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Preface

The water distribution system has a direct impact on customer satisfac-
tion. It is the final component in a multiple barrier approach utilities
employ to deliver safe drinking water. Source water protection and
management, treatment plant operation, and disinfection are the other
barriers—each of which must be optimized to provide the maximum
level of protection. Distribution system operators have traditionally
focused their attention on a dependable supply at an adequate pressure.
Customers and regulators are now demanding an increased emphasis on
the water quality.

Several regulations focus directly on water quality in distribution
systems. These include the Total Coliform Rule, the Lead and Copper
Rule, and the Disinfectants/Disinfection By-products Rule. AWWA has
also developed standards for distribution system operation and mainte-
nance. Improved safety and customer satisfaction are the goals of all of
these efforts.

This publication includes a selection of papers presented at AWWA
events and published in AWWA periodicals. These papers were carefully
selected from the hundreds available on this important topic. The articles
included in this volume are taken primarily from the Journal AWWA, the
AWWA Water Quality Technology Conference, the AWWA DSS Confer-
ence, and the AWWA Annual Conference (January 2001-January 2004).

The topic of maintaining water quality in distribution systems is
diverse and complex. Therefore, this book is divided into nine major
headings: Introduction, Microbiological Issues, Chemical and Physical
Issues, Chloramine Conversion Issues, Corrosion Control, Rapid or Real-
Time Monitoring, Operational Practices, Flushing to Maintain Water
Quality, and Water Quality Computer Modeling (Computer-Aided Net-
work Analysis). Readers may use these headings to help them find
information on specific areas of interest without the need to read the
entire volume. Many references are provided to assist those wishing to
delve deeper into these areas.

The July 2001 issue of the Journal AWWA carried the theme
Distribution Systems. The Introduction to this book is an article from
that issue that described the results of an American Water Works
Association Research Foundation report of five steps to prevent water
quality problems. The article provides a comprehensive overview of the
most common problems that lead to degraded water quality.
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Practical Guidelines for Maintaining
Distribution System Water Quality
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BACKGROUND

Much emphasis has been placed on the multiple-barrier approach for
protecting public health as it relates to public water supply. Historically,
most of the emphasis has been placed on source water protection, water
treatment, and disinfection processes. The distribution system, including
piping, storage, and appurtenances, is a protective “barrier” that needs to
be operated and maintained to prevent contamination as water travels to
the customer. It is an integral part of the multiple-barrier approach
designed to protect water from source to tap.

Historical design procedures have tended to oversize pipelines and
storage facilities, resulting in long detention times, loss of chlorine
residual, taste and odor occurrences, and other water quality problems.
From an operations standpoint, many storage facilities have been kept
full in order to be better prepared for emergency conditions, resulting in
long detention times and water quality degradation. Further, some
materials that have been selected and installed in distribution systems
have produced conditions suitable for increased growth potential of
microorganisms—a situation that has regulatory implications. Unlined
or exposed ferrous materials used in pipelines can corrode, causing “red”
or rusty-colored water to occur. In conclusion, there needs to be a better
balance between “hydraulics” or water supply needs and “water quality”
considerations.
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FIVE-STEP APPROACH RECOMMENDED FOR OPTIMIZING
DISTRIBUTION SYSTEM WATER QUALITY

To optimize water quality through to the consumer’s tap, the utility
should consider following these five steps:

Step 1—Understand Your Distribution System and Define the
Problems

This step is critical because it sets the tone and pace for optimizing water
quality in the distribution system. It is accomplished by reviewing
information such as water quality monitoring data, past reports on the
system condition, as-built records, inspection and maintenance records,
operating data, and the utility’s management approach. The result should
be an assets file that describes the physical facilities along with appurte-
nances and their intended uses, including piping, pumps, storage
facilities, line and control valves, hydrants, blowoffs, and backflow
prevention devices.

Water quality problems are classified

Water quality problems are classified as microbiological, chemical/
physical, or aesthetic. Microbiological problems in distribution system
water include bacteria proliferation/regrowth, nitrification, and water-
borne disease. Chemical/physical water quality problems and parameters
include disinfection by-product formation, lead and copper, temperature,
corrosion, pH stability and scale formation, by-products of coatings and
linings, maintenance of a disinfectant residual, and sediment. Aesthetic
water quality problems include tastes and odors, color, and staining. It is
important to determine whether the causes of water quality problems are
related to interactions within the bulk water, from piping materials, from
silt/sediment, or from direct chemical/microbial intrusion into the
distribution system.

At this point, the utility will need to decide whether it has enough
information to clearly define any problems. If not, then an expanded
water quality monitoring program may be needed. Problems might be of
a regulatory compliance nature, or they could be related to aesthetics and
customer complaints.
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Distribution system engineering and design factors that can affect water quality
include sizing of pipelines (left) and storage facilities (center) and the configuration
of system components such as pumps (right).

Water quality monitoring is used to further characterize problems

A sampling plan should be developed to address issues such as selecting
sampling sites, establishing test parameters and monitoring frequencies,
establishing field monitoring protocols, and addressing laboratory con-
siderations. To the extent possible, the location of sampling sites should
be proportional to the populations served in all subregions of the system
and should represent the range of water qualities accounting for both
short and long water ages in the system. Ideally, sampling sites should be
readily accessible, clean, and free of external contamination that could
affect the sanitary quality of a sample collected for bacteriological
examination.

The most commonly monitored test parameters for determining
general distribution system water quality include coliform bacteria,
heterotrophic plate count (HPC) bacteria, disinfectant residual, tempera-
ture, turbidity, pH, and color. Monitoring beyond the regulatory require-
ments is very useful to establish baselines for comparison of unusual
values so those water quality excursions can be more readily detected.
Special recognition should be given to HPC bacteria because they can be
used as an indicator to help determine the microbiological condition of
the distribution system. R2A medium (incubated at 20°C [68°F] for
seven days) for HPC enumeration and m-T7 agar for total coliforms are
sensitive techniques that can serve as an early warning for microbiologi-
cal problems.

It is worth noting the importance of coliform monitoring and the
use of dedicated sampling stations. Several utilities have documented the
benefits of installing and using dedicated sampling stands to collect their
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Source: Water Distribution System Operation and Maintenance, A Field Study Training Program.
US Environmental Protection Agency Office of Drinking Water and California Department of Health Services,
Sanitary Engineering Branch. Hornet Foundation Inc., Sacramento, Calif. (1989, 2nd ed.).

Figure 1 Components of a dedicated sampling station

bacteriological samples (Donner, 1987; Principe, 1998). Use of dedicated
sampling stations improves access and has been associated with signifi-
cant reductions in the number of positive samples, presumably caused by
the sampling site and not the water. The components of a dedicated
sampling station are shown in Figure 1. Special instances such as main
break repairs and installation of new water mains require immediate
attention, and proven monitoring procedures need to be followed to
document the absence of contamination. Monitoring parameters for
various types of emergencies are summarized in Table 1.



CHAPTER 1: PRACTICAL GUIDELINES

Table1 Water quality test parameters that are useful in distribution system

emergencies

Parameter

Application/Interpretation

Disinfectant residual

Turbidity and color

pH, conductivity, alkalinity

Fluoride ion

A sudden loss can indicate a disruption in
treatment or a system breach (i.e.,
cross-connection or main break); rapid
increases signal a treatment facility or
booster station overfeed.

Sudden increases generally indicate a sys-
tem disturbance including main breaks,
corrosion, cross-connections, firefight-
ing or hydrant opening, flushing,
scheduled maintenance or repairs, valve
failures, and treatment failures.

Changes (increase/decrease) often accom-
pany a contamination event; a rapid
change in pH may also indicate a
chemical overfeed at the treatment
facility.

This is useful in leak investigations in
which fluoridation is practiced (i.e.,
differentiating between treated water
and groundwater); a rapid increase
with low pH may also indicate a chem-
ical overfeed at the treatment facility.

Regulatory requirements must be understood

The US Environmental Protection Agency is increasingly focusing on the
distribution system barrier. Proper distribution system operation and
maintenance will be a must to meet future regulatory requirements. The
most relevant current federal drinking water regulations are shown in
Table 2. In addition to drinking water quality regulations, a myriad of
other environmental regulations deal with such issues as the discharge
of chlorinated waters to storm drains and surface waters.
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WATER QUALITY IN THE DISTRIBUTION SYSTEM

Table 3 Prioritization of utility and customer water quality concerns

Utility Perspective Customer Perspective

Microbial safety Safe product that meets regulations
Disinfectant residual maintenance Free of excess chlorine

Taste and odor removal/prevention Free of tastes and odors

Corrosion control Good appearance

Low disinfection by-product formation = Uniform water quality

Customer expectations are important

In order to prevent and/or solve water quality problems in the distribu-
tion system, the utility needs to understand customer expectations and
attempt to balance these expectations with regulatory requirements and
the utility’s own internal goals. As shown in Table 3, customer expecta-
tions are not always aligned with utility goals. Although the customer and
the utility both value the safety and health aspects of the water, the
customer seems to place much more emphasis on the aesthetics of the
water, including the taste, color, odor, appearance, and uniformity. For
example, the utility strives to maintain a disinfectant residual throughout
the distribution system, whereas the customer would prefer not to taste
or smell any chlorine. In addition, the customer seems to equate health
with aesthetic aspects of the water, sometimes thinking that a poor-
tasting water may not be safe to drink.

Basic Water Quality Goals
® Treated water should be noncorrosive.
®  Uncontrolled scaling should not occur.
® Natural organic matter should be minimized.
®  Assimilable organic carbon should be minimized.

o After-floc (the continued formation or carryover of floc
material into the distribution system) should not occur.

® Treated water particle counts/turbidity should be minimized.
® Iron, manganese, and hydrogen sulfide should be removed.

®  Adequate disinfection should be provided.

10
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Distribution System Water Quality Guidelines for United Water
New Jersey*

Bacteriological Guidelines

1. There should be an absence of coliform bacteria.

2. Heterotrophic plate counts should be below 100 colony-forming
units/mL.

Chemical Guidelines

1. Chlorine residuals—includes water in storage tanks, surface water
system—total chlorine should be between 1.8 and 3.5 mg/L,
groundwater system—free chlorine should be between 0.3 and
0.7 mg/L.

. Iron level should be below 0.1 mg/L.

. Manganese level should be below 0.02 mg/L.

. Lead/copper level should be 100% below action levels.

. There should be no objectionable taste and odor.

Ul o W N

*Guidelines apply to all distribution system locations including dead ends.

Figure 2 Sample distribution system water quality guidelines

Step 2—Set Water Quality Goals and Establish Preliminary
Performance Objectives

This step will involve establishing utility water quality goals that may go
well beyond simply complying with regulatory requirements. For exam-
ple, the utility may wish to establish a disinfectant residual goal of
0.4 mg/L at all active points in the distribution system, or it may wish to
establish a threshold for HPC as an early indicator of microbiological
degradation. An example of one utility’s water quality guidelines for the
distribution system is shown in Figure 2. Some utilities have established
goals for the aesthetics of the water at the customer’s tap in an attempt to
reduce complaints and increase customer satisfaction.

In addition to water quality goals, the utility should establish
specific performance standards to help meet those goals. Some sugges-
tions are as follows:

e Provide source water treatment so that stable water is entering
the distribution system.

* Maintain a positive pressure—for example, 20 psi (138 kPa)—
at all times at ground level, and meet fire flow requirements.

11



WATER QUALITY IN THE DISTRIBUTION SYSTEM

e Minimize detention time in the distribution and storage system,
i.e., establish a maximum time in days for key parts of the
system.

e Maintain a disinfectant residual throughout the distribution
system at some preset level, e.g., 0.2 mg/L.

e Keep the distribution system clean by following good mainte-
nance and operating procedures, i.e., have a comprehensive
flushing program.

e Implement and emphasize a cross-connection control program.

Step 3—Evaluate Alternatives and Select the Best Approach

This step uses the information from steps 1 and 2 to develop, evaluate,
and select the preferred approach to optimize distribution system water
quality. Depending on the type of water quality problem, the most
appropriate solution may require changes in operations, maintenance,
and management practices or additional monitoring, or may require an
engineered solution at the source or in the distribution system. Often
more than one solution will be necessary. Potential solutions to several
water quality problems are presented in Tables 4-6.

Source water treatment improves water quality and reduces operations
requirements

Adequate and appropriate source water treatment can greatly improve
distribution system water quality. For example, removing silt and
sediment and reducing organic carbon at the source can reduce the type
and frequency of distribution system operational activities, such as
rerouting water to minimize detention time and booster disinfection
requirements. It is important to realize that the most aggressive distribu-
tion system operation and maintenance programs, at best, can only
maintain water quality conditions provided at the point of entry to the
distribution system. Regardless of the types of source water treatment
used at a utility, treatment operations should be optimized so that water
quality goals can be achieved (see box on page 10).

Three key operational parameters affect water quality

Water quality deterioration within the distribution system is most often a
result of interactions between the bulk water and pipe materials and bulk
water chemistry. Three primary operations procedures are used to

12
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Table 4 Potential solutions to bacteria/regrowth problems within the
distribution system

Category

Possible Solution

Monitoring

Operations

Maintenance

Source water

treatment

Engineering

Management

Identify source and magnitude of problem by determining
heterotrophic plate count levels using R2A medium
(incubated at 20°C [68°F] for seven days), and locations
of coliform occurrence using m-T7 agar; measure disin-
fectant residual levels and/or chloramine ratios within
the distribution system; monitor for turbidity, tempera-
ture, and nutrient levels.

Increase disinfectant residual, decrease detention time,
increase turnover in storage facilities; disinfect problem
area water mains; periodically switch to alternate disin-
fectant (i.e., from chloramines to free chlorine); use
supervisory control and data acquisition system to
control pumping and storage facility turnover for
chlorine residual maintenance; verify that no cross-
connections are occurring.

Conduct routine unidirectional or zone flushing to remove
sediment, scour biofilm, and ultimately decrease chlo-
rine demand; clean water mains and storage facilities;
inspect and maintain storage facility vent screens.

Provide corrosion control treatment to minimize oxidation
of pipe materials; remove other nutrients such as iron,
manganese, sulfide, and methane; provide adequate
disinfection (i.e., ensure contact times are met); use an
alternate disinfectant such as chloramines if disinfection
by-product levels are a concern.

Line or replace corroded water mains; loop dead ends to
avoid stagnation; install side-by-side smaller-diameter
pipes versus one large-diameter pipe in areas of new
construction; reconfigure inlet/outlet of storage tanks;
provide booster disinfection within the distribution
system; select mortars and linings that do not stimulate
microbial growth.

Support public education regarding the benefits of flushing;
compare costs of implementing required source water
treatment versus relying on distribution system opera-
tion and maintenance techniques; ensure adequate
workforce to carry out operations and maintenance
activities.

13
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Table 5 Approaches for minimizing DBP formation

Category Approach

Monitoring

Operations

Maintenance

Source water
treatment

Engineering

Management

Conduct nonregulatory monitoring throughout distribu-

tion system to identify trouble spots; evaluate DBP
formation through storage facilities and within pressure
zones; monitor for DBPs, total organic carbon, pH,
alkalinity, disinfectant residual, and temperature.

Implement and maintain operations programs that reduce/

minimize detention time within the distribution system;
increase storage facility turnover; estimate hydraulic
residence time throughout system using appropriate,
calibrated, hydraulic model.

Clean pipelines and storage facilities to remove sediment

(DBP precursors); conduct routine flushing to move
water through the system but also to remove sediments.

Reduce organics level through biological filtration, ultrafil-

tration or nanofiltration, granular activated carbon fil-
tration, enhanced coagulation; convert primary
disinfectant from free chlorine to ozone or chlorine
dioxide; convert secondary disinfectant from free chlo-
rine to chloramines.

Conduct secondary disinfection at lower, consistent levels

rather than adding all disinfectant at the wellhead or
treatment plant effluent (while maintaining Surface
Water Treatment Rule contact time requirements); re-
configure storage tanks to improve circulation; eliminate
dead ends through looping to increase water movement.

Develop standard operating procedures for moving water;

support public education regarding the benefits of flush-
ing; compare costs of implementing required source
water treatment versus relying on distribution system
operation and maintenance techniques; ensure adequate
workforce to carry out operations and maintenance
activities.

*DBPs—disinfection by-products
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Table 6 Approaches for minimizing distribution system tastes and odors

Category Approach

Monitoring Use customer complaint data to identify areas of distribu-
tion system with taste and odor problems; conduct
monitoring in areas with frequent taste and odor com-
plaints to identify causes; conduct source water monitor-
ing to determine hydrogen sulfide levels, microbial
conditions, concentrations of iron/manganese.

Operations Minimize detention time in pipelines and storage facilities.

Maintenance Conduct routine flushing in areas with excessive detention
time, in areas with increased taste and odor complaints;
review records showing piping types, age, location,
maintenance records.

Source water Provide treatment such as granular activated carbon filtra-
treatment tion or ozonation to remove tastes and odors associated
with source water; ensure adequate disinfection; con-
sider switching to chloramines if chlorinous tastes and
odors are chronic.

Engineering Consider booster chlorination at lower dosages to maintain
chlorine residuals; consider taste and odor potential
when materials are selected for the distribution system;
cover storage facilities to limit algal growth; ensure
proper applications and curing of coatings and linings.

Management Provide information to the public regarding causes of tastes
and odors; ensure that causes are identified and steps are
taken to reduce episodes; train personnel who are in
contact with customers to respond to inquiries and to
explain actions utility is taking to address issues.

maintain water quality: (1) minimizing bulk water detention time,
(2) maintaining positive pressure, and (3) purposefully controlling the
direction and velocity of the bulk water.

The key elements associated with each operational goal are summa-
rized in Figure 3.

Bulk water detention time should be minimized because both the
bulk water decay characteristics and the interactions between the pipe
walls and the bulk water result in a deterioration of water quality. This is
evidenced by problems such as decay of the secondary disinfectant
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Minimize Maintain
detention time positive pressure
¢ Hydraulic modeling ¢ Minimum of 20 psi
* Reservoir turnover (138 kPa)
¢ Develop standard * Inspect valve positions
operating procedures ¢ Avoid surges
¢ Conduct monitoring — Control pump startup
- Disinfection ~ Key A and shutdown
by-products operational —Open and close
— Chlorine goals valves slowly
—Temperature ¢ Hydraulic modeling

—Taste and odor
¢ Loop dead ends

Control flow
direction and velocity

¢ Hydraulic modeling
* Control blending
* Control well on/off cycles
¢ Avoid surges
— Control pump startup
and shutdown
—Open and close
valves slowly

Figure 3 Key elements associated with distribution system operation goals

residual, increases in disinfection by-product (DBP) levels, and possibly
increased taste and odor. Water quality models can be used to predict
levels of residual chlorine and possibly DBPs. In addition, reactions
between the water and the metallic pipe surfaces and the scales will result
in higher levels of metallic by-products such as iron and copper as the
exposure times increase. The age of water stored in finished water storage
facilities contributes to the overall water age in the distribution system. As
a starting point, it is recommended that stored water be completely
turned over every three to five days at a minimum (Kirmeyer et al., 1999).
Of course, this is site-specific and should be tailored to each utility.

A positive pressure should be maintained throughout the distribu-
tion system to minimize the potential for back siphonage or backflow of
contaminants to occur. Various codes of good practice and manuals
suggest 20 psi (138 kPa) as a minimum pressure to maintain at ground
level or at all points throughout the distribution system under extreme
operating conditions, such as high demand and fire flow circumstances
(AWWA, 1996; Health Education Services, 1997; USEPA & CDHS, 1989).
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Computerized hydraulic models can be used to help predict and
maintain water pressure. Cross-connection control programs need to be
emphasized by water utilities and health agencies. These programs need
to include program development, regulatory authority, inspection and
testing, recordkeeping, and education.

Utilities should attempt to minimize rapid and/or extreme fluctua-
tions in flow velocities and should minimize the frequency of flow
reversals. Activities that may affect flow velocities include rapidly opening
or closing a valve, a power loss, and hydrant flushing. Changes in flow
velocity can scour sediments, tubercles, and deposits, releasing particles
into the water and causing water quality deterioration. In addition, rapid
changes in flow velocity create pressure surges where very high pressures
are followed by low and negative pressures. When the pressure surround-
ing the water main exceeds the internal pressure, any water present in the
trench may flow into the main through leakage points, submerged air
valves, cross-connections, faulty seals, or joints.

Maintenance alternatives include flushing, cleaning, and repairs

Water system flushing is an important tool for helping to keep the water
system clean and free of sediment, to remove stagnant water, and to
remove an unwanted contaminant that may have inadvertently entered
the system. It is important for the utility to establish specific goals and
objectives for the flushing program. Then the program and field practices
can be developed to accomplish the goals in a cost-effective manner.
Major issues will be the type of flushing program, i.e., spot flushing or a
more systemwide approach; unidirectional flushing versus conventional
flushing; the frequency of flushing; the target velocity needed to
accomplish the objectives; monitoring; and recording the information
gathered.

A variety of cleaning techniques may be used for pipelines. These
techniques include mechanical scraping (Scanga & Guttman, 1992;
AWWA, 1987), pigging (Jones, 1987), swabbing (Jones, 1987), chemical
cleaning (Plishka & Shenkiryk, 1996), and flow jetting. Each technique
has its benefits and drawbacks and should be tailored to the specific site.
When cleaning is used, it may or may not be followed by relining of the
pipeline. If the pipe interior is not to be lined, special consideration
should be given to the type of material and its condition so that corrosion
of the newly exposed surface does not rapidly occur. Finished water
storage facilities need to be cleaned periodically to remove silt, sediment,
biofilms, and other accumulated material. These facilities may be cleaned
by a variety of methods while they are full of water or are empty. The
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traditional method of draining and cleaning enables the bottom and the
lower portions of the reservoir walls to be cleaned thoroughly but
requires the facility to be removed from service for long periods of time.
Newer techniques that use divers or remotely operated vehicles may not
facilitate cleaning quite as thoroughly, but they have the significant
benefit of reducing the time that the facility is out of service. Additional
information on maintaining storage facilities can be found in a AWWA
Research Foundation guidance manual (Kirmeyer et al., 1999).

Utility maintenance activities also include emergency pipe repairs
with sanitary precautions in place. Sanitary practices include keeping
contaminated water out of the trench and pipe as much as feasible,
flushing the line in the vicinity of the break, applying disinfectant to the
components that were potentially contaminated, and conducting bacteri-
ological testing of the water to confirm the absence of contamination.
Sanitary practices are also necessary in the construction and release of
new water mains. Disinfection of new mains should follow AWWA
Standard C651 Disinfecting Water Mains or the applicable state
regulations.

Engineering and design alternatives reduce water age

The first chance that water system operators have to consider water
quality is during system design. System configuration or reconfigurations
can be evaluated in terms of water quality, specifically evaluating water
age as the water travels through the system. Computerized hydraulic and
water quality models can be used to estimate water age and chlorine
levels. Pressure zones can be planned or reconfigured to reduce water age
and maintain water quality. If the utility is experiencing problems with
low chlorine residuals, it may want to consider installing a booster
disinfection station. Models can also be used to help site and size finished
water storage facilities. Dead-end pipelines should be avoided, or special
precautions should be taken to preclude excessive water age.

The design of pipelines can significantly affect water quality. The
sizing of lines needs to strike a balance between water quality and the cost
for future expansion. The materials and the linings used to coat pipelines
should be specified to be NSF International- or Underwriters Laboratories—
approved and should be compatible with the utility’s water quality.
Depending on the location of the pipeline and the potential contami-
nants in the soil, certain types of pipe should not be used because volatile
organic chemicals may permeate through the material.

Deteriorated pipelines, especially unlined cast-iron lines, can create
water quality problems such as rusty or red water, can reduce the
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secondary disinfectant levels, and can support biofilm growth, which can
have regulatory implications. The utility is often faced with the dilemma
of deciding whether to rehabilitate the pipe or replace it. The costs for
each technique, the structural condition of the pipe, the disruption to
customers, plus other factors, must be considered in making the decision.
These types of programs are costly and should be carefully planned as
part of a capital improvement planning process.

Finished water storage facilities should also be designed to facilitate
maintenance of water quality. In most cases, chlorine contact time is not
an issue in distribution storage; thus, finished water storage facilities
should normally be designed to enhance mixing rather than to promote
plug flow conditions. There are several ways to promote mixing,
including a momentum-based approach in which the energy of the water
entering the reservoir is used or an approach in which additional energy
is input to the water by mechanical or hydraulic means. Models can also
be used to predict the flow and mixing characteristics in finished water
storage facilities.

Management alternatives include strategic planning, regulatory
compliance, and customer relations

Management’s role involves developing, applying, and continuously
improving an array of management practices including funding, cus-
tomer relations, regulatory compliance, investing in new technologies,
and strategic planning. Managers need to ensure that there is a customer-
driven approach for managing distribution systems and that good
communication is maintained with the customer about the condition of
and need for repair of hidden infrastructure. It is important for field
crews to be trained in customer relations because they are the representa-
tives whom the customer normally sees and interacts with.

Managers need to ensure that the utility invests in new technology
to become more efficient. Examples of this include supervisory control
and data acquisition systems and laboratory information management
systems, which both offer state-of-the-art technology to better respond to
water quality changes and needs. In addition to regulatory compliance,
the progressive utility will want to establish internal goals to meet or
surpass the regulatory standards. This will provide a margin of safety
when problems do occur.
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Water quality monitoring, performed at the Greeley—Bellvue Water
Treatment Plant in Bellvue, Colo., is a critical part of the first step to
optimizing distribution system water quality.

Step 4—Implement Good Management Practices and Monitor
Effectiveness

This step puts the recommended plan from step 3 into action. It will
require coordination and cooperation of various utility staff and possibly
outside specialists. Initially, diagnostic monitoring of effectiveness may be
required, followed by more routine procedures. Adjustments to good
management practices may be needed to improve results.

Step 5—Finalize Performance Standards and Develop Standard
Operating Procedures

This step will require the multiple operating units within the utility to
join together to develop standard operating procedures (SOPs) for the
facilities in question. The preliminary performance standards proposed in
step 2 should be revisited and changed if needed to reflect lessons learned
during implementation. A general SOP addressing all distribution facilities
may be developed, and an SOP for monitoring, inspection, maintenance,
and operation for groups of or individual facilities may be in order.
SOPs can serve as a training guide and can help pass down
knowledge from experienced staff to those who are assuming increased
responsibility. Comprehensive water quality monitoring programs need
to be well documented, including sample site locations, standard routes,
frequency of collection, parameters, laboratory procedures, quality con-
trol, field analysis techniques, and so forth. For purposes of water quality
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Each water utility should develop a sampling plan to select sampling sites,
establish test parameters and monitoring frequencies, and address laboratory
considerations.

protection, the utility should have routine inspection procedures for the
condition of pipelines and storage facilities. Adequate recordkeeping
practices are a must to provide a basis for operations and maintenance to
enhance water quality. Finally, emergency response procedures need to be
documented, and they should be practiced in both the office and the
field. It is especially important to test the communications systems to
improve emergency response capabilities.

CONCLUSIONS

The recommended stepwise approach to optimizing distribution system
water quality is a practical method for utilities to apply. In step 1, water
quality issues are defined by developing an assets file and reviewing
system data. Water quality problems are classified and data needs are
identified. Additional water quality monitoring is often necessary. Step 2
involves establishing water quality goals and setting preliminary perfor-
mance objectives. In step 3, multifaceted solutions are developed,
including treatment, operations, maintenance, engineering design, and
management elements. Source water treatment should be optimized to
remove iron, manganese, and hydrogen sulfide and to minimize natural
organic matter, assimilable organic carbon, and turbidity levels in the
finished water. Treated water should be noncorrosive and adequately
disinfected. Operations solutions may include minimizing bulk water
detention time, maintaining positive pressure, and purposefully control-
ling the direction and velocity of the bulk water. Maintenance solutions
include cleaning, painting, and making repairs. Engineering and design
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Following good maintenance and operating procedures—including having a
comprehensive flushing program—can help keep the distribution system
clean.

alternatives affecting water quality include system configuration, sizing of
pipelines and storage facilities, and selection of materials. Management
alternatives include strategic planning, regulatory compliance, and cus-
tomer relations. Step 4 puts the recommended plan from step 3 into
action and requires good management and monitoring to ensure its
effectiveness. In step 5, performance standards are finalized and SOPs are
developed.
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BACKGROUND

According to the Total Coliform Rule, coliform bacteria constitute the
main indicator used to detect microbial contamination in distribution
systems. A major goal for water utilities is to prevent and control coliform
occurrences and noncompliance (with respect to regulations). However,
the applied solutions are sometimes successful only to a limited extent
because of the variety of factors that may give rise to these occurrences. It
is therefore important to identify those factors—from the structure and
operation of the distribution system to the quality of the distributed
water itself—that can influence the occurrence of coliform bacteria in a
distribution system. The use of the identified factors makes the modeling
of coliform occurrences attractive, and a number of approaches for doing
so have recently been proposed. This chapter provides a review that
includes the mechanisms of how coliform bacteria are introduced into
treated and distributed drinking waters, the major factors controlling the
survival and regrowth of coliforms once introduced into the system, and
the modeling efforts carried out to explain or predict their occurrence.
The coliform group of bacteria is used worldwide as an indicator of
the microbiological quality of drinking water (WHO, 1993). The group
consists mainly of several genera of bacteria belonging to the Enterobac-
teriaceae family, mostly Escherichia, Klebsiella, Enterobacter, Citrobacter,
and Serratia. The detection of coliforms in tap water is supposed to
indicate to utilities and health authorities that a breach has occurred in
treatment or in the distribution system, allowing microbial (fecal)
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contamination of water to occur and thereby rendering it inappropriate
for drinking.

In practice, coliforms are found quite often in tap water. However,
the magnitude of the health risk associated with their presence has been
somewhat mitigated—a tolerance of 5% for water samples testing
positive for nonfecal coliforms on a monthly basis is allowed in the
United States (USEPA, 1989). This was done to take into account the fact
that several of these microorganisms occur naturally in the aquatic
environment, originating from soil and vegetation (Kreig, 1984) or
industrial activities (Archibald, 2000). Because many coliforms are able to
survive and regrow in a distribution system (LeChevallier, 1990), their
presence does not necessarily indicate recent contamination. It is also
worth mentioning that bottled water has been shown to present coliform
occurrence rates that are similar to those in tap water samples
(Warburton et al., 1998).

The validity of using coliforms as indicators of the microbiological
quality of drinking water may be questioned because coliforms are
sometimes detected when there is no evidence of contamination and they
are sometimes not detected when pathogenic organisms are found in the
water. Craun et al. (1997) reported coliform detection during most (64%)
of the waterborne illness outbreaks caused by bacteria, viruses, and
unidentified agents from 1983 to 1992 in the United States. However,
coliforms were detected in only a few (35%) outbreaks caused by
protozoa. Similar results have also been reported in the United Kingdom
(Furtado et al., 1998). Other studies (Payment et al., 1997; Zmirou et al.,
1995; Payment et al., 1991) suggest that there is a low but significant risk
of gastrointestinal illness from the consumption of water meeting the
current bacteriological regulations. To improve the link between fecal
contamination and regulations, Escherichia coli has been proposed as a
better indicator than total coliforms since simple analytical techniques
have recently been made available (Edberg et al., 2000).

However, until the Total Coliform Rule (TCR) is revised, water
utilities will continue to use total coliform bacteria to assess the
microbiological quality of their drinking water to comply with US
regulations (Pontius, 2000). Consequently, efforts should be continued to
prevent and control total coliform occurrences and noncompliance (with
respect to regulations) and their possible association with contamination
of distribution system waters. It is thus important to identify the
factors—from the structure and operation of the distribution system to
the quality of the distributed water itself—that can influence the
occurrence of coliform bacteria in the distribution system (Craun &

28



CHAPTER 2: EXPLAINING THE OCCURRENCE OF COLIFORMS

Suspension of coliform bacteria (Enterobacter cloacae) is observed by
epifluorescence microscopy after staining with DAPIL.

Calderon, 1999). With this in mind, this chapter provides a review
including the mechanisms of how coliform bacteria are introduced into
treated and distributed drinking waters, the major factors controlling the
survival and regrowth of coliforms once introduced into the system, and
the modeling efforts made to explain or predict their occurrence.

MECHANISMS OF COLIFORM INTRODUCTION

Two primary mechanisms are responsible for the introduction of
coliform bacteria into a distribution system. Coliforms may break
through into treated water as a result of inadequate treatment or be
introduced as a result of intrusion into the distribution system down-
stream of the treatment plant (Craun & Calderon, 2001). These two
pathways are usually very difficult to distinguish, because only a very
small fraction of the total amount of treated water is tested for coliforms,
and intrusion into the distribution system may be very localized in time
and space. In some cases, epidemiological studies have helped in
identifying that leakage and cross-connections, associated with low
pressures, were responsible for tap water contamination (Semenza et al.,
1998). In other cases, the detailed identification of the microorganisms
involved has helped in identifying their origin (O’Neill & Parry, 1997;
Edberg et al., 1994). But, in most cases, the origin of coliforms found in
distribution systems remains unclear. Recently, one study (Kirmeyer et
al., 1999) proposed a prioritization of entry routes into the distribution
system (Table 1). The study concluded that as in treatment breakthrough,
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Table 1 Prioritization of pathogen entry routes into distribution systems

Entry Routes Priority Ranking

Water treatment breakthrough; transitory contamination; High
cross-connection; water main repair or breakage

Uncovered storage facilities Medium

New main installation; covered storage facilities; deliberate Low
contamination

*Modified from Kirmeyer et al., 1999

intrusion from transitory low-pressure events, cross-connections, and
pipe repairs constituted a high risk of contamination.

Treatment Breakthrough

Coliform presence in treated water is seldom reported, which is logical
because the treatment is usually designed to inactivate or at least remove
bacterial contamination, and its efficiency is evaluated using coliform-
indicator bacteria. Nevertheless, this absence of coliforms in treated water
may only be apparent because of the very small fraction of treatment
effluents monitored, making the detection of a time-limited break-
through illusory (the fraction of the volume sampled for coliform
analysis usually ranges from 1/10° to 1/10%). Low percentages of treated
water samples testing positive for coliform bacteria (<0.2%) have been
reported in treated water from two Canadian treatment plants, one of
which uses granular activated carbon (GAC) filtration (Morissette et al.,
1999). It is not known whether these coliforms pass through the filters or
grow in them. Colonization of GAC filters with coliforms was demon-
strated by Camper et al. (1985) and was also suspected by Montiel and
Welté (1999), who systematically recovered thermotolerant coliforms
from the effluent of GAC filters during periods of high summer
temperature (> 80% of the samples tested positive).

Coliforms may also remain undetected as a result of the cultivation
techniques used for coliform detection—some or all of the coliforms may
be injured (and not killed) by disinfection and thus unable to grow on
traditional agar media. Various modified cultivation techniques have
been proposed to permit the enumeration of injured coliforms
(McFeters, 1990; McFeters et al., 1986; LeChevallier & McFeters, 1985).
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Using modified cultivation techniques, McFeters et al. (1986) found
injured coliforms in the effluent of three US facilities, and Craddock and
Castle (1997) detected injured coliforms in 10.4% of 173 treated water
samples from four treatment plants in the United Kingdom, while
routine bacteriological tests indicated that only 0.6% of the samples were
coliform-positive. The injured coliforms were found in the effluent of the
three tested plants treating surface water, while they were undetected in
treated borehole water, and positive samples were mainly associated with
backwashing of the sand filters.

Release of particulate matter in treated water may facilitate the
introduction of coliforms into the distribution system and may play an
important role in treatment breakthrough. Examination of the particles
released from GAC filter beds (Camper et al., 1986) showed that up to
17% of the samples contained carbon particles colonized with coliform
bacteria. It has, in fact, been shown that cellular aggregation and
attachment of bacteria to particulate matter result in the protection of
microorganisms from disinfection (Gauthier et al., 1999a; Morin et al.,
1999; Stringfellow et al., 1993; Berman et al., 1988; Herson et al., 1987;
Ridgway & Olson, 1982).

Coliforms may also be associated with other types of particles such
as invertebrates. Although most of the invertebrates that enter a water
treatment plant are usually trapped and removed, organisms such as
nematodes, rotifers, and protozoa have been observed in treatment plant
effluent by many authors (Gauthier et al., 1997; Schreiber et al., 1997; Van
Lieverloo, 1997; Brazos & O’Connor, 1996).

The presence of these organisms in treatment plant effluent may
contribute to the introduction of coliforms into the distribution system.
Schoenen and Hoyer (2000) have related the detection of total coliform
in the treated water of a German plant to the presence of the larvae of
gnats on filters and enumerated as many as 2 x 10’ nonfecal coliform
colony-forming units (cfu)/gnat larva. Moreover, laboratory studies have
shown that organisms such as protozoa (amoebae and ciliates), nema-
todes, and amphipods can ingest bacteria such as Escherichia coli or
Enterobacter cloacae and protect them from disinfection (Ding et al,
1995; King et al., 1988; Levy et al., 1986).

Another study (Lupi et al, 1995) conducted analyses on the
intestinal contents of nematodes isolated from treated surface water and
detected the presence of Enterobacteriaceae of environmental origin (up
to 13 cfu/nematode), the majority of which were Serratia. Particulate
matter and invertebrates might thus protect some coliforms from
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treatment plant disinfection and transport them into the distribution
system.

In most cases, the presence of coliforms in treated water results
from inadequate treatment settings or performance with respect to raw
water quality. High bacterial loads in the source water are often a result of
rainfall (Geldreich, 1996) and have been associated with higher coliform
occurrences in the distribution system (LeChevallier et al., 1996b;
LeChevallier etal., 1991). Several hypotheses may explain such occur-
rences, including less efficient treatment in such conditions and change in
organic matter causing coliform regrowth downstream in the distribu-
tion system. The latter hypothesis is supported by the lag between
rainfalls and distribution system coliform occurrences (LeChevallier
etal., 1991).

Contamination of groundwater following heavy rains combined
with inadequate chlorine disinfection resulted in the contamination of
the Walkerton distribution system (Canada) with E. coli O157:H7. The
resulting major outbreak affected 1,346 people and killed at least 6 people
(Health-Canada, 2000). Contamination of groundwater also resulted in
recent E. coli outbreaks at a New York fair (Yarze & Chase, 2000), in
Ontario (Jackson et al., 1998), in Europe (Chalmers et al., 2000), and
in viral outbreaks that were initially detected as a result of analysis for
fecal coliform (Haifliger et al., 2000; Kukkula et al., 1997). The protection
of groundwater catchment areas is crucial to avoid contamination. For
example, one study (Raina et al., 1999) observed significant association
between the presence of E. coli in domestic well water and gastrointestinal
illness. In this case, the relationship depended on the distance of the well
from the house’s septic tank. In contrast, no recent outbreak has been
associated with the failure of surface water treatment plants to inactivate
coliform organisms.

Therefore, the potential exists for coliforms to penetrate into
distribution systems. Coliforms may be present even if they are not
detected as a result of insufficient sampling or difficulties in measuring
them, either because of their disinfectant-induced injured state or
because of their association with (bio)particles.

Intrusion

A high potential risk of introduction of coliform bacteria and enteric
viruses into the distribution system exists when transient negative
pressure occurs in pipelines (LeChevallier et al., 1999). The study
conducted by these authors indicates that fecal indicators and culturable
enteric viruses can be detected outside distribution pipelines. Consequently,
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in a case in which there are pipe leaks, there exists a potential portal of
entry of microorganisms into the distribution system during negative
pressure events originating from pump starting or stopping, transmission
main breaks, rapid opening or closing of valves, loss of power, hydrant
flushing, and other conditions, especially on elevated sites (Kirmeyer et
al., 1999). Illustrating this path of intrusion, McMath and Casey (2000)
measured subatmospheric pressures at one distribution system point
downstream of the pumping station of a UK system during surges. They
observed that this point (an air valve chamber) was flooded with dirty
water during wet weather, thus explaining the high coliform failure rate
in the corresponding distribution system area.

Contamination of the distribution system may also occur when a
water main breaks or is repaired. Two major distribution line breaks were
the suspected sources of contamination in the Cabool, Mo., outbreak of
E. coli O157:H7, which caused 243 known cases of diarrhea and four
deaths (Geldreich et al., 1992). Moreover, contamination may also occur
if cleaning and disinfection procedures following repair are not adequately
executed. LeChevallier (1999) noted that the flushing velocity of a
repaired pipe is not always sufficient (often too low) to totally remove
contamination. Pizzi (1996) also noted that a negligent worker with only
a small amount of dog feces on the sole of his boot could contaminate
many kilometers of pipes if disinfection following repair was inadequate.
Contaminated sediment introduction during pipe repairs was also the
main suspected cause of recurrent coliform occurrence in a dead-end
area of a Canadian distribution system studied by Gauthier et al. (1999b).
Another study (Haas et al., 1999) reported that for 16% of the utilities
surveyed, 1% of the first samples taken following new main disinfection
showed a positive result for total coliform. These authors supported—
and completed—the current AWWA standards for such disinfection
procedures.

Cross-connections, defined as connections between a potable drink-
ing water supply and a nonpotable, undesirable, or contaminated source,
may also pose a threat to distribution system integrity (Herrick, 1997).
Coliform bacteria and contaminated water may be introduced into
distribution pipes from the backflow of water through the cross-
connections because of a differential in pressure between the connected
systems, especially during low-pressure events in the distribution system.
Lahti and Hiisvirta (1995) reported two outbreaks in Finland caused by
cross-connections involving sewage and seawater, both showing evidence
of the presence of E. coli.
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Numerous backflow incidents that have occurred throughout the
United States are listed on the Web site of the American Backflow
Prevention Association (1995), demonstrating that almost any kind of
liquid can penetrate a distribution system through backflow. Garden
hoses are among the most common causes of cross-connections (Herrick,
1997), and fire sprinkler systems may also be problematic (Dubay, 1997).
Nevertheless, a detailed investigation of the water quality in 84 wet-pipe
fire sprinkler systems (Duranceau et al, 1998) has shown that total
coliforms were mostly absent from those systems and that the main risk
of microbial contamination of the distribution system through backflow
remains directly linked to the intrusion of sewage or raw water. Such an
intrusion could eventually result in the colonization of the distribution
system with coliforms, but this has not been confirmed experimentally—
two separate studies (McMath et al., 1999; Sibille et al., 1997) were not
able to recover fecal contamination indicators following the passage of a
slug-dose of sewage in an experimental distribution system.

Uncovered finished water reservoirs located on distribution systems
represent another potential source of fecal contamination of potable
water supplies from birds and other animals. LeChevallier et al. (1996b)
have confirmed that the presence of open finished water reservoirs is one
of the factors responsible for increasing the number of coliform
occurrences. Water in closed storage tanks may also be contaminated if
maintenance is inadequate. An outbreak of Salmonella typhimurium in
Missouri probably resulted from bird contamination in a municipal
water storage tank (Clark et al., 1996). The tank had an inappropriate
roof vent and an uncovered hatch, which allowed free access to wild
birds. Feathers were also discovered in the tank. For concrete tanks,
contaminated water ingress through a tank’s roof may also be detected by
coliform presence in the water, indicating that remedial action (roof
repair) needs to be taken (O’Neill & Parry, 1997).

Identification of the Source of Entry

For many utilities, the origin of coliforms found in distribution systems
remains unclear, and multiple solutions are applied to eliminate them
(Kirmeyer et al., 2000). For example, the Washington, D.C., water supply
system experienced a series of microbial violations under the TCR
between September 1993 and July 1996 (Clark et al., 1999). The passage
of coliform organisms into the distribution system resulting from
treatment barrier breakthrough was evidenced by the measurement of
total coliforms in treated water samples, but a sanitary survey of the
storage facilities and of the distribution system also indicated numerous
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Unidirectional flushing may remove deposit-associated coliforms from
distribution systems.

operational and maintenance deficiencies in the system, which could
favor the intrusion of coliform bacteria into the distribution system from
an external source (Clark et al., 1999).

The City of Seattle also experienced total coliform occurrences in
1993 and attributed them to a number of factors (Table 2). Short-term
actions consisted of the adjustment of disinfectant residuals and the
implementation of unidirectional flushing, which was very efficient in
controlling coliform occurrences (Oliver & Pimentel, 1998; Oliver &
Harbour, 1995). The number of positive samples for coliforms at the
Metropolitan Water District of Southern California was reduced by
improving sampling point protection and cleaning, thereby preventing
airborne contamination (Gueco et al, 1999). In many other cases,
coliform problems were apparently solved by increasing the disinfectant
residual without clearly identifying the origin of the coliforms (Kirmeyer
et al., 2000; Norton & LeChevallier, 1997; Holt et al., 1995).

FACTORS AFFECTING COLIFORM SURVIVAL AND
GROWTH

Once coliform bacteria are introduced into a distribution system, they
can be transported with the bulk flow of water, colonize, and grow in
biofilms on pipe surfaces or in deposits. The ability of coliform bacteria
to survive and even grow in drinking water biofilms has been demon-
strated by many authors in pilot distribution system studies (Camper,
1996; Fass et al., 1996; Jones & Bradshaw, 1996; Camper, 1995;
Standridge et al., 1995). Regrowth of coliforms was also evidenced in a
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Table 2  Factors related tg increased coliform occurrence in the Seattle,
Wash., distribution system

Factors Effect on Coliform Occurrences
Lack of adequate chlorine Inadequate disinfection of the coliform
residual in distribution bacteria

system pipes
No filtration of the source May increase the passage of coliform from the
water water source into the system, allowing
coliform attached to particulate matter to
pass through the disinfection barrier

Presence of uncovered Allows water contamination (particularly
reservoirs from birds and animals); increases the
water residence time in the system
Presence of numerous May result in long water residence time, so
storage tanks that particulate matter harboring coliforms

tends to settle and accumulate in the tanks

Inadequate flushing pro- Protection of the coliforms in pipe biofilm
gram (dead ends only)
Corrosion-control program  Protection of coliforms in corrosion by-
only initiated in 1982 products, particularly in unlined cast-iron
pipes

*From Oliver and Pimentel, 1998

full-scale distribution system (Edberg et al., 1994; LeChevallier et al.,
1987). The issue of coliform regrowth in drinking water has previously
been reviewed by LeChevallier (1990).

Water Temperature

Water temperature affects all processes involved in microbiological water
quality: microbial growth rate, disinfection efficiency, decay of disinfec-
tant residual, corrosion rates, and distribution system hydraulics (in-
creased water velocity from increased consumer demand) (LeChevallier,
1990). In most of the reported cases, more coliform occurrences have
been noted in distribution systems during summer months when water
temperatures are at their highest (Olstadt et al., 1998; Colbourne et al.,
1991; Wierenga, 1985; Hudson et al., 1983). Many authors (Besner et al.,
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2001; Volk & LeChevallier, 2000; LeChevallier et al., 1996b; Volk & Joret,
1994; LeChevallier et al., 1991) have associated coliform growth with
water temperatures higher than 15°C (59°F).

Type and Concentration of Disinfectant

Maintenance of a chlorine residual throughout the distribution system is
usually recommended to minimize bacterial growth and coliform occur-
rence. However, some European utilities located in the Netherlands,
Germany, Switzerland, and France are successfully producing and distrib-
uting hygienically safe and biologically stable drinking water without a
disinfectant residual (Klein & Forster, 1999; Van der Kooij et al., 1999;
Fokken et al., 1998; Lévi et al., 1992). The application of multiple
treatment barriers, the production of biostable water, and the use of
biostable materials for distribution infrastructures—as well as the appli-
cation of protective measures to prevent recontamination in the distribu-
tion system—permit such a practice (Te Welscher et al., 1998; Van der
Kooij et al., 1995). In North America, as well as in the United Kingdom,
the use of disinfectants remains the favored approach to control
microbiological water quality in the distribution system (Trussell, 1999).

Although chlorine is less efficient for the inactivation of biofilm
bacteria than for bacteria present in bulk water (Parent et al., 1996;
Servais et al., 1995; Mathieu et al., 1992; Paquin et al., 1992; Van der
Wende & Characklis, 1990), relatively low chlorine concentrations have,
in some cases, been successful in controlling the presence of coliform
bacteria in a distribution system. Free chlorine thresholds varying from
0.05 to 0.5 mg/L in full-scale distribution systems have been quite useful
in keeping the rate of occurrence of coliforms low (Besner et al., 2001;
Volk & LeChevallier, 2000; Kiéné et al., 1999; LeChevallier et al., 1996b;
Volk & Joret, 1994), especially when combined with a good biological
stability of the treated water (Gatel et al., 2000). A pilot distribution
system study (Parent et al., 1996) showed that as soon as chlorine could
be detected in the system under study (0.1 mg/L), it inactivated the
coliforms in the water phase. The only question at this time is whether
the disinfectant really inactivates the coliforms or if they are still viable
but just nondetectable by cultivation on selective media (injured
coliforms). This uncertainty is undoubtedly promoting the development
of alternative methods for detecting coliform bacteria in water samples.
In contrast, many authors have reported that even high chlorine doses are
ineffective in controlling coliform occurrence. Coliform-positive samples
have been reported to occur in distribution systems with free chlorine
residuals ranging from 0.6 to 4.0 mg/L (Schreppel & Geiss, 1996; Norton
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et al., 1995; LeChevallier et al., 1987; Ludwig et al., 1985; Wierenga, 1985;
Martin et al., 1982). Even though increasing chlorine residuals has helped
to control coliform occurrence in some cases (LeChevallier, 1990;
Hudson et al., 1983), such chlorine increases may not always be an
acceptable solution because of the formation of potentially carcinogenic
disinfection by-products (DBPs) (Marret & King, 1995).

Because the use of chlorine has several drawbacks (taste, odor,
halogenated compound formation) and does not totally guarantee a
coliform-free drinking water, some utilities have looked at alternative
disinfectants, such as chloramines, to control microbiological quality in
the distribution system (Figure 1). Monochloramine is generally consid-
ered to be a less effective disinfectant than free chlorine because higher
concentrations are needed for a similar level of bacterial inactivation
(Mathieu et al., 1992). However, because chloramine is a less reactive
disinfectant, it is more stable than free chlorine and persists longer in the
distribution system. Its use is therefore beneficial in water networks
where it is difficult to maintain a free chlorine residual because of
corrosion or high water residence times (Song et al., 1998; Colbourne et
al., 1991). However, many utilities first switched to monochloramine as a
secondary disinfectant in order to comply with DBP regulations rather
than to control total coliforms (Kreft et al., 1985; Mitcham et al., 1983).

The use of monochloramine also proved, in many cases, to be more
effective than free chlorine in controlling coliform growth in bench-scale
units (Momba et al., 1999; Camper et al., 1997) and in full-scale
distribution systems (Norton & LeChevallier, 1997; LeChevallier et al.,
1996b). The combination of monochloramine stability and its superior
ability to penetrate biofilm has resulted in both greater efficiency with
respect to attached organisms and better coliform control (LeChevallier
et al., 1990). However, the use of monochloramine does not necessarily
represent the perfect solution to coliform occurrence in the distribution
system because it is less efficient than free chlorine in controlling a
sudden pulse of contamination (Snead et al., 1980) and can lead to
nitrification episodes (Wilczak et al., 1996).

Bacterial Nutrients

In drinking water, the limiting nutrient for the growth of heterotrophic
bacteria is usually the biodegradable fraction of dissolved organic carbon
(DOC), even though the limitation of bacterial growth because of the
availability of phosphorus has also been shown in some distribution
systems (Miettinen et al., 1997; Sathasivan et al., 1997). This biodegrad-
able fraction is usually expressed in terms of assimilable organic carbon
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Figure 1 US community surface water systems using monochloramine as a
secondary disinfectant

(AOC) or biodegradable DOC (BDOC) concentrations, reflecting two
types of analytical procedures (Huck, 1990). Studies have shown that
AOC (LeChevallier et al., 1987) and BDOC (Servais et al., 1995; Servais et
al., 1992) generally decrease with increased residence time of the water in
the distribution system. It was hypothesized that such a decrease is caused
by carbon utilization by bacteria and subsequent growth. Thus, bacterial
regrowth may be limited by decreasing the AOC and BDOC content of
the water leaving the plant.

Several attempts have been made to define the threshold concentra-
tion of biodegradable organic matter below which water can be consid-
ered biologically stable. One study (Van der Kooij et al., 1989) proposed
an AOC value of 10 pg/L, and another (Servais et al., 1995) suggested a
BDOC value of 0.15 mg of carbon (C) per liter. Coliform occurrences in
the distribution system have also been associated with higher water
biodegradable organic matter content from AOC greater than 50
(LeChevallier et al., 1991) or 100 pg/L (Volk & LeChevallier, 2000;
LeChevallier et al., 1996b) and BDOC consumption in the distribution
system higher than 0.15 mg C per liter (Volk & Joret, 1994). The benefits
generated by reducing the biodegradable content of treated water
through biological treatment have been demonstrated for the microbio-
logical quality of water (Prévost et al., 1998) and for biofilm density (Volk
& LeChevallier, 1999). Similarly, Laurent et al. (1999) noted a reduction
in the number of positive coliform samples in a distribution system
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following the installation of a nanofiltration treatment. Finally, certain
lubricating oils were shown to release substantial levels of AOC into the
water, which could in turn lead to increased bacterial growth (Sidorowicz,
1996; White & LeChevallier, 1993). Oil for lubricating well pumps has
been associated with the occurrence of coliforms in community wells
operated by a US facility (White & LeChevallier, 1993).

Pipe Corrosion and Corrosion Control

The intensity of bacterial colonization of distribution system pipes is
influenced by pipe material characteristics (Niquette et al., 2000; Verran
& Hissett, 1999). It has also been shown (LeChevallier et al., 1993) that
corrosion has a major impact on biofilm persistence in a chlorinated
distribution system and that both the type and the rate of corrosion
could affect the ability of chlorine to inactivate biofilm bacteria, including
coliforms. Coliforms have been detected in corrosion tubercles (Clement
et al., 1998; Emde et al., 1992; LeChevallier et al., 1987; Martin et al.,
1982). A positive relationship has been found to exist between the
number of miles of unlined cast-iron pipe in filtered, free-chlorinated
distribution systems and coliform occurrences in the study of LeCheval-
lier et al. (1996b), suggesting that the corrosion of iron pipe surfaces is an
important factor affecting coliform occurrences.

Introduction of corrosion-control mechanisms may therefore help
to improve the effectiveness of chlorine disinfection, favor the presence of
a chlorine residual, and enhance control of bacteria. Common mecha-
nisms of corrosion control include increasing pH, remineralization, and
the addition of phosphates or silicates. A higher pH decreases metal
solubility and reduces surface corrosion. Such treatment has been
successful in controlling the growth and occurrence of Klebsiella pneumo-
niae in a chlorinated distribution system (Martin et al., 1982). Pilot-scale
studies (Volk et al., 2000; LeChevallier et al., 1993) showed the beneficial
use of phosphate-based corrosion inhibitors to minimize the corrosion of
iron pipes and its subsequent increased effectiveness on chlorine disinfec-
tion, allowing a better control of distribution system biofilms.

In a study of 31 US water utilities, LeChevallier et al. (1996b) also
found that the use of phosphate-based corrosion inhibitors was associated
with lower coliform levels. In fact, coliform levels were 36% lower in free-
chlorinated distribution systems with phosphate levels greater than
0.1 mg/L than in distribution systems with lower phosphate concentra-
tions. The reduction in coliform occurrences following application of
corrosion inhibitors can be explained by the fact that corrosion inhibitors
reduce three things: the microbial habitat by reducing the mass of
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corrosion products on pipe surfaces, the adsorption capacity of iron
oxides, and the disinfectant demand of existing corrosion products and
the pipe surfaces (Abernathy & Camper, 1997).

Sediment Accumulation in Pipes

Particulate matter in a distribution system may originate from various
sources, including incomplete removal of particles from raw water,
release of fines from filters, precipitation of metal oxides or calcium
carbonate, external contamination in pipes and reservoirs, postfloccula-
tion, biological growth, and corrosion. The sedimentation of suspended
particles to form loose deposits may take place in areas with low-flow
conditions (particularly in dead ends or reservoirs). The presence of
coliforms in settled material in distribution systems has been shown in
several studies (Lu et al., 1997; Oliver & Harbour, 1995; Schreiber &
Schoenen, 1994; DeRosa, 1993). To remove sediments from water pipes,
flushing programs may be undertaken by water utilities. Unidirectional
flushing of the distribution system (Figure 2), in which specific sections
of mains are closed in an organized and sequential manner so that water
flows in a single direction from a clean to a dirty area, has been reported
to generally improve water quality and diminish coliform occurrences
(Antoun et al., 1999; Oliver & Pimentel, 1998).
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MODELING THE OCCURRENCE OF COLIFORMS

The development of coliform predictive models has been attempted to
predict, both in time and space, coliform regrowth in the distribution
system. Four predictive models (shown in Table 3) have been found in
the literature and compared. These models are a combination of
differential equations and/or statistical or probabilistic approaches. They
usually include the influence of classical water quality parameters known
to affect coliform regrowth, such as water temperature, total count of
bacteria, residual chlorine, and organic matter. However, because it is
known that the occurrence of coliforms in a distribution system does not
result from regrowth alone, some authors (Gauthier et al., 1999b; Fang
etal., 1997) have proposed the use of an alternative approach using a
dynamic visualization/data-based approach that takes into account water
quality data as well as many other types of parameters, such as treatment
breakthrough and distribution system intrusion, to explain coliform
occurrence.

Coliform Predictive Models

Model based on threshold values

The AL.COL (Alerte coliformes) model of Volk and Joret (1994) was
developed to predict coliform occurrences in the full-scale distribution
systems of the Parisian suburbs, and it is based on weekly water quality
monitoring data from five network sampling sites. As shown in Table 3,
threshold values associated with an increased frequency of coliform
occurrence have been established to define a level of risk at each sampling
site resulting from the combination of the threshold values exceeded each
week. Application of the model has shown that coliform occurrences
were often preceded by an elevated risk (three or four positive criteria) at
least one week before the coliform occurrence. During the whole study,
the probability of coliform occurrence varied between 26% and 63%
when the four criteria were positive, and the probability was less than 1%
when none of the thresholds was exceeded.

Log-logistic autoregressive multivariate model

Further studies of the Parisian suburbs’ distribution systems led to the
development of a log-logistic autoregressive multivariate model for the
prediction of coliforms (Gatel et al., 1995). Using the same water quality
parameters as the AL.COL model, the authors collected 40 to 60 samples
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WATER QUALITY IN THE DISTRIBUTION SYSTEM

per week from March to September for a four-year period (1992-1995) to
develop the model. To predict the weekly percentage of coliform-positive
samples on the network under study, the authors used a log-logistic
autoregressive multivariate model (Table 3). The o, B, and y parameters
were estimated from the weekly values and determined using a Metropolis-
Hastings—type algorithm. Results showed that the model was strongly
influenced by the total direct count of bacteria, whereas temperature and
chlorine appeared to be less important factors and the consumption of
organic matter could be eliminated. Model predictions (expected per-
centage of coliform-positive samples) for the weekly data of 1992 and
1994 were shown to correlate well with the observed values, with an R>
coefficient of 0.75.

Tree-based statistical models

One study (LeChevallier et al., 1996a) proposed the use of a tree-based
statistical model to describe how a set of predictor variables could relate
to coliform occurrences in the distribution system. Classification tree
models were used for unfiltered and filtered water systems, and a
regression tree model was used for the general occurrence of coliforms.
The tree models were developed from sampling data from 31 US water
systems collected every two weeks for an 18-month period. As shown in
Table 3, a larger number of variables was used to model the presence or
absence of coliforms in comparison with the other existing models. The
model resulted in the inclusion of a filtration step, dead-end disinfectant
residual, and temperature variables. The classification rule resulted in few
false positives (i.e., samples predicted to be coliform-positive but that
were in reality coliform-negative), but many false negatives (i.e., samples
predicted to be coliform-negative but that were in reality coliform-
positive). A separate classification tree model for filtered systems was
attempted, but the occurrence of coliforms in filtered systems was not
frequent enough to apply an accurate statistical model using the current
methodology. A regression tree model for coliform occurrence was also
developed. This model showed that in general the highest coliform
occurrence rate (13.3% of positive samples) was obtained when phos-
phate levels (related to corrosion control) were low, the level of alkalinity
was low, and the temperature was high.

Generalized linear modeling method

A regression model has been proposed by Gale et al. (1997) with data
collected from 13 UK water companies. The companies (divided into
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distribution zones) provided statutory water quality monitoring data for
one or more years between 1990 and 1994 (Table 3). The authors of the
study used a generalized linear modeling (GLM) method to determine
the probability of coliform detection in a 100-mL water volume.
However, following the validation process, because the predicted proba-
bilities of coliform occurrence in 100-mL water samples were very low,
the overall number of coliform-positive samples for groups of related
zones (according to type of disinfectant used, water source, and
treatment train) per year was rather established as the predicted
parameter. As observed from the validation of some companies’ models
(between years and between similar zones in a company’s distribution
network), the number of positive coliform samples predicted over
distribution zones was generally close to the number observed.

Advantages and limitations of the coliform predictive models

Each modeling technique used to predict coliform occurrences has its
advantages and limitations. The determination of threshold values (Volk
& Joret, 1994) is basic and may be considered quite simple and easy for
water utilities to apply. However, the use of statistical methods for
coliform prediction probably provides models that are more soundly
based. The GLM method used by Gale et al. (1997) is the only
methodology able to identify when a model is incomplete, i.e., when
modeled parameters (chlorine and total heterotrophic bacteria) are not
able to fully explain differences in coliform occurrences between zones of
distribution, and that further zonal information is required. Because the
GLM method showed that many water company models were incom-
plete, it emphasized the need to consider factors other than water quality
parameters to explain coliform-positive samples. The major strength of
the model by Gatel et al. (1995) is the inclusion of an autoregressive
component that allows the prediction of the coliform-positive samples
for the week to come by using the information available for the prior
week and the prediction that was made for that time period. This model
is the only one to take previous predictions into account.

Many limitations are associated with the use of these models.
Predictions in time may vary from weekly predictions (AL.COL and log-
logistic autoregressive multivariate models) to yearly predictions (Gale et
al., 1997). As for the tree-based model, the authors themselves found that
it clearly lacked the statistical power needed for prediction (LeChevallier
et al.,, 1996a). Specific distribution system locations (sampling points)
likely to experience coliform-positive samples are often missing. Apart
from the AL.COL model, spatial prediction concerns distribution zones
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within a water company (Gale et al., 1997) or a whole distribution system
(Gatel et al., 1995) assuming homogeneity of the variables throughout
the distribution system, which is surely too simplistic. As noted by
LeChevallier et al. (1996a) following their examination of commonalities
among 31 water systems, better predictive models could probably be
obtained by examining data for individual systems. All those models
predict only the presence/absence of coliforms in samples; no informa-
tion is given with respect to concentration values.

Limitations associated with these models may be related to the poor
content of coliform databases, because coliform occurrence rates in
distribution systems are low and traditional coliform detection methods
provide zero or near-zero values most of the time (Gale, 1996).
Furthermore, water quality data used for model construction are usually
not collected for this specific purpose, which may result in infrequent
records for some parameters. Consequently, modeling coliform occur-
rence is quite a difficult task. The application of those models is also
specific to the zones or to the distribution system where they have been
calibrated, meaning that parameter optimization is necessary for each
zone/distribution system with respect to local operating conditions. Few
data are available on the subsequent application of those models by water
utilities. In a recent study, Volk and LeChevallier (2000) proposed a
variation of the AL.COL model based on three parameters (temperature,
AOC, and dead-end disinfectant residual) collected for a group of
distribution systems. This led to a probability of coliform occurrence of
16.1% when the three criteria were exceeded. However, it was found that
the model had a low level of prediction accuracy and that further
refinements were necessary to obtain more reliable results.

Dynamic visualization/data-based approach

Because water quality parameters are clearly insufficient to explain
coliform occurrence in a distribution system and the parameters affecting
regrowth are not completely known, identified, and measured, modeling
approaches seem to have hit a wall. This has led to the use of a dynamic
visualization/data-based approach to better understand water quality
variations. Such an approach combines hydraulic/water quality simula-
tion models and geographic information systems (GIS-type software),
allowing the user to account for numerous parameters such as distribu-
tion system structure, operation, and maintenance as well as water
quality information. The only limitation of this approach is that its
effectiveness is dependent on the extent of the available databases
(Barcellos, 2000; Gauthier et al., 1999b; Boulos et al., 1997; Fang et al.,
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1997; Pena, 1995; Deininger et al., 1992). Fang et al. (1997) reported the
development of a program put in place by the City of New York that
integrates routine monitoring activities, hydraulic modeling, GIS soft-
ware, data analysis, and special local investigations to identify and
facilitate coliform problem remediation. This program has resulted in a
significant decrease in coliform incidence since 1994.

Besner et al. (2001) and Gauthier et al. (1999b) have used an
approach that combines structural, operational, and water quality
parameters (Figure 3), and they were able to associate coliform recur-
rence in a section of the Montréal, Que., distribution system with the
contamination of a large-diameter pipe with low water velocity, where
breaks were reported in 1995. Improvements consisting of the addition of
a visualization/exploration tool for database queries have been made to
this approach by Besner et al. (2000). This was done to facilitate the study
of the impact of distribution system interventions on water quality.

Because coliform occurrence may be triggered by various factors
and these factors are not easily quantifiable, it seems unrealistic to try to
predict short-term, localized contamination. It is thus more important to
improve our understanding of coliform occurrence so that we will
eventually be able to quantify the parameters involved. The consideration
of multiple databases—combined with their visualization—is a key
element in this process.

Modeling Perspectives

The use of artificial neural network (ANN) models could constitute a
new research avenue for coliform prediction. ANNs have the capacity to
learn from examples and to generalize to previously unseen data, as well
as the ability to handle nonlinear relationships. At this time, this type of
model has not been used extensively in the field of drinking water
treatment and distribution. Rodriguez and Sérodes (1996) used an ANN
modeling approach to estimate the disinfectant dose adjustments re-
quired during water rechlorination in storage tanks, and Skipworth et al.
(1999) predicted the oxidation reduction potential at single and multiple
points within a distribution system. Moreover, using ANNs for coliform
prediction would require large databases for building strong models, and,
as long as coliform data show values below detection levels or zero values,
ANN model development will be difficult. In fact, this is probably true
for any type of model. As an alternative, the use of atypical bacteria (i.e.,
noncoliform bacteria on m-Endo agar) as a supplemental indicator group
could be considered, as suggested by Brion et al. (2000). That study
successfully used atypical bacteria and ANNs for pollution ranking and
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source identification in a surface water reservoir. The development of
more “sensitive” coliform detection methods that would yield other than
zero values could also help support the building of such models.

SUMMARY AND CONCLUSIONS

Obviously, distribution systems play a major role in maintaining the
quality of treated water. Detection of coliform organisms in a distribution
system may result from multiple factors and not only from the type of
contamination (treatment breakthrough/intrusion). Coliform occurrence
may be greatly affected by the following distribution system features:

e The hydraulics influence the transport of contaminants, the
deposition/resuspension of particulate material, the residence
time of the water in the system, and the occurrence of low
pressure.
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e Physical characteristics, such as elevated water temperatures,
were shown to often be related to coliform detection.

e Chemical characteristics, such as the type and concentration of
disinfectant used in the system and the level of biodegradable
organic matter, have also been related by many authors to
coliform occurrence.

e Structural properties, such as pipe material, may constitute the
principal influence on the degree of corrosion and the rates of
pipe breakage and leakage that will be found in the system.

The effects of some of these factors on coliform occurrence are
common to all distribution systems, whereas others are more site-
specific. However, taken as a whole, all these factors will affect the
capability of coliforms to survive in a distribution system. Because of the
transport/deposition/survival mechanisms occurring in the distribution
system, the signal of bacterial contamination entering the system may
consequently be biased, so that it becomes very difficult in some cases to
detect contamination directly at its point of entrance or at the time it
penetrated the system. Such situations imply that water utilities and
authorities are probably failing to detect numerous contamination events
in their systems and that those that are detected are often difficult to
explain.

Understanding the origins of coliform occurrence in a distribution
system, which are usually not very obvious, is the first step toward a
permanent solution to the problem. In some cases, improvements in
water treatment and network management have allowed water utilities to
solve their problems without determining the source of coliforms in their
systems (Clark et al., 1999). The application of measures such as reducing
the nutrient level entering the distribution system, reducing water
residence time in the network, applying a chloramine residual, as well as
methods to control pipe corrosion and unidirectional flushing, have
shown in many cases to be quite effective in reducing coliform occur-
rence (Kirmeyer et al., 2000; USEPA, 1999).

Replacing total coliforms by E. coli as the indicator, as proposed by
Edberg et al. (2000), would perhaps lead to a stronger link between health
risk and regulatory failure. Yet it also would result in a major reduction in
coliform-positive events, further reducing the potential for determining
the source of the fecal contamination. Moreover, predictive models for
failures would be even more difficult to build because of the small
number of positive samples. In such a case, total coliforms could be kept
as the operational parameter used by utilities to evaluate regrowth
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phenomena or nonfecal contamination while being removed from the
assessment of compliance issues (Stevens et al., 2001).

The prediction of noncompliant samples seems difficult, if not
impossible, because the number of possible causes for coliform occur-
rence is high and coliform detection is biased by transport and survival
mechanisms in the distribution system, which are difficult to quantify.
Therefore, greater understanding of coliform occurrence is needed to
eventually enable quantification of the parameters involved. Because the
tools currently available are not adequate, the development of new
approaches, which should involve the consideration of multiple databases,
is essential. This is critical because water quality information is necessary,
but often not wholly sufficient, to explain coliform occurrence in a
distribution system. All types of databases (operation and maintenance,
hydraulic, and so forth) should be made available to increase the chances
of identifying coliform problems. Because our capacity to explain and
predict is also strongly influenced by the results obtained by the coliform
detection methods that “unfortunately” give zero values in 90% to greater
than 99% of the cases, it is also suggested that new methods allowing for
higher values be accepted with a view to understanding, but not
regulating, coliform presence. The combination of a more effective
detection method and an analytical tool integrating a variety of parame-
ters should greatly help water utilities in identifying the causes of water
quality problems and, consequently, allow them to apply corrective
measures to eliminate coliform occurrence from their distribution
systems.
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BACKGROUND

Biofilms on pipe walls in water distribution systems are of interest since
they can lead to chlorine demand, coliform growth, pipe corrosion, and
water taste and odor problems. The study described in this chapter is part
of an AwwaRF and Tampa Bay Water tailored collaboration project to
determine the effect of blending different source waters on distribution
system water quality. This project is based on 18 independent pilot
distribution systems (PDS), each being fed by a different water blend
(seven finished waters blended in different proportions). The source
waters being compared include groundwater, surface water, and brackish
water. These are treated in a variety of pilot distribution systems,
including reverse osmosis (RO) (desalination), both membrane and
chemical softening, and ozonation with biological activated carbon
(BAC) for a total of seven different finished waters. The observations
from this study have consistently demonstrated that unlined ductile iron
was more heavily colonized by biomass than galvanized steel, lined
ductile iron, and PVC (in that order) and that fixed biomass accumula-
tion was more influenced by the nature of the supporting material than
by the water quality (including secondary residual levels). However, bulk
liquid water cultivable bacterial counts (i.e., hetetrotrophic plate counts,
or HPCs) did not increase with greater biofilm accumulation, but results
to date suggest high HPCs correspond with low disinfectant residual
more than high biofilm inventory. Temperature affected biofilms also,
and AOC was important when residual was between 0.6 and 2.0 mg Cl,/L.
An additional aspect of the work is that the potential of exoproteolytic
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activity (PEPA) technique was used along with a traditional so-called
destructive technique in which the biofilm was scraped off the coupon’s
surface, resuspended, and cultivated on R2A agar. Both techniques gave
similar trends and relative comparisons among PDSs but culturable
biofilm values were several orders of magnitude lower than PEPA values.

INTRODUCTION

One of the major concerns of drinking water producers is to provide
bacteriologically safe water to the public. Controlling bacterial growth in
North America largely depends upon maintaining disinfectant residual
throughout the distribution systems. The disinfectant role is to provide
residual in distribution systems to control microbiological degradation of
water quality and protect against possible contamination. The biofilm
can harbor coliform organisms, as well as viruses and opportunistic
pathogens like Cryptosporidium oocysts [1]. A high bacterial population
in potable water can be associated with an increased possibility of
waterborne disease, taste and odor problems, corrosion, and the need to
maintain a higher disinfectant residual [2]. Moreover, coliform bacteria
have been associated with a high abundance of heterotrophic bacteria and
biofilm, increasing the potential for health risk [3]. It is also thought that
suspended cells in the liquid phase originate from the biofilm through
detachment processes during the distribution of drinking water and that
control of suspended cell concentrations is assisted by minimizing
biofilm cells. However, biofilm-associated microorganisms have been
shown to be less susceptible to disinfectants than their planktonic
counterparts [4,5]. The increasing use of monochloramines in North
America in order to prevent production of harmful disinfection by-
products is an interesting alternative to free chlorine to control bacterial
growth since monochloramines are thought to penetrate deeper into a
biofilm matrix [6].

In the past, controlling bacterial regrowth in distribution systems
has focused on limiting nutrient levels (AOC and BDOC) and use of
secondary residual (free and combined chlorine). The effect of distribu-
tion system materials on heterotrophic plate counts and biofilm prolifer-
ation has been more extensively studied during the past decade. Recent
evidence suggests that biofilm growth is closely associated with corrosion
of pipe materials, through increase of disinfectant demand by corrosion
products. Consequently, the corrosion potential of pipe materials influ-
ences bacterial regrowth in distribution systems and ultimately down-
stream water quality [7]. Recent study also shows that densities of fixed
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bacterial biomass were dependent upon pipe material and that gray iron
supported more biofilm cells than plastic-based materials in different
oligotrophic drinking water environments [8]. It was concluded that
bacteria fixed on gray iron appeared to be more protected from the
chlorine residual in the water than those fixed on noncorroding
materials, implying that pipe reactivity is an important promoting factor
of bacterial regrowth in the distribution system. Therefore, pipe material
seems to have a strong influence on bacterial regrowth. This chapter
investigates the interrelationships of HPC and biofilm proliferation.

MATERIALS AND METHODS

Pilot Distribution Systems

This study was part of an AwwaRF and Tampa Bay Water tailored
collaboration project to determine the effect of blending different treated
source waters on the water quality of distribution systems. The project
analysis was carried out at the University of Central Florida, Civil and
Environmental Engineering Department. There were 18 independent
pilot distribution systems (PDSs), each being fed by a different water
blend (seven finished waters blended in different proportions). The
source waters being compared include groundwater, surface water, and
brackish water. These were treated in a variety of pilot distribution
systems, including RO (desalination), both membrane and chemical
softening, and ozonation with BAC for a total of seven different finished
waters. The pilot distribution system (PDS) lines were constructed from
actual member governments’ distribution systems. The first 14 lines (PDS
1-14) were made of a combination of PVC, lined ductile iron, unlined
cast iron, and galvanized steel pipe sections attached in series in that
order (upstream to downstream) and are referred to as “hybrid” lines.
The four remaining lines (PDS 15-18) were made of a single material
(unlined ductile iron for PDS 15, lined ductile iron for PDS 16, PVC for
PDS 17, and galvanized steel for PDS 18) and are referred to as “single-
material” lines. Each PDS had a hydraulic retention time of about five
days. Chloramines were used for primary disinfection and as secondary
residual in the PDSs.

Incubation Conditions

Coupons cut from existing pipes excavated from the ground (PVC, lined
and unlined ductile iron, and galvanized steel, all from utilities in the
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Tampa Bay area) were incubated in these lines for a three-month period
(corresponding to a single operational phase of the project). Coupons
from each material under study were incubated in the “hybrid” lines,
while in the “single-material” lines coupons from the same material as
the line were incubated. Coupons, which were taken from existing pipes,
were sometimes extensively corroded and were referred to as “aged”
coupons. Coupons were always in duplicate. Duplicate coupons for both
assays (HPC and PEPA) were provided. Each was 3 cm in diameter and
affixed to a peg made from a PVC welding rod. The coupons were then
placed inside of a cradle consisting of a 3-in.-diameter PVC pipe cut
lengthwise. The cradles had holes for the coupon pegs and were placed
inside of a 4-in.-diameter PVC pipe connected to the end of each PDS for
incubation of the coupons. Before being placed inside of the cradles, the
outer side of the coupons was taped with 1-in.-wide Teflon tape in order
to expose only the inner surface of the coupons to the water. The
operation of the pipe cradle was similar to that of the PDSs. Specifically,
it normally operated at a flow of 4.7 gpd and was flushed at 1 fps once a
week.

Sampling Conditions

The coupon holder was carefully removed from the cradles, with the
coupons still affixed, and then transported inside of a closed PVC
container. The humidity in the container was elevated by placing a wet
sponge inside in order to prevent desiccation of the biofilms. Upon
arrival in the laboratory the coupons were analyzed during the next 24 hr.

HPC Enumeration of the Biofilm

The coupons were rinsed very carefully with phosphate buffer solution
(PBS) twice. The biofilms were detached from coupons manually using a
sterile weighing spatula (sterilized by 70% Ethanol) into 4 mL of sterile
PBS, and then homogenized using a tissue blender (Tissue Tearor ',
Biospec Products, Inc., Racine, Wis., USA) at 3,000 rpm for 2 min. The
sample was then serially diluted and two plates per dilution were spread
on R2A agar plate (ref. 1826-17-1, Difco Laboratories, Detroit, Mich.,
USA) and incubated for seven days at 25°C. Typical dilutions used were
103 and 1074 Finally, after incubation and enumeration, the results were
expressed as cfu/cm? by taking into account the dilutions used and the
surface area of the scraped coupons. Results obtained with this technique
are further referred to as BFHPCs (Biofilm HPCs). This spread plate
technique on R2A agar is outlined in Standard Method 9215C [9].
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Potential of Exoproteolytic Activity Assay

The protocol used was similar to the one described by Laurent and
Servais (1995), except that it was slightly modified to use much less
expensive batch reactors for the biofilm coupons [10]. This facilitated
high sample volumes at a reasonable cost. The batch reactors were
cylindrical PVC cups made from 1'/s-in. schedule 40 PVC pipe and a flat
1'/s-in. PVC cap for the bottom. The height of the cup was about 3 to
4 in. Upon arrival in the laboratory, the coupons were detached from the
coupon holder with caution. New Teflon tape was affixed on the used
Teflon tape to prevent any interactions between the bacterial biomass
deposited on the outer part of the coupon and the reagent. To avoid
desiccation, coupons were analyzed as soon as possible. Both duplicate
coupons were then placed in autoclaved PVC containers covered by
aluminum foil. When the experiment was ready to be carried out, 8 mL
of solution of nonfluorescent L-Leucyl--Naphtylamide (LL-fN, Sigma,
St. Louis, Mo., USA) at saturating concentration of 1 mM was poured
into the container to submerge the coupon. The concentration was that
used by Somville and Billén (1983) [11]. At this point the enzymatic
hydrolysis reaction that releases the fluorochrome B-Naphtylamine from
the LL-BN molecule occurred due to the action of bacterial exoenzymes
of the coupon biofilm. From this point and at 10-min intervals, 2 mL of
subsample was removed and the associated fluorescence was measured at
410 nm under 340 nm excitation. Then the 2 mL was returned to the
PVC container. A standard curve correlating fluorescence intensity to BN
concentration was required for each set of samples. After conversion
using the standard curve, BN concentration was plotted against time and
the slope, i.e., the BN concentration increase (nmol of BN produced per
min and per cm?) was obtained by simple linear regression on the linear
portion of the response curve. Then it was converted into biomass
expressed in pg C/cm? by multiplying it by 6.57 (reciprocal of the slope of
the correlation straight line established by Laurent and Servais [1995]) [10].
Finally this was converted into cells/cm? by considering an average carbon
content of 20 x 107 g C/cell [10].

Water Quality Analyses

Most water quality analyses for the bulk liquid were carried out with
respect to Standard Methods [9]. Residual concentration of free and total
chlorine was measured on-site with a portable spectrophotometer (Hach
46700; precision +0.03 mg Cl,/L) and recommended reagents (Hach No.
21055-69, N,N-diethyl-p—phenylenediamine (DPD); Hach No. 21056-69,

69



WATER QUALITY IN THE DISTRIBUTION SYSTEM

DPD and potassium iodide). The sampling bottles and 40-mL vials for
AOC analysis were muffled at 525°C for 5 hr after cleaning. AOC was
measured using the rapid method of LeChevallier et al. (1993), except
that plate counts were used to enumerate bacteria rather than ATP
fluorescence, in conjunction with Standard Methods 9217 (1995) and the
method of van der Kooij (1992) [7,9,12].

RESULTS AND DISCUSSION

The results summarize four operational phases of the TBW-AwwaRF
project, i.e., 12 months of study. The observations from this study have
consistently demonstrated that unlined ductile iron was more heavily
colonized by biomass than galvanized steel, lined ductile iron, and PVC
(in that order). Figure 1 presents a representative example of this
observation, for the second phase of the study, for the hybrid lines. In the
hybrid data the secondary residual was equal for all four coupons in a
single hybrid PDS. Thus, in this case it can be seen that cast iron had a
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higher biomass inventory (as much as one order of magnitude) than
PVC, even when residual was equal. Holden et al. (1995) documented
similar results, comparing biofilm inventories on cast iron and medium-
density polyethylene (MDPE) [13]. It can be noted that the hybrid lines
were fed with different blends. This did not seem to have an effect on the
observed trend. Therefore, fixed biomass accumulation was influenced
more by the nature of the supporting material than by the water quality.

Figure 2 presents the combined results of the four phases of the
study for the pure lines (fed by same blend but consisting of different
single materials). The trend in Figure 2 is the same (e.g., PVC lowest, CI
greatest) if average values are compared, even though combined residual
levels were different from one line to the next. The fixed biomass
inventory was fairly insensitive to residual levels, which were much lower
for unlined metals.

In contrast, bulk liquid bacterial counts (i.e., hetetrotrophic plate
counts or HPCs) varied inversely with disinfectant residual (Figure 3).
The highest HPCs were observed in the unlined cast iron and galvanized
steel lines, which had very low residuals.

Analysis of both hybrid and pure PDS data throughout the length of
the study showed that combined residual had a significant effect on bulk

Coupon Material

O Effluent combined residual, mg Cl,/L
B Log PEPA

Figure2 Log PEPA and effluent combined residual vs. material—pure lines
only
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Residual (mg Cl,/L) or Log HPC
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Coupon Material

O Effluent combined residual, mg Cl,/L
B Log HPC effluent

Figure 3 Log HPC and effluent combined residual vs. material—pure lines
only

liquid HPCs, particularly when levels were below 0.6 mg Cl,/L (Figure 4).
HPCs above 100,000 cfu/mL were not seen if residuals were above 0.6 mg/L
(chloramines were being used), but very low counts (<100 cfu/mL) were
sometimes seen in systems with negligible residual. Lower counts were
consistently seen with residuals in excess of 0.6 mg/L, however. Below
residual levels of 0.6 mg Cl,/L, HPCs were high (10> or greater being
common), and this seemed to be true regardless of AOC concentrations
or stability.

However, when residuals were between 0.6 and 2.0 mg Cl,/L, HPC
counts correlated directly with AOC stability (and more loosely with
AOC concentration). Waters showing changes in AOC levels (between
influent and effluent) greater than 37 pg C/L tended to have elevated HPC
counts (>10* cfu/mL; Figure 5). The data were ambiguous above 2.0 mg
CL/L of residual with respect to AOC since there was not a broad range
of influent AOC values in that data set, and none above 109 ug C/L. AOC
and HPCs seemed stable with residual above 2.0 mg Cl,/L, but whether
that would have been true for a higher AOC finished water could not be
evaluated. With biofilm inventory there was no significant difference in
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the hybrid lines even though HPCs varied from 100 to 100,000 cfu/mL.
There did appear to be a correlation in the pure lines, but because of the
confounding effect of material and residual concentration this correlation
could not be exclusively attributed to either residual or material. Low
residuals increased the probability of high HPC counts significantly,
while the effect of material on HPC counts was inconclusive, and
probably more a result of residual consumption associated with the
material.

The effect of temperature was also investigated. It was observed that
fixed biomass was sensitive to increase of temperature (Figure 6). An
increase of 5°C (from 18° to 23°C) led to increases of about one order of
magnitude in biofilm inventory, while increasing from 23° to 26°C
multiplied the fixed cell densities by a factor of 5 to 10. The effect of
temperature on HPCs was inconclusive, even though depletion of
residual was observed at higher temperatures. No straightforward corre-
lation was found connecting temperature and HPCs. However, the
impact of higher-temperature driving increased consumption of com-
bined residual levels and affected HPCs in a very significant way.

An additional aspect of the work to date is that in addition to the
PEPA technique, the biofilm was scraped off an identical coupon surface
for the pure material lines, resuspended, and cultivated on R2A agar
(BFHPC). Figure 7 (second phase, representative of the other phases)
shows that the BFHPC technique yielded much lower estimates of the
biofilm inventory on the coupons (two to four orders of magnitude lower
than the PEPA results). However, the trend observed for the effect of
material on biofilm accumulation, e.g., that cast iron was more heavily
colonized than PVC, was the same using both techniques. This strength-
ens the conclusion that material was a major factor in determining the
biofilm inventory.

Biofilm bacteria are thought to be more resistant to disinfectant due
to a physiological state associated with low growth rates or due to
increased diffusional resistance created by the extracellular polymers
[4,5]. Studies by de Beer et al. (1994) using chlorine-sensitive microelec-
trodes demonstrated that chlorine did not fully penetrate into the biofilm
matrix because chlorine reacted with the biofilm constituents faster than
it could diffuse into the biofilm [14]. This phenomenon has also been
documented by more recent studies [15,16]. This resistance to disinfec-
tant levels can explain the insensivity of biofilm inventory to combined
residual observed in this study.

In terms of bulk liquid HPCs, the effect of materials was most
significant in terms of material impact on residual levels. Unlined metals

74



CHAPTER 3: EFFECT OF MATERIALS AND WATER QUALITY ON PLATE COUNTS AND BIOFILM

Temperature (°C)

Scrape (cfu/cm?) or PEPA (cfu/cm?)

7.00E+09
¢ Unlined metals
6.00E+09 1— o
O PVCandCICL
u]
5.00E+09 +— Expon. (unlined metals) 0
-------- Expon. (PVC and CICL)
4.00E+09 +— ED
o o =
0 a
3.00E+09 = %
g
2.00E+09 i
1.00E+09
0.00E+00 :
16 17

1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10
1.00E+10

y= 11 18290'4172X

Temperature (°C)

R2=0.504 R2=0.5109
Figure 6 PEPA vs. average temperature (influent/effluent)
O Scrape Phase 2
B PEPA Phase 2
15 - Cl 16 - CICL 17 -PVC 18-G

PDS

Figure 7 PEPA and BFHPC vs. material—pure lines only

75



WATER QUALITY IN THE DISTRIBUTION SYSTEM

depleted residual levels, and this resulted in elevated HPCs. Any intrinsic
effect of material was of a much smaller magnitude than residual effect
and was not observable if present.

CONCLUSIONS

The major findings of the experiments discussed herein are summarized
below:

e Biofilm inventory was a function of the material and was
relatively insensitive to secondary residual levels or to variations
in water quality.

e HPC counts could not be directly correlated to biofilm
inventory. HPCs were most significantly impacted by residual.
As secondary residual decreased from 0.6 to 0 mg Cl,/L, the
probability of high HPC counts (>100,000 cfu/mL) increased
very significantly.

e AOC stability affected HPC proliferation when residuals were
between 0.6 and 2.0 mg Cl,/L.

e Unlined metals and higher temperature (summertime) resulted
in significantly greater residual consumption, and this increased
the probability of high HPC counts if residual consumption was
nearly complete.
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BACKGROUND

In this study, two components were evaluated: biostability, measured by
assimilable organic carbon (AOC) concentration; and microbiological
quality, determined by heterotrophic plate counts and coliform counts.
The study centered on a full-scale chloraminated distribution system.
Results from full-scale monitoring showed that the water in the system
was biologically stable and there was no significant microbial activity in
the system in spite of a moderate to high AOC concentration of
162 + 24 pg/L as acetate-carbon. Batch experiment results indicated that
the treated water containing monochloramine was biologically stable,
and removal of the residual chlorine resulted in rapid consumption of
AOC and bacterial regrowth. This study suggested that the treated water’s
AOC concentration may not be the dominant factor for controlling
bacterial regrowth in all distribution systems. Biostability can be
achieved in a water supply containing a moderate to high AOC
concentration by maintaining a high disinfectant residual throughout the
system.

It is well documented in the scientific literature that drinking water
quality can deteriorate during passage through distribution systems
(O’Connor et al., 1975; Larson, 1966). These changes typically include
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loss of chlorine residual (Skadsen, 1993) and formation of disinfection
by-products (Chen & Weisel, 1998). In addition, potential exists for a
variety of microbially mediated processes, including oxidation of organic
matter (LeChevallier et al., 1991), nitrification (Skadsen, 1993), sulfate
reduction (in reducing microenvironments) (O’Connor et al., 1975), and
microbially induced corrosion (Lee et al., 1980). Bacteria are able to grow
in distribution systems even in the presence of a disinfectant residual
(LeChevallier et al., 1987). This process is termed “bacterial regrowth.”

Potential problems resulting from bacterial regrowth include
growth of both undesirable organisms (Levy et al., 1986) and opportunis-
tic pathogens (Lamka et al., 1980; Geldreich et al., 1972), enhanced
corrosion of pipe materials (Emde et al., 1992; Lee et al., 1980), and
interference with the monitoring for indicator organisms because of high
heterotrophic plate counts (HPCs) (LeChevallier & McFeters, 1985;
Geldreich et al., 1972). Bacterial regrowth can also result in positive
coliform samples (LeChevallier et al., 1987), which may either lead to
false alarms regarding water quality or even mask true microbial
contamination (LeChevallier, 1990). The factors that affect bacterial
regrowth include temperature, amount of biodegradable organic matter
(BDOM), disinfectant residual, corrosion products, and accumulation of
sediments (LeChevallier et al., 1996; LeChevallier, 1990).

Biostability refers to the ability of water to support the growth of
microorganisms. Biologically stable water does not promote the growth
of bacteria, whereas biologically unstable water can support the growth of
microorganisms to a significant extent (Rittmann & Snoeyink, 1984).

The potential of a water supply to support the growth of microor-
ganisms can be quantified by measuring the amount of BDOM in the
water. Two parameters frequently used to measure BDOM are assimilable
organic carbon (AOC) and biodegradable dissolved organic carbon
(BDOC) (Huck, 1990). To prevent or limit coliform regrowth in
distribution systems containing a disinfectant residual, AOC concentra-
tion limits of 50 and 100 pg/L have been proposed (LeChevallier et al.,
1992; LeChevallier et al., 1991).

However, the availability of BDOM as measured by AOC or BDOC
is not the only important factor controlling regrowth (LeChevallier et al.,
1996; LeChevallier, 1990). A recent study (Volk & LeChevallier, 2000)
suggested that coliform regrowth is likely when the following three
criteria are met: temperature at or above 15°C, disinfectant residual at or
below 0.5mg/L for dead-end free chlorine residuals or 1 mg/L for
chloramine residuals, and plant effluent AOC concentrations above
100 pg/L.
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The mechanisms by which microorganisms survive in distribution
systems and how various water quality parameters affect their survival are
still not fully understood. For many water utilities, the distribution
system is a poorly understood “black box.” This study’s main goal was to
improve understanding of the interplay between water quality and
microbial regrowth in full-scale chloraminated distribution systems. The
specific objectives were to evaluate the biostability and microbiological
quality of the distribution system in the city of St. Paul, Minn., and to
correlate operational and water quality parameters with the biological
quality of the system.

MATERIALS AND METHODS

Treatment Plant and Study Site

The distribution system investigated was owned and operated by St. Paul
Regional Water Services (SPRWS) in St. Paul. The city of St. Paul’s
distribution system serves 343,000 customers over an area of 114 sq mi
(295 km?) using approximately 1,099 mi (1,768 km) of main. The mains
are composed primarily of unlined cast iron.

Raw water is withdrawn from the Mississippi River, passed through
a chain of lakes, and treated by a 50-mgd (189-ML/d) (annual average
flow) treatment plant. During summer months, the raw water supply is
often augmented with groundwater prior to treatment. Treatment
processes include lime-softening, flocculation, sedimentation, disinfec-
tion, and filtration. The residual disinfectant is monochloramine. Typical
water quality characteristics of the plant effluent for summer and winter
are shown in Table 1.

Figure 1 is a map of the St. Paul distribution system area. Fifty
sampling sites covering the entire distribution system were grouped into
five regions based on their locations. The hydraulic residence times of
these sites range from less than 1 hr to 19 days, as previously determined
from a fluoride tracer study. Ten sites in the southwestern area of the
distribution system (region 5) were sampled between July and December
1999. An additional sampling campaign encompassing the entire system
was performed from January to April 2000. The full-scale distribution
system sampling is summarized in Table 2. Further information about
samples analyzed for AOC can be found in Tables 3 and 4.
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Table 1 Monthly average water quality characteristics of the St. Paul
Regional Water Services treatment plant effluent for July and November 1999

Water Quality July 1999 November 1999
Temperature—°C 22 10
Turbidity—ntu 0.02 0.04
pH 9.0 8.9
Dissolved oxygen—mg/L 7.2 8.9
Total residual chlorine—mg/L 3.0 2.8
Dissolved organic carbon—mg/L 3.09 4.96
Total ammonia—nitrogen—rmg/L 0.739 0.857
Nitrate, nitrite, nitrogen—rng/L 0.102 0.234
Chloride—mg/L 33.0 28.5
Total alkalinity—mg/L CaCO3 51 52
Total hardness—mg/L CaCOj3 79 86

*CaCO3—calcium carbonate

® Water sampling sites ° ﬁ
+ Pipe sampling sites
° L 1
Treatment plant 2 mi (3.2 km)
° °
o ) o\
D
* * o \.\\ Region 3
i \
Region 1 i ° o
o o ° |
O I
(] [ ] 5 H °
- Region4
[

Region 2

[ ]
o+
()

issippi River

Figure 1 Map of the study area showing location of the sampling sites
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Table 2 Distribution system sampling summary
Number of
Hydraulic Assimilable
Retention Organic
Sampling Time Number of Carbon
Location days Sampling Period Samples Analyses
Plant effluent 0 July to December 1999 8 5
January to April 2000 7 5
Region 1 <1to>10  March 2000 9 1
Region 2 <1to>10  January 2000 10 0
Region 3 <2to 14 February 2000 10 1
Region 4 <1to>10  January to March 2000 20 1
Region 5 <1to19 July to October 1999 16 11
April 2000 10 2

*Water samples were analyzed for total chlorine, pH, temperature, dissolved oxygen, heterotrophic
plate counts, coliforms, injured coliforms, total organic carbon, dissolved organic carbon, turbid-
ity, and NH3—-N. Samples were also analyzed for NO3-N beginning in January 2000.

Glassware Preparation

All of the glassware used in this study was prepared to be free of organic
carbon by soaking it in 3 N (3 mol/L) HNOj3 for 24 hr, rinsing it with
distilled water at least three times, then combusting it at 550°C for 6 hr to
remove any remaining organic carbon.

Water Sample Collection

Water samples were collected in 250-mL organic carbon—free glass bottles
and sterile 125-mL plastic bottles containing 0.01% (final concentration)
sodium thiosulfate for dechlorination. The samples were collected from
taps at the treatment plant and each sampling location after sterilizing the
tap with flame and then flushing until the water reached a constant
temperature, which indicated that the water was coming from the main.
The samples were transported to the laboratory in coolers with ice packs
and analyzed within 12 hr.
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Chemical and Physical Analyses

Total chlorine” (measured by the DPD colorimetric method), pH,T
dissolved oxygen (DO),* temperature, and turbidity® were measured on-
site using portable meters. Ammonia-nitrogen, nitrate-nitrogen, sulfate,
and chloride were measured according to standard procedures (Standard
Methods, 1995).

Microbiological Analyses

Total coliform bacteria were enumerated by the membrane filter proce-
dure (Standard Methods, 1995) with 0.45-um-pore-size membrane fil-
ters using both m-Endo LES agar'" and m-T7 agar.”" HPC bacteria
were enumerated by the spread plate procedure (Standard Methods, 1995)
with R2A atgar’ur incubated at room temperature (20-24°C) for seven
days. Total bacteria (nonviable plus viable bacteria) were enumerated
following an established procedure (Kepner & Pratt, 1994) with minor
modification. Bacteria in the water samples were fixed by glutaraldehyde
(final concentration 2.5%) and stained with 4,6-diamidino-2-phenylin-
dole™ at a final concentration of 1 mg/L in the dark for 10 min. The
stained bacteria were filtered onto a 25-mm, 0.2-um-pore-size black
polycarbonate membrane filter.> The filters were then placed on a
microscope glass slide, mounted with a drop of nonfluorescent immersion
oil,”" and covered with a clear glass cover slip. The slide was topped with
another drop of immersion oil and mounted on an epifluorescence
microscope’ T with a magnification of 1,000. At least 20 fields per slide

*LaMotte 1200, LaMotte Co., Chestertown, Md.
1 Orion 230A, Thermo Orion, Beverly, Mass.
$YSI 55, YSI, Yellow Springs, Ohio

§ LaMotte 2020, LaMotte Co., Chestertown, Md.
**Type HA, Millipore Corp., Bedford, Mass.
t1Difco Laboratories, Detroit, Mich.

1+Sigma Chemicals, St. Louis, Mo.

§§Type GT, Millipore Corp., Bedford, Mass.
***Citifluor, Ted Pella Inc., Redding, Calif.

t+tModel Eclipse E600 with a 100W mercury lamp and a Nikon UC-2E/C
330-380-nm excitation filter, Nikon Corp., Tokyo, Japan
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Total chlorine, pH, dissolved oxygen, temperature, and turbidity were
measured on-site using portable meters.

were randomly selected and counted. Results were converted into
number of bacteria per milliliter by multiplying by the conversion factor
and the dilution factor. Total bacteria measurements were performed
only on samples from the batch experiment.

Organic Carbon Analyses

Total organic carbon (TOC) was measured with an ultraviolet-persulfate
organic carbon analyzer.” Dissolved organic carbon (DOC) was analyzed
by the same method after the sample was filtered through precombusted
(450°C for 6 hr) glass fiber filters’ (nominal porosity 0.7 pm). AOC was
measured following the rapid method (LeChevallier et al., 1993a), except
that bacteria were enumerated using plate counts instead of adenosine
triphosphate fluorescence. Yield values of 4.1 x 10° colony-forming units
(cfu)/ug acetate-carbon and 1.2 x 107 cfu/pg acetate-carbon were used
for P17 and NOX, respectively, to convert average plate counts from days
3, 4, and 5 of the incubation to AOC concentrations. Standard error
values of the results from triplicate AOC measurements on the same
water sample were less than 10%, indicating satisfactory reproducibility.
The average AOC values obtained for sodium acetate standard solutions
containing 100 pg/L acetate-carbon inoculated with P17 and NOX were
105 and 66 pg/L acetate-carbon, respectively.

* Model Phoenix 8000, Tekmar Dohrmann, Cincinnati, Ohio

1 Type GF/F, Whatman Inc., Maidstone, England
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Pipe Sampling and Analyses

In July and August 1999, two sets of pipe samples were taken from the
distribution system at a location with a hydraulic residence time of
approximately four days. Three 8-in. (200-mm) long pipe sections were
cut from a 6-in. (150-mm) diameter main at one location in July. Two
8-in. (200-mm) long pipe sections were cut from another nearby location
in August. The pipe sections were capped at one end using presterilized
(soaked in 100-mg/L chlorine solution for several hours) rubber caps
with metal clamps, filled with dechlorinated water from the same main
until overflowing, capped at the other end, placed in coolers with ice
packs, and transported to the laboratory. Once in the laboratory, one cap
was taken off the pipe section, and the water was poured out. After it was
rinsed with autoclaved phosphate buffer, the interior of the pipe section
was scraped with sterile spatulas, and the loosely bound solid material
scraped from the interior pipe wall was collected into sterile containers.
Part of the material was put into ceramic dishes to determine total solids
and volatile solids. The remaining material was homogenized following
an established procedure (Camper et al., 1985) and used to determine
HPC density as described earlier. Finally, both the solids and HPC data
were normalized by the corresponding interior surface area of the pipe
sections.

Batch Experiment

A batch experiment was conducted to separate the individual role of
monochloramine residual in bacterial regrowth from other factors such
as the pipe walls and system hydraulics. Treatment plant effluent was
collected Apr. 27, 2000, and placed into 160-mL serum bottles, which
were grouped into three series.

Series 1 (the control series) was used without modification and thus
served as the control. The water in series 2 (the dechlorinated series) was
dechlorinated by adding 400 pL of a 13.2-g/L sodium thiosulfate solution
to each bottle. The water in series 3 (the inoculated series) was
dechlorinated in the same way and inoculated with bacteria by adding
100 pL of prefiltered lake water to each bottle to reach a final HPC
bacteria density of approximately 10° cfu/mL. The lake water was
prefiltered through glass fiber filters' (nominal porosity 2.7 um) to
remove large debris or algae. All of the serum bottles were incubated in

*Type GF/D, Whatman Inc., Maidstone, England
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the dark at room temperature (22-25°C) for 51 days. Periodically, three
bottles from each series were sacrificed to measure water quality
characteristics, including pH, DO, total chlorine, ammonia-nitrogen,
TOC, and DOC. AOC concentrations were measured for each series after
0, 7,21, and 51 days of incubation.

RESULTS AND DISCUSSION

Full-Scale Water Sampling

Figure 2 is a representative graph of the total chlorine concentration as a
function of hydraulic retention time in the system. In contrast to some
systems where chlorine residual was found to decrease substantially with
retention time (e.g., Woolschlager et al., 1999; Chen & Weisel, 1998), little
change in total chlorine concentration was observed between samples
taken at the plant effluent, at sites with retention time less than two days,
and at sites with retention time greater than 10 days.

This trend was consistently observed during the full-scale study for
all water quality parameters. Consequently, average total chlorine con-
centration was computed for the samples taken in each of the five regions
and compared with the average plant effluent concentration (Figure 3).

In spite of the large variation of hydraulic retention time of the
sampling sites in each region, the total chlorine concentration showed
very little variation, as demonstrated by the small standard deviation (i.e.,
error bars in Figure 3). Although the data shown in Figure 3 were

G(\l
' 33
< U] ¥ I T
<) ]
g 25 L
| 2.04
2 151
S 1.0
<
O 0.51
S
A Plant Effluent Residence Time Residence Time
(n=4) < 2 days > 10 days
(n=2) (n=3)

Raw water supply comprises surface water augmented with
groundwater; samples taken in region 5 in July and August 1999
when water temperature was >15°C. n—number of samples

Figure 2  Effects of retention time on total chlorine concentration
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Raw water supply comprises surface water only; samples taken
between January and April 2000 when water temperature was
<15°C. n—number of samples

Figure 3 Average total chlorine concentration at plant effluent and in each
sampling region

obtained between January and April 2000 when the water temperature
was less than 15°C, sampling results in July and August 1999 (region 5
only), when the water temperature was greater than 15°C, showed the
same trend (Figure 2).

During the sampling campaign, the average chlorine residual in the
plant effluent was 2.36 mg/L. The average chlorine residual in the
samples taken from the five regions ranged from 2.11 to 2.32 mg/L.
Therefore, it can be concluded that there was little decrease of disinfec-
tant residual in the distribution system. The limited chloramine decay
was supported by the lack of accumulation of ammonia-nitrogen or
nitrate-nitrogen (from oxidation of ammonia) in the system (data not
shown). In addition, both DO and pH were stable throughout the
distribution system.

The average water temperature in the distribution system from June
1999 to May 2000 is shown in Figure 4. For about two thirds of the year,
the water temperature was below 15°C. Only in the summer months
(July, August, and September) did the water temperature consistently
exceed 15°C.

Tables 3 and 4 show the AOC concentrations at the plant effluent
and at distribution system sampling sites when the water temperature
was greater or less than 15°C, respectively. In both cases, there was little
decrease of AOC in the distribution system. The slightly higher AOC
concentration in the plant effluent when the water temperature was lower
than 15°C was likely because of the fact that the raw water supply was not
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25+

20+

Temperature—°C
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0
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Two hundred samples taken every month from the distribution system;
standard deviation <2°C.

Figure 4 Average water temperature in the distribution system

augmented with groundwater, which is known to have a lower organic
carbon content than surface water. The average AOC concentration of the
plant effluent is greater than the AOC concentration recommended for
limiting coliform regrowth in distribution systems maintaining a chlo-
rine residual (50-100 pg/L) (LeChevallier et al., 1992; LeChevallier et al.,
1991). However, AOC did not appear to be consumed in the distribution
system. Similarly, little decrease in DOC was observed in the distribution
system (data not shown).

In more than 84% of the distribution system samples (n = 70), the
HPC density was too few to count (TFTC) (Standard Methods, 1995). No
coliform bacteria (using m-Endo LES agar) or injured coliform bacteria
(using m-T7 agar) were detected in either the plant effluent (n = 15) or
the distribution system samples (n = 70).

In summary, little microbial activity was found in the system, as
indicated by the stable AOC concentrations, low HPC density, and
absence of coliforms in the water. Furthermore, the absence of nitrate
production suggested that the system was free of nitrification problems.
Nitrification is a two-step process during which ammonia is converted
into nitrite, then to nitrate. Although nitrite was not monitored, any
nitrite produced from ammonia oxidation would have been rapidly
oxidized to nitrate given the high chlorine residuals in this system.
Therefore, all of the data collected suggested that there was little or no
bacterial regrowth in the system.
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Full-Scale Pipe Sampling

The cast-iron pipe samples taken at adjacent locations in July and August
1999 had a significantly different appearance. The pipe samples taken in
July 1999 had little corrosion on the interior pipe wall. There was a thin
black coating on the pipe wall, which was easily removed by scraping
with a spatula. The pipe samples taken in August 1999 had large orange
tubercles on the pipe wall and soft black materials beneath the tubercles.

For the pipe samples with little corrosion (taken in July), the
bacterial density on the pipe wall was 220 cfu/cm? (n = 1), and the ratio
of volatile solids to total solids was 0.83 (n = 1). For the pipe samples
with large tubercles (taken in August), the bacterial density on the pipe
wall was 25 cfu/cm? (n = 1). The ratio of volatile solids to total solids was
0.12 for the tubercles and 0.15 (n = 1) for the soft black materials,
respectively.

The materials recovered from the pipes without tubercles were high
in relative organic content, suggested by the high ratio of volatile solids to
total solids, whereas the materials recovered from pipes with large
amounts of tubercles were high in inorganic content, as shown by the low
ratio of volatile solids to total solids. Such results were expected because
tubercles are primarily composed of deposits of ferric oxides/hydroxides.
The materials recovered from the pipes without tubercles were believed
to consist primarily of deposits of natural organic matter and possibly
biofilms.

HPC densities on distribution system pipe surfaces reported in the
literature range from 10 to 10% cfu/cm? (Woolschlager et al., 1999;
Donlan & Pipes, 1988; LeChevallier et al., 1987). The bacterial densities
recovered in this study were obviously at the low end of this range.
Although the pipe-sampling campaign was extremely limited, the results

The pipe samples taken in August 1999 had large orange tubercles on the
pipe wall and soft black materials beneath the tubercles.
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suggested that there was little microbial colonization of the pipe walls,
which is consistent with the findings from the full-scale system water
sampling discussed earlier.

The pipe samples were taken from two locations approximately
150 m (492 ft) apart from each other on the same water main. The
reasons for the different appearance between the two sets of pipe samples
are not known. One possible explanation was that the pipe samples with
little corrosion (July sampling) were taken at the upstream end of the
main, closer to a 12-in. (300-mm) main where it is exposed to higher flow
velocities. Higher flow velocities may have helped to limit the accumula-
tion of corrosion products on the pipe wall (LeChevallier, 1990).

Batch Experiment

The objectives of the batch experiment were twofold: (1) to study
chloramine decay and other water quality parameters over an extended
time in a well-controlled system and (2) to examine the role of a
monochloramine residual in maintaining the biostability and microbio-
logical quality of the system.

The total chlorine concentration in the batch bottles during the 51-
day incubation period is shown in Figure 5. For the dechlorinated series
and inoculated series, chlorine residual was neutralized with thiosulfate,
and the residual was zero. For the control series, the total chlorine
concentration was initially at 2.46 mg/L and decreased to 1.82 mg/L after
14 days of incubation. Even after 51 days of incubation, a significant
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3.01 4 Inoculated
% 2.5+
$ 2.0
(0]
£
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5
s 1.0
2
0.5
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0 10 20 30 40 50 60

Time—days

Figure 5 Total chlorine concentration versus time in the batch experiment
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residual of 0.97 mg/L remained. The monochloramine decay was
modeled using first-order and second-order kinetics, and the decay
coefficients are given in Table 5.

The AOC results from the batch experiment are shown in Figure 6.
The AOC concentration in the plant effluent sample collected for the
batch experiment (210 ug/L) was higher than the values observed from
the full-scale system sampling campaign (162 + 24 pg/L) (Figure 5). This
was likely a result of temporal changes in the raw water quality or AOC

Table 5 Kinetic parameters from the modeling of monochloramine decay
in the batch experiment

Kinetics Equation R’
. d[NH,CI]
First order _ d—t2 = (0.0195 day~!)[NH, Cl] 0.97
d[NH, Cl]
Second order  _ __d;_ = (0.0132[mg/L]-'day-1)[NH,Cl]> 0.6
® Control
m Dechlorinated
4 Inoculated
300
< 2507
Q
2
S 2001
2
I
& 150-
S
|3- 100 +
3
< 50+ ) . -
0 1 1 1 1 1 1
0 10 20 30 40 50 60

Time—days
AOC—assimilable organic carbon

Figure 6 AOC concentration versus time in the batch experiment
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removal efficiency in the treatment plant. Because of the addition of lake
water, the initial AOC concentration in the inoculated series was 31 ug/L
acetate-carbon higher than those of the other two series.

In all three series, a measurable decrease in AOC concentration was
observed by the end of the 51-day incubation period; however, the AOC
decrease followed a distinct pattern for each series (Figure 6). In the
control series, in which no sodium thiosulfate or indigenous bacteria
were added, the AOC concentration was relatively stable during the first
21 days of incubation. This result agrees with the lack of AOC
degradation observed in the distribution system, where the maximum
residence time is approximately 19 days. Between days 21 and 51, there
was a large decrease in AOC concentration from 210 to 96 pg/L acetate-
carbon. In the dechlorinated series, the AOC concentration decreased
from 210 to 96 pg/L acetate-carbon after 7 days and to 54 pg/L acetate-
carbon after 21 days of incubation. There was no further decrease in AOC
concentration for the next 30 days. The AOC concentration in the
inoculated series decreased rapidly to 40 pg/L acetate-carbon after 7 days
of incubation, and there was no further decrease.

Unlike AOC, the DOC concentration in all three series did not
change during the batch incubation period (data not shown). This is not
surprising because AOC made up only a small fraction of the total DOC
(< 4% in this case).

The HPC density in the three series also followed distinct patterns
(Figure 7). In the control series, the HPC density did not begin to
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HPC—rheterotrophic plate count; error bars represent range of data

Figure 7 HPC density versus time in the batch experiment
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increase until sometime between day 7 and day 21. From day 7 to day 21,
there was a 2-log increase in HPC density. Then the HPC density
increased relatively slowly, reaching 10%%? cfu/mL by the end of incuba-
tion. In the dechlorinated series, the largest increase occurred in the first
7 days, during which there was a 3-log increase. Following that, the HPC
density increased at a much slower rate and reached 10° cfu/mL by the
end of incubation. Similarly, in the inoculated series, the largest increase
occurred in the first seven days. At the end of incubation, the HPC
density was 10>!% cfu/mL.

The change in total bacterial counts with time for the three series
also differed, as shown in Figure 8. In the control series, there was little
change throughout the incubation period, and the total bacterial count
fluctuated around 10> bacteria/mL. In the dechlorinated series, the total
bacterial count began at 10°? bacteria/mL and gradually increased to
10> bacteria/mL after 35 days of incubation. In the inoculated series, the
total bacterial count began at 10> bacteria/mL, increased rapidly during
the first 7 days of incubation, reached a maximum of 10%? bacteria/mL,
and then stabilized.

The observed increases in HPC density in the dechlorinated series
and the inoculated series corresponded with the observed decreases in
their AOC concentrations. A similar trend could be found between the
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Error bars represent range of data.

Figure 8 Total bacterial density versus time in the batch experiment
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total bacterial counts and AOC concentration. However, a similar trend
was not observed for the control series. First, although there was little
decrease of AOC from day 0 to day 21, there was a 2-log increase in HPC
density. A likely explanation is that the increase of HPC density is a result
of recovery from chloramine injury or dormancy instead of regrowth
(Gibbs et al., 1993; Jacangelo & Olivieri, 1985). Between day 7 and day
14, the increase in HPC density occurred at approximately the same time
as the chlorine residual decreased below 2 mg/L. This suggests that a
combined chlorine residual of 2 mg/L was required to suppress bacterial
recovery from dormancy or injury. This hypothesis may help to explain
the lack of microbial activity in the full-scale system where the combined
chlorine residuals are consistently above 2 mg/L. Second, although the
AOC concentration decreased more than 100 pg/L acetate-carbon
between day 21 and day 51, there was only a 0.5-log increase in HPC
density. The presence of disinfectant in the control bottles likely limited
the net increase in HPC bacteria density in comparison with the other
two series without chlorine.

It is difficult to compare the increase in HPC bacteria per unit
decrease in AOC concentration (i.e., yield values) among the three series
for two reasons. First, the microbial population in the inoculated series is
likely different from that in the other two series because of the addition
of lake water. Different microbial populations would be expected to
exhibit a different yield in response to utilization of the same AOC
materials. Second, any observed change in HPC density in the control
bottles was a net result of increase from AOC consumption and decrease
as a result of disinfection.

For the control series, the presence of a chloramine residual > 2 mg/L
inhibited microbial activity for the first 21 days of the batch experiment;
however, removal of the residual chlorine resulted in rapid bacterial
regrowth, as shown by the AOC, HPC, and total bacterial count results
from the dechlorinated series. The AOC results of the dechlorinated
series also showed that bacteria that are capable of utilizing the easily
assimilable organic matter are present in the treated water even though
few HPC bacteria were recovered from the plant effluent and the plant
effluent had a sustained monochloramine residual of 2.4 mg/L or greater.
The inoculated series was used to evaluate the effect of adding a
significant dose of active heterotrophic bacteria on the AOC utilization
rate. The results suggested that the addition of indigenous bacteria
increased the rate but not the extent of AOC utilization compared with
the dechlorinated series.
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REASONS FOR SYSTEM BIOSTABILITY

The results from the full-scale monitoring, batch experiment, and pipe
sampling showed that the water in the SPRWS distribution system was
biologically stable and that there was no significant microbial activity in
the system. This result was somewhat surprising, given the moderate to
high AOC concentration in the treated water (162 = 24 nug/L). With
reference to a recent study (Volk & LeChevallier, 2000), the distribution
system in this study consistently violated one of the threshold criteria
(AOC) and violated two of the three threshold criteria in the summer
(temperature and effluent AOC). However, no regrowth of coliform or
HPC bacteria was detected. This observation is attributed to the
following factors.

The Treatment Plant Uses Monochloramine as the Terminal
Disinfectant

The growth of bacteria was studied in both biofilms and bulk water using
a pilot reactor system to simulate drinking water distribution systems
(van der Wende et al., 1989). It was concluded that biofilm growth and
detachment accounted for most, if not all, of the planktonic cells in the
bulk water, regardless of whether a disinfectant residual was present.
Therefore, the key to controlling the growth of bacteria in distribution
systems appears to be controlling the growth of biofilms in the system.

It was reported that monochloramine is more effective than free
chlorine at inactivation of biofilm bacteria (LeChevallier et al., 1988a), as
greater penetrating power of monochloramine into biofilms compensates
for its limited disinfection activity. Another study indicated that disinfec-
tion by free chlorine was negatively affected by microbial attachment to
surfaces, whereas disinfection by monochloramine was only somewhat
affected by attachment to surfaces (LeChevallier et al., 1988b).

In addition, monochloramine is typically less corrosive and more
stable than free chlorine (LeChevallier et al., 1990), and disinfection by
monochloramine was shown to be less affected by corrosion than free
chlorine (LeChevallier et al., 1993b). A full-scale study in Canada
compared the effects of chlorine and chloramine on bacterial regrowth
and concluded that chloramine was more effective as a secondary
disinfectant (Neden et al., 1992). Therefore, in terms of controlling
bacterial regrowth in distribution systems, monochloramine appears to
be more effective than free chlorine.
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A High Residual Chlorine Was Successfully Maintained Throughout
the Distribution System

In the St. Paul distribution system, even at locations with hydraulic
residence times of more than 10 days, the residual chlorine was still 2.1
mg/L or higher. It was suggested that a 2-mg/L monochloramine residual
was able to inactivate biofilm bacteria on iron pipes (LeChevallier et al.,
1990). Although the threshold level is likely to vary with water quality
and pipe characteristics, a similar threshold value was observed in this
study.

Water Temperature Is Below 15°C for Much of the Year

Research has shown that bacterial regrowth (LeChevallier et al., 1991)
and nitrification (Wilczak et al., 1996) problems are associated with water
temperatures of 15°C or higher. The water temperature in the St. Paul
distribution system was less than 15°C for 70% of the year, which likely
helped to limit bacterial regrowth.

The City of St. Paul Water Utility Has a Good Maintenance Program
for the Distribution System

Since August 1999, the treatment plant has been adding corrosion
inhibitor (orthophosphate and polyphosphate) to the finished water.
Because corrosion interferes with disinfection of biofilms (LeChevallier
et al., 1993b) and tubercles protect bacteria from disinfectants (LeCheval-
lier et al., 1987), controlling corrosion by adding corrosion inhibitor
should aid in reducing the potential for regrowth. The city of St. Paul
water utility also implemented a regular distribution system flushing
routine. It was reported that all solid materials recovered from the
distribution system, including floc material and sediment, had high
densities of HPC bacteria (LeChevallier et al., 1987). Similarly, another
study showed that the majority of viable bacteria in chlorinated drinking
water were attached to particles (Ridgway & Olson, 1982). Therefore,
removing particulate materials from the distribution system periodically
by flushing probably helped to limit bacterial regrowth in the system.

CONCLUSIONS
On the basis of the results from the full-scale distribution system

monitoring and the batch experiment, the authors offer the following
conclusions:
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The water in the city of St. Paul water distribution system was
biologically stable, and there was no significant microbial
activity in the system.

The excellent biostability and microbiological quality of the
system were attributed to a combination of factors, including
use of monochloramine as the terminal disinfectant, a high
residual chlorine in the system (greater than 2 mg/L), and low
water temperature (less than 15°C) for much of the year.

Maintenance of a significant monochloramine residual (greater
than or equal to 2 mg/L) is imperative for controlling regrowth
because bacteria capable of utilizing AOC materials were
present in the treated water and have likely colonized the
distribution system.

Effluent AOC concentration may not be the dominant factor
for controlling bacterial regrowth in all distribution systems.
Biostability can be achieved in a water supply that contains
moderate to high AOC concentrations by maintaining a high
disinfectant residual throughout the distribution system. How-
ever, rapid bacterial growth will likely occur if chloramine
residuals are depleted.
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BACKGROUND

It is well established that water quality deteriorates in distribution
systems. Two major water quality issues are the loss of disinfectants and
the growth of bacteria. Since utilities are charged with protecting public
health, they must limit biological activity in drinking water through
maintaining an effective disinfectant to the consumer’s tap. To achieve
effective disinfection, the disinfectant rate must exceed the bacterial
growth rate. This research proposes a simple method to establish effective
disinfection by using a “stability point” equation that compares the
disinfection rate to the bacterial growth rate by applying fundamental
biological modeling concepts and parameters derived from batch tests.

INTRODUCTION

The most prevalent type of microorganisms found in distribution
systems is heterotrophic bacteria [1-3]. Heterotrophs use biodegradable
organic matter (BOM) as an energy and carbon source. BOM typically
exists in significant concentrations in source waters, especially surface
waters, and is not removed by traditional water treatment processes [4].
Because of the abundance of their substrates, heterotrophic plate counts
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are found in concentrations of up to 106 counts per milliliter in
distribution system water samples [1-3].

Bacteria in distribution systems exist as cells suspended in the bulk
water or cells fixed on pipe surfaces. Because modeling suspended-
bacterial processes is generally simpler than for fixed-bacterial processes,
this chapter focuses on suspended bacteria [5]. Consideration of bacteria
attached to pipe surfaces is dealt with elsewhere [6].

This chapter develops a simple expression that can be used to
estimate bacterial stability within distribution systems. Experimental data
gathered for this study resulted from a yearlong sampling program
conducted at the United Water drinking water distribution system
located in the northeast corner of the state of New Jersey, USA,
documented elsewhere [7].

BACTERIAL GROWTH AND DECAY

The mathematical relationship chosen as the basis for modeling bacterial
synthesis was originally developed by Monod [8] and adapted for
engineering applications by Lawrence and McCarty [9]:

where
rgn =  rate of bacterial synthesis [My L3 T
Y = biomass yield factor [My M
4m = maximum specific substrate utilization
rate [M M, T
K = half-maximum rate concentration [M L]
S = limiting substrate concentration (BOM for
heterotrophs) [M L]
X = concentration of active biomass [My L3

(Note that generic units of mass [M], length [L], and time [T] are used
for the equations presented in this chapter.)

Another factor that affects the bacterial concentrations is endoge-
nous decay, which is the self-oxidation of active biomass to satisfy the
cells’ maintenance energy demands, such as motility, osmotic regulation,
and heat loss. For slow-growing bacteria typical of oligotrophic aquatic
environments, endogenous decay is a major factor that influences the net
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accumulation of biomass, because decay rates can approach a magnitude
similar to synthesis rates. Endogenous decay can be expressed by:

Tdee = — bX (2)
where
Tgee =  rate of biomass loss due to decay [My L3 T
b = endogenous decay rate coefficient [T !]

The endogenous decay coefficient is constant regardless of the bacterial
synthesis stage [10].

DISINFECTION

Chlorine is commonly used as a secondary disinfectant in distribution
systems. However, chlorine residuals do not eliminate bacteria in
distribution systems. In fact, several studies, including this one, have
found high bacterial counts exceeding 10® per mL in the presence of
significant concentrations of chlorine [1-3, 6]. Since chlorine is not
“sterilizing” distribution systems, the interplay of disinfection with other
factors must be considered.

An early model of disinfection, shown by Equation 3, was devel-
oped by Chick [11] and Watson [12]:

ra = —kalChL]" X (3)
where
ry = disinfection rate [M, L3 T
X = bacteria concentration [M, L]
Cl, = disinfectant concentration [M L]
k; = deactivation coefficient > Mt
n = coefficient of dilution (typically 1.0)

Although the Chick-Watson relationship was developed over 90 years
ago, it is still used widely. One reason for its continued use is that it fits
data from many types of disinfection studies. Because more complex
disinfection models do not achieve a better fit to long-term disinfection
in drinking water systems [13], the Chick-Watson model was used in this
research.
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DEVELOPING THE STABILITY POINT

The important question examined by this research is why do we find high
bacterial counts in distribution systems? The major factors that control
bacterial populations include substrate and disinfection concentrations.
However, measured data trends cannot be used alone to sort out the
specific contribution of each of these factors. To help sort these factors
out, a simple mathematical expression was developed for what takes place
when water is biologically stable. In the presence of disinfectants,
biological stability is achieved when the disinfection rate equals or
exceeds the net synthesis rate of bacteria. The point at which the
disinfection rate just equals the net synthesis rate is defined here as the
stability point. Using variables defined earlier, Equation 4 is the mathe-
matical representation of the stability point:

k,ICL] = Y(qm[l%SD—b (4)

(Disinfection = synthesis — endogenous decay)

DETERMINING PARAMETERS

To calculate the stability point of a particular water, the parameters used
in Equation 4 must be determined (ie., Y, g,,, K, b, k;). Some
parameters are relatively constant, such as the bacterial yield rate
(Y = 0.5 ug COD cell/ug COD) and endogenous decay (b =~ 0.1 day™!)
(6, 9, 10, 17]. Derivation of the remaining parameters used to calculate
the stability point involves two consecutive steps: (1) set biodegradable
organic matter degradation parameters (g,,, K) from the biodegradable
dissolved organic carbon (BDOC) tests, and (2) set disinfection parame-
ter (k;) from batch tests of treatment plant effluent after disinfection.
Details of each of these steps are given in the following paragraphs.

Setting Biodegradable Organic Matter Parameters

Natural organic matter varies considerably in structure and functional
group content. Because of these variations, the parameters that define the
utilization of BOM by heterotrophic bacteria are location specific [14].
Parameters that define the heterotrophic utilization include the maxi-
mum specific substrate utilization rate (q,,) and the half-maximum
substrate concentration (K), as described in Equation 1. In this study,

106



CHAPTER 5: DEVELOPING A SIMPLE FACTOR TO EVALUATE MICROBIOLOGICAL STABILITY

biodegradable dissolved organic carbon (BDOC) tests were performed to
determine the amount of BOM in water samples [15]. These tests involve
mixing a water sample with bacteria in a batch reactor. The dissolved
organic carbon (DOC) is measured over time, and the change in DOC is
traditionally interpreted as the BOM concentration. However, the change
in DOC is not equal to the true BOM because of the influence of soluble
microbial products [16]. The Biodegradable Organic Matter (BOM)
model was used to estimate the true amount of BOM from BDOC test
results [17]. This model estimates the BOM concentration and degrada-
tion parameters by fitting the model to experimental results for DOC
concentration over time. The BOM model divides DOC into three
components: rapidly degraded (BOM1), slowly degraded (BOM2), and
refractory organic matter (ROM). Figure 1 shows the results of one
BDOC test and the best fit using the BOM model having a rapidly
degraded fraction (BOM1) and a slowly degraded fraction (BOM2).
Parameter values derived from this test are shown in Figure 1. The
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Figure 1 Use of the BOM model to obtain degradation kinetic parameters
from BDOC tests. BDOC test of treatment plant sample. Percentages of
BOM1, BOM2, and ROM are 10%, 45%, and 45%, respectively.
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percentages of BOM1, BOM2, and ROM were 10, 45, and 45, respectively,
for this sample.

Determining Disinfection Parameters

Once the BOM parameters are set, it is possible to determine the
disinfection parameters. The batch test involves placing water samples in
batch reactors and measuring the following species over time: chlorine
(total and free), heterotrophic plate counts (HPC), and dissolved organic
carbon (DOC). The parameters set in the batch test include the
disinfection rate constants (k;). The disinfection rate constant must be
set in the batch test because the literature yields inconsistent values due to
water and microbe-specific conditions. Figure 2 shows the results of a
batch test and the fit to the results used to derive the disinfection
parameters.

The disinfection rate was derived from the data in Figure 2 by
accounting for heterotrophic net synthesis occurring simultaneously with

4.0 25,000

T 20,000

T 15,000

mg /L

-+ 10,000

+ 5,000

0 100 200 300 400 500 600 700 800

Time (hr)

® Chloramines + DOC B HPC

Figure 2 Batch test results used to determine the disinfection rate
constants. Lines are the best fit to the batch test data using Equations 1, 2,
and 3 and the parameters reported in this chapter.
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disinfection. Heterotrophic net synthesis depends on substrate utilization
and endogenous decay (Equations 1 and 2). The parameters that define
substrate utilization were derived from the BDOC tests, as previously
described. Because the net synthesis component was predictable, the
disinfection rate could be set by fitting to the measured chloramine and
heterotrophic counts from the batch test results using Equation 3,
resulting in a value of k; = 600 L-mole/hr.

RESULTS AND DISCUSSION

As discussed earlier, the main substrate (S in Equation 4) that supports
heterotrophic synthesis in distribution systems is biodegradable organic
matter (BOM). BOM can be divided into two fractions: the rapidly
degraded fraction (BOM1) and the slowly degraded fraction (BOM2).
Equation 4 is expressed graphically for each of these fractions of BOM as
shown in Figure 3.

The left side of Equation 4, representing disinfection, is graphed as
horizontal lines for several discrete concentrations of disinfectant repre-
sentative of distribution system samples. The right side of Equation 4,
representing net synthesis, is graphed as rising lines for increasing
concentrations of BOM1 and BOM2 using degradation kinetics deter-
mined in the batch tests without disinfectant added. Points where
disinfection and net synthesis lines cross are stability points.

From the BDOC tests, the average concentration of BOM?2 in the
treatment plant effluent is 1.5 mg/L as C. For BOM2, Figure 3
demonstrates that the stability point for BOM2 is less than 0.5 mg/L as
Cl,. However, the average concentration of BOMI leaving the treatment
plant was determined to be around 0.32 mg/L as C, making the stability
point in the distribution system occur at chloramine concentration
around 2.0 mg/L as Cl,. The slope of the BOM1 curve is relatively steep.
A decrease in BOM1 from 0.32 to 0.16 mg/L as C would bring the
stability point near zero. On the other hand, increasing the BOMI
concentration to 0.80 mg/L as C would drive the stability point to a
chloramine concentration of 4.0 mg/L as Cl,, the maximum allowable
disinfectant concentration. The key interpretation is that distribution
system stability depends strongly on the BOM concentration, especially
the rapidly degraded fraction (BOM1). This is not a new realization,
because the importance of BOM in distribution system bacterial growth
is well established [18-22]. What is new is the quantification of the
relationship between BOM and disinfectant residual through the stability

109



WATER QUALITY IN THE DISTRIBUTION SYSTEM
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Figure 3 Biological stability points determined by comparing specific rates
of disinfection and net synthesis for the two categories of biodegradable
organic matter, BOM1 and BOM2. The stability point depends most strongly
on the concentration of the rapidly degraded BOM1.

point. The quantification shows that small increases in BOM require
large increases in disinfectant to maintain stability.

As noted earlier, this chapter focuses on the growth of suspended
bacteria. Typically, bacteria in biofilms have lower disinfection rates than
suspended bacteria. Therefore, to examine stability of biofilm growth
using a simple tool such as the stability point, the disinfection rate
constant must be adjusted lower. Our field study showed the rate of
biofilm disinfection to be about half that of suspended cells [6]. However,
the relationship of suspended and biofilm disinfection depends on the
disinfectant type and the specific distribution system conditions. Water
quality models have been developed to account for these phenomena
6,23, 24].
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CONCLUSIONS

The stability point is a useful tool to help utilities determine whether or
not a combination of BOM and disinfectant concentrations can result in
a biologically stable water in their distribution systems. Batch BDOC and
disinfection tests provide bacterial growth and disinfection parameters
needed for the stability-point equation. Plots of disinfection and bacterial
growth rates, as shown by Figure 3, can help a utility determine what
strategy can lead to biological stability, either by increasing disinfectant,
decreasing organic growth substrate, or a combination.
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BACKGROUND

The city of Coquitlam is one of 17 member municipalities supplied with
drinking water by the Greater Vancouver Regional District (GVRD).
Changes to the regional water system over the last several years include a
new ozone treatment facility, corrosion control, rechlorination, and other
distribution system improvements. Of significance are key distribution
system issues related to chlorine residuals, bacterial regrowth, and
disinfection by-products.

In September 2000, the city of Coquitlam issued a boil water
advisory within the Westwood Plateau community in response to
excessive regrowth. The cause of regrowth during this period could not
be attributed to one particular source, and it was determined that a
combination of conditions provided an environment that was conducive
to bacterial regrowth. The cooperative working relationship between the
city and the GVRD is highlighted through the management of this event
and other water quality issues.
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INTRODUCTION

In the province of British Columbia, water supply systems are regulated
under the Health Act, and the responsibility for enforcing the regulation
lies with the medical health officer in each region. Under the regulation,
a water purveyor is responsible for supplying “potable” water to its
customers. The purveyors are responsible for monitoring the water
supply as directed by the health officer and reporting the results to both
the health officer and customers.

In the Greater Vancouver Regional District (GVRD) the district acts
as a wholesaler of treated bulk water to its member municipalities. The
municipalities in turn retail that water to their constituents. Both entities
are considered purveyors and, therefore, both have to meet the obliga-
tions contained in the Health Act and its regulations. The GVRD is the
sole supplier to the city of Coquitlam and most member municipalities
and, therefore, assumes responsibilities for source treatment and for
maintenance and monitoring of water quality to the point of delivery.
The GVRD determines the measure of that quality in consultation with
the member municipalities, which are responsible for maintaining and
monitoring quality throughout their own distribution systems. Member
municipalities provide dedicated sampling points, and GVRD staff collect
the samples weekly. The GVRD water quality laboratory processes the
samples and reports the results to both the member municipalities and
their respective health authorities.

The city of Coquitlam and the GVRD were working cooperatively
on water quality issues in the Westwood Plateau area prior to the boil
water advisory issued in the fall of 2000. Monitoring on the plateau had
shown that there were consistently low chlorine residuals in much of the
system, and regrowth as measured by high HPC counts was occurring
almost year-round. In the fall of 2000, the Summit Reservoir in
Westwood Plateau started testing positive for total coliform. After two
nonconsecutive overgrown coliform tests from the reservoir, the city was
directed by the regional health officer to issue a boil water advisory to the
residents receiving water from the Summit Reservoir. The city immediately
sought the help and cooperation of the GVRD and requested:

e laboratory services for the testing of numerous water samples
requested by the health authorities;

* an increase to the level of secondary disinfectant added at the
Coquitlam Lake source; and
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e advice to both the city and the health authorities on the event
and interpretation of the sampling results.

The subsequent text highlights historical water quality conditions,
emphasizing chlorine residuals, disinfection by-products, and HPC
bacteria regrowth within the GVRD water supply system, and outlines
how the city of Coquitlam and GVRD work together to resolve water
quality issues such as the fall 2000 event in Westwood Plateau.

GVRD WATER SYSTEM

Source Water

Greater Vancouver, located in the southwest corner of the province of
British Columbia, is the third largest metropolitan area in Canada. With
a few exceptions, the water delivery system to the area is managed and
controlled by the GVRD, which supplies bulk water at cost to its 17
member municipalities. The municipalities distribute the water to their
consumers through municipal distribution systems. The average annual
consumption is 1,100 ML/day, with peak daily flow of 1,500 ML/day in
2001.

The GVRD has three large impounding reservoirs located in the
mountains in the northern area of the region and owns or controls the
watershed lands that are defined by the catchment area of the supply
lakes. Activities in the watersheds are limited to those related to the
maintenance or improvement of the water supply. These protected
watersheds have no industry, agriculture, transportation routes, or other
factors that potentially could introduce pollutants associated with human
activity. Thus, the source water is influenced only by naturally occurring
factors. This untreated water is low in dissolved minerals and nutrients.
The low mineral content results in water that is extremely low in
alkalinity and hardness, such that the delivered water can be aggressive to
metals and other materials used to construct the delivery system. The low
nutrient level, particularly phosphates, is important because it severely
restricts the amount of algal growth in the impounding reservoirs.

Prior to 1998, water treatment consisted only of coarse screening
and the addition of chlorine for disinfection at the source. Chlorine
added as a gas further reduces the alkalinity and the pH of the delivered
water. Table 1 summarizes some of the key water quality parameters of
the impounded water known as Coquitlam Lake. This lake supplies
several member municipalities within the GVRD, including the city of
Coquitlam.
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Table 1 Coquitlam Lake source water (typical)

Parameter Range Average
Alkalinity, mg/L as CaCOs 1.2-2.5 1.7
Hardness, mg/L as CaCOs3 2.6-3.1 2.7
TOC, mg/L 0.4-2.5 1.7
Turbidity (NTU) 0.17-2.1 0.42
Total Solids, mg/L 11-13 12
Total Dissolved Solids, mg/L 10-12 11

pH 6.1-6.5 6.2
True Color (TCU) 6-18 12

Historical Perspective

Given the abundant supply of “unpolluted” source water, it was generally
believed that the local water was pristine and that the addition of
minimal amounts of chlorine at the source was sufficient water treat-
ment. It was also believed that occasional episodes of high turbidity,
although a nuisance and unsightly, were not a hazard to public health.
Green staining of plumbing fixtures resulting from corrosion of copper
plumbing was simply an inconvenience. There were few coliform bacteria
in the source water, and none could be measured in samples immediately
following disinfection, so there was little need to monitor further out in
the municipal systems. With no sewage contamination from either
humans or agriculture, viruses and parasites were of no concern. The
GVRD monitored the water in the large transmission system for coliform
bacteria, but there was no great need to monitor in the municipal
systems.

This perception changed in 1984. Monitoring began in one of the
municipalities that detected the presence of total coliform in its system.
The organisms appeared in the late summer/early fall, lasted for a few
months, then disappeared. The same phenomenon was found when
monitoring was expanded into other municipal systems. Coliforms were
present throughout the municipal systems, particularly in areas with low
water consumption. The detected organisms were total coliforms. Fecal
coliform or E. coli was not detected.

As a result of the concern with the presence of coliforms and
changing public perceptions and expectations, other water quality issues
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were raised. A major program to improve the quality of the water
supplied to the consumer was initiated. Four main issues needed to be
addressed: seasonal presence of coliform bacteria in the distribution
system, periodic excessive turbidity in the source water, corrosiveness of
the water, and inadequate primary disinfection to inactivate parasites.

Distribution System Improvements

Water quality improvements in the past decade have included numerous
facilities and operating procedures such as upgraded primary disinfection
facilities that now consistently apply chlorine or ozone. These changes
resulted in higher chlorine levels entering the transmission system with
the aid of several secondary disinfection stations, which reapply chlorine
to increase levels before the water enters the municipal systems. Better
operation of the municipal systems and improved control of turbidity
entering the transmission system have also helped to maintain water
quality in the distribution piping.

The presence of coliform bacteria was believed to be the result of
bacterial regrowth. The organisms were not detected in the large regional
transmission mains, but were normally detected throughout municipal
distribution systems, predominantly in low-flow areas. The occurrences
coincided with the warmest water temperatures and the lowest chlorine
residuals in the delivered water. The short-term solution to the regrowth
problem was to construct facilities that would ensure an adequate
chlorine residual in the municipal distribution systems.

The first stage of the improvement initiative involved increasing the
level of chlorination at some existing facilities and the construction of
new facilities. In practical terms, the goal was to increase the chlorine in
GVRD mains to a minimum of 0.5 mg/L. This would ensure that all the
water delivered to member municipalities would have a free chlorine
residual of between 0.5 and 1.0 mg/L, the level believed to be required to
achieve a minimum chlorine residual of 0.2 mg/L in most of the
municipal distribution systems.

By mid-1999, eight large regional rechlorination stations were
operational and now help to maintain chlorine levels in the GVRD
transmission and distribution systems of member municipalities.
Figures 1 and 2 highlight the improvements made by construction of the
rechlorination stations.

In addition to rechlorination, other initiatives to decrease levels of
bacteria were undertaken and included improved circulation of the water
in storage reservoirs, flushing and cleaning of mains in the municipal
systems, and operating the supply system to minimize low-flow areas.
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Figure 1 1997 free chlorine

The impact of actions taken to date is quite significant; however, there are
still problems with coliform occurrence in municipal systems, especially
in the late summer and early fall periods. The coliform occurrence has
been attributed to regrowth of organisms within the biofilm on the walls
of the piping system and their subsequent release into the water stream.
The coliforms are not thought to result from breakthrough of primary
disinfection from the source or from intrusion into the piping system
from outside the distribution system.

At the time, the GVRD laboratory was carrying out HPC or
standard plate counts on all samples of water. These HPC counts did not
accurately reflect the results of the coliform analysis as there was no
noticeable increase during the period in which the coliforms were
present. The HPC counts were being determined by the pour plate
method using Typtone Glucose Extract Agar incubated at 35°C, referred
to hereafter as the pour plate HPC. Consultants hired by the GVRD
suggested that an alternative method would be more useful in measuring
bacterial regrowth, a method that selected aerobic bacteria that would
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grow slowly at relatively low temperatures on a low-nutrient agar. The
medium selected was R2A with incubation for five days at 28°C (spread
plate HPC).

A comparison between the two methods showed that the test
method used had a significant effect on the number of bacteria detected.
The spread plate method was detecting numbers three to four orders of
magnitude higher than the pour plate method. The initial test was carried
out during a regrowth period so it was decided to switch to the spread
plate method for a year to evaluate the results over a wide variety of
conditions.

The results from the initial year of monitoring were significant.
When water temperatures were below 6°C, the HPC counts were low in
samples collected from water mains. When the water temperature rose
above 6°C, the HPC counts increased at those sites where there was little
or no chlorine residual. These were the same areas that tested positive for
coliforms, but the coliforms were not detected until the water tempera-
ture rose above 14°C. Figure 3 is an example of typical results for HPC
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Figure 3 Typical low-flow regrowth area (1997)

and coliform analysis from water in low-flow areas in a member
municipality known as Delta Control Area 1997.

The latest version of the Guidelines for Canadian Drinking Water
Quality recommends that HPC bacteria be maintained below 500 cfu/mL.
Prior to the construction of the rechlorination facilities, HPC counts
throughout the municipal distribution systems were unacceptably high, as
shown in Figure 4. Monitoring for HPCs as well as coliforms allowed the
GVRD to monitor the effectiveness of the increased chlorine throughout
the year instead of just the few months when coliforms were present.

With a few notable exceptions, the HPC bacteria are now at
acceptable levels throughout the supply system and the coliform levels in
most areas now comply with the BC Safe Drinking Water Regulation
(1992). When the HPC levels begin to increase, regrowth is beginning
and chlorination levels can be adjusted accordingly. The regrowth issues
in the GVRD supply mains have been addressed, but there were still
concerns with water quality in finished water reservoirs. All water has a
chlorine demand; therefore, a chlorine residual will dissipate in a
relatively short period of time (36 hours for GVRD water). Unless the
retention time in a reservoir containing the water supplied by the GVRD
is less than 36 hours, no chlorine residual will remain and regrowth will
occur. The improvements resulting from the rechlorination stations are
highlighted in Figure 5.

The GVRD transmission system has 17 reservoirs, ranging in size
from 2 to 140 ML, which experience periodic episodes of coliform
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regrowth. Rechlorination did not eliminate this regrowth because of the
long retention times in most of the reservoirs. Studies were carried out to
determine the minimum level of reservoir turnover that would be
required to maintain water quality as measured by HPC and chlorine
levels. Once this turnover rate was determined, reservoir-specific strate-
gies were developed to ensure these turnover levels were maintained. The
strategies were implemented and have been successful. As long as the
water in the reservoirs is turned over at 33-50% of daily rates, HPC and
coliform bacterial growth are controlled without further rechlorination.
This solved the problem in the large reservoirs in the GVRD system, but
a number of the municipalities, such as the city of Coquitlam, also had
reservoirs and needed to develop strategies to solve the regrowth in their
own systems.

Coquitlam Lake Ozone Disinfection Facility

As part of the program to deal with inadequate primary disinfection of
the source water, the GVRD constructed an ozonation facility at the
Coquitlam Lake source. This facility was commissioned in May 2000. It
was known that the use of ozone can exacerbate regrowth, especially in
water that has not been filtered. As part of the decision to proceed with
ozone without subsequent filtration, the GVRD consulted several North
American water quality and treatment specialists about the potential
problem with regrowth. The group stressed that there would be problems
unless the GVRD and its members ensured that the following steps were
taken:

e Maintain a minimum chlorine residual throughout 90% of the
distribution system of 0.2 mg/L.

e Expedite construction of rechlorination stations to achieve the
above.

e Expand municipal water main flushing and cleaning programs.

e Regularly exercise distribution system reservoirs to maintain
water quality.

® Review and expand water quality monitoring programs.

With these measures it was concluded that any increased potential
for regrowth associated with ozone without filtration would be mitigated.
Even without ozone disinfection, high coliform bacteria counts would
persist unless higher chlorine residuals were maintained in the municipal
distribution systems. Characteristics that may affect the level of regrowth
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Figure 4 HPC levels prior to GVRD rechlorination

include natural organics in the water supply, water temperature, the
presence of unlined cast iron pipes, the corrosive nature of water, the level
of assimilable organic carbon or other nutrients, a buildup of debris in
the distribution system, and the lack of a disinfectant residual. In the
short term it is possible for the GVRD and member municipalities to
reduce the effect of at least two of the important factors causing
regrowth. The buildup of debris can and has been addressed through
flushing and cleaning of the distribution system, and the lack of a
disinfectant residual in the distribution system can be addressed through
the installation of booster chlorination stations. In the longer term,
filtration of the water will remove much of the organic material
associated with regrowth.

When the ozonation facility was commissioned, the physical nature
of the distribution water changed. The oxygen content increased from
near saturation to 150-200% saturation; the UV absorbency at 254 nm
dropped to 30-50% of preozonation levels. The initial chlorine demand
(10 min) dropped slightly, but the 24-hr demand remained unchanged.
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Figure 5 HPC levels subsequent to GVRD rechlorination

As expected, there was an increase in the assimilable organic carbon
(AOC) and biodegradable dissolved organic carbon (BDOC) of the
treated water (Ferguson et al., 2001).

Pilot studies on Coquitlam Lake water predicted two- to threefold
increases in the levels of AOC between source and ozonated water and a
threefold increase in the BDOC level (Ferguson et al., 1998). Since
commissioning of the ozone facility, the levels in the treated water are
similar to the predicted levels, as presented in Table 2.

There was no overall increase in regrowth during 2000 or 2001 in
either the GVRD or municipal systems following the startup of the
ozonation facility at Coquitlam. The amount of chlorine required to
control the presence of coliforms in the municipal distribution system did
not change. If the free chlorine residual was higher than 0.1 mg/L, coliforms
were controlled. Figure 6 shows the effect on the percentage of samples
testing positive for coliforms with varying levels of chlorine residual.

The level of free chlorine present in the water also affects the
presence of HPC bacteria. When the free chlorine level is less than
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Table 2 BOM in source and treated water

AOC BDOC'
Water ug C/L mg/L
Untreated water 92 < 0.05
Chlorinated water 280 0.15
Ozonated then chlorinated water 680 0.46

*Empirical AOC (P17+NOX)
tBulk BDOC after method of Servais and Billén

0.1 mg/L, a significant portion of samples have greater than 500 cfu/mL.
However, the proportion of samples where this occurred did not change
following the startup of the ozonation facility, as shown in Figure 7. Free
chlorine residuals greater than 0.5 mg/L virtually eliminate the occur-
rence of HPC counts greater than 500 cfu/mL.

It must be noted that the data presented in Figures 6 and 7 originate
from all municipal sampling stations in the region. Under normal
operating conditions, different stations receive a mix of water from
Capilano Lake, Seymour Lake, Coquitlam Lake, or a combination of
these sources.

The amount of chlorine required to control HPC levels in the
distribution systems also did not change following the startup of
ozonation. There was nothing exceptional about the regrowth in the two
years following the startup of the ozonation facility, with the exception of
the Westwood Plateau area in the city of Coquitlam. The regrowth at this
location will be discussed in the following sections of this chapter.

CITY OF COQUITLAM

Background

The city of Coquitlam is a suburb of Greater Vancouver with a
population of 114,000. The city’s municipal distribution system delivers
water to residential and approximately 650 industrial and commercial
customers. Since the city of Coquitlam has no water sources of its own,
all distribution system water is purchased from the GVRD.
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Prior to 1997, the city of Coquitlam was typical of other GVRD
municipal members where, at most sampling stations, the average HPC
bacteria counts were in excess of the desired goal of less than 500 cfu/mL.
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As noted in the previous section, the installation of rechlorination
stations by the GVRD resulted in dramatic improvements, particularly in
the outer areas of the GVRD system. However, these stations provided
little benefit to the Westwood Plateau area of Coquitlam because they are
located farther downstream. Although the city of Coquitlam is divided
into several service areas, this chapter focuses on the Westwood Plateau
area as described in the next section.

Of the three impounding lakes owned by the GVRD, approximately
50% of the water purchased by the city of Coquitlam originates from
Seymour Lake (chlorine-disinfected supply), while the remainder is
obtained from Coquitlam Lake (ozone-disinfected supply). As noted
earlier, the Westwood Plateau is supplied by water only from Coquitlam
Lake, except during rare events when this source is taken off-line.

Westwood Plateau

The Westwood Plateau is a development area supporting approximately
15,000 residents on a mountainous ridge in northwest Coquitlam. The
development is relatively new, with the average age of approximately 10
years for water system components (reservoirs and pipes). Currently, the
flow to the service area averages 9.7 ML/day and peaks at 17.6 ML/day
during the irrigation season (June—September). The distribution system
consists of approximately 77 kilometers of water supply piping, with
materials throughout the service area consisting of predominantly PVC
(53%) and ductile iron with cement mortar-lining (47%).

The service area varies considerably in elevation. The lowest
customer served lies at 64 m above sea level and the highest at about
390 m. To maintain operating pressures between 350 and 1,050 kPa, the
water supply area is divided into five pressure zones in which each has a
reservoir containing sufficient water to balance system demands and for
fire-fighting purposes.

Five of the permanent sampling stations are adjacent to reservoirs.
The remaining two are at extremities of the lower two zones of the
distribution system. Figure 8 provides a schematic view of the arrange-
ment of reservoirs and key pump stations in Westwood Plateau.

The step system layout of the five supply zones and storage tanks
results in water that must travel in series through each successively higher
supply zone prior to reaching the highest zone’s storage tank (Summit
Reservoir). The lowest of the pump stations draws water directly from
either of the two GVRD supply mains carrying treated water from
Coquitlam Lake.
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Historical Perspective

The city of Coquitlam undertakes weekly monitoring of the quality of the
water supplied to the public. Samples are taken every week from the
permanent stations and tested for total coliform, fecal coliform, HPC
bacteria, temperature, turbidity, and free chlorine residual.

The supply point to Westwood Plateau is approximately 6 km
downstream from the new water treatment facilities at Coquitlam Lake.
The free chlorine residual at this point is typically 0.7 to 0.8 mg/L. Water
temperature ranges between 4° and 17°C depending on the season.

Due to the physical layout of the water system and because some
service areas had not fully developed, water retention times within the
Westwood Plateau distribution and storage system were known to be very
long and could exceed two weeks. Figure 9 illustrates the loss of chlorine
residual as water travels between the lowest reservoir, Hoy Creek Reservoir
(#605), and the highest, Summit Reservoir (#609).

Historically, the Westwood Plateau area experienced regular occur-
rences of regrowth and sometimes continuous regrowth events with high
HPC counts and occasional detection of total coliform. Regrowth had
always been a problem in the late summer and early fall when water
temperatures were at their highest and summertime water demand was
declining. During this period, HPC counts in the tens of thousands were
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Figure 9 Average free chlorine 1997-2000

not uncommon and were particularly high in areas where water age
exceeded several days. Figure 10 shows the average monthly HPC levels
for the Westwood Plateau for the period from 1997 to 2000.

The rechlorination stations commissioned by the GVRD to mitigate
high HPC counts had no effect in Westwood Plateau since they are all
farther downstream in the distribution system. The sites exhibiting high
HPC counts were finished water reservoirs.

The city of Coquitlam’s normal response to coliform occurrences
was to purge the water in question from the system, refill, and resample.
This method had been successful in other areas in preventing a
recurrence of total coliform. Figure 11 shows the number of positive tests
for coliform from 1997 to 2000.

The number of positive total coliform results in September and
October 2000 is not typical in the historical sense. The following section
focuses on this regrowth event and the issuing of a boil water advisory for
the Summit zone in the Westwood Plateau.

Coliform Regrowth in the Fall of 2000

The positive total coliform samples in September 2000 were samples
drawn from the extremities of the Westwood Plateau system and included
one overgrown sample from the Summit Reservoir (#609). Audit samples
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Figure 11 Positive total coliform tests

taken by the local health authority from two restaurants in the area also
tested positive for coliform. The city of Coquitlam responded by purging
water from the reservoir and flushing the water system in the area. A
subsequent overgrown sample, again taken from the Summit Reservoir in
late September, caused local health officials to suspect contamination of
the water distribution system.
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Although no fecal coliforms were detected, the local health officials
directed the city of Coquitlam to issue a boil water advisory and take
steps to determine the cause and take corrective action. An extensive
sampling regime was ordered by the health region and followed through
by the city. Although previous coliform incidents had not given rise to a
boil water advisory, this response from the health region was not
surprising given the tendency throughout Canada to be more cautious
after the May 2000 incident in Walkerton, Ontario.

This incident occurred during the typical GVRD regrowth season,
which is the late summer and early fall. This is when the water
temperatures are the warmest (15°C or higher), the chlorine demand is
highest, and the water usage starts to decrease, resulting in longer
retention times in the distribution system. Prior to the incident, the
chlorine residuals had been very low for several months and HPC counts
were routinely exceeding 500 cfu/mL. This, however, was a typical
occurrence with the exception that the percentage of HPC counts greater
than the 500 cfu/mL goal was higher in 2000 than that from 1999. The
only other noted differences compared with 1999 were the new ozone
facility, which was commissioned in May 2000, and slightly warmer water
temperatures. The recent initiation of ozonation at the Coquitlam Lake
source resulted in the production of higher amounts of assimilable
organic carbon (AOC) in the water supplied to the city. Figure 12
indicates the monthly breakdown of annual data from Westwood Plateau
for the percentage of samples with HPC counts greater than 500 cfu/mL.

As the purveyor of water in the affected area, the city was
responsible under provincial law to rectify the conditions that led to the
boil water advisory. The city also made itself responsible to its customers.
Immediately after publishing the order, the city

o delivered notices to each home and business in the affected area;
e posted signs on the streets leading to the area;

e delivered daily updates advising consumers of the remedial
steps taken and the status of the drinking water;

e provided bottled water to all residents in the affected area;
e flushed the water system;
e drained and cleaned reservoirs; and

e manually added sodium hypochlorite at reservoirs to increase
free chlorine residuals.
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Figure 12 HPC counts greater than 500 cfu/mL

During the boil water advisory, the GVRD assisted the city by

e raising the secondary disinfection level at the Coquitlam Lake
source by 0.2 mg/L to assist the city in establishing a chlorine
residual in the Westwood Plateau immediately during the boil
advisory response;

e providing laboratory services for coliform tests, which totalled
an additional 1,000 samples per month; and

e providing expert technical advice to both the city and the local
health officials on the nature of the event and the interpretation
of test results.

SOLUTIONS TO REGROWTH

Distribution System Operation

Regrowth had been an issue in the Westwood Plateau long before the
total coliform occurrences of 2000. There had been no detectable
chlorine residual and unacceptably high HPC levels for years. Changes
had already been made in the operation of the reservoirs in attempts to
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improve the quality of the water in the area. Several variables that affect
presence and growth of HPC bacteria were considered and evaluated in
terms of minimizing regrowth in the Westwood Plateau water distribu-
tion system. It was believed that the most significant impact on reducing
the regrowth potential would result from lowering the age of water stored
in the supply zone reservoirs. The age of the water was defined as the time
since leaving the primary treatment facility. A distribution system model
can be used to simulate this sequence and to simulate the decay of free
chlorine residuals under varying system demands.

Operating characteristics in the Westwood Plateau water system
greatly increased the age of water delivered, except during peak summer
demands. During the lower-flow periods, demand is typically about 50%
of the peak summer demand. Though the balancing storage required in
the reservoirs was significantly lower than in the summer, the city kept
the reservoirs full throughout the year. The ratio of storage to daily
demand was, therefore, unnecessarily high, except during the peak
summer conditions.

Uncontrolled timing of reservoir filling also led to higher residence
times. As shown in Figure 8, the step system layout of the five storage
tanks results in water that must travel in series through each successively
higher supply zone prior to reaching the storage tank for the highest zone
(Summit Reservoir). Pumping during periods of high demand reduces
the inflow of fresh water to the upper zones of the system. It was
estimated that between 30% and 70% of water was being consumed
enroute to the reservoirs. This loss reduced the daily volume available to
refresh the reservoirs.

It was found that by reducing the amount of water stored and by
refilling the reservoirs simultaneously during off-peak periods, water age
could be significantly reduced. The changes implemented showed a
dramatic improvement in the age of water, particularly in the upper
pressure zones. However, these changes implemented in late 1998 had a
minimal effect on increasing the free chlorine residuals throughout the
Westwood Plateau. The age of the water still exceeded the 1.5 days
typically taken for the chlorine residual to be consumed by the chlorine
demand of GVRD water. However, the reduction in the percentage of
HPC above 500 cfu/mL was significant in the Noons (#607) and
Mountain (#608) reservoirs, while at the Summit Reservoir (#609), there
was only a minor decrease of approximately 5%. The HPC results from
stations #605 and #549 were much lower than from sampling stations in
the three upper zones even prior to the modifications in 1998. This was
because of the relatively low residence time compared to the three upper
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supply zones. Figure 13 highlights the improvements resulting from the
above changes.

The drop in percentage of HPC shown for Summit Reservoir (#609)
in 2000 and 2001 was a direct result of the city of Coquitlam’s response
to the regrowth event in the fall of 2000. The response during this
regrowth event included flushing of water mains, cleaning of reservoirs,
and manual rechlorination of the three upper supply zone reservoirs. The
manual rechlorination was continued until the permanent automated
rechlorination facilities were constructed in June 2001.

Distribution System Maintenance

The city of Coquitlam has always flushed dead ends annually but has not
undertaken unidirectional flushing of the water mains in the Westwood
Plateau because it was concentrating on the older, more problematic
areas in the city and, historically, coliform readings had not been a
problem in the Westwood Plateau area. Since the event of September
2000, the city has been working toward unidirectional flushing of the
entire Westwood Plateau on a three-year cycle. All of the reservoirs in this
area have been cleaned of accumulated sediment and biofilm and
disinfected since the event. Based on experience in older areas of the city,
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Figure 13 Samples with HPC > 500 cfu/mL
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it is anticipated that these measures will reduce chlorine demand, and
thus improve free chlorine residuals.

Maintaining a Chlorine Residual

The operational changes made up to 1999 had slightly improved the free
chlorine residuals in the lower supply zones of the Westwood Plateau, but
they had not significantly improved the free chlorine levels in the three
upper supply zones (Noons, Mountain, and Summit). The low system
demand in relation to the reservoir storage volume continued to result in
excessive water age.

As part of the work program initiated in response to the regrowth
event in late 2000, a hydraulic model, using extended time simulation,
was used to evaluate the maintenance of a chlorine residual in the
Westwood Plateau area. Based on this modelling, it was determined that
one rechlorination station would be required at the Scott Creek pump
station for water supplied to the Noons Creek Reservoir (#607), which in
turn supplies the Mountain (#608) and Summit (#609) reservoirs. It was
shown that this rechlorination station would be sufficient to provide a
free chlorine residual greater than 0.2 mg/L throughout the upper zones
during the peak summer demand period. However, the model also
showed that at the end of the peak summer demand in mid- to late
September, the reduced water consumption resulted in the loss of the
chlorine residual in the Summit Reservoir (#609). A second rechlorina-
tion facility at the Eagle Mountain pump station increases free chlorine
residuals in the Summit Reservoir during the off-peak demand period,
particularly during the remainder of the high regrowth season.

Figure 14 shows the average annual free chlorine residual in the
Westwood Plateau zone reservoirs for the period from 1993 to 2001. The
continuous improvement shown for the Hoy Creek Reservoir (#605) is
the result of ongoing expansion of the new development. The operational
control changes in late 1998 show corresponding chlorine residual
improvements in 1999 results. A higher chlorine residual for 2000 is the
result of manual addition of sodium hypochlorite at the four upper
supply zone reservoirs. The automated rechlorination stations were both
installed in 2001 and resulted in substantial improvement in the free
chlorine residuals.

One of the concerns with rechlorinating is the creation of disinfec-
tion by-products, particularly trihalomethanes (THMs) and haloacetic
acids (HAAs). The Guidelines for Canadian Drinking Water Quality
(GCDWQ) recommend total THMs in drinking water not exceeding
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Figure 14 Average free chlorine from 1993 to 2001

0.1 mg/L, based on an annual average of quarterly samples. Currently,
there are no Health Canada guidelines for total HAAs.

The city of Coquitlam has monitored the levels of THMs and HAAs
in the Summit Reservoir since early 2001. Tables 3 and 4 summarize the
results of the testing. Table 3 indicates that THMs in the Summit
Reservoir are lower than the maximum levels recommended in the
GCDWQ. The HAA levels are higher in the upper zone of Westwood
Plateau since rechlorination has been initiated.

Optimization of the target free chlorine levels at the two rechlorina-
tion stations may reduce both the THM and HAA levels in the Summit
Reservoir (#609).

CONCLUSIONS

The city of Coquitlam purchases all of its finished water from a wholesale
distributor, the Greater Vancouver Regional District. In the fall of 2000,
the city of Coquitlam had a water quality issue in Westwood Plateau.
High levels of total coliform bacteria were found in samples collected
from a number of locations in this localized area, an area with a history
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Table 3 THM monitoring results
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Date g g T‘; T‘i Total
Collected @ & (® @) THMs
14-Mar-01 1.3 <1 <0.5 36 37
20-Jun-01 1 <1 <0.5 31 32
15-Aug-01 0.7 <1 <0.5 25 26
21-Nov-01 1 <1 <0.5 19 20
07-Mar-02 1.1 <1 <0.5 28 29
Table 4 HAA monitoring results
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14-Mar-01 0.6 10 <1 5 33 49
20-Jun-01 <0.5 4 <1 7 31 42
15-Aug-01 <0.5 28 <1 14 36 78
21-Nov-01 <0.5 5 <1 7 47 59
07-Mar-02 <0.5 12 <1 <5 40 52

of low chlorine residuals and high heterotrophic plate counts. The local
health region advised the city to issue a “boil water advisory” to the
residents and businesses in this area. Staff from the city of Coquitlam and
the GVRD worked together as follows:

e GVRD staff assisted the city with knowledge and expertise in
the area of water quality and bacteriology;
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e the city arranged to collect additional water samples that the
GVRD laboratory analyzed (at no direct cost for the approxi-
mately 1,000 extra samples in a month);

e the chlorine residual leaving the source was raised by 0.2 mg/L;
and

e meetings were held among the GVRD, city of Coquitlam,
consultants, and health officials.

The GVRD and the city of Coquitlam have a partnership that works
to deliver a quality product to consumers. Given the timing of this
problem and the startup of the ozonation facility, it would have been easy
for the city to simply blame the GVRD and source water for the problem.
An easy response by the GVRD would have been to refer to previous
information, which showed that the Westwood Plateau area needed a free
chlorine residual and that the reservoirs had a water quality problem. A
quick resolution to the situation was achieved because both sides
recognized that a cooperative effort was required.

The relationship between the water quality staff at the city and the
GVRD had been built through GVRD-sponsored events like workshops
on water main flushing, discussions between lab and municipal staff on
laboratory results, and discussions among groups when changes in source
water quality affected the quality at the tap. The relationship was good
before the boil advisory, with a high level of trust between the two
groups. When a crisis did occur, the two groups worked together to help
find a solution. Of significance, the total cost to the city of Coquitlam for
the response to the incident was approximately $340,000, while the cost
of installation of two rechlorination stations was $240,000.

The most likely source of the coliform bacteria was determined to
be regrowth. Since one of the major contributing factors was the lack of a
significant chlorine residual, the solution was to increase the chlorine
residual in the water supplying this area. The cause of regrowth during
September 2000 could not be attributed to one particular factor. A
combination of conditions provided an environment that was conducive
to bacterial regrowth. The conditions that contributed to the presence of
excessive HPC bacteria and the detection of total coliforms in the
Westwood Plateau distribution system were as follows:

® excessive water age;
e free chlorine residuals lower than 0.2 mg/L;

e seasonal variations in water temperature;

139



WATER QUALITY IN THE DISTRIBUTION SYSTEM

e presence of AOC in excess of 100 pg/L;
* infrequent cleaning of reservoirs; and
e inadequate flushing of water mains.

The city of Coquitlam has found that regrowth in the distribution
system can be controlled if an adequate level of free chlorine is
maintained in the system. Review of water quality data from the
Westwood Plateau and throughout the region has indicated that HPC
bacteria and coliforms are minimized with free chlorine residuals greater
than 0.2 mg/L.

The following strategies were successfully implemented by the city
of Coquitlam to increase free chlorine residuals and control regrowth:

e reduction of water age through optimization of operating
conditions;

e unidirectional flushing of distribution piping and cleaning of
reservoirs on a three-year cycle; and

e rechlorination at two strategic locations in the distribution
system.

These strategies have controlled the regrowth of HPC bacteria and,
to date, have eliminated the occurrence of total coliform bacteria in the
Westwood Plateau. Monitoring of the HPC levels in the reservoirs
provided a useful tool in determining the effectiveness of approaches that
the city had taken to reduce the occurrence of regrowth.

Rechlorination of water in Westwood Plateau has not significantly
increased the level of THMs; however, initial results show that HAA levels
in the Summit Reservoir have increased above values requiring removal
by treatment in other jurisdictions. In the short term, the city of
Coquitlam gained control over historically high HPC counts. The future
addition of filtration at the Coquitlam Lake ozone facility will help in the
long term to improve the biological characteristics of the drinking water.
The reduction of chlorine demand resulting from the implementation of
filtration would improve free chlorine levels throughout the region and
decrease the requirement for rechlorination at certain locations. The
reduced requirement for rechlorination will result in a reduction of
disinfection by-product formation.
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INTRODUCTION

Producing biologically stable water is difficult because finished water still
contains dissolved organic carbon (DOC) and bacteria, both of which
allow biofilm accumulation in distribution systems. Moreover, the
reaction of chlorine with DOC also allows the formation of trihalo-
methanes (THMs) at the end of the treatment and in the network. Due
to its small pore size, nanofiltration allows a much higher removal of
DOC than conventional processes. Hence, the level of DBP precursors
and biodegradable DOC (BDOC) are reduced. On this basis, the Suburbs
of Paris Utility decided to implement a large surface water nanofiltration
unit to improve the quality of its distributed water. At the Méry-sur-Oise
Water Treatment Plant (90 mgd capacity), nanofiltration was put in service
in fall 1999 as a refining step after flocculation, ozonation, and dual media
filtration. The distribution system of the northern suburbs of Paris, now
fed with a blend of nanofiltrated water (70%) and conventionally produced
water (30%), is a large network with many storage tanks and booster
chlorination units, delivering the water to over one million people.

An ongoing research project was set up to document the impact of
such a change on the water quality over a period of five years (two years
before and three years after nanofiltration). Water quality parameters
were followed on 15 sampling stations (public distribution system and
service lines), including fecal indicators, total bacteria direct counts
(TDC), viable bacteria counts (VC), DOC, and BDOC. Physico-chemical
parameters include THMs, chlorine residual, turbidity, and temperature.
This chapter presents and discusses data obtained during this survey.
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CONTEXT AND OBJECTIVES

Reducing DOC in drinking water is essential to minimize THM
formation (Sohn et al., 1997, Westerhoff et al., 2000) and biological
instability of the water during distribution (LeChevallier et al., 1991; Van
der Kooij, 1992; Servais et al.,, 1992). In the past 15 years, biological
filtration has become a classic way to reduce DOC during water
treatment (Bablon et al., 1988; Servais et al., 1991, 1992). Nowadays,
nanofiltration (NF) appears to be the most efficient way of minimizing
the DOC concentration at the plant outlet. The water produced by NF
has very low DOC concentrations and a BDOC content lower than the
detection limit, i.e., 0.1 mg C/L. Previous information on the impact of
NF on water quality in distribution systems was obtained from pilot
studies (Sibille et al., 1997) and a full-scale experiment conducted since
1993 in Auvers-sur-Oise (a 6,500-habitant community). Results indicated
that the use of NF allows reducing chlorination of treated water down to
0.3 mg Cl,/L and at least maintaining or increasing the microbiological
quality of the distributed water (Randon et al., 1995; Laurent et al., 1999).

On the basis of these results, the Syndicat des Eaux d’Ile de France
(SEDIF), which is responsible for water distribution in the Parisian
suburbs, decided to build a large-scale NF unit in Méry-sur-Oise in order
to improve its total production capacity and the quality of the distributed
water. This NF unit, with a production capacity of 140,000 m3/d
(37 mgd), was started up in September 1999.

In order to document the impact of NF on distributed water quality,
a large survey beginning more than one and a half years before the
modification of the treatment was performed in the distribution system
fed by the plant. Physico-chemical and bacteriological water quality was
followed in 15 stations of the distribution system. This study was initially
designed to cover two years of operations with NF, but it was decided to
pursue the study, which is still under way.

Based on results obtained before NF (1998-1999) and since NF was
in service (2000-2002), the objectives of the present study were

e to directly appreciate the impact of NF on (i) THMs and
(ii) bacteria numbers; and

* to estimate the relative influences of variables influencing water
quality in distribution systems, namely temperature, oxidant
residual (i.e., free chlorine), BDOC, and TDC at the inlet to the
system.
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MATERIALS AND METHODS

The Méry-sur-Oise Water Treatment Plant and NF unit

The Méry-sur-Oise water treatment plant (MWTP) treats Oise River
water and has two trains:

* A conventional train (coagulation, flocculation, settling, biolog-
ical sand filtration, ozonation, biological granular activated
carbon filtration, and chlorination) with a nominal capacity of
140,000 m>/d and average output of 60,000 m?/d.

e An NF treatment train: clarification (Actiflo), intermediate
ozonation, biological dual media filtration (anthracite and
sand), cartridge filtration, NE, medium-pressure UV disinfec-
tion (400 J/m?). The nominal capacity of this train is
140,000 m*/d.

Up to September 1999, the distribution system was supplied only by the
conventional train. The new train was started up in September 1999 and
reached its full capacity in April 2000. From this point onward, the water
feeding the distribution system has been a mixture comprising 30%
coming from the conventional train and 70% coming from the NF train.
The water currently produced by both treatment trains is blended,
adjusted for pH, and dechlorinated.

The NF unit is composed of eight independent files. Each file is
composed of three filtration stages, all of them designed to filter half of
the inlet flow, with a total yield of 85% in water. Fach file has a
production of 17,500 m>/d so that the total production capacity of the
unit is 140,000 m>/d. Each file is composed of 190 tubes with six modules
of NF membranes (molecular weight cutoff: 200 D, theoretical DOC
removal: 90%). Total surface membranes are around 340,000 m>.

Sampling and Analysis

The distribution system supplied with MWTP water covers 31 cities in
the northern suburbs of Paris, and supplies water to over one million
people. There are nine one-line storage tanks (all covered) and 12 booster
chlorination units. The distribution system is divided into three main
pressure zones. The average residence time is 40 hours, storage tanks not

* Filmtec NF200-B
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included. The majority of DS pipes are cast iron, although mains are
concrete pipes, and PEHD is now used for small-diameter pipes.

Six sampling campaigns were done each year, with the exception of 2002
(only three sets of results are available).

Fifteen sampling stations were chosen in order to represent various
situations in terms of residence time and hydraulic characteristics,
including the plant outlet, and the inlet and outlet of the largest one-line
storage tank. For each sampling, the water was collected after a flush at
low flow over a period of 5 minutes in order to discharge stagnant water.
Samples were sent to the laboratory immediately after collection. The
analytical methods are listed in Table 1.

RESULTS

MWTP Finished Water Quality

TOC in MWTP finished water is presented in Figure 1. It can be observed
that TOC levels fluctuated before September 1999, reflecting DOC
changes in the Oise River. After September 1999, the NF trains were
progressively started up and the unit reached full capacity in April 2000.
The DOC concentration levels decreased to an average of 0.7 in 2000—
2002. This value is explained by the blend of 70% of NF water, with an
average DOC of 0.2 mg C/L, and 30% of conventional water, with an
average DOC concentration of 2.0 mg C/L. An increase in winter is still
observable since NF is in service, without reaching values obtained before
introduction of the NF treatment.

The BDOC content of the finished water is presented in Figure 2,
showing levels around 0.45 mg C/L before NF, although the graph shows
a high variability in data. Values are near or under its detection limit, i.e.,
0.2 mg C/L, since the end of 1999.

Figure 3 shows the free chlorine residual at the outlet of the plant.
Before the introduction of the NF treatment, free chlorine residuals were
set between 0.3 mg Cl,/L in winter and 0.45 mg Cl,/L during the warm
water season. This concentration was progressively decreased as the
proportion of nanofiltered water in the finished water increased, down to
0.2 mg Cl,/L. Since October 2001, 0.3 mg Cl,/L is mandatory in France at
the inlet to any distribution system, as a counterterrorist step.

Finally, it is worthwhile to present the impact of nanofiltration on
water hardness, this parameter also being observed by consumers (Figure 4).
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Table 1 Analytical methods

Parameter

Method

Total Direct Counts TDC

Viable Counts VvC

Coliforms and
Streptococcus

Total and Dissolved
Organic Carbon

Biodegradable
Dissolved Organic
Carbon

Trihalomethanes
Alkalinity

Calcium and
Magnesium

TOC/DOC

BDOC

THMs

Conductivity
pH pH

Total and Free TCly/FCl,
Chlorine Residual

Concentrations
Turbidity

Epifluorescence microscopy after
DAPI staining
(4,6-diamino-2-phenylindole)

Epifluorescence microscopy after CTC
staining (chlorure de
5-Cyano-2-3Dytolyl-Tetrazolium)

NF T 90-414 and NF T 90-416
(France)

Dorhmann DC-180 after filtration on
a 0.45-pm filter

Joret and Levi method (1986)

NFT 90-125 (France)
NF 90-036 (France)
ISO 11885

NF EN 27888 (France)
320 SET
HACH POCKET

HACH 2100 P

The change in quality of the finished water had a clear effect on the
chemical quality in the distribution system. In fact, conductivity and
alkalinity have decreased since the NF unit has been in operation, with
averages near 260 mg CaCO3/L before nanofiltration and 170 after. The
aluminum concentration level is lower than the detection limit of the
method due to the removal of ions by the membranes (results not

shown).
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Distributed Water Quality

Distributed water quality results are presented in box plots, where the
boxes represent the range between the 25th and 75th percentiles, and the
whiskers the range between the 5th and 95th percentiles.

With regard to free chlorine residuals in the network, a clear
modification can be observed in Figure 5. The mean value has decreased
from 0.19 and 0.25 mg Cl,/L to 0.15 and 0.16 mg Cl,/L since NF has been
in service. It can be observed that values were extremely heterogeneous in
1998 and 1999, with excessive chlorine residuals observed at some
sampling stations located downstream of booster stations. After the
introduction of the NF treatment, there were fewer values with no
chlorine residual and fewer values with excessive chlorine residual.

In 2002, the free chlorine residuals were higher as a consequence of
the higher set point at the plant outlet.

The decrease in chlorine residuals and DOC in the finished water
allows an appreciable reduction of THMs (sum of the four individual
species), as shown in Figure 6. While averages were close to 20 pg/L
before the introduction of NF treatment (thus already in compliance with
the current European standard of 100 pg/L), THM concentrations are
now between 8 and 10 pg/L in the distribution system, showing a
reduction of 50%. One may observe that the increase in FCl, in 2002 did
not lead to much higher values. Since NF treatment has been in service,
no THM result exceeds 20 pg/L. These results confirm that NF efficiently
removes THM precursors, which is important given the potential
introduction of more stringent standards.

The other focus of the study is the microbiological quality of
distributed water. Sampling did not reveal the presence of any fecal
indicator. TDC and VC are presented in Figures 7 and 8.

The TDC reveals that the suspended bacterial biomass in the system
decreased gradually from 50,000 cells/mL before the startup of the NF
plant to 30,000 the first year after, and to 20,000 the second year. Since
the beginning of 2002, despite (or as a result of?) the higher chlorine
residuals, the number seems to be closer to 30,000, with a larger
scattering of data. Average values are nevertheless significantly lower than
before NFE.

VC allows one to appreciate the viability of bacteria cells. Average
VC was 4,000 cells/mL, with very high values up to 16,000 cells/mL
before the NF treatment. It is worth noting that a sharp decrease was
observable in 1999, which can only be explained by the higher chlorine
residuals in 1999. Data are even lower since NF treatment has been in
operation; the average has decreased to 400 cells/mL, with median values
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Figure 6 THMs in the distribution system (squares: average; triangles:
median)

below 50 cells/mL. These data roughly indicate a 1-log decrease in the
number of viable bacteria in the distribution system, with a further
improvement in 2002 due to the higher chlorine residuals.
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DISCUSSION
NF treatment can improve the distributed water quality through a much

lower DOC or BDOC concentration in the system. In fact, BDOC values
are now under 0.2 mg C/L, to be compared with the threshold for
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biostability earlier proposed by Servais et al. in 1995 (0.15 mg C/L using
the Servais method). This situation leads to a lower biomass, both in the
liquid phase and at the pipe interface (biofilm). Results presented here
support earlier findings proving that the bacteria numbers in the water
phase are now limited to 3 x 107 cells/L; despite potential differences in
laboratory counts, this order of magnitude is consistent with pilot studies
conducted by Sibille et al. (1997), providing a count of 5 x 107 cells/L.
Some biofilm bacteria counts conducted in the supply system of
Méry-sur-Oise gave results of 2 to 6 x 10° cells/cm?, also consistent with
the same study. This situation contrasts with the earlier data obtained on
the same system, where cell counts in the liquid phase ranged from
3% 107 cells/L to 9 x 107 cells/L, thus showing a reduction by a factor of
2 at least. Another fact, which cannot be illustrated here, is the relatively
smaller size of the remaining bacteria cells, after nanofiltration treatment.

Bacteria counts using CTC staining also show an appreciable
decrease in cell counts, linked with either the lower DOC content or the
more stable free chlorine residuals; with a median of 700 cells/mL in 1999
and 30 cells/mL in 2002, the proportion of viable bacteria in the liquid
phase dropped from 1% to 0.1% after three years of nanofiltration.

A statistical analysis of the database was carried out to identify the
stronger trends through the water quality changes related here. Hence,
the authors tried to explain TDC averages for each campaign as a
function of average free or active chlorine residuals, DOC or BDOC,
temperature, and finally TDC at the inlet to the system. The only
significant variables are DOC and TDC at the inlet to the system. The
best fit to the average TDC in the distribution system has the following
equation:

log (TDC) = 0.37 log TDCpjant + 0.43 log DOC + 2.81 (R?= 0.6)

This equation is illustrated in Figure 9. It can be noted that neither
the temperature nor the oxidant residual appears significant in this
database, although the relatively narrow and low range for chlorine
residuals may explain this.

The same work was done for average THMs for each campaign, to
be explained as a function of average temperature, DOC, pH, and free
chlorine residual. THMs are best explained by the following equation:

log (THM) = 0.57 log temperature + 0.9 log DOC + 0.41 (R?>= 0.79)
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Figure 9 TDC model

This equation is illustrated in Figure 10. In this case also, free
chlorine residuals fail to explain part of the variability of data.
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CONCLUSIONS

The data presented in this paper build on previous experience, demon-
strating the capability of NF treatment to produce low-DOC water from
surface water. Results presented here show that the chlorine demand of
the distributed water was decreased accordingly, allowing the operators to
lower the free chlorine residual to 0.2 mg Cl,/L at the outlet of the water
treatment plant. Despite this low residual at the end of the treatment, free
chlorine residuals remain stable throughout the system. This situation is
beneficial for water taste, since chlorine consumers can perceive residuals
above 0.3 mg Cl,/L.

One main advantage of the decrease in chlorination level and DOC
content is the lower formation of THMs, which decreased by more than
50%.

The biodegradable fraction of DOC (BDOC) was reduced after NF
treatment to values lower than the thresholds for biostability. Thus,
regardless of the level of chlorination, the average microbiological quality
of the water improved after the introduction of the NF treatment. In
addition, the NF treatment allowed an increase in the physico-chemical
water quality: reduction of alkalinity, turbidity, aluminum, and atrazine
concentration.

The statistical analysis of data reveals that the main explanatory
variable is DOC, for both total direct counts and THMs.
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BACKGROUND

Biodegradable organic matter that is not removed during water treatment
can lead to the proliferation of bacteria within the distribution system.
This, in turn, can decrease water quality, accelerate corrosion rates of
pipes, and increase the incidence of bacteriological diseases. The main
objective of this project was to collect and analyze full-scale system data
on short-term and long-term responses to the implementation of
ozonation with respect to its impact on bacterial regrowth potential as
quantified by assimilable organic carbon (AOC) and biodegradable
dissolved organic carbon (BDOC). A major observation made during the
sampling period was that ozonation caused a significant increase in
the AOC concentration of the distribution system (more than 200% in
the short term and more than 100% in the long term). Use of ozone also
caused a significant increase in the bacterial counts within the distribu-
tion system for both the long and short terms. In contrast, ozonation
affected BDOC and dissolved organic carbon (DOC) concentrations only
slightly compared with its impact on AOC concentrations. However, this
may be because of the source water, which had low DOC and BDOC
concentrations (1.2 and 0.11 mg/L, respectively).

Organic matter affects distribution system water quality by generat-
ing color, undesired taste, and odors. When chlorine (Cl,) residual is
provided for disinfection, organic compounds are responsible for high
Cl, demands and the formation of disinfection by-products (DBPs). Also,
the biodegradable organic matter (BOM) that is not removed during
water treatment can cause bacteria to proliferate along the distribution
system. This in turn decreases water quality, accelerates corrosion rates
of pipes, and may increase the incidence of bacteriological diseases
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(Geldreich, 1996). Since promulgation of the Trihalomethane Rule in
1979 and the Surface Water Treatment Rule in 1989, the goal for water
utilities has been to balance microbial disinfection while minimizing DBP
formation (Jacangelo et al., 1997). This goal can be achieved by
disinfecting water with disinfectants other than free Cl,, such as ozone
(O3), and by decreasing the Cl, residual concentration in the distribution
system. Widely used in Europe, Oz oxidation is a common water
treatment process used to remove water pollutants, odors, color, and
tastes. O3 also has strong disinfectant properties. However, ozonation
may convert large organic molecules into smaller, more biodegradable
organic molecules commonly quantified as assimilable organic carbon
(AOC) or biodegradable dissolved organic carbon (BDOC) concentra-
tions. These can serve as “food” sources for bacteria present in the water
and pipe biofilms throughout the distribution system, potentially result-
ing in bacterial regrowth.

The effects of ozonation on AOC and BDOC concentrations in
finished waters and the corresponding potential impact on bacterial
regrowth in distribution systems have been investigated in several bench-
scale and pilot-scale studies conducted under controlled conditions.
However, few or no full-scale data are available to quantify short-term as
well as long-term changes in AOC and BDOC concentrations under
dynamic field conditions, which may be significantly different from
bench-scale and pilot-scale conditions. Thus, in this project, the authors
monitored water quality and biological conditions in a full-scale distribu-
tion system before and after the introduction of O3.

INTRODUCTION

BOM

To assess the BOM level in water, different bioassay methods were
developed. The two most prominent types of bioassays were (1) methods
expressing BOM in AOC concentrations and (2) methods expressing
BOM in BDOC concentrations.

The BDOC content represents the fraction of dissolved organic
carbon (DOC) that has been assimilated and mineralized by a het-
erotrophic flora (Huck, 1990). It is the fraction of DOC that is
biodegraded under the test conditions of long contact times and/or a
high concentration of adapted biomass. The inoculum for the test
consists of environmental bacteria suspended or fixed on a support, such
as sand or porous beads. BDOC is the difference between the initial DOC
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of the water sample and the minimum DOC observed during the
incubation period of 28 days for suspended indigenous bacteria, or 5-7
days for bacteria attached to sand (Volk et al., 1994). BDOC typically
comprises 9-30% of the total organic carbon (TOC) (Joret et al., 1991).

AOC refers to the fraction of the TOC that is most readily utilized
by bacteria, resulting in a measured increase in biomass concentration.
AOC typically comprises just a small fraction (0.1-9.0%) of the TOC.
The inoculum can be a mixture of pure bacterial strains cultivated under
laboratory conditions (Pseudomonas fluorescens P17 and Spirillum NOX)
(Standard Methods, 1995; Volk et al., 1994) or mixtures of environmental
bacteria characterized by a great nutritional versatility (Van der Kooij,
1992; Stainfield & Jago, 1987). Bacterial growth is monitored in the water
samples by colony counts. The maximum growth (Np,) observed
during the incubation is converted into AOC by using a growth yield of
the bacteria from calibration curves derived from standard concentra-
tions of organic compounds (i.e., acetate and oxalate).

Bacterial Regrowth

The water industry uses the terms “regrowth” and “aftergrowth” synony-
mously to describe the unexplained occurrence of coliforms in the
distribution system. Mechanisms responsible for the presence of coliform
bacteria in drinking water supplies are often unknown or poorly
understood, so the term “episode” or “occurrence” is more appropriate
for describing the presence of coliform bacteria (Van der Kooij, 1992).
Increased counts of chemoheterotrophic bacterial colonies in distribution
system water, which are more accurately referred to as regrowth (Joret
et al., 1991), result from bacterial contamination outside the distribution
system or multiplication of bacteria within the system. The major
concern involving regrowth is the multiplication of potentially patho-
genic (usually opportunistic) bacteria, such as Legionella pneumophila
(Geldreich, 1996).

Bacterial growth in distribution systems has been related to the
following: (1) environmental factors, such as temperature and rainfall;
(2) the availability of nutrients; (3) the ineffectiveness of disinfectant
residuals; (4) corrosion and sediment accumulation; and (5) hydraulic
effects (LeChevallier, 1990).

Water temperature is a rate-limiting parameter in microbial growth.
Within the range normally seen in water distribution systems, as the
temperature increases, microbial activity and growth rates in the water
increase; that is, as the temperature increases from 15°C, microbial
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activity in the water increases until (for typical flora in distribution
systems) temperatures exceeding roughly 35°C are reached.

For bacterial growth to occur, major nutrient sources such as
nitrogen, phosphorus, and carbon must be present in the water or
released by pipe materials. As a result of the low phosphorus levels found
in treated water (<0.5 mg/L), phosphorus is a primary limiting nutrient
for bacterial growth (Miettinen et al., 1999; Sathasivan et al., 1997).
Nitrogen, on the other hand, is usually readily available as organic
nitrogen, ammonia, nitrate, and nitrite, all of which are undesirable in
drinking water. Finally, organic carbon is used by heterotrophic bacteria
to produce new cellular material (assimilation) and as an energy source
(dissimilation). The organic carbon in treated water is composed
primarily of humic and fulvic acids, polymeric carbohydrates, proteins,
and carboxylic acids. In many water distribution systems, it is assumed
that BOM is the limiting nutrient for regrowth (LeChevallier et al., 1991),
although a few studies suggest that phosphorus may be limiting for some
systems (Miettinen et al., 1999; Sathasivan et al., 1997).

The third factor in bacterial regrowth is the inability to maintain a
disinfectant residual. It is necessary to maintain a 3- to 5-mg/L free Cl,
residual to reduce bacterial biofilms by 3 logs, but a 1-mg/L chloramine
residual can reduce viable counts by more than 2 logs for biofilm growth
on galvanized, copper, or polyvinyl chloride (PVC) pipe surfaces
(LeChevallier, 1990). However, it has been observed that increasing
residual Cl, doses can increase AOC concentrations because the Cl, acts
as an oxidant in the breakdown of larger organic carbon molecules into
smaller organic carbon compounds (Hambsch & Werner, 1993; LeChevallier
et al., 1992; Van der Kooij, 1987). Moreover, Cl, residual in the presence of
DOC sometimes has the potential of producing DBPs.

Corrosion and sediment accumulation can protect attached bacterial
growth. LeChevallier et al. (1996) suggest that disinfection of biofilm
bacteria on galvanized iron, copper, or PVC pipes was effective using
1 mg/L of free Cl, or monochloramine, but disinfection of organisms on
iron pipes was ineffective even when they were exposed to 5 mg/L free Cl,
for several weeks. In these circumstances, the corrosion products not only
provide a habitat for microbial growth but protect the microorganisms
from disinfection by reacting with Cl,-based compounds.

The last factor in bacterial regrowth in the distribution system is
hydraulic effects. Low water velocities or dead ends that lead to
stagnation of water in the distribution system allow loss of disinfectant
residual and subsequent microbial growth (LeChevallier, 1990).
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BOM and Bacterial Regrowth

Organic compounds, either dissolved or particulate, contribute to the
growth of heterotrophic bacteria, which use organic carbon to produce
new cellular materials or to obtain energy. As a result, BOM is gradually
consumed as the water travels along the distribution system.

AOC can be used to predict and control regrowth of heterotrophic
bacteria. A significant correlation has been observed between the AOC
concentration and the density of heterotrophic bacteria in distribution
water supplies (Van der Kooij, 1992; LeChevallier et al., 1987). Van der
Kooij (1992) showed that heterotrophic bacteria in a nonchlorinated
system did not increase when AOC levels were lower than 10 pg/L;
LeChevallier (1990) suggested that regrowth may be limited by AOC
levels less than 50-100 pg/L. Van der Kooij et al. (1999) typically work
with distribution systems that have no disinfectant residuals. LeChevallier
(1999), however, typically works with distribution systems that have a
disinfectant residual, thus partially explaining this difference in AOC
levels associated with biological stability.

Joret et al. (1991) suggested that BDOC values represent 10-30% of
the total DOC content of drinking water and that a correlation between
nutrient availability and regrowth potential of water exists for P17 and
coliforms. Block et al. (1993) recommended an absence of biodegradable
organics after water treatment to limit bacterial regrowth. Servais et al.
(1993) have associated biological stability, which corresponds to no
BDOC consumption within the distribution system, with a BDOC
concentration of 0.16 mg/L or less in the finished water. Volk (1994)
determined a value of 0.15 mg/L at 20°C and 0.30 mg/L at 15°C for
achieving biological stability in distribution systems of the suburbs in
Paris, France. Finally, coliform occurrences were related to consumption
of BDOC exceeding more than 0.10-0.15 mg/L (Volk & Joret, 1994).

Removal of Organic Material During Water Treatment

Organic matter can be removed by ozonation combined with biological
filtration, which removes the biodegradable molecules produced after
oxidation. An alternative is membrane filtration. The principal objectives
of organic matter reduction are to

e remove taste, odor, or color of the water;
e reduce the formation of chlorination by-products;

e reduce oxidant demand and stabilize the residual disinfectant
concentration in the distribution system; and
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e prevent bacterial regrowth in the distribution system through
the increased biological stability of the treated water.

03 Oxidation

O3 is a strong disinfectant used as an alternative to Cl,, with the major
advantage that no DBPs are produced when it is used. Another advantage
is the low contact times (seconds to several minutes) required for O3
inactivation of microorganisms; characteristically, longer disinfection
times are used for Cl, or chloramines. The major disadvantage is the lack
of a residual after ozonation (Haas, 1990).

O3 is a colorless gas, produced from the action of electric fields on
oxygen. It is highly unstable in the gas phase; in clean vessels at room
temperature, its half-life in air is 20-100 hr (Haas, 1990). When it is
dissolved in water, O3 can react with water to form hydroxyl radicals.
These radicals cause increased decomposition of O3 and are responsible
for nonselective oxidation of a variety of organic materials. As a result of
this decomposition, the half-life of O3 in water becomes quite short, on
the order of seconds to minutes (Haas, 1990).

O3 is often applied as a pretreatment prior to a biological granular
activated carbon filter to improve the removal of organic materials and
chemical pollutants (Ozone in Water Treatment, 1991). O3 oxidation can
be implemented at the beginning of the treatment chain, after the
settling/filtration process in combination with a biological filter, or at the
end of the treatment train. When O3 is used to remove color from water,
oxidate mineral compounds, or improve coagulation processes, the
applied O3 doses are low (0.2 mg O3/mg DOC) and produce a limited
amount of nutrient, which is easily removed during later treatment steps.
When ozonation is combined with biological filtration to partially oxidize
micropollutants for biodegradation, applied ozonation rates of 0.5-1.0
mg O3/mg DOC correspond to optimal BDOC production. In addition,
the use of O3 alone as a disinfectant (typically 1-7 mg/L O3) yields
significant BDOC production. Consequently, biological stability must be
achieved by biological or membrane filtration or by using high doses of
an oxidant with a persistent effect, such as Cl,, chloramine, and chlorine
dioxide, to provide a residual (Joret & Prévost, 1996).

O3 can significantly alter the chemical matrix of carbon compounds
present in the water by forming several organic and inorganic by-
products, which are formed when Oj3 reacts with natural organic matter
present in drinking water supplies (Najm & Krasner, 1995). O3 reacts
directly on aromatics, unsaturated organic compounds (e.g., double
bonds: C=C, C=0, C=S=N-H), and amino compounds (-NH,),
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leading to the formation of saturated polycarbonaceous compounds and
methyl ketones, diacids, dialdehydes, aldehydes, and acids (Volk et al,,
1997). This leads to a decrease in DOC (because of oxidation to carbon
dioxide [CO,]) and ultraviolet (UV),s4 (carbon-carbon double bonds
are known to absorb UV light at 254 nm) and an increase in AOC and
BDOC (Volk et al., 1997; Najm & Krasner, 1995; Hacker et al., 1994;
Roche et al., 1994; Volk et al., 1993). The previously noted studies
reported an approximate increase in BDOC of 20-30% and an approxi-
mate threefold increase in AOC after ozonation. Most of the increase in
AOC was a result of increased yields of Spirillum strain NOX organism,
because this organism has been found to be more suited than P17 to
utilization of the oxygenated organic compounds found in ozonated
water (Najm & Krasner, 1995).

Cipparone et al. (1997) determined that the maximum colony count
of suspended bacteria measured during an incubation period was higher
in ozonated samples that were not biodegraded using biological filters
than in samples that were biodegraded. The maximum bacterial popula-
tions were also higher in ozonated water compared with those in
unozonated water. Also, the research found that suspended bacteria did
not appear in distribution system water until the free Cl, residual
disappeared, despite the presence of an attached and acclimated biofilm.
The appearance of bacteria was related, therefore, to the length of time
the Cl, residual could be maintained. Thus, if Cl, residuals last longer
because of ozonation or biodegradation, the regrowth of bacteria could
be delayed even if the original level of AOC was high. Where Cl, was
added after ozonation to provide a residual, Cipparone et al. (1997) found
that bacterial regrowth and Cl, demand could be reduced by biological
treatment.

METHODS AND MATERIALS

Water Treatment Plant

The full-scale facility in this study was the Pine Hills Water Treatment
Plant operated by the Orlando Utilities Commission (OUC). Initially, the
Pine Hills plant treated high-quality Floridan aquifer water with chlori-
nation and did not require aeration because the source water had
relatively low sulfide levels (average 0.44 mg/L as total sulfide). Other
average concentrations for the raw water were typically 97 mg/L as
calcium carbonate (CaCO3) alkalinity, 106 mg/L as CaCOj3 hardness,
0.23 mg/L ammonia, and 0.50-0.81 mg/L TOC. Treatment for hydrogen
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sulfide consisted solely of chlorination (2 mg/L as Cl,); in addition,
caustic (pH control), hydrofluorosilicic acid, and 2 mg/L Cl, for
disinfectant residual were added to the process stream. The Pine Hills
plant had a design capacity of 25 mgd (9.46 x 10* m’/d) and averaged
18.3 mgd (6.93 x 10* m?/d) during the study.

Water from the Pine Hills plant mixes with water from other
adjoining plants in the distribution system, but the mixing zones are at
least 3—4 mi (4.8-6.4 km) from the plant. Because the Pine Hills plant is
in the northwest corner of the OUC service area, mixing with other
plants occurs only to the south and east of the plant. Sampling points
were located in the section of the distribution system that contained
water from just the Pine Hills plant. After a year of monitoring, OUC
installed an O3 process at the Pine Hills plant (at the end of May 1998) to
improve the water’s aesthetic quality. The design O3 dose for the Pine
Hills plant was set at 3.1 mg/L; the actual O3 dose averaged 4.7 mg/L
during the study. A significant increase in the levels of AOC entering the
distribution system was expected at this high O3 dose, along with the lack
of biological filtration after ozonation. To repress regrowth, 2 mg/L of
free Cl, for disinfectant residual was added to the process stream after
ozonation. The plant had been monitored monthly for one year prior to
changing to O3 (monitoring started on May 28, 1997) and for one year
after the change occurred, with weekly monitoring the month prior to
and after the change. During the year of ozonation, there were multiple
failures of the ozonation system. As a result, the plant had only O3 on-
line for eight months.

To thoroughly assess biostability, both AOC and BDOC were
monitored in the Pine Hills Water Treatment Plant and its distribution
system. AOC was measured using the rapid method of LeChevallier et al.
(1993), except that plate counts rather than adenosine triphosphate
(ATP) fluorescence were used to enumerate bacteria. For BDOC, the
authors followed the technique using sand-fixed bacteria (Joret et al.,
1991). Initially, an older-model TOC analyzer* was used, but this was
replaced by a new model’ for TOC analysis six months into the study.

*TC-180, Dohrmann, Cincinnati, Ohio
+Phoenix 8000TM, Dohrmann, Cincinnati, Ohio

164



CHAPTER 8: CASE STUDY: OZONATION AND DISTRIBUTION SYSTEM BIOSTABILITY

Sample Collection, Transportation, and Storage

Samples were collected following Standard Methods (1995) procedure
9060A. The procedure requires the addition of a 10% sodium thiosulfate
solution to neutralize the Cl, residual in the samples. The addition of
thiosulfate did not significantly stimulate the growth of P17 or NOX and
thus had no effect on AOC concentrations (Escobar & Randall, 1999;
Kaplan & Bott, 1989). After collection, samples were transported and
stored according to procedure 9060B (Standard Methods, 1995).

Residual Cl,

Free and combined Cl, concentrations were measured at the time of
sampling using the colorimetric DPD method.

Reagent Water and Glassware

Water used to prepare all solutions was ultrapure water. The water
quality met or exceeded the type I reagent-water specifications provided
in Table 1080:1 of Standard Methods (1995). Purified water used for
microbiological testing met the quality criteria specified in Table 9020:1 of
Standard Methods (1995). Laboratory chemicals were American Chemical
Society reagent-grade or higher purity. Glassware was cleaned in a sink
using a detergent wash, an acid wash, and several distilled water rinses.
The glassware was then muffled at 550°C for 4 hr to remove any organic
contamination. All glassware used for microbiological testing was auto-
claved prior to use. Silicon/polytetrafluoroethylene septa were pretreated
by heating in a 100-mg/L sodium persulfate solution for 30 min without
allowing it to boil.

Heterotrophic Plate Count (HPC) Analysis

HPCs were performed using the spreadplate method on R2A agar
incubated at 25°C for seven days, according to procedure 9215B in
Standard Methods (1995). All results were expressed in colony-forming
units per milliliter. The procedure was performed entirely inside a
laminar flow hood. Sample dilutions (usually 1 mL of sample transferred
to the plate) were prepared so that the total number of colonies on a plate
was less than 300.

* Quality equivalent to that produced by a Milli Q-UV plus system, Millipore Corp.,
Bedford, Mass.
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AOC Bioassay

AOC was measured using the rapid method of LeChevallier et al. (1993),
except that plate counts rather than ATP fluorescence were used to
enumerate bacteria, in conjunction with Standard Methods (1995)
procedure 9217 and the method of Van der Kooij (1992). The procedure
used is outlined in detail in Escobar and Randall (1999). Quality control
for the AOC bioassay was performed using blank controls, 100-pg/L
sodium acetate standards, and duplicate samples. The 100-ug/L sodium
acetate standards inoculated with P17 produced an average AOC concen-
tration of 93.80 + 20.00 pg/L as acetate-C; for NOX, the standards
produced an average AOC concentration of 77.20 * 12.53 pg/L as acetate-C.
Experimental yield values from acetate standards for P17 were 4.08 £ 0.81
x 10° cfu/pg acetate-C and 9.26 + 1.50 x 10° cfu/pg acetate-C for NOX,
which compared reasonably well with the literature values specified in
Standard Methods (4.1 x 10° and 1.2 x 107 cfu/pg acetate-C for P17 and
NOX, respectively). Also, controls were kept to determine air and/or agar
contamination by opening plates for 5 minutes under the laminar flow
hood, followed by incubation, and by incubating unopened plates. No
controls were made to assess the effect of the thiosulfate because it has
been determined not to affect AOC concentrations (Kaplan & Bott, 1989)
and is included in Standard Methods (1995).

BDOC

The procedure for BDOC determination followed the technique using
sand-fixed bacteria (Escobar & Randall, 1999; Joret et al., 1991).
Minimum DOC values were typically observed on day 4 or 5 for the
sample matrix analyzed in this study. The biological sand was washed
with organic-free distilled water and stirred using a pretreated glass rod
for 15 repetitions twice per week while being stored inside aerated
stainless-steel beakers in a tap water with a low organic content (with
neutralized Cl, residual). Before DOC analysis, samples were withdrawn
using muffled glass syringes with muffled double-membrane filters
(0.45-um pore size). The procedure was considered valid only if the
BDOC concentration recorded in activity control flasks (with 2 mg/L
acetate-C) was 2 £ 0.4 mg/L C.
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RESULTS AND DISCUSSION

Before O3

The Pine Hills Water Treatment Plant was sampled for one year (from
May 1997 to May 1998) prior to switching to Os. Sampling was
performed monthly from May 1997 to February 1998 and weekly from
March 1998 until the day of the switch to O3, May 26, 1998. Thus, there
were 20 sampling campaigns prior to ozonation. There were seven
sampling sites for each sampling campaign—the raw water, the plant
finished water, and water in the distribution system (two average
hydraulic retention time [HRT] sites [4 and 6.5 hr] and three maximum
HRT sites [10.5, 18.5, and 27 hr]). The majority of pipes within the plant
as well as in the distribution system were made of ductile iron, iron
concrete lined, and PVC. The raw water to the plant was from the deep
Floridan aquifer, which displayed very stable and low organic carbon
concentrations, averaging 69 £35.2 ug/L as acetate-C for AOC and 0.11 *
0.14 mg/L for BDOC. The raw water had an average DOC concentration
of 1.20 + 0.49 mg/L and UV,s4 of 0.0268 + 0.0024 cm™'. HPCs for the
raw water averaged 178 cfu/mL, and 2 mg/L of chlorine, as Cl,, were
added to the treated water after aeration. All statistical analyses are shown
in Table 1.

The treated water from the Pine Hills plant displayed average AOC
concentrations of 70 + 24.5 pg/L as acetate-C, BDOC of 0.12 + 0.05 mg/L,
DOC of 1.04 + 0.31 mg/L, and UV,54 of 0.0200 + 0.004 cm™! prior to
ozonation. As shown in Figure 1, the average AOC concentrations in the
distribution system did not vary significantly, although the average value
for the highest HRT site was probably slightly higher than the effluent
values. This can happen when more slowly degradable BOM is converted
to AOC because of a breakdown of organic carbon compounds in the
presence of Cl,.

Figure 1 also shows the average BDOC concentrations for the same
period and sampling sites as AOC. In contrast to AOC (Wilcoxon p-value
= 0.813), BDOC increased significantly (Wilcoxon p-value < 0.0001)
with respect to the finished water at all distribution system sites. For the
average HRT sites, BDOC increased slightly from a finished water value
of 0.12-0.18 mg/L for both the 4- and 6.5-hr sites. This could have been
due to the use of free Cl, for disinfection, because Cl, has been observed
to partially oxidize DOC (Hambsch & Werner, 1993; LeChevallier et al.,
1992; Van der Kooij, 1987) or pipe materials (LeChevallier et al., 1987).
The BDOC was even greater at two of the three maximum HRT sites—
0.23 mg/L for the 10.5- and 18.5-hr sites. The small decrease to 0.16 mg/L
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for the 27-hr site could have been from some conversion of BDOC to
AOC by microbial activity. This hypothesis is consistent with the high
AOC found in this sampling site: 81 pg/L as acetate-C.

Figure 2 shows the average DOC and UV ;5,4 for the sampling period
before introduction of O3 versus the HRT of the sampling site. DOC was
observed to vary slightly during the treatment process or in the
distribution system. Figure 2 also shows the average UV,s, for each
sampling site. UV ;54 decreased significantly (Wilcoxon p-value < 0.0001)
during the treatment process, probably as a result of oxidation of carbon-
carbon double bonds during ozonation. UV,s4 did not change signifi-
cantly in the distribution system, although the data suggest that UV ;5,4
might be slightly lower at the three long-term HRT sampling points.

Table 1 Nonparametric Wilcoxon statistical analysis’

p-value Significant
Parameter 17 Parameter 2 Z (two-tailed)  Difference
Before ozone  AOCgampling site AOCRaw -0.236 0.813 No
BDOCsumplingsite. BDOCRaw 4,188 0.000 Yes
After ozone AOC Rawpefore AOC Rawpgper —1.013 0.311 No
AOCsymplingsite~ AOCRaw ~3.180 0.001 Yes
Short-term Residualgefore Residual s frer —-0.458 0.647 No
DOCpefore DOCfrer ~0.325 0.745 No
AOCpefore AOCfeer 4,029 0.000 Yes
BDOChpefore BDOC s frer ~0.104 0.917 Yes
HPCpefore HPCfier ~3.653 0.000 Yes
Long-term Residualpefore Residual s frer -2.750 0.006 Yes
DOCpefore DOCfrer ~3.202 0.001 Yes
AOCpefore AOC pfer ~5.087 0.000 Yes
BDOCpefore BDOCfer ~0.375 0.707 No
HPChpefore HPC pfier 4214 0.000 Yes

*Confidence level is 95%.

t AOC—assimilable organic carbon, BDOC—biodegradable dissolved organic carbon,
DOC—dissolved organic carbon, HPC—heterotrophic plate count
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On average, 2 mg/L of free Cl, were added for residual disinfectant
when the raw water was treated prior to the switch to ozonation. Figure 3
shows the average Cl, residual and HPCs (using a logarithmic scale)
versus the HRT of the sampling site. The free Cl, residual steadily
decreased as the retention time of the treated water increased. The
average residual was 1.6 mg/L in the plant effluent, 1.1 mg/L for both
average HRT sites, and 0.9 mg/L at the 6.5- and 10.5-hr sites. At the 27-hr
site, the residual was 0.6 mg/L. This significant decrease in the Cl,
residual probably occurred because the temperature of the distribution
system water was high, ranging from 17° to 29°C, as well as because of
the reactivity of the free Cl, with pipe materials and the presence of
reduced compounds in solution and of any biofilms. The HPCs increased
slightly at the maximum HRT sites compared with the average HRT sites,
which corresponded to the decreased Cl, residual.
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Figure 1 AOC and BDOC versus sampling site HRT (average of 20
sampling campaigns) prior to ozonation
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Figure 2 DOC and UVjs54 versus sampling site HRT (average of 20
sampling campaigns) prior to ozonation

After Switching to O3

The ozonators were started on May 26, 1998, but several electrical and
mechanical problems occurred during the first eight months of opera-
tion, causing the plant to shut down several times. However, only values
from sampling campaigns conducted when the O3 was on-line were used
to calculate the data averages presented here. Sampling of the Pine Hills
plant, which started on May 27, 1998, did not accurately reflect post-
ozone values. Sampling continued weekly until July 15, 1998, when
monthly sampling campaigns were resumed until May 1999, one year
after the start of ozonation. On June 10, 1998, the primary raw water well
(well 5: DOC = 1.1 mg/L, BDOC = 0.11 mg/L, and AOC = 88 pg/L as
acetate-C) that fed the plant had pump problems and was shut down. It
was replaced by well 1 (DOC = 0.9 mg/L, BDOC = below method
detection limit (MDL) of 0.1 mg/L, AOC = 160 pg/L as acetate-C)
temporarily. The average AOC concentration (160 ug/L as acetate-C) was
indistinguishable from the BDOC concentration (0.10 mg/L or 100 pg/L)
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Figure 3 Free chlorine residual and HPCs versus sampling site HRT
(average of 20 sampling campaigns) prior to ozonation

because the BDOC MDL is not able to distinguish values less than
0.1 mg/L. Well 5 was returned to use July 15, 1998.

Short-Term Effects of Switching to O3

The average short-term O3 dose was 5.8 mg/L Os3. To evaluate the short-
term effects of changing from aeration and chlorination to ozonation and
chlorination, a weekly sampling period was used. The weekly sampling
data before O3 included 10 sampling points; the weekly sampling data
after O3 included 4 sampling points before O3 went off-line because of
technical and mechanical problems at the Pine Hills plant. Figure 4 shows
the short-term effects of ozonation on AOC using only the sampling
points that were indicative of Oj effects. The first observation from this
figure was that there was no significant difference in AOC concentration
(Wilcoxon p-value = 0.311) in the raw water because it is not affected by
the addition of O3. After the change to O3, all AOC concentrations in the
plant effluent and distribution system were higher than before the change
by an approximate average of 130 pg/L as acetate-C. Before Oj, the
weekly AOC concentrations ranged from 62 to 73 pg/L as acetate-C for all
sampling sites; after Os, these concentrations were between 182 and
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Figure 4 Short-term effects of ozone introduction on AOC concentrations

224 pg/L as acetate-C. Considering process data only (i.e., raw water and
plant effluent), the AOC concentration after O3 increased by more than
200%, which agrees with previous work performed by Paode et al.
(1997), Hacker et al. (1994), and Volk et al. (1993), among others. Thus,
as expected, the AOC concentration of the treated water significantly
increased (Wilcoxon p-value < 0.0001) from ozonation, probably because
of the partial oxidation of larger organic carbon compounds to carboxylic
acids facilitated by O3 oxidation (Volk et al., 1997; Hacker et al., 1994;
Roche et al., 1994; Volk et al., 1993).

As shown in Figure 5, the HPCs after the switch to O3 increased
significantly (Wilcoxon p-value < 0.0001). The significant increase in
plant effluent and distribution system AOC probably caused the bacterial
population in the treated water to increase. Before the change to O3, the
short-term weekly HPC of the treated and distribution system waters
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Figure 5 Short-term effects of ozone introduction on HPC concentrations

ranged from 2 to 6 cfu/mL, whereas after ozonation the weekly HPC
increased to 13-21 cfu/mL. HPCs observed were very low, probably
because of the effectiveness of the disinfectant residual as well as the short
hydraulic residence times (4-27 hr) of the distribution system. On
average, this was an increase of approximately 12 cfu/mL, or triple the
pre-ozone bacterial population in the water. Even though the HPCs
tripled, the Cl, residual was effective in repressing regrowth. This shows
increased potential for biological instability with ozonation if other
aspects of system control, such as disinfectant residual and corrosion
control, are not maintained diligently.

As shown in Figure 6, it was determined that a switch to ozonation
caused no significant short-term effects on the BDOC of the treated
water, which could be explained by the low BDOC concentration (most
< 0.25 mg/L) and initial DOC concentration (< 1.20 mg/L on average)
initially found in the water. As observed in Figure 6, the whiskers
represent one standard deviation from the BDOC averages. Because the
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Figure 6 Short-term effects of ozone introduction on BDOC concentrations

whiskers overlap, there was probably no significant difference (Wilcoxon
p-value = 0.917) in the distribution system BDOC concentrations caused
by O3. However, the BDOC of the plant effluent showed a slight increase
of approximately 10% during this transition period, so it is conceivable
that more significant changes would be seen in a raw water with higher
DOC. DOC concentrations are shown in Figure 7. A switch to O3 did not
significantly affect (Wilcoxon p-value = 0.745) the DOC concentrations
of the treated water, as seen by the overlapping whiskers in Figure 7,
which represent one standard deviation from the mean values over the
sampling period. Even though it was arguably not a significant decrease,
the DOC concentration of the plant effluent decreased by approximately
23%. This agreed with previous studies (Paode et al., 1997; Hacker et al,,
1994; Volk et al., 1993) because O3 facilitates the breakdown of high-
molecular-weight DOC-forming compounds into low-molecular-weight
organic compounds and the formation of CO,.
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Figure 7 Short-term effects of ozone introduction on DOC concentrations

Long-Term Effects of Switching to O3

O3 levels deviated from the target of 3.1 mg/L to an average of 4.7 mg/L
during the entire study period. The long-term data set, which covers the
period before ozonation, included monthly sampling campaigns from
May 1997 through May 1998. The after-ozonation data set included the
sampling campaigns performed in June, July, August, October, and
December 1998 and March through May 1999. During these campaigns,
O3 had been on-line for at least five days. Figure 8 shows AOC
concentrations before and after ozonation. From Figure 8, it was
observed that the average AOC concentration after the switch to O3 was
significantly higher than before O3 (Wilcoxon p-value < 0.0001). Before
03, AOC concentrations ranged from 62 to 81 pg/L as acetate-C; after O3,
concentrations ranged from 128 to 162 pg/L as acetate-C. The plant
effluent AOC increased by 112% after ozonation compared with that
before ozonation.
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Figure 8 Long-term effects of O3 introduction on AOC concentrations

Bacterial counts measured via HPCs before and after ozonation are
shown in Figure 9. The raw water averaged 192 cfu/mL during the entire
sampling period. Before O3, the plant effluent and distribution system
showed HPCs ranging from 3 to 7 cfu/mL; after O3, counts ranged from
8 to 15 cfu/mL. These low HPCs were due to large additions of free Cl,
(2mg/L) to the effluent water. Figure 9 shows that bacterial counts
increased significantly (an increase of 132%) at the distribution system
sampling sites after O3 use compared with the same sites before Oj
(Wilcoxon p-value < 0.0001).

Figure 10 shows BDOC concentrations before and after O3. BDOC
concentrations in the raw water were very low, averaging 0.13 mg/L
during the entire sampling period. Before O3, the plant effluent BDOC
was 0.13 mg/L, not significantly different from the raw water, and the
distribution system BDOC ranged from 0.16 to 0.23 mg/L. After O3
usage, the BDOC concentrations of the plant effluent increased to
0.19 mg/L, 44% over raw water values versus 13% without O3, whereas
those of the distribution system increased to 0.19-0.40 mg/L. However,
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Figure 9 Long-term effects of O3 introduction on HPC concentrations

taking into account the variability in the data (whiskers represent one
standard deviation in Figure 10), an increase in BDOC concentration
before O3 versus after O3 was observed only in the plant effluent (54%
increase from before), the 18.5-hr sampling site (76% increase), and the
27-hr sampling site (48% increase). The fact that an increase in BDOC
concentration was not observed at all sampling sites was probably
because of the low initial BDOC concentrations, with the small change
probably being obscured within the distribution system. The higher
BDOC values after ozonation at the long HRT sites might be explained by
increased hydrolysis and/or a breakdown of DOC compounds in the
presence of Cl,.

Figure 11 shows the long-term comparison for DOC before and
after O3 usage. The raw water DOC averaged 1.10 mg/L over the two-year
sampling period. The plant effluent DOC concentration decreased by
20% after O3 compared with before O3. This was expected because O3
causes DOC compounds to break down into lower-molecular-weight
compounds with partial loss as CO,. Even though Figure 11 shows
overlapping standard deviations in DOC values, the decrease in DOC was
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Figure 10 Long-term effects of O3 introduction on BDOC concentrations

statistically significant, with a Wilcoxon p-value of 0.001. All distribution
system sampling sites displayed small, insignificant decreases in DOC,
except for the two highest HRT sites (Figure 11). Figure 12 shows the Cl,
residual before and after O3 introduction. The Cl, dose and residual at
the plant effluent remained constant at 2.0 and 1.6 mg/L, respectively. On
the other hand, it increased from an average of 0.9 mg/L in the
distribution system before O3 to an average of 1.1 mg/L after O3. This
was a significant difference, with a Wilcoxon p-value of 0.006.

SUMMARY AND CONCLUSIONS

The Pine Hills Water Treatment Plant, operated by OUC, was sampled
for two years—one year before switching to O3 and one year after the
switch. High-quality raw water from the deep Floridan aquifer was
treated for several years using aeration and chlorination before switching
to ozonation in May 1998. During the year before ozonation was
implemented, the AOC concentration of the raw water, plant effluent,

178



CHAPTER 8: CASE STUDY: OZONATION AND DISTRIBUTION SYSTEM BIOSTABILITY

Before O, HH After O,

1.80 1
1.60
140
1.20
g
Ea 1.00 |
§ 0.80
0.60
0.40 +
0.20 +
0.00
aw Effluent 4 hr 6.5 hr 10.5 hr 18.5 hr 27 hr
Sampling Site

DOC—dliissolved organic carbon, Oz—ozone. Monthly sampling period from
May 1997 to May 1999; sampling campaigns = 13 before/8 after; whiskers
represent one standard deviation.

Figure 11 Long-term effects of O3 introduction on DOC concentrations

and distribution system averaged approximately 69, 70, and 62-81 pg/L
acetate-C, respectively. During the short period after ozonation was
implemented (approximately one month of weekly sampling), the AOC
of the plant effluent increased to 220 ug/L acetate-C (an increase of more
than 200%), whereas the AOC of the distribution system increased to
182-224 ng/L acetate-C (a 200% increase). This was probably because of
the breakdown of larger-molecular-weight compounds into smaller
compounds measurable as AOC. In the long term (one year) after the
switch to O3, the AOC concentration of the plant effluent stabilized at
148 pg/L acetate-C (a 112% increase from before ozonation), whereas the
distribution system AOC concentration ranged from 128 to 162 png/L
acetate-C (an increase of approximately 105% compared with the year
before ozonation was implemented).

HPCs tripled in the short term after O3 implementation; in the long
term, the average bacterial count doubled. This increase in HPCs
correlated with the significant increase in AOC concentrations following
ozonation. The Cl, disinfectant residual was very effective in preventing
regrowth and maintaining HPCs at low levels.
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Figure 12 Long-term effects of O3 introduction on Cl, disinfectant residual

However, the difference in BDOC and DOC concentrations before
and after O3 was not nearly as significant as the observed changes in AOC
concentrations. In the short term, after the switch to ozonation, BDOC
concentrations did not show a significant difference from concentrations
preceding O3 use, probably because of the low levels of BDOC in the raw
water (0.12 mg/L). In the long term, higher BDOC concentrations as a
result of ozonation were observed only in the plant effluent (54%
increase), the 18.5-hr sampling site (76% increase), and the 27-hr
sampling site (48%), whereas the other sampling sites showed insignifi-
cant increases in BDOC concentrations compared with the year prior to
ozonation. With the exception of the two sampling sites with the highest
HRT (18.5 and 27 hr), the plant effluent and the other sampling sites
showed decreases in DOC concentrations after O3 compared with
concentrations before O3 for both the short term and the long term.
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An evaluation of the system before and after O3 showed that even
though the AOC increased significantly after the introduction of O3, the
distribution system regrowth remained low because the Cl, addition was
high (2 mg/L) and repressed bacterial growth. The plant monitored DBPs
and observed little difference before and after the introduction of O3. The
plant had no DBP violations during the two-year study period, and no
coliform occurrences were observed. After O3, the aesthetic quality of the
water (i.e., taste and odor) improved, which was a primary objective of
Oj3 introduction.

Following are the conclusions from this study:

* O3 use significantly increased AOC concentrations of the plant
effluent as well as the distribution system.

* A significant increase in bacterial counts was observed, which
correlated with the increase in system AOC levels. However, Cl,
effectively repressed regrowth before and after O3.

* Because of the breakdown of large-molecular-weight com-
pounds into AOC compounds and the observed increase in the
finished water AOC concentrations, there is increased potential
for bacterial proliferation when O3 is used if a disinfectant
residual is not diligently maintained in the distribution system
to repress regrowth.

e The use of O3 caused an overall increase in BDOC, but the
increase was not as significant as that for AOC. This may have
been because of the very low DOC and BDOC concentrations
of the raw water.

e The decrease in DOC concentrations was not significant,
probably because of the low DOC concentrations of the raw
water (1.10 mg/L).
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BACKGROUND

The fate of disinfectants and disinfection by-products (DBPs) has been
studied in laboratories under a variety of controlled, constant conditions,
but limited information is available about their fate in full-scale
distribution systems. A study of the city of Laval (Québec) distribution
system examined changes in the concentrations of chlorine and dissolved
organic halogens (DOX) as the water flows through the distribution
system. Water was collected in small- and large-diameter pipes with
respect to the residence time (RT) of each sampling point. Free and total
chlorine concentrations decreased with increasing RT in the distribution
system. The influence of pipes on chlorine decay was particularly
important in warm water; at similar RTs, chlorine concentrations were
lowest in the small-diameter pipes, greater in the main pipes, and greatest
in the batch incubations. The presence of corrosion by-products in pipes
appeared to be the major factor influencing chlorine decay in the
distribution system. DOX concentrations generally increased with in-
creasing RT in the presence of free chlorine and decreased when free
chlorine concentrations were below the method detection limit. Results
point to significant pipe influence on DOX concentrations. DOX decay
seemed to be attributable to the chemical instability of some DBPs and
the presence of microbial biomass.
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INTRODUCTION

As drinking water flows through the distribution system from the
treatment plant to the consumer tap, its aesthetic, microbial, and
chemical qualities may deteriorate significantly. Increases in bacterial
counts, decreases in disinfectant residuals, and changes in taste and odor
characteristics are often related to distance from the treatment plant or
increase in water residence time (RT). Traditionally, a residual concentra-
tion of chlorine—the most commonly used disinfectant—is used to limit
bacterial growth or regrowth in the distribution system. However,
chlorine dose must be limited because it reacts with organic matter to
form halogenated disinfection by-products (DBPs), some of which are of
concern because of potential health risks to consumers (USEPA, 1994;
NCI, 1976).

Treatment processes, disinfecting conditions at treatment plants,
and varying distribution system characteristics influence the residual
disinfectant stability as well as DBP formation or decay. Decreases in free
and total chlorine concentrations through the distribution system have
been observed (Meyer et al., 1993; Capellier et al., 1992; Mathieu et al.,
1992; Colbourne et al., 1991). Desjardins et al. (1991) showed that the
chlorine decay measured in the distribution system was higher than in
laboratory batch incubations. Chen and Weisel (1998) observed that free
and total chlorine concentrations were depleted more slowly in cold
water than in warm water.

The change in DBPs in distribution systems can be presented in
terms of DBP quantity or speciation. DBP formation and change in
speciation have been studied in laboratories under a variety of controlled,
constant conditions. In distribution systems, however, conditions vary
with time and location, influencing both the stability of the DBPs already
formed and possibly the formation of additional DBPs. Limited informa-
tion is available on the change in dissolved organic halogen (DOX)
concentration. However, some chlorination by-products, e.g., trihalo-
methanes (THMs) and haloacetic acids (HAAs), have been studied in
distribution systems.

Previous Studies

Increases in THM concentration with increasing RT in the distribution
system have been measured (LeBel et al., 1995; Koch et al., 1991; Levine
et al., 1987; Brett & Calverley, 1979; Harms & Loogenga, 1977). A 1998
study focused on a full-scale distribution system fed with chloraminated
water and a free chlorine residual of 0.5 mg/L Cl, (ammonia was added
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to convert all but approximately 0.5 mg/L of the free chlorine to
chloramines); measurements showed increases in THMs with increasing
water RT but decreases in HAAs (Chen & Weisel, 1998). These changes
occurred faster (closer to the treatment plant) in warm water than in
colder water. In a pilot distribution system simulating a maximum RT of
three days, increases in THM levels were observed with increasing RT
when chlorine was not a limiting factor (Meyer et al., 1993). In the
absence of a measurable chlorine residual, THM concentrations stabi-
lized or increased more slowly. When the pilot distribution system was
compared with batch incubations, the researchers measured lower
THM concentrations in the batch incubations than in the pilot
distribution system, which suggested potential interactions with the
biofilm and/or that agitation occurring inside the pipes can degrade the
THMs (Meyer et al., 1993).

The biodegradability of several chlorinated and brominated com-
pounds has been addressed in the literature. Lévi et al. (1993) conducted
experiments in which DBPs were incubated in sterile flasks (samples were
filtered) and in nonsterile flasks. Results showed that dichloro-, bromo-,
chloro-, and dibromo-acetonitrile, as well as 1,1-dichloro-propanone and
chloropicrin were biodegradable. Trichloroacetonitrile and 1,1,1-trichloro-
propanone were chemically unstable as their concentrations decreased,
even in sterile water. According to Meyer (1992), the presence of fixed
biomass on pipe walls was responsible for the DBP decay with increasing
RT, as statistical analyses showed good correlation between bacterial
counts and DBP concentrations.

In another study, a 50% decrease in HAA concentration was
measured between the beginning and the end of the distribution system
and was attributed to biodegradation, chemical instability, or adsorption
(Jammes et al., 1994). When HAA concentrations were measured at the
beginning, midpoint, and end of the distribution system, lower concen-
trations were found at the system’s end (Chen & Weisel, 1998; LeBel et al.,
1995; Williams et al., 1995; Williams et al., 1994). Low levels of residual
chlorine and high heterotrophic plate counts (HPCs) were also recorded
at the endpoint of the system, indicating biodegradation of the HAAs,
with dichloroacetic acid being more affected than trichloroacetic acid.
Specific bacteria capable of HAA degradation were isolated from a
distribution system biofilm (Williams et al., 1996; Williams et al., 1995).

Models for DBP Characterization

A variety of models characterizing chlorine decay or change in DBP levels
in distribution systems have been proposed (Clark & Sivaganesan, 1998;
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Vasconcelos et al., 1997; Biswas et al., 1993; Lyn & Taylor, 1993; Amy
et al., 1987). These models take into account several phenomena respon-
sible for the change in chlorine or DBP levels—interaction with organic
and inorganic chemicals, reaction with biofilm and/or corrosion by-
products, and mass transport between liquid phase and pipe walls. These
phenomena were evaluated in the laboratory in constant, controlled
conditions, and the kinetics measured were incorporated in the models.
As a result, these models are not directly applicable to full-scale
distribution systems because they do not consider all of the factors
influencing the physical, chemical, and microbial water quality within the
distribution system, as well as the dynamic nature of these systems.

Study Objectives

The aim of this research was to determine the dynamics of chlorine and
the summation of the halogenated DBPs represented by DOX in the
distribution system of the city of Laval, Québec. Specific objectives were
to (1) investigate the fate of chlorine and DOX levels in distribution
systems; (2) evaluate the effects of several factors (e.g., pipe diameter and
materials, biofilm, corrosion by-products, and temperature) that can
significantly influence chlorine and DOX concentrations in distribution
systems; and (3) elaborate explanatory models that describe the change in
chlorine and DOX concentrations in distribution systems and the
parameters controlling them.

MATERIALS AND METHODS

The drinking water distributed by the city of Laval is produced by three
treatment plants—Chomedey with a capacity of 180,000 m®/d
(47.5 mgd), Pont-Viau (135,000 m’/d [35.6 mgd]), and St. Rose
(110,000 m>/d [29.0 mgd]). Only Chomedey and Pont-Viau were included
in this study because they used chlorine in postdisinfection, whereas
St. Rose used chlorine dioxide.

The treatment trains of the Pont-Viau and Chomedey plants were
similar: coagulation with alum, flocculation, sedimentation, dual-media
filtration on anthracite/sand (10 m/hr [4.1 gpm/sq ft]), ozonation
(residual of 0.4 mg/L O3 after 4 min), and postdisinfection with chlorine.
Although these plants feed a unique distribution system, each plant has
its own distinctive pressure zone. The city of Laval’s topography and
infrastructure are such that reservoirs are not required. Booster disinfec-
tion was not practiced during samplings.
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Sampling

The sampling approach consisted of collecting water as it flowed through
the distribution system with respect to the sampling points’ RT from the
treatment plant. Sampling locations were carefully selected in order to
obtain reliable results. Average RT and pressure zones were obtained by
hydraulic simulations using two software programs*T that represented the
distribution system by links (sections of pipe) and nodes (i.e., intersec-
tion of pipes, change in direction, presence of hydraulic equipment such
as valves). Distribution system information required by the software
programs included diameter and length of pipe sections, Hazen—Williams
coefficients, coordinates and elevation of nodes, type of nodes and links,
number and type of buildings at each node, average daily consumption at
each node, water flow and pressure entering the distribution system, and
status of valves. Average values of pressure, flow intensity and direction,
and velocity at each node and pipe section were calculated by the
modified Newton algorithm with one software program™ and by the
Hamam algorithm with the other software’ (Charron & Jarrige, 1993).
With both models, head losses were calculated using the Hazen—Williams
or Darcy—Weisbach (simplified or exact) formulas. Average RT at each
node was determined by considering various routes followed by the water
to reach each sampling location.

Tracer studies have shown differences between real and calculated
RTs at some sampling locations. However, control samples collected at
two locations (RT of approximately 6 and 12 hr) over a period of 6-7 hr
showed only slight variation of water quality over time. The maximum
ranges of free and total chlorine residuals were 0.04 mg/L Cl,, 0.3°C for
temperature, 0.4 for pH, 0.22 mg/L C for total organic carbon (TOC),
and 0.86 log for HPC bacteria. These results suggested that variations in
RT calculations (within 6 hr) did not result in important variations of
most parameters measured in the study.

Previous research has shown that pipe diameter influences water
quality in distribution systems (Servais et al., 1992; Desjardins et al.,
1991). Therefore, the current study considered two different sizes of pipe:
main (large-diameter) pipes (200-1,220 mm [8-48 in.]) and small-
diameter pipes (150 mm [6 in.]). In order to limit the influence of
different pipe materials, sampling routes were targeted to pipes made of

*Rincad, Cedeger Ltd., City of Laval, Québec, Canada

t Piccolo, Safege, Nanterre, France
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the same material: steel-reinforced concrete for the main pipes (a few
sections were in unlined gray iron or ductile cast iron) and unlined gray
iron for the small-diameter pipes. The software programs were used to
determine the different routes followed by the water to reach each
sampling location. Only locations that showed one or a few different
routes with a negligible difference in RT were selected. In order to
eliminate the influence of service lines (Prévost et al., 1997), samples were
collected directly from the pipes using a cleaned, disinfected PTFE tube
attached to the end of a perforated stainless-steel (SS 316) tube inserted
across the pipes.

Laboratory batch incubations were performed to distinguish the
influence of the RT from any potential effect of the pipes themselves.
Batch incubations allow differentiation of the effect of constituents
within the water from the physical, chemical, and biological nature of the
pipes (e.g., diameter, material, possible corrosion by-products, and
biofilm). Samples were collected at the treatment plant effluents and
incubated in bottles in the dark at the distribution system temperature.
Batches were analyzed after specific incubation periods.

Corroborative experiments were conducted using an annular reac-
tor (Figure 1). This device consisted of a cylinder rotating inside a
stationary outer cylinder. Four draft tubes drilled into the rotor enhanced
water mixing. The annular reactor used was made of polycarbonate,
eliminating the potential influence of corrosion. The RT inside the
bioreactor (5 hr) was determined by the influent flow (2.3 mL/min) and
the useful volume (692 mL); hydraulic conditions were a function of the
rotor rotational speed (40 rpm representing a water velocity of < 0.3 m/min
[1 ft/min] in a 100-mm [4-in.] diameter pipe). The annular reactor was
operated at 20°C and had been in operation for two months when the
experiments were conducted.

Analytical Methods

Chlorine concentrations were measured in triplicate by the DPD colori-
metric method 4500-Cl G (Standard Methods, 1995). Method accuracy
was 0.01 mg/L Cl, for the laboratory spectrophotometer” and 0.03 mg/L
Cl, for the portable apparatus’ used in the field. The method detection

*Milton Roy Spectronic 21, Fisher Scientific Co., Montréal, Québec

1 Milton Roy Mini-Spectronic 20, Fisher Scientific Co., Montréal, Québec
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limit (MDL) was 0.03 mg/L for the laboratory spectrophotometer and
0.09 mg/L for the portable apparatus.

DOX samples were collected in dark bottles, headspace-free, and
analyzed in duplicate according to method 5320 B (Standard Methods,
1995) using an adsorption module” and analyzer.” The method accuracy
and MDL were 1 and 3 pg/L CI7, respectively. Sodium arsenite (NaAsO,)
was used as a dechlorinating agent (Hureiki et al., 1994). Prior to analysis,
samples were acidified to a pH of 2 by adding concentrated nitric acid
and were processed within seven days.

To identify the parameters influencing the changes in chlorine and
DOX concentrations in the distribution system, other analyses were

*Dohrmann AD-3, Rosemont Analytical Inc., Dohrmann Division, Santa Clara, Calif.

1 DX-20A, Rosemont Analytical Inc., Santa Clara, Calif.
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conducted: ultraviolet (UV) absorbance at 254 nm, TOC and dissolved
organic carbon (DOC) by persulfate—-UV oxidation according to method
5310 C (Standard Methods, 1995), biodegradable organic carbon (BOC)
(Servais et al., 1989; Servais et al., 1987), HPC by membrane filtration
and incubation on R2A medium at 20°C for seven days according to
method 9215 D (Standard Methods, 1995), and total direct counts (TDC)
(Hobbie et al., 1977). Control blanks for all parameters were processed
during each sampling. Ultrapure water was used for DOX analyses. The
reagents used for the sample collection and preservation were also used
for the control blanks.

Statistical Analyses and Modeling

Statistical analyses and modeling were conducted. The database included
all analytical parameters as explanatory variables, as well as the network
in which the data were collected (Chomedey or Pont-Viau), sampling
dates, water temperature (cold, lukewarm, or warm), size of pipe (large
or small diameter), summation of chlorine doses added in postdisinfec-
tion, disinfectant residuals measured in the distribution system, total RT
including treated water clearwells and distribution system, and cumula-
tive ratios of S to V and ST to V in which S is the cumulative surface of
pipe, T is the RT in the distribution system, and V is the cumulative
volume of water. The ST:V ratio takes into account the contact between
the pipe surface and the water and was calculated for each sampling point
by determining the main route of the water to the sampling points.
Cumulative ratios were obtained by adding all ratios from the different
pipe sections.

RESULTS AND DISCUSSION

Table 1 shows the characteristics of the water leaving the treatment plants
during the samplings. During data analysis, results were grouped in three
categories to account for variation in temperature-related parameters and
seasonal changes in organic matter: cold (0°-4°C), lukewarm (8°-14°C),
and warm water (16°-24°C).

*Milli-Q, Millipore Canada Ltd., Mississauga, Ontario
1 SAS system, SAS Institute, Cary, N.C.
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Table 1 Water characteristics at the treatment plant effluents

Pont-Viau Chomedey

Parameter Mean Range Mean Range
Chlorine dose (mg/L Cl,) 1.78 1.10-3.23 2.26 1.60-3.05
Temperature (°C [°F]) 7.4 0.7-23.1 9.9 0.5-19.7

(45.3) (33.3-73.6) (49.8) (32.9-67.5)
pH 8.1 7.5-8.6 8.2 7.8-8.7
Turbidity (ntu) 0.11 0.08-0.13 0.10 0.04-0.15
UV absorbance (Cm_l) 0.27 0.021-0.032 0.028 0.022-0.041
TOC (mg/L) 3.1 2.8-3.3 2.8 2.5-3.0
DOC (mg/L) 3.1 2.7-3.5 2.8 2.5-3.0
BOC (mg/L) 0.5 0.3-0.8 0.4 0.2-0.5
HPC (cfu/mL) 78 29-140 30 3-83
TDC (cells/mL) 1.9%x10° 7.11x10* 2.12x10°  5.09x 10

-1.65 x 10° -4.76 x 10°

*UV—aultraviolet, TOC—total organic carbon, DOC—dissolved organic carbon, BOC—biode-
gradable organic carbon, HPC—heterotrophic plate count, cfu—colony-forming units, TDC—
total direct count

Chlorine

Figure 2 shows the free chlorine concentrations in the main pipes, small-
diameter pipes (150 mm [6 in.]), dead ends, and batch incubations. RTs
are represented on the abscissa with the origin corresponding to the
entrance of the distribution system (treatment plant effluent). Concen-
trations of free chlorine varied from the MDL of 0.09 mg/L Cl, to
1.02 mg/L Cl,. Total chlorine concentrations followed the same pattern as
free chlorine, with combined chlorine levels (i.e., difference between the
free and total chlorine concentrations) in the range of 0.05-0.17 mg/L
Cl,. Chlorine decay with increasing RT in the distribution system or
distance from the treatment plants has also been observed by others
(Chen & Weisel, 1998; Meyer et al., 1993; Capellier et al., 1992; Mathieu
et al., 1992; Colbourne et al., 1991; Desjardins et al., 1991; Olivieri et al.,
1986).
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The chlorine decay with increasing incubation time in the batch
incubations was attributed to the chlorine demand of the organic and
inorganic chemicals (effect of the constituents found in the water). Pipe
influence (i.e., biofilm, materials, corrosion by-products, pressure, and
agitation) was indicated by the higher chlorine demand measured in the
distribution system than in the batch incubations. The differences
between the distribution system and batch incubation results were more
significant in warm water. Chen and Weisel (1998) and Desjardins et al.
(1991) observed similar trends.

Chlorine demand was higher in the small-diameter pipes than in
the main pipes, particularly in warm water (Figure 2). The pipe effect
may be attributed mainly to the chlorine demand of the biofilm (Rompré
et al., 1995; Mathieu et al., 1992; LeChevallier et al., 1990; LeChevallier et
al., 1988a; LeChevallier et al., 1988b) and corrosion by-products present
on some materials (Rompré et al., 1995; LeChevallier et al., 1993;
LeChevallier et al., 1990). Kiene (1994) demonstrated that hypochlorous
acid may be transformed into chloride ion in the presence of ferrous iron
that is oxidized into ferric iron. In the small-diameter pipes close to the
treatment plant, important chlorine demand was measured, which can be
attributed to the pipes” highly corrosive material (unlined gray iron). In
the main pipes composed of ductile cast iron or steel-reinforced concrete,
important chlorine demand did not occur because these materials are
covered with a cement layer that prevents corrosion. Visual observation
of pipe sections confirmed the presence of corrosion by-products (mainly
iron compounds) in small-diameter pipes and their quasi-absence in
main pipes.

Chlorine decay

In order to distinguish the influence of the water, biofilm, and corrosion
by-products, the authors compared the rate of free chlorine decay in
main pipes, small-diameter pipes, and batch incubations. Rates of
chlorine decay were estimated by dividing the slope of the linear sections
of the free chlorine curves by the total surface area of pipe and by the RT.
For the main pipes, the chlorine consumption attributed to the pipe
material was assumed to be negligible because the concrete pipes studied
had been on line for several years, and corrosion was negligible compared
with the small-diameter pipes. Therefore, the difference between the
chlorine demands measured in the batch incubations (effect of the water
only) and in the main pipes (effect of the water and biofilm) was used to
estimate the chlorine demand of the biofilm alone. In the small-
diameter pipes, subtracting the chlorine demand of the batch
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incubations from that measured in the distribution system provided
an estimate of the chlorine demand associated with the material
(unlined gray iron with corrosion by-products) and biofilm.

In the main pipes, chlorine decay rate was 0.29-1.00 x10™ mg L™
m~2 hr™! Cl, for water and biofilm and 0.13-0.19 x 10~ mg ! m™ hr!
Cl, for biofilm only. In small-diameter pipes, the chlorine decay rate was
120-190 X 107 mg L'm2hr! Cl, for water, material, and biofilm and
80-110 x 10 mg L' m™ hr™! Cl, for material and biofilm. These
chlorine decay rates indicate that chlorine demand of the biofilm was
much lower than that of the corrosion by-products. These calculations
were performed with the data collected only from warm water samplings
because the differences between the batch incubations, main pipes, and
small-diameter pipes were more important at that time.

Statistical analyses and modeling of chlorine results

Because the free and total chlorine data did not follow a normal
distribution, statistical analyses were performed on concentrations trans-
formed by natural logarithms (In Cl,). Statistical analyses conducted on
microbial parameters during the same study (Prévost et al., 1998) showed
the need to stratify data by water temperature (warm, lukewarm, or
cold), network (Chomedey or Pont-Viau), size of pipe (large or small
diameter), and presence or absence of free chlorine residual (above or
below the MDL). Thus, an initial analysis was performed with all the
data obtained, followed by subsequent analyses after the data were
subgrouped as a function of these factors.

The correlation matrixes, including Pearson’s correlation coeffi-
cients (data not shown), indicated that RT and surface-to-volume ratios
were the parameters that best explained the data, whether stratified or
not. Bacterial counts (HPC and TDC) and organic matter levels (TOC
and DOC) were also well correlated but mainly when the data were not
stratified. These results can be explained by a co-correlation phenome-
non—when chlorine concentration decreased with increasing RT, bacte-
rial counts increased (Prévost et al., 1998). When only the data collected
in the presence of free chlorine were considered, chlorine concentrations
measured at the plant effluent were significant, probably because of the
seasonal variability of the chlorine doses and consumption (i.e., higher
doses were applied in summer to account for the higher chlorine demand
measured in warm water).

Explanatory models including the coefficient of multiple correlation
(R%) were developed with all the data obtained, as well as with the data
obtained in the presence of free chlorine only.
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Eq 1 shows the model with all the data obtained:

In Cly = - 4.71 — 0.196 TRT + 2.68 TOC - 63.6 UV
—0.0287 T° (R? = 0.756) (1)

in which TRT is the total RT (hr) including clearwells and distribution
system, UV is the UV absorbance measured at 254 nm (cm-1), and T° is
the water temperature (°C).

Eq 2 shows the model with data stratified (presence of free
chlorine):

In Cl, = — 3.28 — 0.0101 STV + 0.756 TOC
+0.325 In (Cl, PE) (R* = 0.673) (2)

in which ST:V is the ratio of cumulative pipe surface (S) X RT in the
distribution system (T) to cumulative volume of water (V) and In
(Cl, PE) is the natural logarithm of the free chlorine level measured at
the plant effluent (mg/L Cl;). As for the correlation matrixes, modeling
showed that in general, RT was the parameter controlling chlorine decay,
explaining 64% of data variability. Organic matter concentrations were
also correlated but explained only 7.7% of the data variability. When only
the data collected in the presence of free chlorine were considered, the
contact between the water and the pipes (ST:V) explained 42% of the
chlorine decay.

DOX

Although current and forthcoming regulations apply to specific contam-
inants such as THMs or HAAs, this chapter presents only DOX. Other
chlorination by-products were examined during the study. Results
showed that the molar ratio of the four THMs—chloroform, bromo-
form, and dichlorobromo- and chlorodibromomethane—to DOX
(THM4:DOX) varied from 3.8% to 7.9%; the molar ratio of the four
HAAs—monochloro-, dichloro-, trichloro-, and monobromo-acetic
acids—to DOX (HAA4:DOX) varied from 1.7% to 5.2% (Baribeau, 1995).

Although the trends followed by specific DBPs can differ from those
followed by DOX, DOX can still be considered a good surrogate for the
summation of the THM4 or total HAAs, which constitute the regulated
DBP parameters. In addition, Singer et al. (1995) observed good
correlation between THM4 and DOX (R = 0.868), and HAA4 and DOX
(R =0.911) at treatment plant effluents and in distribution systems, with
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ratios of 15% for both THM4:DOX and HAA4:DOX. These ratios were
much higher than those calculated by Baribeau (1995) partly because of
the higher chlorine doses applied in the Singer et al. (1995) study (3.9
to 7.4 mg/L Cl,).

Figure 3 shows some of the DOX data collected in main pipes,
small-diameter pipes, dead ends, and batch incubations. On the left side
of the vertical lines, a residual of free chlorine was measured, whereas on
the right side, the chlorine concentration was below the MDL (0.09 mg/L
Cly). In the presence of free chlorine, DOX concentrations generally
increased in the distribution system in warm and cold water. In lukewarm
water, levels remained stable. In the absence of measurable chlorine
concentrations, DOX concentrations decreased with increasing RT in
warm and lukewarm water; in cold water, the decrease in DOX
concentrations was much less pronounced.

DOX concentrations were higher in the batch incubations than in
the distribution system, which differs from the conclusions of Koch et al.
(1991), who measured similar DBP concentrations (THMs, HAAs,
haloacetonitriles, haloketones, chloropicrin, and chloral hydrate) in
distribution systems and batch incubations (simulated distribution
system tests). The differences can be explained in part by the higher
chlorine doses applied in the Koch et al. study (3.3 to 4.0 mg/L Cl;) and
the higher disinfectant residuals targeted (> 0.2 mg/L Cl, after 96 hr).
Meyer et al. (1993) found lower THM concentrations in batch incuba-
tions than in their pilot distribution system even though the chlorine
doses applied were relatively similar to those added in the city of Laval
treatment plants.

The differences in DOX concentrations measured in the distribu-
tion system and the batch incubations can be explained by the more
rapid chlorine consumption in the distribution system, which led to
lower DOX levels. In addition, results suggested that two phenomena
occurred simultaneously in the distribution system: DBP formation in
the presence of free chlorine and DBP decay. In the presence of chlorine
and depending on the chlorine dose applied, the organic matter present,
the water temperature, and other factors, an increase in DOX concentra-
tion can be observed when DBP formation exceeds decay (e.g., in the
summer when the chlorine doses are high). When chlorine concentra-
tions decrease to nonsignificant levels, the decrease in DOX already
formed predominates. DOX decay may be attributed to several hypotheses,
with the relative importance of each varying according to the conditions
prevailing in the distribution system. These hypotheses (discussed in
subsequent sections) include DOX chemical degradation, interaction
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with corrosion by-products, water pH, and adsorption in the biofilm
matrix, biodegradation, and/or bioaccumulation by microorganisms.

Influence of corrosion by-products and pH on DOX

Laboratory experiments were conducted to evaluate the influence of pH
and the assumption that corrosion by-products (mainly iron com-
pounds) can interact with DOX. Water was collected at the Pont-Viau
plant effluent, dechlorinated with NaAsO,, and incubated for 24 hr at 4°
and 20°C. For each of the temperatures, samples were incubated at pH of
7.2 and 9.8. This set of samples provided information about the change
in preformed DOX in the absence of biofilm and corrosion by-products
(i.e., effect of the water alone). Another set of samples included 1 g/L of
corrosion by-products scraped from the inside of an unlined gray-iron
pipe removed from the distribution system. The corrosion by-products
were oven-dried at ~70°C to remove water and inactivate any microor-
ganisms. This second set of samples indicated the change in preformed
DOX in the presence of corrosion by-products and absence of biofilm, at
4° and 20°C, and at the minimum and maximum pH levels measured in
the distribution system (7.2 and 9.8).

Figure 4 shows that corrosion by-products did not influence the
DOX except when the incubation was carried out at an alkaline pH at
20°C. This unusual result can be explained by pH instability in the
presence of corrosion by-products at high temperature and pH: during
the 24-hr incubation, the pH dropped by more than 0.5 unit. Distribu-
tion system results confirmed the lack of influence of corrosion by-
products on DOX, because similar DOX levels were measured in absence
of residual in the small-diameter pipes made of unlined gray iron (a
corrosive material) and in the main pipes presenting much less corrosion.

As Figure 4 indicates, DOX decay was much greater at high
temperature and at pH 9.8 (24% at 4°C and 43% at 20°C) than at pH 7.2
(4.4% at 4°C and 15% at 20°C). In the absence of chlorine residual in the
distribution system, however, DOX levels did not follow this trend. DOX
concentrations usually decreased in the free-residual sections of the
distribution system, whereas the pH decreased during some samplings,
increased at others, or remained stable, indicating no specific trend (data
not shown). In addition, pH variation was much higher during the
laboratory experiment than in the distribution system (from 0.2 to 0.6
pH unit during each distribution system sampling, with minimum and
maximum values of 7.3 and 9.0, respectively). It may be assumed,
therefore, that pH by itself does not explain the change in DOX levels

202



CHAPTER 9: CHANGES IN CHLORINE AND DOX CONCENTRATIONS

4°C,pH 7.2 4°C, pH 9.8
A 20°C,pH7.2 20°C, pH 9.8
@ Corrosion - 4°C, pH 7.2 W Corrosion - 4°C, pH 9.8

Corrosion - 20°C, pH 7.2 @® Corrosion - 20°C, pH 9.8

55

DOX (ug/L CI7)

25 T T T T

0 5 10 15 20 25 30

Incubation Time (hr)

DOX—dissolved organic halogens

Figure 4 DOX concentration as a function of temperature, pH, and the
presence or absence of corrosion by-products

observed in the distribution system, a conclusion also reached by Meyer
(1992).

Chemical degradation of DOX and influence of biomass

This hypothesis was addressed by conducting laboratory experiments in
which a mixture of DBPs (chloroform, dichlorobromo- and chlorodibromo-
methane, di- and tri-chloroacetonitrile, 1,1-di- and 1,1,1-tri-chloropro-
panone, chloropicrin, di- and tri-chloroacetic acids) at a total concentra-
tion of 43 pg/L CI” was injected into a polycarbonate annular reactor (no
corrosion) over a period of nearly 48 hr. A 48-hr period was selected in
consideration of the hydraulic RT of the water inside the reactor (5 hr).
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The 48-hr period allowed DBP seeding for several reactor detention
times, which allowed significant contact between the DBPs and the
biofilm. A longer seeding period was not recommended if results were to
be compared with the RTs measured in the distribution system (< 20 hr).

A significant biofilm (0.31 pg/cm? C [2.0 pg/sq in. C]) developed
inside the reactor after a colonization period of two months. DOX levels
were measured at the annular reactor influent and effluent at regular
intervals during the experiment, as well as 6 hr after DBP injection was
stopped, to evaluate DBP release by the biofilm. As shown in Figure 5,
DOX decay measured in the water feeding the annular reactor suggested
chemical instability of some DBPs. Laboratory experiments conducted by
Lévi et al. (1993) and Koch et al. (1988) demonstrated that in the absence

120 —

Annular reactor influent

/ (during DBP feeding)
100 —\

Annular reactor effluent
(during DBP feeding)

80 —
§]
~
N
2 60
x
8 Annular reactor effluent
(DBP feeding stopped) ™~
40 —
20 —
Annular reactor influent
(DBP feeding stopped) —
0 T T T T T T
0 10 20 30 40 50 60

Incubation Time (hr)

DBP—disinfection by-products, DOX—dissolved organic halogens

Figure 5 Influence of biofilm on DOX
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of chlorine, some chlorination by-products, including THMs, dichloro-
acetonitrile, bromochloroacetonitrile, and haloketones, were stable (< 20%
of variability from the initial values) at 4°C and at pH of 7.5-7.7 for at
least seven days. Other DBPs (e.g., 1,1,1-trichloropropanone, di- and tri-
chloroacetonitrile, and chloropicrin) showed a gradual degradation.
Chloropicrin decay was mainly associated with biodegradation rather
than chemical instability (Lévi et al., 1993).

At the beginning of the experiment, DOX decay within the reactor
was 42% but was only 20% after 48 hr of injection. The authors
concluded that a biofilm never exposed to DBPs was better able to
eliminate them (probably through biosorption and/or bioaccumulation)
than was a biofilm that had been in contact with DBPs. It is possible that
subsequent DBP decay was mainly attributed to biodegradation. The
possibility that the DBPs are simply adsorbed in the biofilm matrix is
supported by the significant release of DOX observed 6 hr after the DBP
injection was stopped; DOX was released at a concentration four times
higher (value of 45 pg/L CI”7) than the background DOX concentration of
the water normally injected in the annular reactor (12 pg/L CI).

Statistical analyses and modeling of the DOX results

The correlation matrixes (data not shown) indicated that the seasonal
effect (including the water temperature), the chlorine doses added in
postdisinfection, and residuals measured at the treatment plant effluent
were the parameters that exhibited the strongest influence on change in
DOX concentration in the distribution system. These parameters were
themselves correlated: as water temperature increased, chlorine doses
added in postdisinfection also increased, which contributed to higher
chlorine residuals. To a lesser extent, the organic matter content—TOC,
DOC, and BOC—also influenced the data. When only the data obtained
in the absence of measurable free chlorine concentrations were consid-
ered, bacterial counts (HPC and TDC) significantly explained the change
in DOX concentrations in the distribution system, suggesting the
influence of the microbial biomass on DBPs.

The authors developed several explanatory models (Table 2), which
confirmed the observations drawn from the correlation matrixes. In
general, water temperature was the parameter that best explained the
change in DOX concentration, with more than 75% of the data variation
as shown by the R? (also called percentage of explained variation). In
warm water, the RT controlled DOX, whereas in lukewarm and cold
water, the organic matter explained more than 84% of the data variation.
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Table 2 Explanatory models for changes in DOX concentration

Condition Model” R?

With all the data obtained DOX =107 + 9.77 T° 0.771
In the presence of free chlorine DOX =-29.8 + 12.0 T° + 4,460 UV 0.921
In the absence of free chlorine DOX = 111 + 8.41 T° 0.757
In warm water DOX =358 — 4.15 TRT 0.967
In lukewarm water DOX =-93.7 + 955 TOC +2.98 T° 0913
In cold water DOX = -316 + 4,610 UV + 26.7 pH  0.972

+ 44.3 Cl, added

*DOX—dissolved organic halogen, T°—water temperature (°C); UV—ultraviolet absor-
bance measured at 254 nm (cm™}); TRT—total residence time (hr); Cl, added—chlorine
dose added in postdisinfection

These percentages resulted from intermediate calculations (not shown) as
the statistical method used proceeded in a stepwise fashion.

SUMMARY AND CONCLUSIONS

This study showed changes in the concentrations of chlorine and DOX as
a function of the water RT in two full-scale drinking water distribution
systems. The effects of the constituents found in the water were
distinguished from those of the distribution system, including pipes,
diameter, material, biofilm, and corrosion by-products.

As expected, free and total chlorine concentrations decreased with
increasing RT. The influence of pipes was important, with chlorine
concentrations lowest in the small-diameter pipes, greater in the main
pipes, and greatest in the batch incubations. In warm water, free chlorine
demands attributable to the biofilm and corrosion by-products were
evaluated at 0.16 x 107> and 96 x 107 mg L' m™2 hr™! Cl,, respectively.
These rates of chlorine decay are rough estimates and do not take into
account the following factors: biofilm density, which increased with RT
even in the presence of free chlorine (Prévost et al., 1996); variation in
water chemical characteristics; decrease in chlorine reaction kinetic with
decreasing chlorine level; change in corrosion rate; and differences in
hydraulic conditions between the batch incubations (completely mixed
reactors) and the distribution system (plug-flow reactor) as well as water
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pressure and agitation occurring inside the pipes. Nevertheless, the
important difference between the rate of chlorine decay associated with
the biofilm and that associated with corrosion by-products indicates that
pipe corrosion is the major factor influencing chlorine decay in the
distribution system.

Pipe influence on DOX was shown by the differences observed
between the batch incubation and distribution system samples. In
contrast to the chlorine results, DOX concentrations were about the same
in both small- and large-diameter pipes. In the distribution system, DOX
concentrations generally increased in the presence of free chlorine and
decreased when free chlorine concentrations were below the MDL.
Results suggested that two phenomena occurred simultaneously in the
distribution system—DBP formation in the presence of chlorine and
DBP decay in the presence and absence of chlorine. DOX decay may be
attributed to the chemical instability of some DBPs and the adsorption,
biodegradation, and/or bioaccumulation of DOX in the microbial
biomass.

Laboratory experiments and distribution system data indicated that
in the case of the city of Laval distribution system, corrosion by-products
and pH were not significant factors influencing DOX. Statistical analyses
indicated that water temperature was the most significant parameter
controlling DOX. Bench-scale experiments conducted to evaluate the
influence of corrosion by-products and pH on DOX must be evaluated
cautiously because these experiments were conducted in bottles (com-
pletely mixed reactors) and therefore did not consider the influences of
pressure, agitation, and plug-flow hydraulic conditions of the distribu-
tion system. Use of an annular reactor to evaluate the influence of
biomass on DOX allowed consideration of several hydraulic conditions
encountered in full-scale distribution systems (including agitation and
plug-flow conditions), but the influence of pressure was not taken into
account.

Several tendencies observed during this study were reported as a
function of water RT in the distribution system. Validation of these
conclusions required that RTs be accurately calculated. The hydraulic
models used to calculate RTs were state-of-the-art software programs
designed for drinking water distribution system modeling, adapted to the
city of Laval system’s specific characteristics, and calibrated. Hydraulic
simulations for RT calculations were performed with care and considered
such factors as water routes in pipes, daily variations in water flow,
pressure, and water consumption at each node and link.
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Sampling locations were also carefully selected to obtain similar
hydraulic conditions (e.g., water velocity in pipes, velocity profiles, and
water consumption with time) and to avoid uncertain conditions such as
flow inversion in pipes, low water velocity, extreme turbulence created by
upstream hydraulic structures (e.g., valves, change in direction), blend of
water with significantly different RTs, and areas close to the edge of
pressure zones. In the case of sampling locations located in small-
diameter pipe, water was first flowing in main pipes, then in small-
diameter pipes. To ensure reliability between sampling locations, the
small-diameter pipes selected were preceded by main pipes made of steel-
reinforced concrete or smaller pipes made of unlined gray iron. Preferred
locations were those with the longest route in small-diameter pipes.

In addition, treatment plant and distribution system operators and
managers were asked to minimize any operational changes that might
affect water quality and RT (e.g., water treatment, disinfectant dosage,
status of valves in the distribution system). Utility personnel were also
asked to inform investigators of any changes that occurred during the
sampling period. Despite these precautions, tracer studies turned up
differences between real and calculated RTs. However, complementary
experiments demonstrated that water quality did not change significantly
over time at each sampling location. The authors believe that any
imprecision in RT estimation of some sampling locations was counter-
balanced by the benefits of obtaining real data from full-scale distribution
systems.

The differences observed between the batch incubation and distri-
bution system samples for both the chlorine residual and DOX concen-
tration raised questions about the validity of simulated distribution
system tests. Numerous factors influence water quality in the distribution
system—pipe materials, diameter, presence of corrosion by-products and
biofilm, RT, water temperature, disinfectant residuals, and hydraulic
conditions (e.g., completely mixed versus plug-flow reactors). As a result,
each distribution system is complex and unique, and distribution system
simulation in the laboratory is therefore subject to error. In addition, the
DOX decay observed in the distribution system during this study has
major implications with regard to the monitoring requirements of the
Stage 1 Disinfectants/DBP Rule (USEPA, 1998) and upcoming Stage 2
Disinfectants/DBP Rule because sampling locations in the distribution
system influenced the data obtained and, therefore, compliance with the
regulation.
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BACKGROUND

With the promulgation of the Stage 1 Disinfectants—Disinfection By-products
(D-DBP) Rule and the future promulgation of the Stage 2 D-DBP Rule,
utilities are facing the challenge to select distribution system sites
representative of worst-case conditions in terms of high trihalomethane
(THM) and haloacetic acid (HAA) concentrations, high and low
disinfectant residuals, and a range of hydraulic residence times. The
USEPA recently developed a Guidance Manual to help the utilities select
their distribution system sites for the Initial Distribution System Evalua-
tion (IDSE).

Our team is currently working on an AwwaRF research project that
studies factors affecting formation and decay of DBPs under actual
distribution system conditions. While the goal of the USEPA Guidance
Manual for IDSE is to help utilities select DBP monitoring sites in a full-
scale distribution system, our study focuses on a relatively small area of
the system to allow a comprehensive investigation of the factors affecting
the formation and decay of several DBPs (THMs, HAAs, NDMA). Thus,
the first step of our project consisted of selecting a general distribution
system area for each utility. Once a distribution system area was
identified, modeling was conducted to calculate the hydraulic residence
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time (water age) associated with each node in the distribution area.
Monitoring sites were then selected based on water age and other
hydraulic and water quality parameters. Five geographically spread
utilities are participating in our project.

This chapter provides an overview of the regulations affecting
distribution systems, and describes in detail the methodology used and
the factors affecting the selection of distribution system sites used to
monitor for THMs and HAAs under the Stage 2 D-DBP Rule.

INTRODUCTION

Disinfection by-products (DBPs) in drinking water have been a major
subject of study over the past 30 years. The majority of those studies have
focused on the formation and control of DBPs, primarily trihalo-
methanes (THMs) and more recently haloacetic acids (HAAs), in
treatment plants. However, very little is known about the changes in DBP
concentrations and speciation in full-scale distribution systems.

Because of the THM regulations (and the more recent HAA
regulations), a significant database on DBP occurrence in tap water (i.e.,
distribution systems) has been developed, but most of this information
relates to quarterly measurements made at selected locations in the
distribution system. As an example, previous rules required the collection
of grab samples at three monitoring locations with average residence
times, and one site at a distant location. The recently developed
Information Collection Rule (ICR) database contains DBP concentra-
tions based on similar monitoring criteria. Accordingly, the database on
THM and HAA occurrence is sparse from both a temporal (quarterly
grab samples) and a spacial (only four locations per system) viewpoint.

Furthermore, preliminary evaluation of the ICR database indicates
that the location of the maximum DBP concentration varies from one
distribution system to another (close to the point of entry in some cases,
or at “maximum” residence time in others). The location of maximum
concentration also differs for both THMs and HAAs. This is the
conceptual basis for the Initial Distribution System Evaluation (IDSE),
which is being developed as part of the memorandum of agreement for
Stage 2 of the Disinfectants—Disinfection By-products (D-DBP) Rule.
The purpose of the IDSE is to revise monitoring locations used in the
ICR to more accurately represent high concentrations of THMs and
HAAs in distribution systems. In the Stage 2 D-DBP Rule, the THM4
and HAA5 compliance determination is based on a locational running
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annual average (LRAA) as opposed to the system-wide running annual
average (RAA) used in the previous rules.

For the IDSE, systems can either (1) perform a one-year monitoring
of their distribution system under the Standard Monitoring Program
(SMP), which includes monitoring every two months over a one-year
period of one to two points of entry, two average residence time sites,
three high THM4 sites, and two high HAAS sites, for systems serving
more than 10,000 people; or (2) perform a System Specific Study (SSS),
which includes the use of historical DBP data and water distribution
system modeling.

If the root causes for the changes in DBP concentration and
speciation are not better understood, however, utilities will be limited in
their ability to determine the appropriate sampling points, as required by
law.

Objectives

One of the goals of our AwwaRF project (No. 2770—Formation and
Decay of DBPs in the Distribution System) is to determine a means of
identifying the distribution system locations and times of maximum
THM and HAA concentrations in order to address the Stage 2 D-DBP
Rule requirements. For this project, points of entry, dead-end/remote
areas, areas of low disinfectant residual, areas of high microbial counts,
storage reservoirs, or chlorine booster stations were identified and
monitored for concentrations and speciation of THM4, HAA9, and
NDMA.

This chapter describes in detail the methodology used and the
factors affecting the selection of distribution system sites to monitor for
THMSs and HAAs under the Stage 2 D-DBP Rule.

METHODOLOGY

Selection of Participating Water Utilities

It is understood that treatment processes affect subsequent water quality
and chemical and biological reactions observed in the distribution
system. However, in order to limit the number of factors investigated and
focus this project on the distribution system, utilities were selected based
on specific finished water characteristics, and not on the treatment
processes used.
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Four conditions were mandatory and common to all systems

selected:

Utilities must possess distribution system hydraulic models
available for the determination of residence times (water ages)
throughout the network.

Systems must be simple and well characterized in order to
maximize system control and limit the number of factors
affecting the changes in water quality (i.e., limited number of
pressure zones, limited number of interconnections).

Water must not be blended in the distribution system (i.e.,
untreated groundwater mixed with treated surface water in the
distribution system) to reduce system complexity and better
separate and identify fundamental causes of DBP fate and
transport in distribution systems.

DBP levels must be moderate to high: THM4 > 40 pg/L and
HAAs > 20 pg/L.

The following criteria or intersystem variables were also considered:

Secondary disinfectant types, free chlorine or monochloramine.

Moderate to high assimilable organic carbon (AOC) or total
organic carbon (TOC) level.

Presence of brominated DBPs in some sites.

Variation in geographical locations to include different seasonal
patterns and temperatures.

Different pH levels, including different corrosion control tech-
niques.

Inclusion of a chloraminated site that converts to free chlorine
periodically to avoid potential nitrification episodes.

Inclusion of a system converting from free chlorine to chlora-
mines, if possible.

Selection of Sampling Locations

Within each distribution system studied, the sampling locations were
carefully selected to provide as complete an understanding as possible of
the fate of DBPs considering the complexity of full-scale distribution
systems. The sampling locations were based on the following intrasystem

variables:
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e Various water residence times (water ages) from close to the
treatment plant to dead ends. The utilities’ hydraulic models
were used for this evaluation.

e Consideration of the pipe material and diameter. Samples are
collected in both large-diameter pipes (main pipes) and small-
diameter pipes.

® Preferably sampling locations within the same pressure zone.

® Areas with low or nonmeasurable disinfectant residuals (spa-
tially and temporally).

e (ritical areas of the network, such as locations with coliform or
nitrification occurrences, or presence of specific DBPs that
might not be present throughout the entire system.

* One system includes a booster chlorination station, a storage
reservoir, and a combined booster chlorination station and
storage reservoir. Samples are collected upstream and down-
stream of these facilities.

® Areas outside the zone of influence of potential major interfer-
ence from external routine activities such as autoflushes.

System maps, historical distribution system water quality data, distribu-
tion system hydraulic models, and other pertinent information were used
for this purpose.

Determination of water ages at the sampling locations

The following is a summary of the procedure used to determine the water
ages in each distribution system and select the sampling locations.

UTILITY A—CHLORAMINE SYSTEM.  Utility A uses H20ONET hydraulic
model, and includes water age estimation. This hydraulic model was
calibrated by comparing model predicted system pressures and tank
hydraulic grade lines with those measured in the field.

Water ages were estimated at average, minimum, and maximum
daily flows, under a typical yearly average flow rate condition. To
calculate the water ages, H2ONET uses a numerical scheme called the
Discrete Volume Element Method (DVEM). Within each hydraulic time
step when flows are constant, DVEM computes a shorter water quality
time step and divides each pipe into a number of completely mixed
volume segments. Results include an estimate of the water age at each
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junction or node (at the head of each pipe segment) and an estimate of
water flows leaving the node.

Thirteen sampling sites were selected for this study: these include
the plant effluent, sites with various water ages ranging from 0 to >120
hours, sites with similar water age and varying pipe diameters, and sites
known to experience some HAA degradation. All sites selected are
located as far as possible from the zones of influence of the seven
autoflushers that are located on the distribution system to avoid
noncompliance episodes with the Total Coliform Rule.

UTILITY B—FREE CHLORINE SYSTEM.  This utility uses the WaterCAD 4.5
hydraulic model to model the distribution system and estimate the water
age. To obtain the range of water ages at various locations of the distri-
bution system, the model was run for 14 days (336 hours), and the water
ages were obtained at the minimum-, average-, and maximum-flow hours
on the 13th day (i.e., hours 315, 327, and 320, respectively). The model was
run for three different flow scenarios, corresponding to the minimum,
average, and maximum daily flows (as reported during the previous
calendar year). Water ages were then obtained for five scenarios, as
follows:

e Minimum daily flow (minimum-flow hour)

* Average daily flow and:

—  Minimum-flow hour
—  Average-flow hour
—  Maximum-flow hour

e Maximum daily flow (maximum-flow hour)

The “maximum,” “average,” and “minimum” flow hours correspond to
specific times of the day when the total system flow is expected (on
average) to be at its maximum, average, and minimum for that day,
respectively.

UTILITY C—FREE CHLORINE SYSTEM.  The Hastead hydraulic model was
used to model the distribution system and estimate the water age. Water
age was obtained at average flow demand condition only. Ten distribution
system sites were selected along a 30-in.-diameter ductile iron transmis-
sion, along with four other sites located in 4-in.-diameter PVC pipes. The
water age along the main pipe ranges from 0 to 47 hours. All sites are
located in one pressure zone fed by a single pipe coming out of the water
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treatment plant. The zone sampled does not have pumping stations or
storage reservoirs.

UTILITY D—CHLORAMINE SYSTEM. A section of Utility D’s distribution
system was selected for this project. The section is simple, with no
influence from storage reservoirs or booster stations. The section is fed
most of the time by a single source. The hydraulic model (H2ONET) was
run for 72 hours at the average flow demand. The water ages were
calculated over the 72-hour period, and the evaluation was then focused
on the minimum, average, and maximum hourly flow demands. Flow
distributions and directions were also calculated in this part of the
system. Water ages at the minimum, average, and maximum hourly flow
demands were estimated for all nodes. Twelve nodes were selected and
the distribution of the water age over the 72-hour simulation period was
plotted (diurnal distribution). Eight of those sites were located in a
transmission main, while the others were representative of smaller-
diameter pipes.

UTILITY E—CHLORAMINE SYSTEM WITH TEMPORAL SWITCH TO FREE
CHLORINE.  The hydraulic model (EPANET) was run for 168 hours
(one week) at the average demand measured in the summer of 2000. The
range of water ages was determined at minimum-, maximum-, and
average-day demand of the fourth and fifth days of this average week. A
total of 14 distribution system sites were selected, representative of
various water ages, pipe diameters, and problem areas.

Figures 1 to 4 present the distribution of water ages that are likely to
be observed at four of the systems sampled.

SNAPSHOT OF RESULTS FROM FULL-SCALE
DISTRIBUTION SYSTEM EVALUATIONS
Changes in Water Quality With Increasing Water Age

Water quality data are presented as a function of estimated average water
age calculated at each sampling location. As much as possible, the data
were separated by pipe size.

Trihalomethanes

As expected, THM4 concentrations increased with water age in the free
chlorinated distribution systems (Figure 5). In the chloraminated systems,
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Figure 4 Distribution of water ages at Utility E’s sampling locations
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Utility B—Fall Sampling
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Figure 5 THM4 concentration as a function of water age in a free
chlorinated system

the increase in THM4 concentration was much more subtle in the fall
sampling and nonexistent in colder water (Figure 6).

Non-detects were reported according to the ICR. A minimum
reporting level (MRL) of 1 ug/L was considered for each THM species,
and any value below this MRL was reported as 0.

Haloacetic acids

In the free chlorinated systems, HAA concentrations showed different
trends. They were relatively stable in the fall sampling (temperature of
13° to 19°C), with lower concentrations in the most remote distribution
system locations. The decrease in concentration was mainly associated
with lower X2AA levels. In colder water (temperature of 5° to 12°C),
concentrations tend to increase slightly (Figure 7). Further data are
required to confirm these trends. In the chloraminated systems, HAA
concentrations are relatively stable in both the fall and winter seasons,
with a slight decrease in concentration at the most remote distribution
system locations (Figure 8).

Non-detects were reported according to the ICR recommendations.
The MRLs considered for each HAA species are the following:
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Utility A—Fall Sampling
SP: Small-diameter Pipe
sp SP SP — SP SP SP SP

70 SP __ gy I ) I I

80

50 — O ChBr,
— O Br,CICH
@ BrCI,CH
O Lttt rt 1 L L L mcHe,

40-

THM (ug/L)
|

10 1

0 6 8 11 21 24 24 32 32 39 43 120

Estimated Average Water Age (hr)

Figure 6 THM4 concentration as a function of water age in a
chloraminated system

ClAA: 2 pg/L CLAA: 1 pg/L Cl3AA: 1 pg/L

BrAA: 1 pg/L BryAA: 1 pg/L BrCl,AA: 1 pg/L
BrClAA: 1 pg/L Br,CIAA: 2 pg/L
Br;AA: 4 pg/L

Any value below the MRLs listed above was reported as 0.
Special Topics

Effect of booster chlorination stations and storage reservoirs

Two reservoirs of Utility B’s distribution system are included in the
monitoring program: a 2 MG, ground-level reservoir with booster pumps
and without a chlorination station (referred to as “Reservoir 1”), and a
0.1 MG, elevated reservoir with a chlorination station and without
booster pumps (referred to as “Reservoir 2”). The state of the reservoirs
(emptying or filling) is being documented during every sampling. Figures 9
and 10 present representative THM4 and HAAO results obtained.
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Utility B—Winter Sampling
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Figure 7 HAA9 concentration as a function of water age in a free
chlorinated system
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Figure 8 HAA9 concentration as a function of water age in a
chloraminated system
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Utility B—Winter Sampling
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CONCLUSIONS AND FUTURE WORK

This project aims at providing a clearer understanding of the formation
and decay of DBPs in full-scale distribution systems to help water utilities
select their DBP sampling locations in light of the Stage 2 DBP Rule. This
chapter presented the methodology used to select the sampling locations
in five full-scale distribution systems studied in this project. Some of the
THM4 and HAA9 results obtained were presented. Results of a one-year
monitoring program are being compiled and will be presented in
subsequent presentations. Once all of the data are available, we will
develop a simple and friendly operational tool to help utilities determine
the locations of maximum THM and HAA concentrations in their
distribution system.

The comments and views detailed herein may not necessarily reflect
the views of the AWWA Research Foundation, its officers, directors,
affiliates, or agents, or the views of the U.S. government.
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CHAPTER : 11

Seasonal Variations of
Trihalomethanes and Haloacetic Acids
Within Water Distribution Systems:
A Case Study in Québec (Canada)

M.J. Rodriguez, J.-B. Sérodes, J. Pitre, and M. Huard
Université Laval, Québec, Canada

BACKGROUND

Chlorination By-products in Drinking Water

Many types of techniques are used to disinfect water: chlorination,
ozonation, ultraviolet radiation, and other disinfectants, including
chloramines, chlorine dioxide, and potassium permanganate. Chlorine is
the most commonly used disinfectant in conventional water treatment
processes because of its low cost, its capacity to deactivate bacteria, and
because it ensures residual concentrations in municipal distribution
systems to prevent microbiological contamination. Research undertaken
during the 1970s revealed the formation of disinfection by-products
(DBPs) as a result of the reaction of chlorine with natural organic matter
(NOM) in water (Rook, 1974). Figure 1 presents the principal chlorina-
tion by-products (CBPs) occurring in drinking water. According to more
recent toxicological and epidemiological studies, some of the DBPs
resulting from water chlorination, such as trihalomethanes (THMs) and
haloacetic acids (HAAs), represent health risks to water consumers
(Cantor et al., 1998; Bove et al., 1995). Some of these studies have found
associations between high levels of DBPs and increased risk of cancer and
adverse pregnancy outcomes.

In North America, the U.S. established the Disinfectants—Disinfection
By-products (D-DBP) Rule, in two stages. The first stage of the D-DBP
Rule establishes maximum contaminant levels (MCL) of 80 pg/L and
60 pg/L for THMs and HAAs, respectively, based on the running annual
average of seasonal samples (USEPA, 1994). The second stage of the rule,
to be published in the course of 2002, will propose a locational approach
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*Chloroform Dichloroacetic Halopicrin
*Bromodichloromethane Trichloroacetic Chloral Hydrate
*Dibromochloromethane Bromochloroacetic

*Bromoform Dibromoacetic Others

Bromodichloroacetic

Figure 1 Main chlorination by-products in drinking water (adapted from
Oxenford, 1996)

for CBP compliance within the distribution system (Sharfenaker, 2001).
The government of Canada recently set out drinking water guidelines
stating a maximum acceptable level of 100 pg/L for THMs (Health
Canada, 1996). Maximum HAA levels are expected in a forthcoming
update of the Canadian guidelines. In the province of Québec, in 2001,
the Ministry of the Environment modified the annual concentration for
THMs (based on four seasonal samples) from 350 pg/L to 80 pg/L
(Gouvernement du Québec, 2001).

The trend toward updating CBP regulations constitutes a consider-
able challenge for utility managers who are faced with balancing
microbial and chemical risks: ensuring a microbiologically safe water
while minimizing the occurrence of CBPs in the distribution system.
These will be demanding tasks, due to the complexity of the mechanisms
responsible for residual chlorine decay and CBP occurrence in water
systems. To reach their goals, water utility managers will require more
detailed knowledge about the formation and evolution of CBPs in
distribution systems.
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FORMATION AND EVOLUTION OF CBPS IN
DISTRIBUTION SYSTEMS

Past investigations have suggested that the occurrence of CBPs in
chlorinated water may vary significantly according to season and geo-
graphical location in the distribution system (Rodriguez and Sérodes,
2001; Chen and Weisel, 1998; Arora et al. 1997; Singer et al. 1995). These
temporal and spatial variations are due to changes in raw and treated
water quality as well as in operational parameters related to chlorination.
The measurable operational parameters that influence CBP occurrence in
distribution systems are chlorine dose, water temperature, pH, and travel
time of water within the system (also referred to as contact time or
residence time). In terms of water quality, it has been established that
fulvic and humic constituents of organic matter constitute important
precursors for CBPs. Total organic carbon (TOC) and UV-254nm
absorbance have been used as indicators of the presence of organic matter
in drinking water. Bromide concentration in raw water can also affect
CBP formation levels. Research based mainly on laboratory bench-scale
data has shown that the higher values are for these parameters, the higher
the concentrations of CBPs formed. In addition, bromide concentrations
can significantly affect CBP speciation.

Once chlorine is applied, CBP concentrations may vary from the
treatment plant to the extremities of the distribution system. Seasonal
changes in water temperature may produce important changes in CBP
levels. And CBP variations can be particularly important in water utilities
where the residence time of water in the distribution system is consider-
able. Creating a strategy for meeting updated CBP regulations will
depend on utilities having a better understanding of the impact that
season and the location at which samples are collected can have on
results.

FIELD STUDY IN THE QUEBEC CITY REGION

The aim of this chapter is to paint a portrait of the spatial and seasonal
evolution of THMs in two large utilities based on a high-frequency data
collection program. The two utilities are located in the Québec City
region (Canada). Because the collection of data related to CBPs in water
utilities in the province of Québec was not mandatory before June 2001,
there is currently very little information concerning variations in these
compounds between the plant and the distribution system. Table 1
presents the general characteristics of the utilities under study.
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The data for this analysis were generated in two different phases. Phase 1
represents a study of THM variations carried out between May 1999 and
September 2000, whereas Phase 2 represents a simultaneous study of both
THMs and HAAs carried out between September 2000 and September
2001. Phase 1 was designed to compare THM levels—on a seasonal
basis—between the entrance point of the distribution system (following
post-chlorination) and the system extremities. Phase 2 was designed as a
study of the spatial evolution of THMs and HAAs based on sampling at
several locations within the distribution system. The criteria for selecting
sampling points within the distribution systems were numerous: (1) they
had to be located at variable distances from the plant, to favor variable
residence times of water; (2) they had to be located on-line from upstream
to downstream; (3) at least one point had to represent the extremity of
the distribution system; (4) all points had to be supplied directly by the
treatment plant, so there was no influence of rechlorination facilities or
water storage within the distribution system; and (5) all points had to be
accessible for sampling the same day, every week over a year.

For both Phase 1 and Phase 2 from May to September—a period in
which the variations of surface water temperature are greater—samples
were collected weekly or twice per month in order to assess the variations
in water quality in detail. From October to April 2000—the period when
soil and surface water are covered by snow and ice—variations in water
temperature are far less notable, thus samples were collected monthly.
The collected samples were analyzed for different water quality and
operational parameters: pH (pH-meter), temperature (portable ther-
mometer), free residual chlorine (DPD titrimetric method, Standard
Method 4500-Cl), total organic carbon—TOC (total carbon analyzer
using unfiltered samples), UV-254 absorbance (UV/visible spectropho-
tometry), and THMs and HAA5 (E-capture chromatography, EPA 551, 2
and 552, 2 methods, respectively). The first three parameters were
measured in the field, the others in the laboratory at Université Laval.
The procedures used for the conservation of the samples between their
collection and analysis were those recommended by Standard Methods
(APHA, AWWA, WPCEF, 1996) and are described elsewhere (Rodriguez
and Sérodes, 2001).

Table 2 presents the average levels for indicators of CBP precursors
in raw and treated waters. As observed, levels for TOC and UV appeared
comparable in both utilities. However, applied chlorine doses in
Sainte-Foy are appreciably lower than in Québec, which uses chlorine at
the beginning and the end of the treatment.
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Table 1 General characteristics of the two utilities under study

Sainte-Foy Québec
Water source Saint-Lawrence Saint-Lawrence
River tributary
Treatment process Pre-ozonation Pre-chlorination
PCT treatment PCT treatment”
Post-ozonation Post-ozonation
Post-chlorination Post-chlorination
Flow rate 60,000 m>/d 170,000 m>/d

*Includes coagulation, flocculation, sedimentation, and filtration.

Table 2 Average values for indicators of organic matter and of chlorine
dose for the two phases

Chlorine
Raw Water Treated Water Dose
(mg/L)
COT UV-254 COT UV-254
pH (mg/L)  (cm™) pH (mg/L)  (cm™)
Sainte-Foy 7 3.63 0.175 7. 2.15 0.042 2.3
8 8
Québec 7. 431 0.202 6. 2.24 0.033 3.3
3 6

*Water following all physicochemical processes before post-chlorination.

tIncludes pre-chlorination and post-chlorination.

Results for THMs in Phase 1

During the period under study, chloroform was the predominant THM
compound in both utilities (about 80% of the THM content in Sainte-Foy
and about 95% in Québec). The most important brominated THM was
found to be bromodichloromethane, which, after chloroform, is also the
second most important THM species from a toxicological point of view.
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Given all sampling dates and points, levels for chloroform varied from
2 to 124 pg/L in Québec and from 4 to 97 pg/L in Sainte-Foy.

Important seasonal variations of THMSs occurred in all the utilities
during the period under study (Figure 2). As expected, levels of THMs
were especially high during summer and fall and very low in winter.
Indeed, the average levels of THMs measured in summer at the
distribution system extremities were, depending on the utility, from 2.5
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Figure 2 Seasonal variations of THMSs: (A) Sainte-Foy (B) Québec (Winter:
Dec., Jan., Feb.; Spring: Mar., Apr., May; Summer: Jun., Jul., Aug.; Fall: Sep.,
Oct., Nov;; Sc3 and Qc denote points at the entrance of the distribution
system; Sr3 and Qr5 denote points at the distribution extremity) (T°: average
temperature of treated water, °C; D: post-chlorination dose, mg/L)
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to 5 times higher than the average levels measured in winter. These THM
seasonal differences are much greater than those observed by other
researchers working with THM data generated in water utilities in the
United States and in Europe. The results can be explained by a number of
factors. First, the average water temperature of treated waters was low
during winter: for most sampling days, lower than 3°C and never
exceeding 7°C. In addition, the transport of NOM from watersheds to
surface waters is impeded by the ice cover that forms from December to
March in southern Québec. Both factors—low water temperature and
NOM content—result in lower chlorine demand in winter. Under such
conditions, lower chlorine doses are applied during post-chlorination to
maintain residual levels within the distribution system (even if, theoreti-
cally, higher doses are required in winter to deactivate microbial growth).
The result is lower THM formation. Indeed, during the period under
study, average chlorine doses were, according to the utility, from 1.3 to 3
times higher in summer than in winter.

However, as illustrated by Figure 2, average THM levels during fall
and summer were comparable, even if average water temperatures in
summer were significantly higher than in fall. This can be explained by
the fact that during fall, the availability of NOM in watersheds increases
because of vegetation decay. It was found that, depending on the utility,
average values of TOC in fall were from 10% to 20% higher than in
summer. Also, the post-chlorination dose applied in fall appeared
comparable to doses applied in summer, and significantly higher than
doses applied during spring, even if spring water temperatures were
generally higher than fall water temperatures.

Results for THMs and HAAs in Phase 2

Figure 3 presents the spatial variations of THMs and HAAs in the
distribution systems of both utilities during Phase 2 of the study. General
levels of both CBPs, but in particular HAAs, were significantly lower in
Sainte-Foy than in Québec. This finding is related to the levels of chlorine
dose and also, undoubtedly, to the use of pre-ozonation to oxidize
organic matter present in raw water. The indicators presented in Table 2,
consequently, do not seem to be good surrogates for the reactive fraction
of organic matter. In both utilities, an increase in THM throughout the
distribution system can be observed, whereas HAAs seem to reach a
maximum value and then decrease. As illustrated in Figure 4, the seasonal
variations are also considerable, with values for Québec about 4 times
higher in summer than in winter.
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Figure 3 Spatial variations of THMs and HAAs in the distribution systems
of both utilities (sampling points in X-axis are shown in increasing order of
water residence time; approximate water residence time is shown for
extremities)

Stronger correlations between HAAs and THMs appear at sampling
points located near the plant as compared with points located in the
extremities of the distribution system (Figure 5). It was also observed
(data not shown) that correlations were also higher during summer
months than in winter months. The variability in correlations underlines
the importance of water residence time and seasonal conditions in the
preponderance of both CBP species (THMs or AHAs).

The above results also suggest that in order to periodically measure
THM levels in distribution systems—to comply with regulations—utility
managers must select sampling points located at extremities (representing
the higher residence time of water), where levels of THMs appear to be
higher. However, the same location should not be used to monitor HAAs
because there is an indication here that, as opposed to THMs, HAA
concentrations—under certain specific operational conditions—may
degrade within the distribution system (one hypothesis is that they are
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Figure 4 Spatial and seasonal variations of THMs and HAAs in Québec
(Winter: Dec., Jan., Feb.; Spring: Mar., Apr., May; Summer: Jun., Jul., Aug.;
Fall: Sep., Oct., Nov.; average water temperature, T°, is shown in legend)

biologically degraded). From a public health perspective, this would
mean that strategies to reduce health risks associated with THMs in
drinking water do not necessarily simultaneously reduce risks associated
with HAAs. From the perspective of water quality monitoring in utilities,
this would indicate that operators seeking to comply with eventual future
regulations could not choose a single reference location within the
distribution system for measuring these two by-products.

CONCLUSIONS

Results of Phases 1 and 2 of this study confirm those of other recent
investigations, which indicate that CBP occurrence in urban distribution
systems is highly variable. The two distribution systems in this study
show CBP levels that are significantly higher in summer than in winter.
THMs obviously increase between the plant and the distribution system
extremities, until residual chlorine levels disappear. On the other hand,
HAAs increase from the plant to the first sampling points, reach a
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Figure 5 Correlations between HAAs and THMs according to location in
the distribution system: (A) and (B) Sainte-Foy: entrance and extremity of
the system, respectively; (C) and (D) Québec: entrance and extremity of the
system, respectively

maximum, and then decrease, on approaching the extremity. This trend
was particularly clear in Québec City, where global CBP levels were also
notably higher.

Spatio-temporal variations of CBPs can have various implications.
First, such variations could have an impact on how a utility complies with
regulations. Generally, drinking water utilities’ approach to CBP compli-
ance is based on seasonal monitoring. Depending on the country, one or
a few seasonal samples are required, according to the population served
or the flow rate produced. Second, the consideration of such variations
and the identification of the operational and water quality factors
influencing them can be critical for drinking water utility managers
trying to minimize CBPs in their distribution system. Third, variations of
CBPs would directly affect human exposure to those substances in tap
water, which would have important repercussions for exposure assess-
ment in epidemiological studies.
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Future research can now make use of the data generated in this

study to model the occurrence of CBPs in distribution systems. The
models must then be evaluated for their usefulness for water quality
control and monitoring purposes, for regulation compliance, and for
assessing CBP exposure in epidemiological studies. Including informa-
tion about water residence time at different sampling points in the system
(information gleaned through tracer field studies or hydraulic calibra-
tion) would improve the accuracy of the models that are developed.
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BACKGROUND

Minimizing the risks of disinfection by-products (DBPs) while maintain-
ing adequate protection from microbial contamination is one of the
dilemmas water utilities and regulating agencies are faced with today. The
study of disinfection by-products (DBPs) has gained importance in the
past decade because of the increased emphasis that regulatory agencies
have placed on DBP control. DBPs are formed during water treatment
when disinfectants and oxidants react with organic and inorganic matter.
Since chlorine is used in a large majority of treatment plants in the
United States, the chlorinated by-products are the most prevalent. The
two chlorinated by-products that are regulated are trihalomethanes
(THMs) and haloacetic acids (HAAs). The formation of both THMs and
HAAs increases with time when a chlorine residual is present, leading to
higher concentrations in the distribution system than in the finished
water at the treatment plant. Regulations on DBPs are based on
concentrations in the distribution system rather than at the end of the
treatment process. Water quality models are often used in an attempt to
analyze various water quality parameters in the distribution system. The
goal of this research project was to develop a site-specific water quality
model to simulate the formation of THMs and HAAs (all nine species) in
the Gwinnett County, Georgia, water distribution system using a first-
order saturation growth model with the distribution system modeling
program WaterCAD®. These model predictions were compared with
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measured values from field sampling. The modeling effort produced
results with varying success. The results from the HAA modeling
appeared to be reasonably successful, having better agreement between
predicted and measured concentrations than the THM modeling. While
the measured and predicted results were statistically different, the results
were of practical value in determining relative changes in water quality
that can be expected at various locations throughout the distribution
system. The results provided a reasonable indication of the effects of the
distribution system on water quality and on the ability to model THMs
and HAAs with distribution system hydraulic modeling software.

INTRODUCTION

Disinfectants such as chlorine and ozone are used in water treatment to
combat the risks of microbial contamination, chlorine having been used
in water treatment since 1908 (Betts, 1998). When disinfectants (or
oxidants) are used, DBPs are formed. Several of these DBPs have been
associated with various health effects, including cancer risks, cardi