquitous in daily life, result-
ing in their eventual release into the environment. Discharges of treated wastewater have
been cited as primary sources of trace constituents in the water cycle and particularly in
water bodies used as sources for potable water. Thus, a future challenge to the wastewater
industry and especially in water reuse applications is to develop (1) cost-effective meth-
ods (e.g., online monitors) of identifying the sources of these constituents so that they
can be eliminated and (2) wastewater treatment processes that can remove or reduce these
constituents.

Encouraging results have been obtained in the use of activated sludge with increased
solids retention times (SRTs) of 11 to 13 d and coupled with nitrification/denitrification
in the degradation of natural and synthetic estrogens (Andersen et al., 2003). Advanced
treatment processes such as nanofiltration, reverse osmosis, advanced oxidation, and
carbon adsorption provide a high level of treatment for the removal of these residual
constituents. Soil aquifer treatment (SAT), adopted commonly for groundwater
recharge, has been reported to be an effective process to reduce most trace constituents
(Crites, 2000). Research into the occurrence and fate of trace constituents, therefore,
must be forward looking in anticipation of changes in future regulations and their effect
on water reuse applications (Esposito et al., 2005).

New regulations related to treated effluent disposal and the use of reclaimed water con-
tinue to evolve. As regulations governing the disposal of treated effluent become more
stringent, requiring plant upgrading or alternative methods of disposal, water reuse
becomes a more attractive alternative than strictly effluent disposal. Recent develop-
ment of water reuse plans in relatively water-rich regions of the eastern U.S. is due
largely to more stringent effluent discharge regulations. For environmental and other
reasons, regulations have begun to limit the disposal of treated effluent to water bodies.
Three examples are cited below.

* In the State College, Pennsylvania area, limits were placed on the discharge of highly
treated effluent to Spring Creek, designated as a high-quality trout stream by the State
of Pennsylvania. Temperature increases due to effluent discharge were determined to be
detrimental to the trout population, inhibiting their ability to reproduce (Marcino, 2004).

*  Most water reuse projects in Florida are driven by strict effluent disposal regulations.
In St. Petersburg, an area-wide water reuse plan was initiated to ban effluent discharge
unless wastewater is treated by an approved advanced wastewater treatment process.

Implication
of Trace
Constituents
on Future
Water Reuse

New
Regulations

287
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* In San Jose, California, limitations on treated effluent discharges due to adverse
effects of low TDS effluent on the salinity of South San Francisco Bay resulted in
development of an extensive water recycling system for landscape irrigation.

New regulations for reclaimed water will continue to deal with the issues of removal of
microbial pathogens, chemical constituents, and trace constituents. As research into the
characteristics of water and wastewater becomes more extensive and potential impacts of
these constituents on public health and the environment become better known, some
changes in the regulations can be anticipated; others will evolve as more information
becomes available. Future regulations for water reuse will relate to the detection and mon-
itoring of pathogenic organisms, measurement and removal of residual solids, and identi-
fication and treatment of trace constituents. Regulations for trace contaminants such as
those chemicals identified as carcinogens and endocrine disruptors will evolve where those
substances have been identified as potential problems to public health and the environment
and thus require mitigation. The situation where wastewater is present in public water sup-
plies, i.e., de facto water reuse, is highlighted in Chaps. 3 and 23. For groundwater
recharge, regulations may require limitations on both TDS and nitrates. When reclaimed
water is used for indirect or direct potable reuse, multiple treatment technologies and mul-
tiple barriers are necessary to ensure treatment reliability and public health protection.

Because there are no federal regulations currently (2006) that govern concentrated
residuals streams from membrane systems such as NF and RO, requirements for con-
centrate disposal are regulated by the states and vary widely. State regulations are often
based on limited information and experience (Hightower and Keyes, 2005). Because of
future uncertainties, the lack of consistent regulations and guidelines acts as a hindrance
to the application of desalination and water reuse technologies. Long-term planning for
concentrate disposal will be difficult and will depend greatly on future regulations that
are enacted (Lynch et al., 2005).

Many existing wastewater treatment plants are undergoing or will undergo retrofitting
due to the need to replace aging and deteriorating equipment, increase capacity, improve
performance, mitigate odor issues, and meet new water quality requirements. Space
becomes more of a factor as many facilities have limited areas available for the addition
of new processes. Compact treatment technologies for residual solids removal such as
ballasted flocculation, high-rate clarification, cloth-media filters, and membrane filtra-
tion are attractive alternatives to conventional processes such as gravity sedimentation
and media filtration. Optimization of the activated sludge process to enhance perform-
ance and to remove trace constituents offers increasing reliability to water reclamation
processes. Development of new treatment technologies may allow expanded use of
reclaimed water with increasing reliability. For example, the addition of fixed-film media
to the aeration tanks [the integrated fixed-film activated sludge (IFAS) process] enhances
nitrification in a relatively small aeration basin volume (Johnson et al., 2004). A new
process, an oxygen-based membrane biofilm reactor (MBfR) discussed in Chaps. 7 and
10, may find application in reducing total nitrogen levels and other constituents such as
perchlorate (Nerenberg, 2005). Improved disinfection using UV light in lieu of or in
addition to chlorination may also necessitate the improved removal of residual suspended
solids using one or more of the devices described in Sec. 6-3.
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During the coming years as additional demands are placed on the quality and quantity
of global water supplies, greater emphasis will be placed on optimizing existing tech-
nologies and applying new concepts to maintain high levels of constituent control and
removal. Conventional biological treatment technologies such as activated sludge will
continue to improve and be used either singly or in combination with other processes.
The use of membrane technologies for improved levels of constituent removal will
grow at an expanding rate because of the high levels of water quality attainable,
improved membrane designs, competition in the marketplace that will reduce costs, and
the application for satellite and decentralized systems (introduced in Sec. 6-5).
Additionally, more new treatment plant designs will include improved nutrient removal
and recovery and enhanced residual suspended solids removal to facilitate improved
disinfection and reuse.

As more water reuse applications are identified and reclaimed water quality require-
ments become more stringent, the removal of TDS becomes increasingly necessary.
With the improved design of membranes for NF and RO, the high energy requirements
for pumping have been reduced considerably. Devices for energy recovery from NF
and RO systems are also entering the marketplace. Because of the improvements in NF
and RO, many new reuse plants will be able to consider membrane treatment as a cost-
effective process alternative. As the removal of TDS becomes increasingly necessary,
considerations for the management of the waste concentrate (brine) will become
increasingly important.

Satellite as well as decentralized systems are expected to be used increasingly as urban
growth continues. In communities where development is occurring on the extremities
of urbanized areas, adding new wastewater flows places a strain on the capacity of the
existing collection, treatment, and disposal systems. By utilizing a satellite system
concept, local reuse can be implemented and the hydraulic loads on the existing sys-
tem lessened. Satellite systems can also be used in developed metropolitan areas for
producing recycled water for toilet flushing and other nonpotable uses in apartment
and office complexes in addition to local irrigation projects such as city parks (see
Chap. 20).

Decentralized systems are flexible because they can be used for individual systems,
cluster systems, housing developments, and commercial, institutional, and recreational
facilities. Effluent from decentralized treatment systems can be used for a variety of
applications similar to the general categories listed in Table 6-2. Landscape irrigation is
the most common use. It is interesting to note that currently over 60 million people in
the U.S. are served by decentralized collection and treatment systems and that more
than one-third of the new homes built will be served by onsite or decentralized systems
(Crites and Tchobanoglous, 1998).

Because water shortages will continue to occur as the population grows, local recycling
using decentralized systems helps to offset demands for potable water by substituting
reclaimed water in nonpotable applications. The membrane bioreactor technology will
be important in advancing the concept