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ABSTRACT 

The newly promulgated Stage-2 Disinfectant and Disinfection By-Product (D/DBP) regulations 

force water utilities of all sizes to be more concerned with their finished and distributed water 

quality. Water quality in terms of DBPs and chlorine residual can be defined as a function of 

many variables including operational strategies and the pipe materials in the distribution system. 

Compliance for many small-scale utilities requires changes to their current operational strategy. 

However, these changes affect the formation of DBPs over time.  

This study is performed in an effort to examine and quantify the extent of change in DBP 

formation and chlorine decay kinetics under different operational conditions and pipe materials 

found at many small-scale water utilities.  As a part of this study a physical model (Pipe Loop) of 

a distribution system was used to evaluate the change in water quality as a function of time under 

different operational conditions such as having a high chlorine dosage entering the distribution 

system, using a chlorine booster system in the distribution system, and operation of 

clearwells/storage tanks. It is determined that High Chlorine run is least optimal option with 

approximately 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 and the location of Boosters should always be after the storage systems to avoid 

extra contact time that can produce approximately 23-78% higher concentrations of TTHMs. In 

case of storage systems, it is statistically proven that storage time before entering the tank, 

mixing conditions and fillings cycles play an important role in maintaining water quality in the 

tanks. 
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1.0. INTRODUCTION 

Understanding the water chemistry in distribution systems is crucial to maintaining good 

water quality. This understanding of water chemistry is especially important with Stage-2 

of the Disinfectant and Disinfection By-Products Rule in–effect. In a distribution system, 

water quality may vary because of factors such as normal patterns in water consumption, 

seasonal variations, source water quality, components of the distribution system, 

operation of the system, retention time in storage and travel time in the piping system, or 

the condition of the system itself. Variability may also result from unusual occurrences, 

such as intentional/accidental intrusions of contaminants, or chemical processes such as 

nitrification. For this project variability in terms of operation of the system at the water 

treatment facility, retention time in storage and travel time in the piping system is studied 

to develop insight on methods to improve water quality in terms of DBP formation and 

chlorine residual in distribution systems. 

1.1 Objective: 

The goal of this research project is to examine the effects of operational strategies on 

water quality in distribution systems. Using a Pipe Loop built at the City of Columbia 

Water Treatment the kinetics of DBP formation and chlorine decay are studied with a 

Simulated Distribution System (SDS) model used as the control. In addition to using Pipe 

Loop, the research proposes to review and compare the accuracy and feasibility of 

prediction models like Material Specific Simulated Distribution System (MS-SDS), Pipe 

Section Reactor (PSR) and EPANET.  

 

\ 
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1.2 Scope 

Objective 1: Quantify the change in DBP formation and chlorine decay kinetics under 

operational conditions typical to small-scale water utilities. 

Task 1: Identify typical operational strategies used by small-scale water utilities  

Task 2: Design and Build a Pilot-Scale model (Pipe Loop) to run these strategies. 

Task 3: Analyze the data collected in terms of DBP formation and Chlorine decay 

kinetics. 

Objective 3: Review and compare different DBP prediction models. 

Task 1: Identify models available to predict DBPs 

Task 2: Compare them to each other in terms of calibration data needed, accuracy 

and feasibility of usage.
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2.0. LITERATURE REVIEW 

2.1. Disinfection By-Product (DBP) Formation Chemistry 

Disinfection in potable water treatment may be defined as the reduction of pathogenic 

organisms to prevent waterborne diseases [1]. Chlorination is one of the most widely 

used disinfection processes in water treatment plants. According to a survey conducted 

about disinfectant use in US systems in 1997, 90% of the systems use chlorine as primary 

disinfectant (Table 2.1) [2]. The reason being 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 reasonably prolonged residual [2-4], 

which allows a system to maintain compliance for minimum disinfectant residual 

required in distribution system rule [6-9]. Though over the past decade number of utilities 

using chloramines as primary disinfectant has increased, chlorine still remains as the 

most preferred choice.  

 Table 2.1: Survey of disinfectant use in US systems 1997 (adapted from USEPA, 

2001). 

Type of Disinfectant Number of systems 

Chlorine 22,307 

Chlorine dioxide 313 

Chloramines  135 

Ozone  30 

Potassium permanganate  1,122 

 

2.1.1. Chlorine Chemistry 

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 substances present in water [10, 11].  When chlorine is added as a gas or solid 
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hypochlorite, it is hydrolyzed and dissociates to hypochlorous and hydrochloric acids. 

The hypochloric acid further dissociates into hypochlorite and hydrogen ions (equation 

2.1) [12].  

Cl2 + H20 ↔ H0Cl + Cl
- 
+ H

+
 and H0Cl ↔ H

+ 
+ 0Cl

- 
(equation 2.1) 

Studies have shown that hypochlorite and hypochlorous acid are the two chlorinating 

agents that react with organic matter to generate DBPs [13].  

2.1.2. Types of DBPs Formed 

In 1974, chloroform, a product of the reaction of chlorine and naturally occurring organic 

matter, was identified in disinfected drinking water [15-18]. Since that time, a number of 

other chlorinated disinfection by-products (DBPs) have been identified, including other 

trihalomethanes (THMs), haloacetic acids (HAAs), haloacetonitriles, haloketones, and 

haloaldehydes. All disinfectants are reactive, and the use of the other commonly used 

oxidants ozone, chloramines, and chlorine dioxide result in additional organic and 

inorganic by-products.  

More than 500 DBPs have been identified in tap water [9, 19] and thousands more exist. 

To date, the identifiable DBPs cumulatively account for no more than 50% of the total 

organic halogen (TOX) in most chlorinated drinking waters,  numerous halogenated 

DBPs formed from chlorine still remain unknown [14, 20-23]. Most representative types 

of DBPs are categorized into three classes; Inorganic By-Products, Organic Oxygenated 

By-Products and Halogenated By-Products. (Figure 2.1) [12]. The list also includes DBPs 

and disinfectants left in water after the disinfectant demand is met known as disinfectant 

residuals. 
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2.1.2.1. Currently Regulated DBPs 

Disinfection By-Products (DBPs) have caused public health concerns since the discovery 

of chloroform as a chlorination by-product in drinking water in the early 1970s [14, 

16].Trihalomethanes (THMs) and Haloacetic Acid (HAAs) are two abundant classes of 

chlorinated DBPs that are currently regulated under Safe Drinking Water Act (SDWA) 

[6, 14]. Some members of these two groups of DBPs are suspected human carcinogens 

[14, 24].Table 2.2 lists names and chemical formulas of regulated DBPs under SDWA. 
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Figure 2.1: Classification of DBPs (adapted from 12). 
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Table 2.2: Names and chemical formulas of regulated THMs and HAAs. 

Compound Name Abbreviation Chemical Formula 

Total Trihalomethanes TTHM ---- 

Trihalomethane/Chloroform 

Bromodichloromethane 

Dibromochloromethane 

Tribromomethane/Bromoform 

TCM 

BDCM 

DBCM 

TBM 

CHCl3  

CHBrCl2  

CHBr2Cl 

CHBr3 

Sum of 5 Haloacetic Acids HAA5 ---- 

Monochloroacetic Acid 

Dichloroacetic Acid 

Trichloroacetic Acid 

Monobromoacetic Acid 

Dibromoacetic Acid 

MCAA 

DCAA 

TCAA 

MBAA 

DBAA 

ClCH2COOH 

Cl2CHCOOH 

Cl3CCOOH 

BrCH2COOH 

BR2CHCOOH 

 

2.1.3. Health effects of DBP exposure 

Though considerable amount of uncertainty exists about health effects of DBP exposure, 

over the past few decades studies have shown possible link between THM and HAA 

compounds and negative health effects (Table 2.3). It is an accepted fact that although we 

find disinfectant and disinfectant by-products in tap water, the elevated risk for cancer is 

only associated with DBPs but not the disinfectant that produces them [25].   

 

Table 2.3: Status of health information for THMs and some HAAs [12, 26]. 

Contaminant Cancer Classification 

Choloform 

Bromodichloromethane 

Dibromochloromethane 

Bromoform 

Monochloroacetic acid 

Dichloroacetic acid 

Trichloroacetic acid 

B2 

B2 

C 

B2 

-- 

B2 

C 
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Table 2.4: Cancer classification of DBPs [12, 26]. 

Group Classification Definition 

A Human carcinogen Sufficient evidence in 

epidemiologic studies to 

support casual association 

between exposure and 

cancer 

B Probable human carcinogen Limited evidence in 

epidemiologic studies 

(Group B1) 

And /or sufficient evidence 

from animal studies 

(Group B2) 

C Possible human carcinogen Limited evidence from 

animal studies and 

inadequate or no data in 

humans 

D Not classifiable Inadequate or no human 

animal evidence of 

carcinogenicity 

E No evidence of human 

carcinogenicity 

No evidence of 

carcinogenicity in at least 

two adequate animal tests 

in different species or in 

adequate epidemiologic 

and animal studies. 

 

2.2. Regulatory Framework of Disinfectants and Disinfectant By-Products 

Most decisions made by water treatment plants with respect their water quality depend on 

the regulations which define compliance. Development of new water treatment 

technologies on the market and research conducted by educational institutions and 

research labs are also driven by regulatory policy.  In other words, regulatory framework 

plays a key role in dictating the direction the water industry is headed.  

2.2.1. History and Focus point of DBP regulations. 

Most political theories, like social construction of target populations, do not apply to 

environmental regulatory policies. Environmental policies usually are based on a specific 
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goal to increase the general welfare of the people and, therefore, are not focused on any 

particular set of the population. Though the policy is written based on welfare, its 

implementation does take efficiency into consideration.  History of environmental 

regulations in the United States of America has revealed a conflict between welfare and 

efficiency which still remains an issue of debate in the political community. Many 

analysts believe policies have a focal point that initiates mobilization in interest groups 

and influences agenda setting to a great extent [27-33]. This is true in the case of 

environmental regulations that are a result of an outburst or an accident, but most water 

quality regulations usually do not have a focal point. They often are considered to be 

problems that longer-term analysis of statistical evidence seeks to understand [34]. The 

harm from these problems is usually not concentrated in any particular geographic area or 

a particular community of interest [27, 28, 34].  

The Safe Drinking Water Act (SDWA) seems to have outbreaks of different 

microorganisms between 1974 and 1993 as its focal point. For example, the outbreak of 

E-Coli in Missouri that killed 4 people and made over 250 people sick lead to more focus 

on implementation of the SDWA.  DBP regulations are enforced as part of Safe Drinking 

Water Act [6, 36]. Disinfection byproducts (DBPs) have been of great concern to both 

environmental officials and the public since the late 1970s when research began to show 

a direct link between the formation of trihalomethanes (THMs) and the reaction between 

free chlorine and natural organic matter (NOM) [36, 37]. Subsequent studies found that 

THMs were statistically linked to cancer in animals [36, 38]. In the 1980s, first reports of 

adverse effects on human health of haloacetic acids, specifically dichloroacetic acid and 

trichloroacetic acid, were reported [35, 36]. DBPs were part of the SDWA primary 
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pollutant list and had been on the Contaminant Candidate List (CCL) for many years 

before they were regulated. The preference is given to the substances that are highly toxic 

and are known to be found in higher concentrations. With an elaborate investigation and 

expert advice from different departments of the government DBP regulations were 

enacted in 1998 as the Disinfectants and Disinfection By-Products (D/DBP) Rule. 

Though D/DBP rule took effect in 1998, the first national control placed on disinfectant 

byproducts was the establishment of a maximum contaminant level (MCL) of 100 µg/L 

for total trihalomethanes (TTHM) by the EPA in1979 [39].TTHM is defined as the sum 

of the concentrations of all four chlorine and bromine substituted trihalomethanes.  

Though the contemporary understanding of DBP formation was unclear, legislation was 

passed due to the intensity of the health effects associated with these by-products. On one 

hand the economic safety of the water industry is taken into consideration while on the 

other hand the non-economic values of the nation as a whole are given enough 

importance during policy making. The regulation took effect when the technology 

required to be in compliance was not readily available. But the risk created a necessity 

and demand for such technology innovation. Ongoing research, assessing, and managing 

risk at every step of the way are the key points of this policy. The regulatory enforcement 

limit is set conservatively with highly vulnerable populations in mind. 

2.2.2. Stage-I Disinfectants and Disinfection By-Products (D/DBP) Rule 

Under the Stage 1 of the Rule, all water systems were required to comply with complex 

monitoring and reporting requirements as well as a 80 micrograms per liter (µg/L) 

maximum contaminant level (MCL) for total trihalomethanes (TTHM) and a 60 µg/L 
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MCL for five species of haloacetic acids (HAA5) [36, 40, 41]. The Stage 1 D/DBP Rule 

also required water treatment plants to remove certain amounts of total organic carbon 

(TOC), based on source water characteristics [6, 42]. Recognizing that HAAs and THMs 

can be and often are formed in slow reactions that will continue occurring beyond the 

time at which finished water exits the treatment facility, 25% of samples for these 

contaminants were required to be taken at locations of approximate maximum water 

residence time and the remaining 75% at “representative locations” in the distribution 

system [6, 42]. 

2.2.3. Stage-II Disinfectants and Disinfection By-Products Rule 

While Stage 1 D/DBP rule proved to be successful in limiting the concentration of DBPs 

in drinking water, continuing research efforts have highlighted the need for further 

regulatory action. The MCL of 80 µg/L MCL for TTHM and a 60 µg/L MCL for HAA5 

is considered appropriate, but the method of compliance needed some changes. 

In Stage 1 D/DBP, a running annual average is required (RAA). This translates to 

concentrations of samples collected within the distribution system during one quarter are 

averaged together as that quarter’s sampling result [6, 42]. The quarter averaged are then 

averaged over four quarters to determine the compliance number of that year for 

comparisons with MCLs. This leads to usage of medium level concentration values 

produced as a result of averaging sites yielding both low and high concentration samples 

for compliance. To address this issue, the Stage 2 Rule changes the reporting and 

compliance methods such that the quarterly measurements for each location are reported 

separately throughout the year, with each four quarter average for those locations 
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individually compared with the MCL to determine compliance. Using this calculation 

method, the locational running annual average (LRAA), it is no longer possible for 

utilities to be in compliance while one part of its distribution system is routinely above 

the established MCLs. Since different types and sizes of water systems have different 

capabilities and resources to use in response to new regulatory requirements, the Stage 2 

D/DBP Rule has differing dates of implementation depending on system type (Table 2.5). 

The complete rule and its implications for drinking water utilities are described in the 

Federal Register [43]. 

Table 2.5: Stage 2 DBPR compliance schedule for wholesale and consecutive systems 

(Adapted from 44). 

Population Served by the Largest 

System in the Combined Distribution 

System* 

Date for Compliance with Stage 2 

DBPR (subpart V) Monitoring 

Requirements 

≥ 100,000 people April 1, 2012 

50,000 – 99,999 people October 1, 2012 

10,000 – 49,999 people October 1, 2013 

< 10,000 people October 1, 2013 if no cryptosporidium 

monitoring is required under 

LT2ESWTR** 

OR 

October 1, 2014 if cryptosporidium 

monitoring is required under LT2ESWTR 

*Combined distribution system consists of the distribution systems of wholesale systems and of 

the consecutive systems that receive some or all their finished water from those wholesale 

system(s), ** LT2ESWTR – Long Term 2 Enhanced Surface Water Treatment Rule. 

 

2.3. Characteristics of Small-scale systems 

Size of an organization in general plays a vital role in the way the organization works and 

prospers and this happens to be true in case of water utilities to the very letter. Size of a 

utility to some extent dictates the resources available at their disposal. Small systems face 

increasingly stringent regulatory requirements under the Safe Drinking Water Act 
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(SDWA) as amended in 1996 [46]. According to National Public Water Systems 

Compliance Report, more than 54,000 publicly and privately owned community water 

systems (CWSs) exist in the United States, serving about 252 million people [45-47]. Of 

these, approximately 93% are categorized as “small” or “very small”, serving fewer than 

10,000 customers [45, 46, 49]. Although these systems serve only 20% of the total 

population served by all systems, they have receive much attention from federal 

regulators and state & local health officials because they face particular difficulties in 

complying with federal and state water quality requirements. Because of their size, the 

technical, managerial and financial capacities that modern water treatment systems 

require are often beyond their capabilities [46]. 

2.3.1. Typical constraints of Small-scale utilities. 

Table 2.6: Typical constraints of small systems and their brief description. 

Constraint  Description 

Operational Source water protection, Operation times 

Financial  Revenue vs. Expenditure, Rate structure  

Technical Personnel and technical support 

Infrastructure  Distribution, storage, source and treatment 

upgrades 

Regulatory  Regulatory requirements and compliance 

violations 

 

2.3.1.1. Operational Constraints: A system’s water source is a key factor in determining 

operating characteristics, and source corresponds closely to system size. About 96 % of 

systems serving 25-100 persons use ground water as their primary source whereas only 

58% of systems serving 3,301-10,000 customers get to use ground water as source.  This 

trend has important implications for treatment and capital investment, as raw water 

obtained from ground water sources typically requires less treatment than raw water from 

surface water sources [45].  



14 
 

Water systems can improve the quality of their raw water, decrease the likelihood of 

waterborne disease outbreaks, and reduce the need for future capital expenditures for 

treatment plants and equipment by adopting source water and wellhead protection 

programs. More than 84% of all systems have at least one potential source of 

contamination within 2 miles of their water intake or well. Despite the obvious need for 

source water protection, just 28 % of the smallest systems participate in some form of 

source water or wellhead protection program [45]. 

Most small-scale utilities cannot afford to run 24 hours a day because of low demand 

therefore they usually shut off for certain amount of time everyday which leaves water to 

be stored in unit process basins. This unaccounted time can lead to some serious water 

quality implications for the system which makes their job of providing appropriate 

quality water to their customers really hard. 

 

2.3.1.2. Financial Constraints: Water utility’s total water revenues are generated from 

water sales, fees, fines and other water reacted revenue, they can also generate non-

consumption based charges like interest earnings. Publicly owned water systems 

sometimes receive additional contributions from governments through general fund 

revenues. Median total water revenue per connection for systems serving 25-100 persons 

is $0, indicating at least half of the smallest community water systems do not charge for 

water through rates or fees [45, 46, 48, 49]. 

As defined in the 1995 CWSS, total expenses include compensation for employees, 

energy costs, costs for chemicals and other materials, outside lab fees, other contractor 

services, depreciation expenses, water purchasing expenses, interest payments, principal 
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payments, capital improvements, and contributions to sinking funds [45]. Comparison of 

water expenditures per connection with water revenue per connection  shows that in spite 

of substantial rate increases, very small water systems are still not raising enough revenue 

to cover costs (Figure 2.2). Most systems serving fewer than 500 persons still have 

expenditures that exceed revenues. 

 
Figure 2.2: Comparison of water expenditures per connection with water revenues 

per connection. (Adapted from 45). 

 

As mentioned earlier a portion of utility’s revenue is based on water sales, this depends 

largely on rate structure used by the utility. About 74% of all Community water systems 

residential connections are metered of which 37% of systems serving 25-100 customers 

and 97% of systems serving over 10,000 customers are metered [45]. Water meters allow 

systems to monitor consumption and establish rates that are based on usage. It is 

observed that as system size increases, systems are most likely to meter connections. 

Uniform rates, declining block rates, increasing block rates and seasonal rates are the four 

most common rate structures used by water systems. Majority of the small scale system 

tend to use uniform rate structure which can be attributed to its simplicity [45, 46]. 
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2.3.1.3. Technical Assistance Constraint: Technical assistance received by a utility can be 

classifies in three groups based on where it is coming from. The three groups being; 

government support that includes assistance from federal, state and local governments. 

Third-party assistance includes state rural water associations, community assistance 

programs and lastly technical publications and media [45]. Technical assistance does 

include the technical knowledge base of personnel on board at the plant. 

Most small systems seem to have $0 in expenditure for direct compensation and benefits 

which indicates that they report no expenditure for employee compensation and benefits. 

This could be due in part to the prevalence of part-time employees and contracted labor 

in small systems [45]. As the system size increases the expenditure for direct 

compensation and benefits increase due to higher levels of certification and technical 

sophistication required for the operation of larger systems which small systems lack in.   

 

2.3.1.4. Infrastructure constraints: Much of nation’s drinking water infrastructure suffers 

from long term neglect and deterioration [45, 50]. According to a survey conducted by 

EPA in 1995 on Infrastructure needs of about 4,000 community water systems, 

widespread infrastructure deterioration is seen in all sizes of water systems [45, 50]. And 

small systems have greater need than large system (Figure 2.3). These systems 

demonstrate greater need per household because they must spread the considerable cost 

of infrastructure improvement and replacement over a relatively small customer base [45, 

50].  
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Figure 2.3: Infrastructure need per household by system size (adapted from 45). 

 

Infrastructural needs of water utilities can be divided into four categories namely; 

transmission and distribution, treatment, storage and source. The overwhelming need in 

small system for transmission and distribution infrastructure is demonstrated in figure 

2.6. [45, 50]. Infrastructure needs plays an important in the water quality of the system, 

without appropriate infrastructure in place it’s almost impossible for small scale systems 

with technical and operational constraints to be able to provide continuous supply of right 

quality water to its customers. 
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Figure 2.4: Percentage of small system reporting needs by category of need. 

(adapted from 45). 

 

2.3.1.5. Regulatory Constraints: Water utilities are expected to be in compliance with 

SDWA regulations as well as few Clean Water Act (CWA) regulations. SDWA provides 

contaminant limits as of part of primary and secondary list of contaminants in addition to 

monitoring, reporting and treatment requirements. Small scale systems reported to have 

the greatest number of violations per 1000 people for violation types (Figure 2.5) [45-47].  

 
Figure 2.5: Percentage of CWSs with violations by system size (adapted from 45). 
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Disinfection By-Products are regulated as a part of Stage –I and Stage –II Disinfectant 

and Disinfectant By-Products Rules under SDWA [6]. Water utilities are expected to 

comply with all the Maximum Contaminant Limits under these regulations which seems 

to be tough job for small scale systems. Systems serving 25-500 customers report the 

highest percentage of MCL violations among CWSs (Figure 2.6) [45-47]. 

 

Figure 2.6: Comparison of CWSs with MCL violations by system size (adapted from 

45). 

2.3.2. Missouri Drinking Water Utility Statistics 

Missouri water system is divided into 5 regions (Table 2.7). 54 % of the total water 

systems use Missouri river and 28 % of them use ground water as their source water [51]. 

Unlike ground water considerable amount of water quality change can be observed in 

Missouri river over a span of a year which can be attributed to the seasonal changes in the 

adjoining watershed [12, 13, 42]. 
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Table 2.7: Number of regulated systems by region and system type. 

Region  Number of 

Community 

systems 

Number of 

Non-Transient 

Non- 

Community 

Systems 

Number of 

Transient 

Non-

Community 

Systems  

Total 

Number of 

Systems 

Kansas City 

Reg. Office 

(KCRO) 

282 11 84 377 

Northeast Reg. 

Office (NERO) 

199 13 10 222 

Southeast Reg. 

Office (SERO) 

281 54 173 508 

Southwest 

Reg. Office 

(SWRO) 

508 127 735 1,370 

St. Louis Reg. 

Office (SLRO) 

200 36 84 320 

Total Systems 1,470 241 1,086 2,797 

 

Despite their best efforts many small scale utilities in Missouri are having compliance 

issues with different regulations under SDWA and the most predominant ones being 

surface water treatment, Bacteriological and DBP regulations (Figure 2.7).  
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Figure 2.7: Percent population of community water systems meeting health-based 

standards [51]. 

 

2.4. Operational Conditions in Small-scale Systems and their Effects on DBP 

Formations. 

Water utilities use different operational strategies in order to overcome physical 

(infrastructure, source water quality, distribution system layout etc.) and financial 

constraints it has to maintain consistent water quality throughout their distribution system 

and meet water demand of its customers. The selection of these strategies is mainly based 

on system-specific conditions and preferences of the utility operator. Many utilities use 

more than one strategy to ensure being in compliance even with seasonal changes in 

source water quality and water demand [60].  With Stage-II DBP regulation compliance 

date being right around the corner, many small scale utilities are adopting techniques to 

strike a balance between protection against microbial risks and the risks posed by harmful 

by-products [7, 19, 52].  
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2.4.1. Typical Operational Strategies Used by Small-scale Systems 

The most typical operational strategies used by small-scale systems to maintain water 

quality in their distribution systems in terms of chlorine residual and DBPs and to meet 

their customer water demand are: 

 Normal Treatment Run 

 High Chlorine Run 

 Chlorine Booster Systems 

 Storage Systems 

2.4.1.1. Normal Treatment Run 

Normal treatment run is the most commonly used operational strategy where a water 

treatment plant treats the raw water for reduction/removal of inorganics like iron, 

organics like Natural Organic Matter (NOM) using treatment processes that are based on 

type of source and quality of raw water [23, 42]. Disinfection is an important part of 

water treatment process [42, 53, 54] and states like Missouri requires the primary 

disinfectant to be added before filtration. The detention time in the filtration basin is 

usually based on the required contact time with the primary disinfectant [6].  

After the process of filtration many systems allow the finished water to enter their 

distribution system but few introduce secondary disinfectant like ammonia before the 

water leaves the plant [14, 55]. The amount of primary disinfectant added depends on the 

raw water quality and the expected water age in the distribution system [6, 52]. Striking a 

balance between chlorine residual and DBP concentrations gets tricky if the distribution 

system is too long or finished water quality is not good to start with [56].   Figure 2.8 

shows the chain of treatment processes involved in a normal run strategy. The process of 
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maintaining appropriate water quality throughout the distribution system requires good 

amount of information about the distribution system and water chemistry that the plant is 

dealing with. 

 

 

Figure 2.8: Typical water treatment process. 

2.4.1.2. High Chlorine Run 

The quality of water supplied by a distribution network is usually assessed by evaluating 

if residual chlorine concentrations are maintained between lower and upper bounds, to 

ensure good disinfecting properties and avoid poor tasting water [56, 57]. Since 

disinfectants decay over time either due to reactions with compounds contained within 

the bulk water (bulk decay) or due to reactions at the pipe wall (wall decay), the residual 

concentration may vary greatly from one location to another, and from one hour to the 
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next [58, 59]. Rules and regulations have been established under the Safe Drinking Water 

Act and its amendments of 1986 to ensure that disinfection protection be maintained in 

drinking water distribution systems [8, 9, 46, 61]. For example, the Surface Water 

Treatment Rule requires a minimum level of 0.2 mg/L of disinfectant residual at the 

entrance to a distribution system. It also requires that a detectable chlorine residual level 

(or heterotrophic plate count of <500/mL) be maintained throughout the system [8, 9, 61]. 

Therefore the chlorine concentration entering the drinking water distribution system must 

be large enough to guarantee a sufficient residual throughout the distribution network. On 

the other hand, a large chlorine concentration may generate taste and odor complaints by 

consumers that are close to the source and consequently receive higher disinfectant 

concentrations [53, 56, 57, 59, 60] and the fact that the reaction rate of Chlorine and 

organic matter to form DBPs is directly proportional to concentrations of either reactants 

poses health risks for this.   

In a typical distribution system, the addition of chlorine is usually depended on the 

quality of the water being treated, the length of the distribution network and the chlorine 

demand of the system. In order to maintain required minimum residual in distribution 

system, utilities with long distribution networks or high chlorine demand add higher 

concentrations of chlorine at the point of injection [62]. Typical range concentration of 

chlorine residual leaving the treatment plant is 0.75-3.0 mg/l, but in case of utilities 

adopting high chlorine strategy the concentration can go up to 5-6mg/l. This is the easiest 

but least preferable way to deal with residual issues and is often used by small scale 

utilities since the alternatives call for resources that usually are not at their disposal. Most 
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high chlorine run systems face DBP concentration problems which indeed seem 

inevitable. 

2.4.1.3. Chlorine Booster Systems 

In conventional disinfection (i.e., chlorine injection only at the water treatment plant), 

locations near the treatment plant have high chlorine concentrations while remote nodes 

often have low chlorine residuals [56, 63, 64]. If a system has abnormally long 

distribution system or has a combination of consecutive systems attached to it, 

maintaining minimum residual throughout the distribution system by conventional 

process may require addition of very high concentrations of chlorine at the plant which 

can be over the Maximum residual disinfectant level (MDRL) [6-9]. To improve system-

wide water quality, online booster disinfection may be coupled with treatment plant 

disinfection. Distributed disinfection is better than conventional disinfection for 

maintaining uniform chlorine concentrations throughout the system. Booster disinfection 

also helps to reduce: the total injection mass, the rate of reaction between chlorine & 

natural organic matter and subsequently the formation of DBPs while maintaining 

minimum chlorine residuals [52, 53, 56, 57, 63, 64]. 

2.4.1.3.1. Chlorine Booster Systems in Consecutive Systems 

Consecutive system is defined as a public water system that buys or otherwise receives 

some or all of its finished water from one or more wholesale systems. Delivery may be 

through a direct connection or through the distribution system of one or more consecutive 

systems. [44]. Consecutive systems purchase finished water from wholesale systems and 

may have limited control over the quality of water entering the distribution system. Many 
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purchasing agreements specify the quantity of water available to a consecutive system 

from a wholesale system, but may not include specific water quality requirements. When 

water quality is included, purchasing agreements may stipulate only that water quality at 

the consecutive system entry point will meet all State and Federal regulations [44].  

Depending on the wholesale system-consecutive system physical arrangement and 

hydraulic characteristics, DBP concentrations may be higher in the consecutive system 

than in the wholesale system. This is particularly true when consecutive systems receive 

water through a distribution grid rather than dedicated transmission mains. In such cases, 

the water entering the purchasing system may already be several days old. Increased 

water age generally results in increased distribution system DBP concentrations. Under 

the Stage 2 DBPR, wholesale systems are not required to make treatment or operational 

modifications necessary to reduce DBP concentrations in their consecutive systems as 

long as the wholesale system meets the MCLs within its own distribution system [6, 44]. 

Though many consecutive systems do not add chemical disinfectant to the water they buy 

from wholesale system, they are required to comply with Stage 2 DBPR (40 CFR 

141.624) which requires these systems to determine Maximum residual disinfectant level 

(MRDL) compliance using a running annual average (RAA), computed quarterly, of 

monthly averages of residual disinfectant samples collected for compliance. If the RAA 

exceeds the MRDL, the system is in violation of the MRDL and must report to the State 

and notify the public. Systems that switch between chlorine and chloramines must 

calculate compliance using results of both chlorine and chloramine residual monitoring 

together. The MRDL for chlorine is 4.0 mg/L and the MRDL for chloramines is 4.0 mg/L 

(40 CFR 141.65) [6, 44]. Complying with DBP regulations as well as MRDL requirement 



27 
 

can be almost impossible for some consecutive systems. The most common strategy used 

by consecutive systems is Chlorine Booster systems though there are cases where high 

chlorine run is being used. Figure 2.9 shows chlorine booster systems in place in 

consecutive distribution systems. 

 

Figure 2.9: Chlorine booster system in consecutive distribution systems [65, 66]. 

2.4.1.3.2. Chlorine Boosters within a Single Distribution System 

There are two in ways in which a utility can use booster systems within its own 

distribution system. They can either use booster system in some part of the distribution 

system or can use it before the water leaves the plant. The reason for using it before water 

leaves the plant can be either if it takes higher amount of chlorine addition in the plant to 

maintain residual in distribution system, the utility might want to add a quantity of it 

during filtration and rest right before the water leaves the system. This approach allows 

the utility to decrease the contact time between chlorine and water as well as to avoid 
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higher rate of reaction due to higher chlorine concentration [56, 64]. Or if the finished 

water is stored in the clearwell/ reservoir for long periods of time before being 

distributed, utilities can use booster systems before or after the clearwell based on the 

concentration they added at filtration. In states like Missouri, some utilities add certain 

amount of chlorine before filtration to merely comply with the state’s regulation. In such 

cases the rest of disinfectant addition takes place using a booster system either before the 

water leaves the system or in the distribution system. Usually the booster systems in 

distribution systems are placed before or after a tower/stand pipe or some of kind of 

storage if it is present. Booster systems do seem to reduce the total amount of disinfectant 

used by a utility in most cases [52, 53, 56, 57, 64-66]. Figures 2.10 and 2.11 show the 

different placement options of booster system by a utility.  

 

Figure 2.10: Chlorine booster system before water enters distribution system. 
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Figure 2.11: Chlorine booster system in a distribution system. 

2.4.1.4. Storage Systems 

Usage of storage systems is very common in water utilities of all sizes. The storage 

system can either be a clearwell/reservoir at the plant or a stand pipe/tower in the 

distribution system, the sole purpose of it is to store water is to meet peak demand [44, 

67]. In case of small scale utilities it is a vital part of their operational strategy because 

these systems tend to shut off for few hours every day or not operate over the weekend. 

Storage systems can vary in size with an average range being 50,000-500,000 gallons. 

The water quality dynamics in terms of DBP and Chlorine residual is different for storage 

tanks at the treatment plant and in the distribution system. Mixed water age and quality 
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and temperature stratification plays an important role in the management of water quality 

in storage systems [69, 70, 72]. 

2.4.1.4.1. Clearwells/Reservoirs at Treatment Plant 

Finished water is allowed to enter the clearwell/reservoir after filtration and is stored for a 

certain amount of time based on the storage needs of the utility. The water entering 

storage a tank in Missouri has already has required contact time with primary disinfectant 

which implies DBP concentration of this water is not zero. The change in water quality in 

terms of chlorine residual and DBP concentration in a clearwell/ reservoir is a factor of 

time, concentrations of disinfectant and NOM and mixing conditions in the tank. In case 

of utilities that add all their disinfectant before clearwell/reservoir, the concentration of 

chlorine & NOM in water entering storage system is usually high and reactions during 

the time in clearwell/ reservoir are vital for utility’s compliance [59, 71, 68].   

2.4.1.4.2. Standpipes or Elevated Storage Tanks in Distribution Systems. 

Storage systems in Distribution systems receive water that travelled through distribution 

network which alters the quality in different ways under different physical conditions of 

the network and chemical conditions of the treated water. The disinfectant residual of 

water entering these storage tanks can either be really high in case of booster systems 

and/or the short time of travel or be really low in case of long travel time through the 

distribution network. The quality of water leaving the storage system depends equally on 

quality of water entering the system and the reactions during the stay in the system. Due 

to the fact that these storage systems are usually in open, temperature stratification is 

really important during peak summer and winter months [72].   
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2.4.2. Effects of Operational Strategies on DBP Formation 

Operational strategies play an important role in the quality of water received by a user; 

they can either improve or degrade the quality. Each of the typical operational strategies 

mentioned in Section 2.5.1. has a potential to worsen the quality if system specifics 

conditions are not taken into consideration. Even when used in an appropriate way these 

operational strategies can improve quality of water in terms of one contaminant and 

degrade in terms of other and when talking about a complex contaminant like DBPs this 

seems pretty obvious.  

Operational strategies can change the concentrations of water quality parameters like pH, 

chlorine residual, TOC/NOM etc. They can also change the kinetic conditions under 

which reactions are taking place and most importantly influence the water age & contact 

time. DBP formation depends mainly on chlorine & precursor concentration as well as 

contact time [7, 14, 52, 59, 73-76]. Studies have shown that pH, temperature and initial 

concentration of chlorine are a set of variables that have cause-effect relation to the 

formation of DBPs [59, 73-76]. Increase or decrease in the concentrations of these 

variables in distribution system is a function of operational strategy used by the utility 

and this can affect the DBP formation kinetics in different ways. 

2.5. Strategies for Predicting DBPs in Distribution System 

Finished water can undergo a variety of physical, chemical and biological changes during 

transportation through a distribution system. Understanding the sources of water quality 

degradation during distribution has become a priority of water producers because 

research has suggested that such degradation increases the rate of gastrointestinal 
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illnesses [60, 77, 78].  The analysis of changes in water quality in a full-scale distribution 

system can be difficult because it involves numerous parameters ranging from network 

structure and system operation to the physical and chemical characteristics of the water. 

The dynamic nature of these parameters makes the analysis more complex. The 

distribution systems can be considered to behave like complex reactors and water quality 

degradation is caused by many factors [60]. 

By-product concentrations vary both spatially and temporally within a distribution 

system. These variations are due to source water quality variability, variations in water 

treatment efficiency, and the dynamic nature of by-product formation during distribution. 

Twofold to fourfold difference in concentration may occur within a water distribution 

system, and the pattern of by-products from different sources can vary significantly over 

the course of a day as well as during a year [7, 79].  

2.5.1. Process of Prediction of DBPs in Distribution System 

Given that DBP formation is not a well understood science and is influenced by many 

factors that change over time, prediction of DBPs in dynamic natured distribution system 

takes a good amount of effort on a utility's part. When trying to establish the cause of 

water quality degradation in terms of DBPs, utilities must consider structural, operational 

and water quality parameters. Because structural and operational data are not always 

directly available, water quality parameters are used to establish probable cause, often 

with little success [60]. 

There are many ways to predict DBPs in distribution systems and most of them use first 

order kinetic models which require a good estimate of initial concentrations and time. 

Different types of DBP formation models have been described in recent literature. 
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Models have been developed both from data generated in field studies or at laboratory-

scale. Some researchers have developed models to describe the formation of DBPs based 

on kinetics involved during chlorine reactions [7, 52, 57, 58, 62, 80, and 81]. Other 

models are empirical and are based on multivariate regression equations that link a 

number of operational and water quality parameters with the concentrations of DBPs 

generated.  

The process of predicting DBPs in distribution system involves selection of a prediction 

tool/method taking system specific conditions into consideration and evaluating the 

amount of data that is needed to be provided for the prediction model to give accurate 

estimates of concentrations of DBPs in different parts of distribution system.  

2.5.2. Types of prediction tools available: their features and feasibility options. 

There are many prediction models available that can used to predict DBP formation in 

distribution systems using contact time and initial concentration data. These tools can be 

classified as Computer models, field-based techniques, Pilot-Scale models and Bench-

Scale models [82]. Each of these models comes with its own set of advantages and 

constraints. The amount of data needed to start and calibrate these models differs from 

one another for example water quality computer models such as EPANET, KY Pipe can 

be successful in predicting disinfectant residual and DBP concentrations if the rate 

models for disinfectant loss both in bulk water and at the pipe surface are known and rate 

constants are available [82, 83] whereas, Bench-scale and Pilot scale models don’t 

require kinetics data of the water.  

There are two most commonly used field-based techniques for prediction of DBPs and 

chlorine residual in distribution systems; Physical and Computer Hydraulic models and 
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Prediction of chlorine residual based on batch reactor & distribution system data [82, 85].  

Measuring the chlorine residual loss between two points in distribution system and 

calculating loss due to bulk reaction using batch reactors in a laboratory [82, 85] is a 

straight forward process. The residence time in the pipe section is known by water 

velocity and pipe length. Subtracting this bulk contribution to decay from total loss and 

dividing by the residence time yield the contribution from surface reaction rate.  Though 

it is one of the simplest ways of predicting DBPs, it has two drawbacks. First, it's hard to 

find a pipe section of uniform material and condition that is long enough to produce 

measurable amount of loss in residual but, without water demand along its length that 

prevent an estimate of residence time using pipe length and velocity. Second, is the need 

to assume a reaction order to allow calculation of surface rate constant because, such 

measurements effectively preclude testing for reaction kinetics [82].  

Hydraulic models are used to match disinfectant residuals throughout the distribution 

system by adjusting the rate constant for pipe surface reactions. This method has 

produced a correlation of surface reaction rate constant with Hazen -Williams’s wall 

roughness coefficient [8, 82]. This method comes handy when one aims to change the 

water quality entering the distribution and determine its effects on DBP formation over 

time without having it actually do it physically. Hydraulic models have been successful to 

some extent in predicting DBPs in distribution system but have two drawbacks. First, 

they lack a firm foundation in kinetic principles. For instance, both zero and first order 

rate models have been used to describe same data set. Second, the chemical and physical 

conditions in within distribution system are seldom constant [82].  
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Pilot scale models have known to overcome uncertainties of field based models. Pilot 

scale such as pipe loops use long lengths of specific material and controlled feed 

conditions [82, 85]. This method has been used by many researchers over last two 

decades to understand the decay and formation kinetics of contaminants in distribution 

systems. Though it has been successful with chlorinated systems, it couldn't produce 

measurable amount of chloramine decay with appropriate velocity in the system [82, 85] 

large pilot scale systems can produce long contact times, but they are relatively 

expensive.  

Bench-scale models are hypothesized to overcome the limitations of both field based and 

pilot scale models [82]. There are different kinds of bench-scale models such as Pipe 

Section Reactor (PSR), Material-Specific Simulated Distribution System (MS-SDS). The 

one thing they have in common is that they are relatively inexpensive and provide well-

controlled pipe surface environment [82]. These models are built using sections of pipe 

from actual distribution under study and quality of water with respect to DBPs and 

chlorine residual is analyzed as function of either velocity or contact time [82, 86]. 

Temperature and chemical characteristics of water can be controlled easily in these 

models. Though they have been used with some success, validation of results over real 

distribution system takes good amount of calibration to account for complex hydraulics in 

place.  

Each prediction model discussed above is known to have advantages and disadvantages 

of its own.  The decision is to be made based on what needs to be analyzed and the 

resources available at hand.  
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3. MATERIALS AND METHODS 

 

3.1. General Description of Experimental Approach 

The experimental set-ups used for this research are built based on questions we are trying 

answer through this work. The following are the questions that this work intends to 

answer and brief description of the corresponding experimental set-up used. 

Do we see a change in chlorine decay and TTHM formation kinetics when a system 

is operated under different operational strategies? If yes, what is an optimal solution 

for utilities with residual maintenance issues? How does placement of Chlorine 

boosters affect the water quality? What are influential factors in maintaining water 

quality in storage tanks?  

 Experimental set-up used is a Pipe Loop. Pipe Loop is a pilot scale model of the distribution 

system built at the City of Columbia water treatment plant. It is designed to run different 

operational strategies such as High Chlorine run, Chlorine Booster run and Storage Systems 

run. The Pipe Loop data provide total reaction rates. Simulated Distribution System (SDS) is 

used to evaluate bulk flow reaction kinetics. Detailed explanation of design and 

specifications is done in section 3.3.1. The procedure of how different strategies are run on 

the Pipe Loop is explained in detail in section 3.4. 

What kinds of water quality prediction models are available? How do they compare 

to each other in terms of efficiency and accuracy in predicting chlorine residuals 

and TTHM formation in a distribution system? How feasible are they to be used by 

small scale utilities?  
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 Prediction models can be either physical or computer-based. The experimental set-

ups used for this research provide some basis for comparison and include Pipe Loop 

which is a pilot-scale model of a distribution system, MS-SDS which is a bench scale 

model built using pipe sections of different materials, EPANET which is computer 

hydraulic and water quality model built based on the design of Pipe Loop and is 

calibrated using data from the Pipe Loop and from literature, and Pipe Section 

Reactor (PSR) which is also a bench-scale model using DI pipe sections from 

different actual distribution systems.  Detailed explanation of design and 

specifications is done in section 3.3. 

3.1.1. Water Samples 

Samples of finished (treated) water were collected from the Columbia Water Treatment 

Facility and the physical model of a distribution system (Pipe Loop) was built at the 

facility. A sampling location within the facility was selected to be before addition of 

ammonia, so that the formation kinetics of the regulated Disinfection By-Products (DBP) 

could be tested, which is primarily generated from the use of free chlorine as the 

disinfectant. Samples from the Pipe Loop locations were collected as a function of time 

rather than location. 

3.1.1.1. The Columbia Water Treatment Process 

The drinking water treatment facility for the City of Columbia serves approximately 

100,000 customers and typically treats about 12 million gallons per day (MGD). The 

treatment facility uses ground water from 15 110ft deep wells, located in the McBaine 

Bottoms, which are strategically placed around the water treatment plant. The McBaine 
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Bottoms formation is primarily a bed of sand and gravel beneath the bottom land 

bordering the Missouri River just southwest of the city of Columbia. The treatment 

process includes aeration, lime softening, coagulation/flocculation, primary disinfection, 

filtration and secondary disinfection before final distribution.  Treatment objectives 

include removal of iron and manganese by aeration followed by sedimentation of 

oxidized material along with turbidity, removal of taste- and odor-causing compounds 

using lime and coagulation/flocculation processes intended to further remove dissolved 

organic matter. An overview of treatment processes and location for sample collection is 

shown in Figure 3.1. 

Because of customer's average daily demands, the treatment plant needs to be operational 

24 hours a day and 7 days a week. Over the course of the 10-month study the finished 

water samples were collected at regular intervals and from a single location before the 

addition of ammonia, to form the secondary disinfectant monochloramine. The location 

of the sampling is the inlet of the Pipe Loop built at the treatment plant. The inlet of the 

Pipe Loop is located after filtration and before addition of Ammonia since this research is 

based on chlorinated water.  

3.1.2. Data from Other Sources 

In order to have a better understanding both of the history of THM formation in the 

distribution system and of the operational strategy of the treatment plant, additional data 

collected by the plant operators and historical data from a monitoring system was 

analyzed.  

 



39 
 

3.1.2.1. Standard Plant Operational Data 

Data for water quality parameters such as free and total chlorine residual, pH, turbidity, 

hardness, iron and manganese concentrations within the facility and the distribution 

system was collected by plant personnel to satisfy regulatory monitoring requirements. 

This information is usually kept in daily and monthly log sheets at the facility and sensor 

data from the distribution system is stored in archives.  

3.1.2.2. SCADA Historical Data 

The federal regulatory agency requires a water treatment facility to have an online 

monitoring system in place to communicate to sensors placed in remote locations and to 

monitor and record data, which allows the operators to analyze trends over long periods 

of time. The Columbia treatment facility has had a Supervisory Control And Data 

Acquisition (SCADA) system in place for over 20 years. The change in water quality in 

terms of THM formation and chlorine decay at different locations in distribution system 

was verified as a result of changes in treatment processes and operational strategy over 

time. Historical data collected and stored by SCADA since the early 1990's was analyzed. 

3.1.3. Standard Solutions 

3.1.3.1. THM Standard Solution 

The THM standard solution was obtained from Supelco (Bellefonte, PA # 48140-U) as a 

concentration of 2000 µg/mL of each TTHM species in methanol. A representative 

certificate of analysis yielded values found in Table 3.1. 
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Table 3.1: THM standard concentrations, original solution. 

TTHM Species Specified Concentration 

(µg/mL) 

Analytical Concentration 

(µg/mL) 

Chloroform 2000 1894 

BDCM 2000 1946 

DBCM 2000 1960 

Bromoform 2000 2023 

 

A Primary Dilution THM Standard (PDTS) with a concentration of 20 µg/mL of each 

THM species was prepared from this solution as needed, while using appropriate 

amounts of methanol. For a calibration curve, this PDTS solution was added to DI water 

to yield desired concentrations (5, 10, 25, 50 and 100 ppb) to be analyzed prior to the 

analysis of a sample set. 

3.2. Analytical Methods 

3.2.1. Sample Collection 

For each sampling event four water samples were collected. Two were analyzed for 

TTHM and two for pH, UV254 and Total Organic Carbon (TOC). Free & total chlorine 

residual of the water was tested on site using Hach chlorine Pocket Colorimeter
TM

 II.  

Four 40-mL glass vials were used for the collection of water samples and it allowed for 

duplicate analysis of samples as needed for analytical quality control, as well as 

additional sample availability should errors occur during sample collection, preparation 

and/or instrumental analysis. 
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Sample vials were labeled with the sampling date, day of the scenario, time and location. 

Each glass vial used for THM sample collection was prepared by adding at least 100 

mg/L ammonium chloride shortly before sampling to quench the reaction. Ammonium 

chloride is a dechlorinating agent that inhibits any further reactions with free chlorine by 

converting it to chloramines so that an accurate measurement from each sample location 

could be obtained.  

After samples were collected from the treatment plant and pipe loop, they were 

transported back to a university laboratory by car and stored in a refrigerator at     C until 

analyzed for TTHM (within 14 days of collection), as specified in the analytical methods 

section for each class of compounds.  

3.2.2. UV254 

One of the four samples collected every time at every location was used to determine 

absorbance of light at 254nm following Standard Method 5910 B [87]. Samples were 

transferred to a 1-cm quartz cuvette using a syringe with a built-in 0.45-µm filter prior to 

analysis. These samples were analyzed using a Varian Cary 50 Conc UV-Visible 

Spectrophotometer in the university's laboratory. To ensure accuracy the cuvette was 

cleaned multiple times using DI water prior to analysis and to ensure consistency 

between sets of results, the same instrument was used for measurements of all samples as 

part of this study. 

3.2.3. Chlorine Residual 

Free and total chlorine concentrations in the field as well as the lab were measured using 

appropriate DPD methods (Hach methods 8021 and 8167 [88], equivalent to Standard 
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Method 4500-Cl G [87]) and a Hach pocket Colorimeter II (Cat # 5870000) designed for 

collecting on-site measurements. All on-site and most laboratory measurements were 

done using Hach pocket Colorimeter II and this method involves addition of a measured 

quantity of N, N-diethyl-p-phenylenediamine (DPD) to the sample which will then turn 

an intensity of pink proportional to the chlorine concentration immediately (free chlorine) 

or after 3 to 6 minutes (total chlorine); absorbance readings of this intensity are taken at 

515nm. Total chlorine measurements involve the oxidation of iodide to iodine by 

combined chlorine in the sample. Both this iodine and free chlorine are then reactive with 

DPD. The kit has an effective range of LR-0.02 to 2.00 mg/L and HR-0.1 to 8.0 mg/L, 

which is typically adequate for concentrations experienced in the field such that dilutions 

are generally not required. 

3.2.4. Total Organic Carbon (TOC) 

One of the four samples collected every time at every location was used to determine 

Total Organic Carbon (TOC) using combustion Infrared Method (Standard Method 

5130B). The sample was acidified and purged to remove inorganic carbon. The sample 

was then injected into a high-temperature TOC analyzer. The samples were combusted at 

~ 1350
o
 C in an oxygen rich atmosphere. The carbon is converted to carbon dioxide and 

measured. 

3.2.5. THM Species 

The samples that were collected for TTHM analysis were analyzed with a Varian 3800 

Gas Chromatograph (GC) equipped with a Saturn 2000 Mass Spectrometer (MS) for 

detection. An analysis method similar to that described by EPA method 524.2 [89] and 
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Standard Method 6232 C [87] was used. Approximately 5 mL of 40-mL samples, which 

were collected in the field and brought back to the laboratory for analysis, was used for 

each analysis. Sample preparation methods and analysis conditions are described in 

Appendix A. 

3.3. Experimental Set-ups 

3.3.1. Physical Model of Distribution System (Pipe Loop) 

The physical model of a distribution system (Pipe Loop) was built in the filtration 

building of the City of Columbia water treatment facility as a means to understand 

changes in DBP formation kinetics under different operational conditions. It provided for 

manipulation of conditions like contact time and chlorine concentration and analyze the 

change in DBP formation over time without having to change anything in the actual 

distribution system. Surface conditions were close to a real system thereby increasing the 

accuracy and feasibility of conclusions/results presented. 

3.3.1.1. Design 

The pipe loop was designed based on contact time requirements, volume of water that 

could be used, point of extraction of finished (treated) water and the space availability in 

the filtration building. Provisions were made for sample collection, draining and to by-

pass the storage tank if and when needed (Figure 3.1). Design specifications of the loop 

can be seen in Table 3.2. 
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Figure 3.1: Physical model of distribution system (Pipe Loop) design. 

Table 3.2: Design specifications of Pipe Loop. 

Parameter Value 

Location Columbia Water Treatment Plant 

Length of the pipe 135 ft 

Type and Schedule of the pipe PVC-40 

Diameter of the pipe 4 " 

Pressure 10 psi 

Temperature 50 F 

Storage tank volume 200 gallons 

Type of the pump Centrifugal 

Capacity of the pump 40 gpm 

 

3.3.1.2. Sampling Location and Description 

Finished water after the filtration process was allowed to enter the storage tank in order to 

fill the Loop. Once the Loop was full, the water was re-circulated in the Loop until 

required amount of contact had been achieved. The quality of the water can be 
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manipulated in the storage tank before it entered the Loop in order to run different 

operational scenarios.  

Samples were collected at regular intervals via the sample tap at the end of the Loop. For 

the purpose of this study it was assumed that at any given point of time, the quality/age of 

water exiting the sample tap was approximately same as at any other location in the 

Loop. Samples were collected as a function of contact time in the Loop and usually in 24-

hour intervals and collected samples were tested for pH, UV254, Free and total chlorine 

residual and TTHMs (Table 3.3). 

Table 3.3: Sampling matrix of Pipe Loop. 

Variable Free 

Chlorine 

Residual  

Total 

Chlorine 

Residual 

TTHM TOC UV254 pH 

Interval 24 hour 24 hour 24 hour 24 hour 24 hour 24 hour 

Entrance 

of Loop 

Yes Yes Yes Yes Yes Yes 

End of 

Loop 

Yes Yes Yes Yes Yes Yes 

No. of 

samples 

1 1 2 1 1 1 

Sample 

volume 

40 ml 40 ml 40 ml 40 ml 40 ml 40 ml 

Sampling 

period 

10  months 10  months 10  

months 

10  

months 

10  

months 

10  

months 

 

3.3.2. Material Specific Simulated Distribution System (MS-SDS) 

Material Specific Simulated Distribution System (MS-SDS) and Simulated Distribution 

System (SDS) are most commonly used for determining the formation of biofilm inside 

pipes over time but the test is flexible enough to be used for many other analytical 

purposes.  MS-SDS test was conducted parallel to SDS test in accordance with Standard 
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Method 5710C [87, 90, 91], with an objective to determine the extent of influence of wall 

reactions in DBP formation kinetics. MS-SDS was set-up in the laboratory at the 

university using pipe sections from the City of Columbia water distribution system and 

from the Pipe Loop. SDS was conducted using an amber glass jar and both tests used 

finished water from the Columbia water treatment facility. 

3.3.2.1. Design 

MS-SDS was designed based on Standard Method 5710 C with appropriate provisions to 

accommodate heavy ductile iron (DI) pipe from the distribution system and a PVC pipe 

from the Pipe Loop (Figure 3.2). The design specifications are presented in Table 3.4. 

 

Figure 3.2: Material specific simulated distribution system (MS-SDS) design. 

 

Table 3.4: Design specifications of MS-SDS. 

Parameter Value 

Location University Laboratory 

Material 1& Source DI pipe , Columbia Water Distribution 

System 

Material 2 & Source PVC pipe, Pipe Loop 

Length and Diameter of DI pipe 18 " and 4" 

Length and Diameter of PVC pipe 12" and 4" 
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3.3.2.2. Sampling Location & Description 

Finished water was transported to the university laboratory and introduced into both the 

MS-SDS and the SDS simultaneously and the mouths were shut tight. The set-up was 

incubated for three days and samples were collected for TTHM and other analysis. It was 

an open ended set-up that gave an access to change the water quality if and when needed 

and samples were collected from the open end using a scooper or simply dipping the vial 

horizontally. 

3.3.3. Pipe Section Reactor (PSR) 

Pipe Section Reactors are a bench-scale model of the Pipe Loop with a provision of 

changing the type and size of the pipe under study for comparison purposes. It is smaller 

in size but provides same amount of data as the Loop. 

3.3.3.1. Design 

The Pipe Section Reactor (PSR) was designed using pipe sections from actual 

distribution systems. The reactor set up was designed to allow for change in pipe length 

and material, collection of samples and addition of chemicals. Both ends of the PSR were 

fitted with PVC 4" sections with one end running halfway through the DI section. This 

end was sealed inside the DI section and capped so that water can only pass through the 

perforations in the PVC section which ensures maximum wall surface contact 

(Figure3.3). Design specifications of PSR are presented in Table 3.5. 
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Figure 3.3: Pipe section reactor (PSR) design. 

Table 3.5: Design specifications of PSR. 

Parameter Value 

Location University Laboratory 

Source of Pipe section 1 Columbia water distribution system 

Source of Pipe section 2 Marshall water distribution system 

Type, length and Diameter of the pipe 

sections 

DI, 2.5 ft and 6" 

Type and Capacity of the pump Centrifugal & 40 gpm 

 

3.3.3.2. Sampling Location and Description 

Finished water from the Columbia water treatment facility was transported to the 

university laboratory and introduced into the PSR via a storage tank. The water was 

allowed to flow continuously in the PSR over 5 days using a pump.  The design is similar 

to the Pipe Loop but with a pipe section of 2.5ft and 6 in diameter made of Ductile Iron. 

This pipe section was collected from distributions system of Columbia and Marshall. The 

concept of allowing finished water to run through the reactor for days and collecting 

samples every day is same as that of Pipe Loop. In both cases, it was assumed that at any 
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given time, the quality of water in any section of the reactor was same as the sampling 

location. 

3.3.4. EPANet Model of the Pipe Loop 

EPANet is a is a free software program, available at the United States Environmental 

Protection Agency (U.S. EPA) website http://www.epa.gov/nrmrl/wswrd/dw/epanet.html, 

that models water distribution systems with respect to hydraulic and water quality within 

pressurized pipe.  EPANET can calculate pressure, head, and flow throughout the 

distribution system.  The water analysis portion of the software tracks concentrations of 

chemicals throughout the system and even models storage tanks as complete-mix reactors 

(CMRs), plug-flow reactors (PFRs), or two compartment reactors.  Water age (residence 

time) may also be calculated.   

3.3.4.1. Design 

The EPANet model of the Pipe Loop was designed based on maximum of number of 

days the finished water was expected to stay in the Pipe Loop, which in this case is 7 

days. It was designed to simulate the Pipe Loop by using the same pump curve, storage 

tank volume, pipe type, and pipe size (Table 3.6). The only difference between the 

physical model and this computer model is the elimination of water traveling in a loop. 

EPANet was designed with pipe laid long enough for water to travel the required number 

of days without any loops included (Figure 3.$).  
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Figure 3.4: EPANet model of the Pipe Loop. 

Table 3.6: Design specification of EPANET. 

Parameter Value 

Design Pipe Loop 

Duration between Nodes 1 day 

Calibration Literature and Loop data 

Type and Schedule of the pipe PVC-40 

Diameter of the pipe 4 " 

Pressure 10 psi 

Temperature 50 F 

Storage tank volume 200 gallons 

Type of the pump Centrifugal 

Capacity of the pump 40 gpm 

 

3.3.4.2. Sampling Location and Description 

Each node in the model corresponds to each day the water is in the pipe. The initial 

calibration of the model was done using the finished water quality entering the Pipe 

Loop, the wall reaction coefficients of PVC pipe from literature and the bulk reaction 

coefficients of SDS. Kinetic coefficients and initial conditions, corresponding to different 

scenarios analyzed using the Pipe Loop, were used to further calibrate the EPANet 

model. The concentration of required water quality parameters at each node were 

calculated using built-in kinetic equations and are displayed as a table. 
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The results from this model were compared against other models to determine the 

efficiency and accuracy of such prediction tools. This model was built as part of an effort 

to demonstrate non-invasive ways for small scale systems to predict DBPs in their 

distribution systems and to have a better understanding of DBP formation kinetics. 

3.4. Operational Strategies 

3.4.1. Normal Run 

Normal run was used as the control or baseline for comparing other strategies and is 

based on typical operation of a drinking water treatment process which models treated 

water with a measurable disinfectant residual entering the distribution system. Finished 

water from the City of Columbia water treatment plant (before addition of ammonia) is 

allowed to enter the Pipe Loop via Storage tank attached it. Once the Loop was full, the 

valve was shut and 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, TOC, pH, UV254 and TTHM as a function of time over a period of 10 

months. 

The key points of the data generated are: 1) the TTHM concentration entering the Pipe 

Loop averaged 40 µg/L (half of MCL limit of 80).  2) the free chlorine residual of the 

water entering the Loop was on average 2.5 mg/L. 3) the pH during the run averaged 8.5 

(considerably high for a chlorinated system). 

3.4.2. High Chlorine Run 

The Pipe Loop was operated in exactly same manner as in Normal run except the 

chlorine residual of the water entering the Loop averages 6.4 mg/L (compared to 2.5 
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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. The water was 

then allowed to recirculate in the looped system for 7 days and water samples were 

collected at daily intervals. Collected samples were tested for free and total chlorine 

residual, TOC, pH, UV254 and TTHM. 

The key points of the data generated are: 1) the TTHM concentration entering the Pipe 

Loop averaged 40 µg/L. 2) the free chlorine residual of the water entering the Loop was 

on average 6.4 mg/L. 3) the pH during the run averaged 8.5. 

3.4.3. Chlorine Booster System Run 

In order to simulate this 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 introduced into the system and the 

water continues to recirculate 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 key points of the data generated are: 1) the TTHM concentration entering the Pipe 

Loop averaged 40 µg/L. 2) the free chlorine residual of the water entering the Loop on 

day 0 was on average 2.5 mg/L. 3) on day 2, the residual was again increased to an 

average 2.5 mg/L. 4) the pH during the run averaged 8.5. 
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3.4.4. Storage Systems Run 

In order to simulate this strategy in the Loop, water was allowed to fill the Loop via a 

storage tank attached to the Loop. Once both were full, the valve between the tank and 

Loop was shut and the water was held in the tank while the water in the Loop recirculated 

for 2 days. On day 2 the valve between tank and Loop was opened and one-third of 

volume of the tank was drained through the Loop. The tank was filled to its full capacity 

at high pressure to ensure proper mixing. The process of draining one-third volume and 

refilling it with new water was continued for 4 more days before the Loop and the tank 

were drained completely to start the process all over again. Water samples are collected 

from the tank as well as from the Loop at regular intervals. Samples were collected 

before draining and after refilling at both locations. Collected samples were tested for all 

the water quality parameters under study. 

The key points about the data generated are: the age of the water in the tank and the Loop 

after a cycle of draining and refilling was mixed. The reason for waiting 2 days before 

starting these cycles was that storage tanks used by small scale utilities can have as much 

as 2-day old water in their tanks any given day. The bulk decay coefficient for this 

strategy was calculated based on the data collected from the tank before and after every 

cycle.  With the storage tank being new without any biofilm growth on the surface and 

maintained properly under constant temperature, it was assumed that it could be used for 

bulk water analysis with sufficient amount of confidence. 
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3.4.5. Simulated Distribution System (SDS) 

The standard Simulated Distribution System (SDS) procedure is explained in-detail as 

Standard Method 5710C.  SDS was conducted using an amber glass jar. The data from 

SDS was used as an estimate for bulk flow reactions. For the Normal run strategy a 

simple standard SDS was conducted. The procedure is as follows: 

Finished water was collected from the Columbia water treatment plant before addition of 

ammonia and transported to the university lab. The pH of the water was maintained 

between 8.0 and 8.7, chlorine residual between 2.5 and 3.0 mg/L and a constant 

temperature of 25º C. The finished (treated) water had already had 0.2days of contact 

time with chlorine. This contact time leads to the formation of 40 µg/L of TTHM before 

the water was introduced into the SDS experimental set-up. 

For High Chlorine run on day 0 additional chlorine was added to increase the residual 

concentration from about 2.5 mg/L to about 6.4 mg/L which was consistent with the 

water entering the Loop. For Chlorine Booster run on day 2, additional chlorine was 

added to SDS set-up to increase the residual concentration to be consistent with the 

increase in the Loop. 

3.5. Data Formatting 

3.5.1. Organization of the Data 

All the experiments were run as function of time in order to maintain consistency in the 

format of the results from different experimental set-ups and to be able to compare the 
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results with one another. Hence the data collected could be analyzed as change in 

concentration of each water quality parameter with change in operational conditions as 

function of time in days. Results for a particular parameter from different prediction tools 

under the same operational conditions were compared with each other in order to 

understand the difference in accuracy and efficiency of each prediction tool. This analysis 

not only provided with the best prediction tool option for each set of operational 

conditions, but also gave the best set of operational conditions to optimize the system for 

chlorine residual and DBP formation. 

3.5.2. Statistical Methods 

Results from all the experiments conducted were entered into Minitab to run statistical 

analysis. Analysis Of Variance (ANOVA) and hypothesis testing was used to analyze 

similarities in the results from different experimental set-ups under similar and different 

operational conditions. Multiple Regression analysis was used to analyze the relationship 

between each water quality parameter and their effect on DBP formation kinetics. The 

Paired t-test was used to compare results when two water quality parameters seem to be 

strongly dependent on each other like free chlorine concentration and TTHM formation. 

A 99% level of significance with alpha equal to 0.01 was expected from all the data 

collected, but anything equal to or over 90% was accepted to draw conclusions. 
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4.0. ARRAY OF PREDICTION TOOLS FOR DETERMINING DBP 

FORMATION IN SMALL SCALE DISTRIBUTION SYSTEMS AND THEIR 

FEASIBILITY ANALYSIS 

 

4.1. Fate of DBPs in a drinking water distribution system. 

Finished water can undergo a variety of physical, chemical and biological changes during 

transportation through a distribution system. Understanding the causes of water quality 

degradation during distribution has become a priority of water producers because 

research has suggested that such degradation increases the rate of gastrointestinal 

illnesses [60, 77, 78]. The analysis of changes in water quality in a full-scale distribution 

system can be difficult because it involves numerous parameters ranging from network 

structure and system operation to the physical and chemical characteristics of the water. 

The dynamic nature of these parameters makes the analysis more complex. The 

distribution system can be considered to behave like complex reactors and water quality 

degradation is caused by many factors [60]. 

By-product concentrations vary both spatially and temporally within a distribution 

system. These variations are due to source water quality variability, variations in water 

treatment efficiency, and the dynamic nature of by-product formation during distribution. 

Twofold to fourfold differences in concentration may occur within a water distribution 

system, and the pattern of by-products from different sources can vary significantly over 

the course of a day as well as during a year [7, 79]. Given that DBP formation is not a 

well understood science and is influenced by many factors that change over time, 

prediction of DBPs in a dynamic natured distribution system takes a good amount of 
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effort by a utility. When trying to establish the cause of water quality degradation in 

terms of DBPs, utilities must consider structural, operational and water quality 

parameters. Because structural and operational data are not always directly available, 

water quality parameters are used to establish probable cause, often with little success 

[60]. 

4.2. Process of prediction of DBPs in Distribution Systems 

There are many ways to predict DBPs in distribution systems and most of them use first 

order kinetic models which require a good estimate of initial concentrations and time. 

Different types of DBP formation models have been described in recent literature. 

Models have been developed both from data generated in field studies or at laboratory-

scale. Some researchers have developed models to describe the formation of DBPs based 

on kinetics involved during chlorine reactions [7, 52, 57, 58, 62, 80, 81]. Other models 

are empirical and are based on multivariate regression equations that link a number of 

operational and water quality parameters with the concentrations of DBPs generated. 

The process of predicting DBPs in a distribution system involves selecting a prediction 

tool/method, taking system specific conditions into consideration, and evaluating the 

amount of data that is needed to give accurate estimates of concentrations of DBPs in 

different parts of the distribution system. There are many prediction models available that 

can used to predict DBP formation in distribution systems using contact time and initial 

concentration data. These tools can be classified as computer models, field-based 

techniques, pilot-scale models, and bench-scale models [82]. Each of these models comes 

with its own set of advantages and constraints. The amount of data needed to start and 
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calibrate these models differs from one another. For example, water quality computer 

models such as EPANET or KY Pipe can be successful in predicting disinfectant residual 

and DBP concentrations if the rate parameters for disinfectant loss both in bulk water and 

at the pipe surface are known and rate constants are available[8, 52, 83]. In contrast, 

bench-scale and pilot scale models don’t require kinetics data of the water.  

4.3. Types of Prediction Tools Available: their Design, Features and Feasibility 

Options 

There are many prediction models available that can used to predict DBP formation in 

distribution systems using contact time and initial concentration data. These tools can be 

classified as Filed–Based models, Computer models, Pilot-Scale models and Bench-Scale 

models [82]. 

4.3.1. Field-based models: 

The two most commonly used field-based techniques for prediction of DBPs and chlorine 

residual in distribution systems are Physical  and Computer Hydraulic models and batch 

reactor and distribution system data [82, 85]. 

4.3.1.1. Distribution system data & SDS 

Measuring the chlorine residual loss between two points in a distribution system and 

calculating loss due to bulk reactions using batch reactors in a laboratory [82-85] is a 

straight forward process. Batch reactor tests following the Simulated Distribution System 

(SDS) procedure, Standard Method 5710C [87, 90, 91], by incubating water samples in 

standard glass bottles, assumes zero contribution from the distribution system.  
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 The residence time in the pipe section is calculated from the water velocity and pipe 

length. Subtracting this bulk contribution to decay from total loss and dividing by the 

residence time yields the contribution from surface reaction rate (equation 1).  Though it 

is one of the simplest ways of predicting DBPs, it has two drawbacks. First, it's hard to 

find a pipe section of uniform material and condition that is long enough to both produce 

a measurable amount of loss in residual but, without water demand along its length that 

prevent an estimate of residence time using pipe length and velocity. Second, is the need 

to assume a reaction order for calculating a surface rate constant since such 

measurements effectively preclude testing for reaction kinetics [82].  

4.3.1.2. Hydraulic models  

Hydraulic models are used to match disinfectant residuals throughout the distribution 

system by adjusting the rate constant for pipe surface reactions. This method produces a 

correlation of the surface reaction rate constant with the Hazen -Williams’s wall 

roughness coefficient [8, 82].  Hydraulic models can be built using many types of 

software available in the market like EPANET, Info Water, and KY-Pipe. For the 

purpose of this research EPANET was used. It is a free software program that models 

water distribution systems with respect to hydraulics and water quality within pressurized 

pipe. The design of the EPANET model was based on a pilot scale model (schematic 

shown in Figure 4.1) that will be explained further in section 4.3.2.1.  
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Figure 4.1: EPANET model.  

This setup was designed using parameters such as the pump curve, storage tank volume, 

pipe type, and pipe size to be consistent with pilot scale model. EPANET was designed 

with pipe laid long enough for water to travel the required number of days without any 

loops. Table 4.1 shows design specifications of the EPANET. 

               (Ct-Cb)/T = rs     (1) 

Where, Ct =Total loss of chlorine residual, Cb =Chlorine loss due to bulk reactions, T= 

residence time, rs = surface reaction rate of chlorine decay 

Table 4.1: Design specifications of EPANET. 

Parameter Value 

Design Pipe Loop 

Duration between Nodes 1 day 

Calibration Literature and Loop data 

Type and Schedule of the pipe PVC-40 

Diameter of the pipe 4 " 

Pressure 10 psi 

Temperature 50 F 

Storage tank volume 200 gallons 

Type of the pump Centrifugal 

Capacity of the pump 40 gpm 
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Each node in the model corresponds to each day the water is in the pipe. The initial 

calibration of the model was done using the finished water quality entering the Pipe 

Loop, the wall reaction coefficients of PVC pipe from literature, and bulk reaction 

coefficients of SDS. Kinetic coefficients and initial conditions corresponding to different 

scenarios analyzed using the Pipe Loop were used to further calibrate the EPANet model. 

The concentration of required water quality parameters at each node were calculated 

using built-in kinetic equations and were displayed as a table. 

This method is useful in determining how to change the water quality entering the 

distribution and in determining the effects of the distribution system on DBP formation 

over time without having to actually do a physical model. Hydraulic models have had 

limited success in predicting DBPs in distribution systems, but have two drawbacks. 

First, they lack a firm foundation in kinetic principles. For instance, both zero and first 

order rate models have been used to describe the same data set. Second, the chemical and 

physical conditions within a distribution system are seldom constant [82]. Variations in 

water velocity, pH, temperature, dissolved oxygen (DO), and the chemical composition 

of corrosion scales and pipe materials may all strongly influence the rate of disinfectant 

decay [7, 52, 57, 58, 60, 62, 80, 81]. 

4.3.2. Pilot scale models 

Pilot scale models are known to overcome uncertainties of field based models such as 

Pipe Loops which use long lengths of specific material and controlled feed conditions 

[82, 85].  
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4.3.2.1. Pipe Loop  

The physical model of distribution system (Pipe Loop) was built in the filtration building 

of the Columbia water treatment facility as a means to understand changes in DBP 

formation kinetics under different operational conditions. It provided access to 

manipulate conditions like contact time and chlorine concentration and to analyze the 

changes in DBP formation over time without having to change anything in the actual 

distribution system. Use of surface conditions close to a real system increases the 

accuracy and feasibility of conclusions/results presented. The Pipe Loop was designed 

based on contact time requirements, volume of water that could be used, point of 

extraction of finished (treated) water, and the space availability in the filtration building. 

It can be seen in Figure 4.2 that provisions were made for sample collection, draining and 

to by-pass the storage tank if and when needed. Design specifications of the loop can be 

seen in Table 4.2. 
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Figure 4.2: Physical model of distribution system (Pipe Loop) design. 

Table 4.2: Design specifications of Pipe Loop. 

Parameter Value 

Location Columbia Water Treatment Plant 

Length of the pipe 135 ft 

Type & Schedule of the pipe PVC-40 

Diameter of the pipe 4 " 

Pressure 10 psi 

Temperature 50 F 

Storage tank volume 200 gallons 

Type of the pump Centrifugal 

Capacity of the pump 40 gpm 

 

Figure 4.3 is the schematic and Figure 4.4 is the experimental set-up of the Pipe Loop 

used for this research. Finished water after the filtration process was allowed to enter the 

storage tank and fill the Loop. Once the Loop was full, the valve was shut off and the 

water was re-circulated in the Loop until the required amount of contact had been 

acquired. Samples were collected at regular intervals via the sample tap at the end of the 
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Pipe Loop. For the purpose of this study it was assumed that at any given point of time, 

the quality/age of water exiting the sample tap was approximately same as at any other 

location in the Loop. 

 
Figure 4.3: Schematic of the Pipe Loop. 

 
Figure 4.4: Experimental set-up of the Pipe Loop at Columbia water treatment plant. 
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Pipe loops have been used by many researchers over last two decades to understand the 

decay and formation kinetics of contaminants in distribution systems. Though it has been 

successful with chlorinated systems, it does not produce measurable amount of 

chloramine decay with appropriate velocity in the system [82, 85]. Large pilot scale 

systems can produce long contact times, but they are relatively expensive.  

4.3.3. Bench scale models 

Bench-scale models are hypothesized to overcome the limitations of both field based and 

pilot scale models [82]. There are different kinds of bench-scale models such as Pipe 

Section Reactor (PSR) and Material-Specific Simulated Distribution System (MS-SDS). 

They are similar in being relatively inexpensive and providing a well-controlled pipe 

surface environment [82]. These models are built using sections of pipe from actual 

distribution systems under study. The quality of water with respect to DBPs and chlorine 

residual is analyzed as a function of either velocity or contact time [82, 85]. Temperature 

and chemical characteristics of water can be controlled easily in these models. 

4.3.3.1. Pipe Section Reactor (PSR) 

Pipe Section Reactor (PSR) is a bench-scale model of the Pipe Loop with a provision of 

changing the type and size of the pipe under study for comparison purposes. It is smaller 

in size, but provides similar data as the loop. PSRs allow for different pipe lengths, 

different pipe materials, collection of samples, and addition of chemicals. Both ends of 

PSR built for this study were fitted with PVC 4" sections with one end running halfway 

through the DI section (Figure 4.5). This end was sealed inside the DI section in the way 
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that water can only pass through the holes in the PVC section which ensured maximum 

wall surface contact. Design specifications of the PSR are presented in Table 4.3. 

 

Figure 4.5: Pipe section reactor (PSR) Design. 

 

 

 

Table 4.3: Design specifications of PSR. 

Parameter Value 

Location University Laboratory 

Source of Pipe section 1 Columbia water distribution system 

Source of Pipe section 2 Marshall water distribution system 

Type, length and Diameter of the pipe 

sections 

DI, 2.5 ft and 6" 

Type and Capacity of the pump Centrifugal & 40 gpm 

 

Finished water from the Columbia water treatment facility was transported to the 

university laboratory and introduced into the PSR through a storage tank. The water was 

flow allowed to continuously into the PSR over the required amount of contact time using 

a single pump.  The design is similar to the Pipe Loop but with shorter pipe sections and 
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varying pipe materials and diameters. The concept of allowing finished water to run 

through the reactor for days and collecting samples every day is the same as that of the 

Pipe Loop. In both cases, it was assumed that at any given time the quality of water in 

any section of the reactor was same as the sampling location. 

4.3.3.2. Material Specific –Simulated Distribution System (MS-SDS) 

The standard Simulated Distribution System (SDS), as specified in Standard Method 

5710C [92, 95, 96], incubates water samples in standard glass bottles which assumes zero 

contribution from the distribution system pipe material. However, research has shown 

that biofilms are formed in distribution systems when microbial cells attach to pipe 

surfaces and multiply, forming a slime layer in the pipe [90-100]. Microbial attachment 

has also been shown to be a major factor in chlorine resistance and in the persistence of 

bacterial [90-100]. Biofilms can cause an inability to maintain a disinfectant residual 

which allows bacterial re-growth in drinking water supplies [90-100]. It can then be 

hypothesized that surface biofilm may impose certain impacts on the formation of THM 

during distribution. Both bacterial inactivation (if any) and THM formation exert a 

chlorine demand and rely heavily on natural organic matter (as a precursor for THM 

formation and as a nutrient source for biofilm) [90-100]. Therefore, the commonly used 

simulated distribution system (SDS) test may not be adequate to evaluate the formation 

of THMs in a distribution system [90-100]. 

Brereton (1998) developed a modification in which finished water is incubated under 

conditions representative of actual field conditions in terms of reaction time, pH, 

temperature and chlorine application and in the sections of pipe taken from an actual 
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distribution system [90-100]. This material specific (MS-) SDS test was proposed on the 

same premise as the standard SDS test. If the two tests are run simultaneously, it is then 

possible to distinguish THM production in drinking water under the influence of two 

distinct environments: the bulk water phase and the pipe environment [90-100]. 

The most commonly used pipes today for water mains are ductile iron (DI), prestressed 

concrete, polyvinyl chloride (PVC), reinforced plastic, and steel [90]. For the purpose of 

this research pipe sections made of PVC and DI were used. The selection is justified by 

the fact that most of the treatment plants in Missouri are still using DI or have upgraded 

to PVC in last decade. Detailed information about the experiment is explained in section 

3.3.2. Figure 4.6 is the AutoCAD design for the experimental set-up of the MS-SDS in 

the University of Missouri (MU) laboratory (Figure 4.7). The MS-SDS design 

specifications are presented in Table 4.4. 

 
Figure 4.6:  MS-SDS AutoCAD design. 
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Figure 4.7: Experimental set-up of MS-SDS at university of Missouri laboratory. 

Table 4.4: Design specifications of MS-SDS. 

Parameter Value 

Location University Laboratory 

Material 1& Source DI pipe , Columbia Water Distribution 

System 

Material 2 & Source PVC pipe, Pipe Loop 

Length & Diameter of DI pipe 18 " and 4" 

Length & Diameter of PVC pipe 12" and 4" 

 

Finished water was transported to MU lab and introduced into MS-SDS and SDS 

simultaneously. The water in each set-up was incubated for the required amount of time 

and samples were collected for TTHM and other analysis. It was an open ended set-up 

that provided access to change the water quality if and when needed and to collect 

samples using a scooper or simply dipping the vial horizontally. 

The data from samples collected was analyzed to determine the extent of wall reactions in 

different materials and their effect on TTHM formation over time. Samples were 

Amber glass Jar 1L 
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collected once every 24 hours of incubation. Though bench-scale models have been used 

with some success, validation of results over real distribution system takes sufficient 

calibration to account for complex hydraulics in place.  

4.4 Conclusions. 

Selection of the models for this research is done based on current prediction tool 

preferences of small scale utilities. The main purpose of this work is to reviewand 

compare the accuracy of each of these models with each other under the same strategies. 

This will give  an idea of how much calibration each model requires to efficiently predict 

DBPs in distribution systems.  Assumptions and design decisions are made to maintain 

consistency between these models such that results from one model can be compared to 

the other to draw conclusions. For example, all the models are built to produce data as a 

function of time. 

Each prediction model discussed here is known to have advantages and disadvantages of 

its own. In order to get accurate results from any of these models, appropriate calibration 

is to be provided and valid assumptions have to be made. These assumptions should be 

based on constraints a utility has and have to be backed/justified by sound literature in 

that area. Calibration for each model is different and knowledge of where to sample and 

what to sample for is needed to get calibration data. Every model needs different amounts 

of expertise to run them and this should be taken into consideration when making the 

selection. The decision is to be made based on what is needed to be analyzed and the 

resources available at hand.  Operators need to realize that modeling is not a perfect 

science and the model built is as good as the assumptions made. Therefore, errors in 
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readings need to be accounted for when making important decisions about water 

treatment and management using prediction models.  
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5.0 QUANTIFICATION OF CHANGE IN DBP FORMATION AND 

CHLORINE DECAY KINETICS 

 

5.1. TTHM Formation & Chlorine Decay kinetic models 

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; it has a reasonably prolonged residual [4-6]. 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 substances present 

in water [36, 37].  As exact chemical composition of organic matter is unknown, a 

number of kinetic models have been developed to approximate chlorine decay in bulk 

water [7, 52, 57, 58, 62, 80, 81]. First-order kinetic models with respect to chlorine are 

the most commonly used models [7, 26, 52, 57, 58]. They are known for their simplicity, 

wide range of applicability, and reasonable representation of chlorine decay in 

distribution systems [7, 52, 57, 58].  The differential form of the decay model for the bulk 

fluid is shown in equation 1[26, 52]. 

dC/dt= -kbC      (1)  

Where, C = chlorine concentration in the bulk fluid (mg/L); t = time (days or hours); and 

kb = bulk decay coefficient (day
-1

 or hour
-1

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

dC/dt = -kw/rhCw       (2) 

where kw = wall decay coefficient (feet/day); rh = hydraulic radius (feet); and  Cw = 

concentration of chlorine at the wall (mg/L) which is a function of bulk chlorine 

concentration. [26, 52]. The mass-transfer-based model of chlorine decay in distribution 

systems can be explained in terms of laminar and turbulent flow conditions. Studies have 

shown that when calculations are made under laminar flow conditions, the rate constant 

of wall reactions 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 [101]. Therefore, various investigators have used data from pipe -loop 

experiments or field data to calculate the wall decay coefficient (kw; equation 3) as the 

difference between overall decay coefficient (kT) and bulk decay coefficient (kb) [26, 52, 

101].    

kw = kT-kb       (3) 

Previous research and data from the loop built as part of this research has shown that 

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 [26, 

52, 102]. 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    (4) 
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Where, TTHM = total trihalomethane (THM) formation (µg/L); Y = yield parameter (µg 

of TTHM formed/ mg of chlorine consumed) and M = intercept from linear regression 

analysis of experimental data [7, 52, 103]. Yield depends on many factors including 

chemical composition and structure of the organic material in water, pH and temperature 

[52, 103]. Equation 4 is used to calculate the TTHM yield in our research. 

5.2. Part-I: Effect of operational strategies on water quality in distribution systems in 

terms of chlorine residual decay and TTHM formation. 

This research was conducted using a physical model of distribution system (Pipe Loop) 

built at Columbia Water Treatment Plant using 4 inch (in) PVC pipe. The design 

specifications of the Pipe Loop are explained in detail in section 3.3.1. The operational 

strategies studied here are typical to small scale water utilities: Normal run (used as the 

control system), High Chlorine run, Chlorine Booster run and Storage Systems run. Each 

of these strategies is explained in detail in section 2.5.1. Equation 3 is used to calculate 

wall decay coefficients (kw). Pipe Loop data was used to calculate the overall decay 

coefficient (kT) and formation potential tests with amber glass jars were used to estimate 

the bulk decay coefficient (kb). Figure 5.1 illustrates the schematic and Figure 5.2 is a 

picture of the experimental set-up of the Pipe Loop. 
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Figure 5.1: Schematic of the Pipe Loop. 

 

Figure 5.2: Experimental set-up of the Pipe Loop at Columbia water treatment 

plant. 
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5.2.1. Normal Run 

The Normal run scenario is used as the control or baseline for comparing other strategies 

and is based on typical operation of a drinking water treatment process which involves 

treated water with disinfectant residual entering the distribution system.  The operational 

approach to the Normal run is explained in detail in section 2.5.1.1. The length of the 

distribution system dictates the water age in the system and hence the water quality. For 

this run the water was recirculated for 7 days in a looped system and water samples were 

collected at daily intervals. Collected samples were tested for free and total chlorine 

residual, TOC, pH, UV254 and TTHM over a period of 10 months as a function of time 

(Figure 5.3).  The data collected in first week experienced a higher chlorine residual of 

about 10mg/L introduced into the Loop and the data from next three weeks had high 

fluctuations. These fluctuations may be attributed to biofilm stabilization in the Loop. 

 

Figure 5.3:  Normal Run- Loop data for TTHM as well as chlorine residuals and 

DBP precursors (TOC and UV254). The chlorine concentration was 2.5 mg/L on 

day 0. 
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The overall decay coefficient is calculated by fitting data points to a first order curve 

whose slope is overall decay coefficient (kT). TTHM yield is determined by plotting 

TTHM against chlorine consumption and finding the slope of the linear regression curve. 

Figure 5.4 shows the overall rate constants of chlorine decay and TTHM yield. 

 

Figure 5.4: Kinetics data for Normal Run in the Loop. 

Data was collected from a glass jar under Normal run conditions (Figure 5.5) to 

determine the bulk decay coefficient and to estimate kinetics (Figure 5.6). 
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Figure 5.5: Normal Run- Glass jar data for TTHM as well as chlorine residuals and 

DBP precursors (TOC and UV254). The chlorine concentration was 2.5 mg/L on 

day 0. 

 

 

Figure 5.6: Kinetics data for Normal Run in glass jar. 

 

The key points of the data presented above are: 1) the TTHM concentration entering the 

Pipe Loop is about 40 µg/L which happens to be half of MCL limit of 80. 2) the free 

Cl data 
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chlorine residual of the water entering the loop is on average 2.5 mg/L. 3) the pH during 

the run is approximately 8.5which is considerably high for a chlorinated system. 

From the above graphs the overall decay coefficient and bulk decay coefficient for the 

Normal run are 0.71d
-1

 and 0.24d
-1

, respectively (Table 5.10). Using equation 3, wall 

decay coefficient is calculated to be 0.47d
-1

. The TTHM yield is calculated to be 68.5 

µg/mg.  

5.2.2. High Chlorine Run 

A High Chlorine condition is often used by small scale water utilities around US. The 

simulation of this strategy is explained in detail in section 2.5.1.2. The Pipe Loop was 

operated in exactly same manner as in the Normal run except the chlorine residual of the 

water entering the loop averages 6.4 mg/L when compared to 2.5 mg/L in the Normal 

run. Kinetics in this scenario is expected to be different than Normal run because the 

higher initial concentration of a reactant (Figure 5.7) will cause a higher rate of reaction 

(Figure 5.8). This data is used to calculate overall decay coefficient (kT) for the High 

Chlorine scenario. 
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Figure 5.7:  High Chlorine run- Loop data for TTHM as well as chlorine residuals 

and DBP precursors (TOC and UV254). The chlorine concentration was 6.4 mg/L 

on day 0. 

 

 

Figure 5.8: Kinetics data for High Chlorine Run in the Loop. 

As mentioned earlier the bulk decay coefficient was calculated based on formation 

potential runs done using amber glass jar. Figure 5.9and 5.10 show the data collected 

from glass jar under High Chlorine run conditions and kinetics estimates respectively. 

For this strategy, on day 0, additional chlorine was added to increase the residual 
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concentration from about 2.5 mg/L to about 6.4 mg/L which was consistent with the 

water entering the loop.  

 

Figure 5.9:  High Chlorine run- Glass jar data for TTHM as well as chlorine 

residuals and DBP precursors (TOC and UV254). The chlorine concentration was 

6.4 mg/L on day 0. 

 

 

Figure 5.10: Kinetics data for High Chlorine Run in glass jar 

From the above graphs the overall decay coefficient and bulk decay coefficient for High 

Chlorine run are 0.17d
-1

 and 0.14d
-1

, respectively (Table 5.10). Using equation 3, wall 

TTHM data 
Cl data 
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decay coefficient is calculated to be 0.03d
-1

. The TTHM yield is calculated to be 

73µg/mg.  

5.2.3. Chlorine Booster Run 

Chlorine boosters are used as an operational strategy when trying to maintain residual in 

consecutive systems or even really long single distribution systems. When operated 

properly at an appropriate location in the distribution system, chlorine boosters have a 

potential of decreasing the total amount of disinfectant used as well improve the water 

quality with respect to chlorine residual and TTHMs formed [52, 53, 56, 57, 63, 64]. In 

order to simulate this 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 

allowing the water to stay in the loop for 2 days, additional chlorine was introduced into 

the system and the water was allowed to stay in the Loop for 2 more days before the 

Loop was drained and the strategy was run all over again. Water samples were collected 

at daily intervals before boosting (BB) and after boosting (AB). Figures 5.11 and 5.12 

show the data from the Loop under the chlorine booster run conditions and graphical 

representation kinetics calculations, respectively. 
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Figure 5.11: Chlorine Booster Run - Loop data for TTHM before and after boosting 

as well as chlorine residuals and DBP precursors (TOC and UV254). The chlorine 

concentration was boosted to 2.5 mg/L on day 2 when the residual fell to 0.5 mg/L 

 

 

Figure 5.12: Kinetics data for Chlorine Booster Run in the Loop. 

 

Cl BB data 
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The overall decay coefficient (kT) was calculated using the data from the figure 5.11. 

TTHM yield is calculated by plotting TTHM against Chlorine consumption with the 

slope of the linear regression curve being yield of TTHM formation. Separate 

calculations are done for all the kinetic parameters before and after the booster to 

understand the influence of boosting on chlorine decay and TTHM formation kinetics. 

Figures 5.13 and 5.14 show the data collected from glass jar (for bulk decay coefficient 

calculations) under chlorine booster run conditions and kinetics estimates, respectively. 

For this strategy, on day 5, additional chlorine was added to increase the residual 

concentration to be consistent with the increase in the Loop when the chlorine residual 

fell to about 0.5 mg/L.  

 

Figure 5.13: Chlorine Booster Run - Glass jar data for TTHM before and after 

boosting as well as chlorine residuals and DBP precursors (TOC and UV254). The 

chlorine concentration was boosted to 2.5 mg/L on day 5 when the residual fell to 0.5 

mg/L 
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Figure 5.14: Kinetics data for Chlorine Booster Run in glass jar 

 

From the above graphs the overall decay coefficient and bulk decay coefficient for 

Chlorine Booster run before boosting  (BB) are 0.64d
-1

 and 0.24d
-1

 and after boosting 

(AB) are 0.75d
-1

 and 0.19d
-1

 respectively. Using equation 3, wall decay coefficients BB 

and AB are calculated to be 0.4d
-1

 and 0.56d
-1

 respectively (Table 5.10). The TTHM 

yield is calculated to be 71.5µg/mg BB and 48.62µg/mg AB.  

5.2.4. Storage Systems Run 

Storage tanks are an important part of infrastructure as well as the operational strategy of 

small scale utilities [60, 67-72]. They hold immense potential to either improve or 

degrade the water quality provided by the utility. External factors like atmospheric 

temperature, mixing conditions, size and shape of the tank, location of inlet and outlet 

valves, and wall coating play a vital role in quality of water coming out of  the storage 

tanks [60, 67-72]. The volume of water entering and leaving the tank and timeline of 
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these events are the most important factors that dictate successful operation of storage 

tanks.  

In order to simulate this strategy in the Loop, water was allowed to fill the Loop via a 

storage tank attached to the loop. Once both were full, the valve between the tank and 

Loop was shut and some water remained in the tank while the rest of the water 

recirculated in the Loop for 2 days. On day 2, the valve between tank and Loop was 

opened and one-third of volume of the tank was drained through the loop. The tank was 

filled to its full capacity at high pressure to ensure proper mixing. The process of draining 

one-third volume and refilling it new water was continued for 4 more days before the 

Loop and the tank were drained completely to start the process all over again. Water 

samples were collected from the tank as well as the Loop at regular intervals. Samples 

were collected before draining and after refilling. Collected samples were tested for all 

the water quality parameters under study. Figures 5.15 and 5.16 show the data from Loop 

under storage systems run conditions and a graphical representation of kinetics 

calculations, respectively.  



87 
 

 

Figure 5.15: Storage Systems Run - Loop data for chlorine residuals and TTHM 

formation as a function of time when each day one-third of the tank is used 

 

Figure 5.16: Kinetics data for Storage Systems Run in the Loop. 

 

The key points about the data presented above are the age of the water in the tank and the 

Loop after a cycle of draining and refilling was mixed. The reason for waiting 2 days 

Avg. K up= .9251 

Free Cl data 

2 days storage 

before dilution 

process starts 

pero 
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before starting these cycles was that storage tanks used by small scale utilities on average 

have about 2 days of storage in the tank on any given day. Consistent increase in chlorine 

residual and decrease of TTHM concentration can be observed after each cycle due to 

concentration and dilution effects of new water entering the system.  

The bulk decay coefficient for this strategy was calculated based on the data collected 

from the tank before and after every cycle.  Because the storage tank was new without 

any biofilm growth on the surface and maintained properly under constant temperature, it 

was assumed that it can be used for bulk water analysis with a sufficient amount of 

confidence. This assumption seemed to be a better option than conducting this 

experiment in the lab using a jar with a limited amount of mixing by pressure of refilling 

and transporting the new water back and forth to the lab.  Figures 5.17 and 5.18 show the 

data collected from tank under storage systems run conditions and kinetics estimates, 

respectively. 
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Figure 5.17: Storage Systems Run data for chlorine residuals and TTHM formation 

as a function of time when each day one-third of the tank is used 

 

 

Figure 5.18: Kinetics data for Storage Systems Run in the Tank. 

 

Avg. K up= -.2711 

Free Cl data 
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From the above graphs the average overall decay coefficient and bulk decay coefficient 

for Storage tank run after dilution are 0.91 d
-1

 and 0.27 d
-1

 respectively. Using equation 3, 

average wall decay coefficient after dilution are calculated to be 0.64 d
-1

   

5.2.5. Discussion 

Normal Run vs. High Chlorine Run: This analysis is intended to statistically explain the 

merits and demerits of the High Chlorine run in terms of chlorine residual maintenance 

and TTHM formation control. 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 5.19) 

 

Figure 5.19: Normal run vs. High Chlorine run chlorine residual and TTHM trends. 

The percent differences between the TTHM formation values are also noted. 

 

 

+ 84% 

+65% 

+50% +48% 

+60% 
+77% 
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An 84% increase is observed in the High Chlorine Run TTHM concentration when 

compared to the Normal Run by the end of 7-day run and on an average a 64% increase 

in TTHM concentration can be observed over 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 support to kinetics analysis presented (Table 5.1, 5.2). These tables provide 

proof of 99% level of significance. The highlighted portions of the table show that p 

value if lower than alpha. Alpha value for 99% level of significance is 0.01; it depends on 

the level of significance chosen. 

Table 5.1: Statistical analysis of chlorine residual data of Normal run and High Chlorine 

run 

t-Test: Paired Two Sample for Means Anova: Single Factor

Normal cl free high cl free SUMMARY

Mean 0.796666714 4.528571429 Groups Count Sum Average Variance

Variance 0.800470358 1.402380952 Normal cl free 7 5.576667 0.796666714 0.800470358

Observations 7 7 high cl free 8 33.6 4.2 2.065714286

Pearson Correlation0.891763272

Hypothesized Mean Difference0

df 6 ANOVA

t Stat -17.64328095 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 1.06421E-06 Between Groups 43.242 1 43.24199583 29.18294845 0.000121 4.667193

t Critical one-tail 3.142668403 Within Groups 19.26282 13 1.48175555

P(T<=t) two-tail 2.12842E-06

t Critical two-tail 3.707428021 Total 62.50482 14  

Table 5.2: Statistical analysis of TTHM data of Normal run and High Chlorine run 

t-Test: Paired Two Sample for Means Anova: Single Factor

Normal TTHM high TTHM SUMMARY

Mean 149.7833333 226.8 Groups Count Sum Average Variance

Variance 4056.001667 10906.672 Normal TTHM 6 898.7 149.7833333 4056.001667

Observations 6 6 high TTHM 8 2112.8 264.1 12574.61714

Pearson Correlation0.992318563

Hypothesized Mean Difference0

df 5 ANOVA

t Stat -4.493484574 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 0.00321904 Between Groups 44805.6 1 44805.60095 4.964502792 0.045766 4.747225

t Critical one-tail 3.364929999 Within Groups 108302.3 12 9025.194028

P(T<=t) two-tail 0.006438079

t Critical two-tail 4.032142984 Total 153107.9 13  
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According the data presented above, it can be concluded that though High Chlorine run 

can help maintain residuals over long time but 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.  

Minimization of wall effects in High Chlorine Run: When kinetic coefficients of chlorine 

decay of the Normal Run are compared to the High Chlorine Run, it can be observed be 

that in case of Normal Run about 34% of total chlorine decay can be attributed to bulk 

water reactions and remaining 66% to wall reactions whereas about 82% of total chlorine 

decay in the High Chlorine Run can be attributed to bulk water reactions alone leaving 

only about 18% to wall reactions (Table 5.3). 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 conditions tend to increase rate of bulk reactions in turn 

minimizing 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 reaction path there by affecting 

the concentration and type of products formed [105]. 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 chlorine-limited. 
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Table 5.3: Kinetics data of Normal run and High Chlorine run which reveals a less 

significant wall reaction rate coefficient observed for the High Chlorine situation 

Strategy Total Reaction 

Rate Coefficient 

(d
-1

) 

Bulk Reaction 

Rate Coefficient 

(d
-1

) 

Wall Reaction 

Rate Coefficient 

(d
-1

)  

Normal Run 0.71
 

0.24 0.47 

High Chlorine Run 0.17 0.14 .03 

 

High Chlorine Run vs. Chlorine Booster Systems Run: This analysis is intended to 

statistically explain the merits 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 

Run is to help maintain required minimum chlorine residual in distribution systems. As 

explained earlier in this chapter, 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 5.20). 
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Figure 5.20: High Chlorine run vs. Chlorine Booster run chlorine residual and 

TTHM trends. The percent differences between the TTHM formation and chlorine 

decay values are also noted. 

 

According to the data presented above, it can be observed that High Chlorine Run does a 

really good job in maintaining chlorine residuals over long periods time while booster 

systems do seem to do a better job than Normal Run (Figure 5.22), but not as good as 

High Chlorine Run in terms of maintaining residuals (Figure 5.20). 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 concentration on day 0. Though these two strategies 

started with 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 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 

-25% 

-33% 

-40%% 

-86% 

-23% 
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higher number of successful collisions (Figure 5.21) 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 chlorine in water, it can concluded that the 

Chlorine Booster System is a better solution for a utility with chlorine residual and 

TTHM issues. It helps maintain enough residual to be in compliance with minimum 

residual required in distribution systems regulation and taste and odor requirement as 

well as decreases the potential to form high concentrations of TTHMs. It can be proven 

statistically with a 99% level of confidence that these two strategies produce different 

trends in chlorine decay and TTHM formation over time under constant wall conditions 

requiring utilities to be more careful when making the decision about using one strategy 

rather than the other (Table 5.4, 5.5). These tables provide proof of 99% level of 

significance. The highlighted portions of the table show that p value if lower than alpha. 

Alpha value for 99% level of significance is 0.01; it depends on the level of significance 

chosen.

 

Figure 5.21: Rate of Reaction at Higher Reactant Concentration [106]. 
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Table 5.4: Statistical analysis of chlorine residual data of High Chlorine run and Chlorine 

Booster run 

t-Test: Paired Two Sample for Means Anova: Single Factor

booster cl free high cl free SUMMARY

Mean 1.100833333 4.2 Groups Count Sum Average Variance

Variance 0.929062698 2.065714 booster cl free 8 8.806667 1.100833 0.929063

Observations 8 8 high cl free 8 33.6 4.2 2.065714

Pearson Correlation 0.863770312

Hypothesized Mean Difference 0

df 7 ANOVA

t Stat -11.30207204 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 4.74804E-06 Between Groups 38.41934 1 38.41934 25.65756 0.000172 3.102213

t Critical one-tail 1.894578605 Within Groups 20.96344 14 1.497388

P(T<=t) two-tail 9.49609E-06

t Critical two-tail 2.364624252 Total 59.38278 15  

Table 5.5: Statistical analysis of TTHM data of High Chlorine run and Chlorine Booster 

run 

t-Test: Paired Two Sample for Means Anova: Single Factor

booster TTHM TTHM SUMMARY

Mean 161.7833333 245.9667 Groups Count Sum Average Variance

Variance 6072.241667 14362.04 booster TTHM 6 970.7 161.7833 6072.242

Observations 6 6 high TTHM 8 2112.8 264.1 12574.62

Pearson Correlation 0.981911906

Hypothesized Mean Difference 0

df 5 ANOVA

t Stat -4.505282158 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 0.003184243 Between Groups 35892.69 1 35892.69 3.638278 0.08068 3.176549

t Critical one-tail 2.015048373 Within Groups 118383.5 12 9865.294

P(T<=t) two-tail 0.006368485

t Critical two-tail 2.570581836 Total 154276.2 13  

Chlorine Limited Conditions in Distribution Systems: It is commonly accepted that most 

distribution systems are operated under chlorine limiting conditions [67-72]. 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 5.22). 
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Figure 5.22: Normal run vs. Chlorine Booster run chlorine residual and TTHM 

trends. The percent differences between the TTHM formation and chlorine decay 

values are also noted. 

 

Chlorine Booster Run on average maintained 3 times higher concentrations of residuals 

during 4-day run. The11% 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 seem to stabilize in Normal run. 

Stabilization of TTHM concentration in Normal Run is due to low to zero concentrations 

of chlorine 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 TTHMs, odor and taste when compared to 

systems that have higher chlorine residuals available such as Booster systems and High 

Chlorine systems. Therefore, maintaining lower residuals throughout distribution system 

On day 2, additional chlorine is added in booster system 

+235% 

+383% 

+11% 
+23% 
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can be considered as an optimal option for a utility both economically and in terms of 

water quality.  

Another conclusion that can be drawn from this analysis is that though Booster systems 

are proven to maintain residuals over longer periods of time and produce lower TTHM 

concentrations than High Chlorine systems, they still produce enough TTHM (more than 

Normal Run) for a utility to have compliance issues.  This situation calls for better 

placement of boosters in the distribution system such that utilities can reap the full 

benefits of maintaining residuals without having to bear the regulatory burden of higher 

TTHMs production.  

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. (Figures 2.9, 2.10, and 2.11).  

Placement of chlorine boosters within a single distribution 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 2.11).  

In order to make this decision one has to know the effect of each option on water quality. 

Water quality in terms TTHM formation is analyzed in this part of the research. The 

determination of 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 chlorine entering the storage tank and 
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study their effects on TTHM formation. 2. Determine the effect of higher chlorine 

concentration caused by a chlorine booster system on TTHMs formation relative to lower 

concentrations 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 

5.23).   

 

Figure 5.23: Normal run vs. Chlorine Booster run where the chlorine is “boosted” 

on day 2 TTHM trends. The percent differences between the TTHM formation are 

also noted. 

 

An 11.5% increase in concentration of TTHM that we observe within 24 hours after 

boosting is solely due to 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 travel to storage tank and 

during storage in the tank, boosters need to be placed after the storage tank (figure 2.9b).  

This will reduce the contact time between additional chlorine and water as well as reduce 

Location of Boosting 

48 hours after boosting 

+11% 
+23% 
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the amount of chlorine used. In other words, water utilities need to add enough chlorine 

initially to get past the storage tank before using chlorine boosters; this will ensure lower 

concentration of chlorine in water entering the tank. 

The concept of using chlorine boosters before the water enters distribution system raises 

the question of need. Once the question about need is answered, the question about the 

placement of a chlorine booster system should be asked. There are two options for 

placement of the chlorine boosters with in the treatment plant (Figure 2.10); 1. before or 

on top of the clearwell, 2. after the clearwell.   

In order to make a decision about location of placement of chlorine boosters in this case, 

one needs to know what happens to water quality in terms of TTHM formation if water 

with high chlorine residauls enters the clearwell. There are two ways to know that; 1. Run 

a scenario in which water with high and low cocentrations of chlorine enters the clearwell 

and compare there TTHM concentratiosn to each other. 2. Run a set of SDS tests with 

high and low concentrations of chlorine (Figure 5.24). High chlorine conditions tend to 

minimize the wall effects in the system (as explained earlier) therefore, using SDS tests  

to analyze water chesmitry instead of actual clearwells is justified. 
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Figure 5.24: 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. 

 

Addition of all the chlorine before filtration or placing a booster system before or on top 

of the clearwell leads to a High Chlorine run strategy inside the clearwell which will 

minimize the wall effects. According to the bulk reactions data presented here, the 

TTHM concentration 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 clearwell is the optimal strategy for utilities 

(Figure 2.10b).  

Based on the above analysis, it’s evident that placement of chlorine boosters after the 

storage tank/tower in consecutive systems is a better option (Figure 2.9).  Placement of 

chlorine boosters plays a vital role in management of water quality in consecutive 

systems mainly because of the length of these systems and the fact that water would have 

travelled for days in primary distribution system before entering the secondary 

+98% 

+83% 
+65% 

+71% 
+72% + 77% 

+157% 
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distribution network which usually leads to formation of TTHMs and loss of a 

considerable amount of residual.   

Effect of storage systems operation on water quality: Water chemistry in storage systems 

is unique in many ways therefore; it would be easier to explain it in comparison with a 

Normal Run (Figure 5.25). As explained earlier in the Storage System Run, finished 

water is stored for 2 days before the dilution process starts. During the dilution process 

one-third of the
 
volume of the tank is replaced with new water and this process is 

continued in 24 hour intervals for 4 more days. 

 

Figure 5.25: Storage Systems run vs. Normal run chlorine residual and TTHM 

trends. The percent differences between the TTHM formation and chlorine decay 

values are also noted. 

 

Dilution with new water during the Storage systems run tends to decrease the 

concentration of TTHMs formed on average by 32% over 6-day run relative to a Normal 

Run. In addition to that, the dilution process helped maintain minimum residual in the 

system without additional chlorine unlike the Normal Run whose day 3 chlorine residual 

Dilution starts here 

-27% 

-44% 

-31% -29% -29% 

Not zero 
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approached zero. The TTHM concentration in the Storage system Run seems to be 

between 143 and 148 µg/L after 24 hours following the dilution for 4 days. This range 

depends on the concentration of TTHMs formed in the system before starting the dilution 

on day 2, which in turn depends on number of days the water is stored before the dilution 

process started. Therefore, storage time before dilution process takes effect and the 

contact time in the tank play an important role in water quality management in storage 

tanks. The stabilization effect of the dilution process is unique and can be a blessing to 

utilities if the tank is operated properly. Operation of the tank involves constant mixing to 

avoid temperature stratification issues, proper maintenance in terms of coating to ensure 

absence of biofilm, optimal location for inlet and outlet, minimizing storage time by 

draining a considerable volume of water at small and regular intervals [63-67]. It can be 

proven statistically with 99% level of confidence that these two strategies produce 

different trends in chlorine decay and TTHM formation over time under constant wall 

conditions (Table 5.6, 5.7). These tables provide proof of 99% level of significance. The 

highlighted portions of the table show that p value if lower than alpha. Alpha value for 

99% level of significance is 0.01, it depends on the level of significance chosen. 
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Table 5.6: Statistical analysis of chlorine residual data of Storage System run and Normal 

run 

t-Test: Paired Two Sample for Means

storage cl free normal cl free

Mean 0.900909091 0.533636364

Variance 0.421849091 0.619916828

Observations 11 11

Pearson Correlation 0.829418925

Hypothesized Mean Difference 0

df 10

t Stat 2.769377883

P(T<=t) one-tail 0.009904218

t Critical one-tail 1.812461123

P(T<=t) two-tail 0.019808435

t Critical two-tail 2.228138852  

Table 5.7: Statistical analysis of TTHM data of Storage System run and chlorine Normal 

run 

t-Test: Paired Two Sample for Means Anova: Single Factor

storage TTHM normalTTHM SUMMARY

Mean 116.4154545 175.5181818 Groups Count Sum Average Variance

Variance 1304.308607 2907.333636 storage TTHM 11 1280.57 116.4155 1304.309

Observations 11 11 normalTTHM 11 1930.7 175.5182 2907.334

Pearson Correlation 0.637411599

Hypothesized Mean Difference 0

df 10 ANOVA

t Stat -4.713975228 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 0.000411962 Between Groups 19212.23 1 19212.23 9.12339 0.006757 8.095958

t Critical one-tail 2.763769458 Within Groups 42116.42 20 2105.821

P(T<=t) two-tail 0.000823924

t Critical two-tail 3.169272673 Total 61328.65 21  

 

In the case of clearwells, the concept of storage time before the dilution process does 

apply because the water is not stored prior to the clearwell, rather the effect of mixing; 

filling cycles, and physical conditions of the tank become predominant. This can be 

explained statistically by comparing the Storage tank data of a Normal Run to the Storage 

tank data of a Storage systems run (Figure 5.26). Storage tank data of Normal Run 

represents a system with no mixing and filling cycles whereas Storage Systems represents 
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a system with complete mixing and regular filling cycles. Constant physical conditions 

such as surface coating and biofilm concentration are maintained in the both systems. 

 

 

Figure 5.26: Tank Normal run vs. Tank Storage run chlorine residual and TTHM 

trends. The percent differences between the TTHM formation and chlorine decay 

values are also noted. 

 

Dilution with new water in the Storage systems Run tends to decrease the concentration 

of TTHMs formed on average by 30% over the 6-day run relative to the Normal Run. 

The dilution process helped increase the chlorine residual in the Storage System Run by 

65% on day 4 and 113% on day 5 relative to the Normal Run and on day 6 chlorine 

residual in the Normal Run decreased to zero when about 1.4mg/L is still left in the 

Storage system Run. These differences in TTHM concentration and Chlorine residual 

between these two strategies are solely due to mixing and filling conditions. Therefore, it 

can be concluded that, in the case of clearwells, the mixing and filling conditions play an 

important role in management of water quality while storage time before entering 

Dilution in tank storage sys. Run starts on day 2. 
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clearwell depends on the contact time of disinfectant requirements during filtration, 

therefore, it cannot be included in clearwell management. When operated under proper 

mixing and filling conditions, clearwell can provide better water quality in terms of 

TTHM formation and Chlorine residual without additional chlorine. It can be proven 

statistically with a 99% level of confidence that these two strategies produce different 

trends in chlorine decay and TTHM formation over time under constant wall conditions 

(Table 5.8, 5.9). These tables provide proof of 99% level of significance. The highlighted 

portions of the table show that p value if lower than alpha. Alpha value for 99% level of 

significance is 0.01; it depends on the level of significance chosen. 

Table 5.8: Statistical analysis of chlorine residual data of Tank Storage system run and 

Tank Normal run 

t-Test: Paired Two Sample for Means Anova: Single Factor

Tank N Cl Tank S Cl SUMMARY

Mean 1.184545455 1.672727 Groups Count Sum Average Variance

Variance 0.494847273 0.127462 Tank Normal run Cl 11 13.03 1.184545 0.494847

Observations 11 11 Tank Storage sys. Run Cl 11 18.4 1.672727 0.127462

Pearson Correlation 0.697071081

Hypothesized Mean Difference 0

df 10 ANOVA

t Stat -3.103507072 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 0.005591827 Between Groups 1.310768 1 1.310768 4.212595 0.053444 2.974653

t Critical one-tail 1.812461123 Within Groups 6.223091 20 0.311155

P(T<=t) two-tail 0.011183654

t Critical two-tail 2.228138852 Total 7.533859 21  
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Table 5.9: Statistical analysis of chlorine residual data of Tank Storage System run and 

Tank Normal run 

t-Test: Paired Two Sample for Means Anova: Single Factor

Tank N TTHM Tank S TTHMSUMMARY

Mean 148.2709091 102.8667 Groups Count Sum Average Variance

Variance 2621.103389 670.0091 Tank Normal Run TTHM 11 13.03 1.184545 0.494847

Observations 11 11 Tank Storage sys. Run TTHM 11 18.4 1.672727 0.127462

Pearson Correlation 0.759665681

Hypothesized Mean Difference 0

df 10 ANOVA

t Stat 4.212883621 Source of Variation SS df MS F P-value F crit

P(T<=t) one-tail 0.000895856 Between Groups 1.310768 1 1.310768 4.212595 0.053444 2.974653

t Critical one-tail 1.812461123 Within Groups 6.223091 20 0.311155

P(T<=t) two-tail 0.001791713

t Critical two-tail 2.228138852 Total 7.533859 21  

The kinetics data collected from the Pipe Loop under different operational conditions 

shows that there is a change in kinetics of chlorine decay and TTHM formation with each 

change in operational strategies and that none of the strategies has zero wall surface 

reactions (Table 5.10) as is typically assumed when calibrating hydraulic/water quality 

models. The accuracy of the kinetics data is supported by statistical evidence presented in 

tables 5.1, 5.2, and 5.4-5.9. 

Table 5.10: Summary of results 

Strategy Total Reaction 

Rate 

Coefficient 

(d
-1

) 

Bulk Reaction 

Rate 

Coefficient 

(d
-1

) 

Wall Reaction 

Rate 

Coefficient 

(d
-1

)  

TTHM Yield  

(µg/mg) 

Normal Run 0.71
 

0.24 0.47 68.5 

High Chlorine 

Run 

0.17 0.14 0.03 73 

Chlorine 

Booster Run 

BB: 0.64 0.24 0.4 71.5 

AB: 0.75 0.19 0.56 48.6 

Storage 

Systems Run 

0.91 0.27 0.64 n/a 

Note: BB =Before Boosting, AB = After Boosting 

All the data collected fit the models with an R
2
 value more than 0.9 except TTHM yield 

data for High Chlorine run. The R
2 

for High Chlorine Run is 0.87.  
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5.4. Conclusions 

 Operational strategies affect water quality in terms of chlorine residual and 

TTHM formation in distribution systems.  

 High Chlorine run is least optimal option with approximately 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 one situation where ignoring wall reaction coefficient for calibration of 

hydraulic/water quality models is justified. 

 The location of Boosters should always be after the storage systems to avoid extra 

contact time that can produce approximately 54-104% higher concentrations of 

TTHMs. This is true for boosters in consecutive systems, within a single 

distribution system and within a treatment plant.  

 In case of storage systems, it is statistically proven that storage time before 

entering the tank, mixing conditions and fillings cycles play an important role in 

maintaining water quality in  storage tanks in distribution systems whereas 

storage time before entering the clearwell cannot be considered as a part of 

clearwell management. 

 Operators need to realize that any given operational strategy or pipe material has 

potential to improve water quality with respect to one parameter and degrade it 
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with respect to another. Finding a right balance requires knowledge of system-

specific conditions and factors of variability of water chemistry in distribution 

systems. 
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7.0 CONCLUSIONS 

 Operational strategies affect water quality in terms of chlorine residual and 

TTHM formation in distribution systems. Wall reactions under different 

operational conditions are to be considered when developing an understanding 

DBP formation chemistry and calibrating any water quality models/prediction 

tools. 

 Each prediction model discussed here is known to have advantages and 

disadvantages of its own.  

 In order to get accurate results from any of these models, appropriate calibration 

is to be provided and valid assumptions have to be made. These assumptions 

should be based on constraints a utility has and have to be backed/justified by 

sound literature in that area.  

 Calibration for each model is different and knowledge of where to sample and 

what to sample for is needed to get calibration data.  

 Every model needs different amounts of expertise to run them and this should be 

taken into consideration while making the selection. The decision is to be made 

based on what is needed to be analyzed and the resources available at hand.  

 Operators need to realize that modeling is not a perfect science and the model 

built is as good as the assumptions made. Therefore, errors in readings need to be 

accounted for when making important decisions about water treatment and 

management using prediction models 
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 Operational strategies affect water quality in terms of chlorine residual and 

TTHM formation in distribution systems.  

 High Chlorine run is least optimal option with approximately 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 one situation where ignoring wall reaction coefficient for calibration of 

hydraulic/water quality models is justified. 

 The location of Boosters should always be after the storage systems to avoid extra 

contact time that can produce approximately 54-104% higher concentrations of 

TTHMs. This is true for boosters in consecutive systems, within a single 

distribution system and within a treatment plant.  

 In case of storage systems, it is statistically proven that storage time before 

entering the tank, mixing conditions and fillings cycles play an important role in 

maintaining water quality in  storage tanks in distribution systems whereas 

storage time before entering the clearwell cannot be considered as a part of 

clearwell management. 

 Operators need to realize that any given operational strategy or pipe material has 

potential to improve water quality with respect to one parameter and degrade it 
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with respect to another. Finding a right balance requires knowledge of system-

specific conditions and factors of variability of water chemistry in distribution 

systems. 
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Appendix A: TTHM Analysis by Purge and Trap GAs Chromatographic/Mass 

Spectrometer Method. 

Standard Method for the Examination of Water and Wastewater 6232C and US EPA 

Method 524.2 

Sampling and storage 

Ammonium chloride, a dechlorination reagent, is added to the sample vial to yield a 

concentration of 100 mg/L ammonium chloride in the finished sample.  At sampling, the 

sample vial is filled to just overflowing, but without flushing out the ammonium chloride.  

No air bubbles should pass through the sample as the vial is filled or be trapped in the 

sample when the vial is sealed.  Samples are stored at 4C until analysis.  The sample 

storage area must be free of organic solvent vapors. 

Apparatus 

1. Purge and trap system: The purge and trap system consists of purging device, trap, 

and desorber; a Tekmar 3000 purge and trap concentrator is used in the laboratory. 

2. Gas chromatograph: Varian 3800 gas chromatograph. 

3. Detector: Varian Saturn GC/MS 2000. 

4. Sample vials: 40 mL clear glass EPA vials, fitted with Teflon-lined septa and screw 

caps (Fisher 03-339-14A). 

5. Syringes: 10 L (Hamilton 80300), 25 L (Hamilton 8040), 50 L (Hamilton 80500), 

100 L (Hamilton 80600), 250 L (Hamilton 80700), 500 L (Hamilton 80800), 

1000 L (Hamilton 81130). 
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6. Balance: analytical, capable of weighting to 0.0001g. 

7. Autosampler vials for preparation of standards: 2.0 mL autosampler vials with open 

screw top caps and Teflon-faced septa (Supelco 2-7078) 

 

Reagents and standards 

1. Methanol (CH3OH): High purity liquid demonstrated to be free of analytes (Fisher 

A457-4). 

2. THM Standard Solution (TSS): 2000 g/mL of each THM species (CHCl3, CHCl2Br, 

CHClBr2, CHBr3) in methanol (Supelco 48140-U).  

3. Primary Dilution THM Standard (PDTS): 20 g/mL THMs in methanol.  Inject 10 

L 2000 g/mL (TSS) and 990 L methanol into a 2.0 mL autosampler vial. 

4. QC Check Standard:  Environmental Resources Associates 702 

5. Ammonium chloride:  granular (Fisher A649-3). 

6. Ammonium chloride solution: 88.0 g/L. Dissolve 22.0 g ammonium chloride in 250 

mL deionized ultra-filtered (DIUF) water. 

7. DIUF water: 20 L pack (Fisher W2-20). 

 

Preparation of standards 

A minimum of five calibration standards is required.  40-mL sample vials are filled with 

DIUF water, 50 L of 88 g/L ammonium chloride is injected, and vials are capped 

headspace-free.  For a typical calibration curve over the range 0-100 g/L for each THM 

species, 10 L, 20 L, 50 L, 100 L, and 200 L of 20 g/mL PDTS is injected into 
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each of the five sample vials to yield 5 g/L, 10 g/L, 25 g/L, 50 g/L, and 100 g/L 

THM calibration standards, respectively; vials are then inverted slowly to mix. 

Table A.1 Purge and Trap Method 

Dry purge time: 0 minutes Purge time: 11 minutes 

Purge ready temperature: 35C Valve temperature: 150C 

Purge flow: 30-40 mL/min Transfer line temperature: 170C 

Mount: 40C Desorb preheat: 220C 

Desorb: 2 minutes at 225C Bake: 10 minutes at 230C 

 

Table A.2 Ion Trap Parameters 

Prescan ionization time: 100 microseconds Target TIC: 18,000 counts 

Background mass: 33m/z RF dump value: 650 m/z 

 

Table A.3 Segment breaks, turn factors are as follows 

Segment Mass Range Ion Storage Level Ion Time Factor 

1 10 - 70 32 m/z 120% 

2 71-78 32 m/z 70% 

3 79-150 32 m/z 100% 

4 151-650 32 m/z 70% 
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GC Method 

A DB-5MS column (J&W Scientific) with an I.D. 0.25 mm and length of 60m is used; 

the carrier gas is helium flowing at 1mL/min at 35C. Injector split ratio is 10.  Column 

oven temperature and injector temperature are listed in following table. 

Table A.4:  Column Oven and Injector Temperatures 

Column oven 

temperature 

Temp( C) Rate(C/min) Hold(min) Total(min) 

35  2.00 2.00 

50 10.0 1.00 4.50 

200 20.0 6.00 18.00 

Injector temperature 125  18 18 

 

Table A.5:  Typical Column Retention Times of THM Species 

Compounds Retention Time (min) 

Chloroform  8.715 

Bromodichloromethane 10.420 

Dibromochloromethane 11.860 

Bromoform 13.150 

 

Calculations 

Calibration standards are analyzed with each sample set, and values are recorded by the 

GC/MS software for use in determining the relationship between peak area and 

concentration.  Calculations of concentrations based on the peak area are performed 

automatically by the software based on the calibration curve data set selected.  A 

representative set of calibration curves is given in Figure A.1. 
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Figure A.1:  Example Calibration Curves for TTHM Species 

 

Quality Control 

Use 50 g/L standard as a reference standard.  Analyze reference standard as though it 

was a sample.  Results are compared with known concentration of the reference standard 

(50 g/L); if the measured concentration falls within the range of 45 to 55 g/L ( 10%), 

the result is acceptable. 
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The QC sample is prepared as directed, then prepared and analyzed as though it were a 

regular sample.  Acceptable ranges for analytical results are given, and sample results are 

accepted if values fall within these ranges and other QC requirements discussed are also 

met. 

 


