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ABSTRACT

The Stage-2 Disinfectant and Disinfection By-Product (D/DBP) regulations force water utilities to be more concerned
with their finished and distributed water quality. Compliance requires changes to their current operational strategy,
which affect the formation of DBPs over time. This study quantifies changes in DBP formation and chlorine decay ki-
netics under different operational conditions and pipe materials found at many small-scale water utilities. A physical
model (Pipe Loop) of a distribution system was used to evaluate the change in water quality from conditions such as
having a high chlorine dosage entering the distribution system, using a chlorine booster system in the distribution sys-
tem, and operation of clearwells/storage tanks. The High Chlorine Run (HC) is least favorable option with approxi-
mately 64% and 30% higher TTHMs than Normal Run (NR) and Chlorine Booster Run (CB), respectively. High Chlo-
rine conditions also minimize the wall effects. The location of Boosters should always be after the storage systems to
avoid extra contact time that can produce approximately 23% - 78% higher TTHMs. The following trends are discov-
ered from the data analysis: Chlorine residual HC > CB > NR and TTHM NR > CB > HC.
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1. Introduction Product Rule regulation compliance date approaching,
many small-scale utilities are adopting techniques to ba-
lance between protection against microbial risks and the
risks posed by harmful by-products [7-9]. Typically,
small-scale utilities are operated in one of the following
ways: Normal conditions, High Chlorine conditions and
Chlorine Booster conditions.

Since the exact chemical composition of organic mat-
ter is unknown, a number of kinetic models have been
developed to approximate chlorine decay in bulk water
[7-14]. First-order kinetic models with respect to chlorine
are the most commonly used models [7,8,12,13,15]. They
are known for their simplicity, wide range of applicabil-
ity, and reasonable representation of chlorine decay in
distribution systems [7,8,12,13]. The differential form of

water demand of its customers. The selection of these the decay model for the bulk fluid is shown in Equation

strategies is mainly based on system-specific conditions (M [7,15].

and preferences of the utility operator. Many utilities use dC/dt = -k,C (1)
more than one strategy to ensure compliance with sea-
sonal changes in source water quality and water demand
[6]. With the Stage-II Disinfectants and Disinfectant By-

Chlorination is one of the most widely used disinfection
processes in water treatment plants because chlorine is a
very effective disinfectant and is relatively easy to handle;
the capital costs of installation are low; it is cost effective,
simple to dose, measure and control; and, it has a rea-
sonably prolonged residual [1-3]. Despite the benefits of
chlorine, halogenated disinfection by-products (DBPs)
are formed due to the interaction of aqueous free chlorine
with natural organic matter (NOM), like humic substan-
ces, present in water [4,5]. Water utilities use different
operational strategies to overcome physical (infrastruc-
ture, source water quality, distribution system layout etc.)
and financial constraints to maintain consistent water
quality throughout their distribution system and meet

where, C = chlorine concentration in the bulk fluid (mil-
ligram/liter, mg/L); t = time (days or hours); and k, =
bulk decay coefficient (day ' or hour ).

"Corresponding author. The first-order chlorine decay model reactions at the
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pipe wall are given by

where, k, = wall decay coefficient (cm/day); r, = hydrau-
lic radius (cm); and C,, = concentration of chlorine at the
wall (mg/L), which is a function of bulk chlorine con-
centration [7,15]. The mass-transfer-based model of
chlorine decay in distribution systems can be explained
in terms of laminar and turbulent flow conditions. Stud-
ies have shown that when calculations are made under
laminar flow conditions, the rate constant of wall reac-
tions is nearly zero and there is no mass transfer with the
pipe wall. However, in real distribution systems, the flow
is generally turbulent and is directly proportional to flow
velocity [16]. Therefore, various investigators have used
data from Pipe Loop experiments or field data to calcu-
late the wall decay coefficient (k,; Equation (3)) as the
difference between overall decay coefficient (kr) and
bulk decay coefficient (ky) [7,15,16].
Ko =K =Ky (3)
Previous research and data from the loop built as part
of this research has shown that Total Trihalomethanes
(TTHM) formation and chlorine consumption have a
strong linear relationship at a pH range between 6 and 8
while a fairly linear relationship exists at pH values
above 8 [7,15,17]. This can be attributed to the fact that
higher rates of chlorine consumption are observed with
increases in pH. The linear relationship between TTHM
formation and chlorine consumption can be represented
as

TTHM =Y (Chlorine Consumption)+M . @

where, TTHM = total trihalomethane formation (micro-
gram/liter, pg/L); Y = yield parameter (pg of TTHM
formed/ mg of chlorine consumed) and M = intercept
from linear regression analysis of experimental data [7,
8,18]. Yield depends on many factors including chemical
composition and structure of the organic material in wa-
ter, pH and temperature [7,18]. Equation (4) was used to
calculate the TTHM yield in our research.

2. Methods

This research was conducted using a physical model of
distribution system (Pipe Loop) built at Columbia Water
Treatment Plant using 10.16 cm (4 in) PVC pipe [19]. In
order to simulate a Normal Run (NR), finished water
from the City of Columbia water treatment plant (chlo-
rinated water before ammonia addition) is allowed to
enter the Pipe Loop via the Water Tank attached to it
(Figure 1). The water was recirculated in the looped
system for 7 days with water samples collected at daily
intervals. Collected samples were tested for free and total
chlorine residual, total organic carbon (TOC), pH, UV,s4

Copyright © 2013 SciRes.
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Figure 1. Schematic of the pipe loop used in experiments to
determine effects of distribution system management. Wa-
ter tank shown was used to simulate clearwell.

and TTHM as a function of time over a period of 10
months.

The scenarios discussed in this paper are: Normal Run
vs. High Chlorine Run, minimization of wall reactions,
High Chlorine Run vs. Chlorine Booster Run, chlorine-
limited conditions and location of placement of chlorine
boosters.

For High Chlorine Run, the Pipe Loop was operated in
exactly same manner as in Normal Run except the chlo-
rine residual of the water entering the Loop averages 6.4
mg/L (compared to 2.5 mg/L in Normal Run). For this
strategy, on day zero, additional chlorine was added to
the water to increase the residual concentration from 2.5
mg/L to 6.4 mg/L.

In order to simulate Chlorine Booster strategy in Pipe
Loop, finished water from Columbia water treatment
plant (before addition of ammonia) was allowed to fill
the Loop. The average concentration of chlorine residual
in the water was estimated to be 2.4 mg/L, after 2 days of
recirculation in the Loop, additional chlorine was intro-
duced into the system and the water continued to recir-
culate for 2 more days before the Loop was drained and
the strategy was run all over again. Water samples were
collected at daily intervals as well as before and after
boosting.

The TTHM concentration entering the Pipe Loop av-
eraged 40 pg/L (half of MCL limit of 80) and pH aver-
aged 8.5, which is considerably high for a chlorinated
system.

UV,s4 was measured using Varian Cary 50 Conc. UV-
Visible Spectrophotometer following Standard Method
5910 B [20], free and total chlorine residual was meas-
ured using appropriate DPD methods (Hach methods
8021 and 8167 [21] equivalent to Standard Method 4500-
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Cl G [20] and a Hach pocket Colorimeter II (Cat #
5870000) designed for collecting on-site measurements.
TTHM concentrations were analyzed with a Varian 3800
Gas Chromatograph (GC) equipped with a Saturn 2000
Mass Spectrometer (MS) for detection following an
analysis method similar to that described by EPA method
524.2 [22] and Standard Method 6232 C [20] was used.
Total Organic Carbon (TOC) was measured using com-
bustion Infrared Method (Standard Method 5130B [20]).

Equation (3) was used to calculate wall decay coeffi-
cients (ky). Pipe Loop data was used to calculate the over-
all decay coefficient (k) and formation potential tests
with amber glass jars were used to estimate the bulk de-
cay coefficient (ky). Statistical analysis of the data col-
lected was done using MiniTab to ensure soundness of
the conclusions. Analysis of Variance (ANOVA) and Pair-
ed t-tests were conducted on all the data with 90% - 99%
level of significance.

3. Results and Discussion
3.1. Normal Run vs. High Chlorine Run

This analysis is intended to statistically explain the mer-
its and demerits of the High Chlorine run in terms of
chlorine residual maintenance and TTHM formation con-
trol. Data from the Pipe Loop shows that the decay of
chlorine residual and formation of TTHMs over time is
dramatically different in Normal Run when compared to
High Chlorine Run (Figure 2)

An 84% increase is observed in the High Chlorine Run
TTHM concentration when compared to the Normal Run
by the end of a 7-day run and on an average a 64% in-
crease in TTHM concentration can be observed over a 7
day run. It can be proven statistically with a 99% level of
confidence that these strategies produce different trends
in chlorine decay and TTHM formation over time under
constant wall conditions, hence providing statistical

400

Chlorine concentration in mg.L

Time in days

~4=Normal Cl-#=High Cl Normal TTHM==High TTHM

Figure 2. Normal run vs. high chlorine run chlorine resi-
dual and TTHM trends. The percent differences between
the TTHM formation values are also noted.
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support to kinetics analysis presented. Data collected
satisfied ANOVA and paired t-test with 99% level of
significance. Alpha value for 99% level of significance is
0.01.

According to the data presented above, it can be con-
cluded that though High Chlorine Run can help maintain
residuals over long time, the 84% increase in TTHM
concentration is too high to ignore. Therefore, it’s in the
utility’s interest to look for alternative ways to maintain
chlorine residual for longer periods rather than adopting
a High Chlorine approach.

3.2. Minimization of Wall Effects in High
Chlorine Run

When kinetic coefficients of chlorine decay of the Nor-
mal Run are compared to the High Chlorine Run, in a
Normal Run 34% of total chlorine decay can be attrib-
uted to bulk water reactions and the remaining 66% to
wall reactions. Whereas, in a High Chlorine Run 82% of
total chlorine decay can be attributed to bulk water reac-
tions alone (Table 1).

With such drastic differences in the effects on wall and
bulk reactions of chlorine decay between these two
strategies, it can be concluded that High Chlorine condi-
tions tend to increase the rate of bulk reactions, which
minimizes wall effects on chlorine decay. This can be
partially explained by the concept of collision theory,
which states that presence of higher concentration of one
reactant particles in a solution has a potential to change/
influence the reaction path, thereby affecting the con-
centration and type of products formed [23]. The High
Chlorine scenario is one situation in which ignoring the
wall reaction coefficient during calibration of physical or
computer models can be justified. However, as with most
distribution systems, the operation tends to be more chlo-
rine-limited.

3.3. High Chlorine Run vs. Chlorine Booster
Systems Run

This analysis is intended to statistically explain the mer-
its and demerits of the two most common strategies used
to maintain chlorine residual in long distribution systems
or systems with higher chlorine demand. The primary
purpose of both the High Chlorine run and the Chlorine
Booster Systems Run is to help maintain required mini-
mum chlorine residual in distribution systems. As ex-
plained earlier, the main difference between these two
strategies is when and what amount of chlorine is added
to the water. The data collected from the Loop shows that
both strategies serve the purpose of residual maintenance
over long periods of time very well while the difference
is the concentration of regulated DBPs produced in the
system (Figure 3).
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Table 1. Kinetics data of all strategies: Kinetics data of normal run and high chlorine run which reveals a less significant wall
reaction rate coefficient observed for the High Chlorine situation.

Strate Total Reaction Rate Bulk Reaction Rate Wall Reaction Rate TTHM Yield
gy Coefficient (d™") Coefficient (d™") Coefficient (d™") (Microgram/Milligram, pg/mg)
Normal Run 0.71 0.24 0.47 68.5
High Chlorine Run 0.17 0.14 0.03 73
Chlorine Booster ~ Before boosting: 0.64 0.24 0.4 71.5
Run After boosting: 0.75 0.19 0.56 48.6
400 8 chlorine in water, it can concluded that the Chlorine
1350 7 ED Booster System is a better solution for a utility with chlo-
533 oo 223% 6 & rine residual and TTHM issues. It helps maintain enough
£ 550 . 225% Y . 8 residual to be in compliance with minimum residual
2 = £ required in distribution systems regulation, taste and odor
= (J = . .
%200 40% * 48 requirement, as well as decreases the potential to form
S 150 33 high concentrations of TTHMs. It can be proven statisti-
3] .
S100 . -86% 22 cally with a 99% level of confidence that these two stra-
% 50 ﬂ . | Ea tegies produce different trends in chlorine decay and
= " 2 . oy = TTHM formation over time under constant wall condi-
0 1 b 3 4 5 6 7 tions requiring utilities to be more careful when making

Time in days
High TTHM  Booster TTHM#~High Cl-#-Booster Cl

Figure 3. High Chlorine Run vs. Chlorine Booster Run
chlorine residual and TTHM trends. The percent differ-
ences between the TTHM formation and chlorine decay
values are also noted.

According to the data presented above, it can be ob-
served that High Chlorine Run does a really good job in
maintaining chlorine residuals over long periods of time
while Chlorine Booster Systems Run seem to do a better
job than Normal Run (Figure 4), but not as good as High
Chlorine Run in terms of maintaining residuals (Figure
3). An 86% decrease in chlorine residual can be observed
in the Loop with Chlorine Booster System relative to
High Chlorine system.

This can be attributed to the fact that High Chlorine
Run started with about 156% higher chlorine concen-
tration on Day 0. Though these two strategies started
with the same amount of TTHM concentration on Day 0,
on average the Chlorine Booster system produces 30%
lower concentrations of TTHMs over a 4-day period.

This increase in TTHM concentration is solely due to
an increase in amount of chlorine available in the system
and can be explained as a product of an increase in the
rate of reaction due a higher number of successful colli-
sions.

Maintaining lower residual throughout the system
helps in two ways: It ensures odor and taste quality of
water and it decreases the amount of chlorine available in
the system to form TTHMs. Therefore, based on the data
analyzed as part of this research and prior knowledge of
the odor and taste issues caused by higher amounts of

Copyright © 2013 SciRes.

the decision about using one strategy rather than the oth-
er. Data collected satisfied ANOVA and paired t-test
with 99% level of significance. Alpha value for 99% le-
vel of significance is 0.01.

3.4. Chlorine-Limited Conditions in Distribution
System

It is commonly accepted that most distribution systems
are operated under chlorine limiting conditions [11,24-
28]. In order to understand the effect of chlorine limiting
conditions in terms of water quality, data collected from
the Loop under Normal Run and Chlorine Booster Run
conditions are compared. Normal Run represents a
system with chlorine-limited conditions while Chlorine
Booster Run represents a system with continuous supply
of chlorine at higher concentrations than Normal Run
(Figure 4). Chlorine Booster Run, on average, maintain-
ed 3 times higher concentrations of residuals during 4-day
run. The 11% increase in concentration of TTHM in the
Booster run after boosting on Day 2 is solely due to
increase in availability of extra chlorine residual in the
system and the data shows about 104% increase of
TTHM concentrations in Booster Run over the next 24
hours while the TTHM concentration seems to stabilize
in Normal run. Stabilization of TTHM concentration in
Normal Run is due to low to zero concentrations of chlo-
rine available since everything else remained constant in
the system. From this analysis it can be concluded that
systems that are run under chlorine-limited conditions
tend to provide better quality water in terms of TTHM:s,
odor, and taste when compared to systems that have hi-
gher chlorine residuals available such as Booster systems
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Location of Boosting

+23%

« >
48 hours after boosting

Chlorine concentration in mg/L
W

0 1 2 3 4

W

Time in days
On day 2, additional chlorine is added in booster system
=4=Cl Normal =@=CI Booster TTHM Normal===TTHM Booster

Figure 4. Normal run vs. chlorine booster run chlorine re-
sidual and TTHM trends. The percent differences between
the TTHM formation and chlorine decay values are also
noted.

and High Chlorine systems. Therefore, maintaining low-
er residuals throughout distribution system can be consi-
dered as an optimal option for a utility both economically
and in terms of water quality.

3.5. Location of Boosters

There are three ways utilities use chlorine boosters: 1)
Within a single distribution system; 2) Before water leaves
the treatment plant; 3) In consecutive systems. There are
two options for chlorine booster placement in each of the
above 3 usages (Figure 5).

Placement of chlorine boosters within a single dis-
tribution system with some kind of storage system in
place requires the operators to make a decision whether
to place the chlorine booster before or after the storage
system (Figure 5).

In order to make this decision one has to know the ef-
fect of each option on water quality. Water quality in
terms of TTHM formation is analyzed in this part of the
research. The determination of an optimal location to
place chlorine boosters can be done by answering the
following question: “What happens to water quality when
water entering the tank has concentrations of chlorine
residual?” There are two ways to answer this question: 1)
Run a scenario with low and high concentrations of chlo-
rine entering the storage tank and study their effects on
TTHM formation or 2) Determine the effect of higher
chlorine concentration caused by a chlorine booster sys-
tem on TTHMs formation relative to lower concentra-
tions under normal conditions for the first 48 hours after
boosting—assuming 48 hours would cover the travel
time to storage tank and storage time in the tank (Figure
4).

An 11.5% increase in concentration of TTHM that was
observed within 24 hours after boosting was solely due to

Copyright © 2013 SciRes.
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Figure 5. Chlorine booster system locations in distribution
system in which (a) is considered poor locations and (b) is
recommended locations.

the increase in availability of chlorine in the system and
the data shows a 24% increase in TTHM concentrations
by the end of the Booster Run. Therefore, in order to
avoid such increase in TTHM concentrations during tra-
vel to storage tank and during storage in the tank, boost-
ers need to be placed after the storage tank (Figure 5(b)).

This will reduce the contact time between additional
chlorine and water as well as reduce the amount of chlo-
rine used. In other words, water utilities need to add
enough chlorine initially to get past the storage tank be-
fore using chlorine boosters; this will ensure lower con-
centration of chlorine in water entering the tank.

The concept of using chlorine boosters before the wa-
ter enters the distribution system raises the question of
need. Once the question about need is answered, the
question about the placement of a chlorine booster sys-
tem should be asked. There are two options for place-
ment of the chlorine boosters with in the treatment plant
(Figure 5): 1) Before or on top of the clearwell or 2)
After the clearwell.

In order to make a decision about location of place-
ment of chlorine boosters in this case, one needs to know
what happens to water quality in terms of TTHM forma-
tion if water with high chlorine residauls enters the clear-
well. There are two ways to know that: 1) Run a scenario
in which water with high and low cocentrations of chlo-
rine enters the clearwell and compare the TTHM concen-
trations to each other; 2) Run a set of Simulated Distri-
bution System (SDS) tests with high and low concen-
trations of chlorine (Figure 6). High chlorine conditions
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tend to minimize the wall effects in the system (as expla-
ined earlier) therefore using SDS tests to analyze water
chesmitry instead of actual clearwells is justified.

Addition of all the chlorine before filtration or placing
a booster system before or on top of the clear well leads
to a High Chlorine Run strategy inside the clear well
which will minimize the wall effects. According to the
bulk reactions data presented here, the TTHM concentra-
tion under high chlorine conditions is 78% higher than
low chlorine conditions by the end of the 7-day run.
Therefore, it can be concluded that usage of booster and
placement of booster after the clear well is the optimal
strategy for utilities (Figure 5(b)).

Based on the above analysis, it’s evident that place-
ment of chlorine boosters after the storage tank/tower in
consecutive systems is a better option (Figure 5). Place-
ment of chlorine boosters plays a vital role in manage-
ment of water quality in consecutive systems mainly be-
cause of the length of these systems and the fact that wa-
ter would have travelled for days in primary distribution
system before entering the secondary distribution net-
work which usually leads to formation of TTHMs and
loss of a considerable amount of residual.

4. Conclusion

High Chlorine run is least favorable option with ap-
proximately 64% and 30% higher production of TTHMs
when compared to Normal and Chlorine Booster run,
respectively. It is also determined that High Chlorine
conditions minimize the wall effects with approximately
82% chlorine decay attributed to bulk reactions alone.
Therefore, this is a situation where ignoring wall reaction
coefficient for calibration of hydraulic/water quality
models is justified. The location of Boosters should be
after the storage systems to avoid extra contact time that
can produce approximately 54% - 104% higher concen-
trations of TTHMs. This is proven to be true for boosters

+77%

+72%

N W s Y 3 0

Chlorine concentration in mg/L

0
0 1 2 3 4 5 6 7 8 9 10
Time in days

~#-=Normal TTHM===High C| TTHM=#=Normal Cl High Cl

Figure 6. SDS low chlorine (at 2.5 mg/L) vs. SDS High
Chlorine (at 6 mg/L) chlorine residual and TTHM trends.
The percent differences between the TTHM formation and
chlorine decay values are also noted.
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within a single distribution system and within a treatment
plant. The water quality in distribution systems in terms
of chlorine residual follows a HC > CB > NR trend and
TTHM follows a NR > CB > HC operators need to real-
ize that though a strategy like High Chlorine run can im-
prove water quality in terms of one parameter, in this
case chlorine, it can very much degrade in terms of oth-
ers, which in this case happens to be TTHM. According
to the data presented in this paper, Chlorine Booster sys-
tem seems to be a better option to maintain water quality
in long distribution systems, but compliance for stringent
regulations such as Stage-II requires proper management
of treatment process, booster locations, finding a right
balance between system-specific conditions that may exi-
st, and factors of variability of water chemistry in distri-
bution systems.
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