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EXECUTIVE SUMMARY 
 
 
The water industry faces new challenges in understanding and controlling disinfection by-
product (DBP) formation as health concerns demonstrate a need for more stringent regulatory 
DBP requirements.  Mechanistic tools for understanding and predicting the rate and extent of 
DBP formation are required in order to facilitate the evaluation of DBP control alternatives.   
 
The goal of this project was to develop and calibrate an accurate kinetic-based model for several 
chlorinated DBPs of interest.  The model predicts DBPs (e.g., four THM species (THM4) and 
nine HAA species (HAA9)) as a function of DOC, disinfectant level (type and dosage), reaction 
time, temperature, pH, and bromide concentrations.  The project had the following specific 
objectives: 

• Compile existing databases on DBP formation experiments into a single Unified 
Database.  Some data from the compiled database were used to develop and/or verify 
mechanistic DBP prediction equations.  Data deficiencies were identified. 

• Develop and calibrate numerical models for predicting the behavior of disinfectants (free-
chlorine) and the formation of DBPs (THMs and HAAs) and improve DBP prediction 
accuracy over existing empirical DBP models through consideration of formation 
mechanisms and DBP stability.  Controlled experiments were performed to assess 
inorganic reactions, disinfectant decay, DBP formation, and DBP stability. Additional 
laboratory experiments were performed to augment the Unified Database, and overcome 
data deficiencies. 

• Develop an easy-to-use computer model capable of predicting DBP formation, through a 
combination of mechanistic subroutines, as a function of disinfectant decay and water 
quality conditions. 

 
Existing databases were found to have several deficiencies limiting their usefulness for 
calibrating mechanistic models.  These include lack of short-term kinetic chlorine consumption 
and/or THM plus HAA species formation.  Bench-scale experiments were therefore conducted to 
fill the datagaps.  The purpose of the bench-scale experiments was to obtain a wide range of 
NOM material from natural waters that simulated a range of treatment (NOM removal processes: 
coagulation, softening, ozonation, activated carbon sorption, and ultrafiltration) and disinfection 
(chlorine dose) conditions representative of full-scale water treatment facilities.   
 
Based on the literature reports of mechanisms involved in chlorination process and in light of 
previous observations during chlorination of natural waters, a comprehensive mechanistic model 
was developed.  The mechanistic model simulates DBP formation as a set of reactions between 
chlorine, bromine, and natural organic matter (NOM) as represented by three classes of reactive-
sites: instantaneous, fast, and slow reacting NOM sites. Mechanistic models were parameterized 
for kinetic constants, and NOM reactive site concentrations optimized to fit observed data.  It 
was concluded that chlorine decay and DBP formation were correlated, and less than 5% of the 
DOC concentration was present as chlorine reactive and DBP precursor material.  The 
mechanistic models were coded into the existing USEPA Water Treatment Plant Simulation 
model (Version 2.1). 
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Mechanistic models were compared against power-function empirical models for chlorine decay 
and DBP formation.  It was concluded that mechanistic models were more accurate at simulating 
source-water specific conditions than the empirical models, which tended to be accurate as 
central-tendency models for simulating observed databases with waters from different sources.  
However, the mechanistic model is more adaptable than power-function empirical models since 
new kinetic rate equations and constants can be added to simulate emerging DBPs or alternative 
disinfectants (e.g., chloramines). 
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INTRODUCTION 
 
The water industry faces new challenges in understanding and controlling disinfection by-
product (DBP) formation as health concerns demonstrate a need for more stringent regulatory 
DBP requirements.  Mechanistic tools for understanding and predicting the rate and extent of 
DBP formation are required in order to facilitate the evaluation of DBP control alternatives. 
 
Accurate predictive models for DBPs can facilitate the evaluation of treatment alternatives for 
disinfection and DBPs.  For this reason the United Stated Environmental Protection Agency 
(USEPA) has developed a water treatment plant simulation model (Harrington et al. 1992) that 
incorporates the current state of knowledge for predicting DBP formation based upon the water 
quality entering a treatment plant, chemical dosages applied at various locations within the 
treatment process, and the detention times in these processes.  This model was initially used for 
conducting a regulatory impact assessment in support of developing DBP regulations, and has 
since been updated in the year 2000. 
 
Most of the models currently available for predicting DBP formation and decay of disinfectants 
within a water system are of an empirical nature.  These models incorporate important reaction 
conditions (e.g., pH, reaction time, temperature, chlorine dose, total or dissolved organic carbon 
(TOC or DOC), ultraviolet light absorbance (UVA), and bromide concentration) into statistically 
based, power function relationships.  These models predict central tendency of the chemical 
reactions since they were developed using a wide range of source waters.  As a consequence they 
are marginally successful, within 30 percent, in prediction of trihalomethanes (THMs) and to a 
lesser extent, haloacetic acids (HAAs).  These models also neglect, or may implicitly account 
for, various degrees in the chemical stability and decomposition of DBPs.  Due to the nature of 
statistical curve fitting techniques used for this type of model development, relatively minor 
success can be achieved in developing site specific empirical relationships. 
 
Kinetic modeling of chlorine decay and DBP formation has largely been set aside by previous 
researchers due to the complexity, heterogeneity, and diversity in the structure of natural organic 
matter (NOM) found in surface and ground waters, and the confounding effects of bromide (Br-) 
ion.  A successful kinetic model for DBP prediction must include various aspects such as the fate 
of oxidants (such as chlorine) in the absence and presence of NOM, the formation of DBPs as a 
result of direct reactions with disinfectants, hydrolysis of DBPs, and biodegradation or chemical 
degradation of DBPs.   
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OBJECTIVES AND APPROACH 
 
The goal of this project was to develop and calibrate an accurate kinetic-based model for several 
chlorinated DBPs of interest.  The model predicts DBPs (e.g., four THM species (THM4) and 
nine HAA species (HAA9)) as a function of DOC, disinfectant level (type and dosage), reaction 
time, temperature, pH, and bromide concentrations. The project had the following specific 
objectives that undertaken as part of four tasks (Figure 1): 

• Compile existing databases on DBP formation experiments into a single Unified 
Database.  Some data from the compiled database were used to develop and/or verify 
mechanistic DBP prediction equations.  Data deficiencies were identified. 

• Develop and calibrate numerical models for predicting the behavior of disinfectants (free-
chlorine) and the formation of DBPs (THMs and HAAs) and improve DBP prediction 
accuracy over existing empirical DBP models through consideration of formation 
mechanisms and DBP stability (e.g., hydrolysis).  Controlled experiments were 
performed to assess inorganic reactions, disinfectant decay, DBP formation, and DBP 
stability.  Additional laboratory experiments were performed to augment the Unified 
Database, and overcome data deficiencies. 

• Develop an easy-to-use computer model capable of predicting DBP formation, through a 
combination of mechanistic subroutines, as a function of disinfectant decay and water 
quality conditions. 

 
Figure 1 – Tasks undertaken to meet project objectives 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Task 2 - Bench-scale experiments to quantify alterations in NOM structure prior 
to chlorination and DBP formation 

Task 3 - Parameterization of mechanistic and empirical models 

Task 4 – Coding mechanistic models into USEPA Water Treatment Plant 
Simulation modeling software 

Task 1 - Formulation of mechanistic models and initial model calibration               
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RESULTS 
 
TASK 1 - FORMULATION OF MECHANISTIC MODELS AND INITIAL MODEL 
CALIBRATION   
 
Based on the literature reports of mechanisms involved in chlorination process and in light of 
previous observations during chlorination of natural waters, a comprehensive mechanistic model 
was developed.  In brief, the model predicts chlorine decay and DBP formation through 
development of chemical rate laws.  Figure 2 schematically represents major pathways for DBP 
formation.  This model simulates DBP formation as a set of reactions between chlorine, bromine, 
and natural organic matter (NOM) as represented by three classes of reactive-sites:   
 

• Sites that react with free chlorine or free bromine nearly instantaneously and result in 
what is observed as instantaneous chlorine demand and DBP formation.  The timescale 
for these “instantaneous” reactions are from less than one minute to a few minutes.  

• “S1” sites react with chlorine (HOCl and OCl-) or bromine (HOBr and OBr-) where the 
rate-limiting step is 2nd order (1st order in NOM and 1st order in oxidant).  The S1 pathway 
produces the initial, “fast” formation part of the observed DBP versus time curve; 
timescales of a few minutes to a few hours.  

• “S2” sites react with chlorine or bromine more slowly than S1 sites.  “S2” sites are in 
equilibrium between protonated (S2H) and deprotonated (S2

-) species.  However, only the 
deprotonated form (S2

-) reacts with chlorine or bromine, and this secondary reaction 
becomes rate limiting.  The S2 pathway results in the final, “slow” formation part of the 
observed DBP versus time curve; timescales of a few hours to > 100 hours.  

 
For modeling chlorine and bromine reactions with NOM and formation of DPBs 
mechanistically, a key difficulty is the representation of NOM. NOM contains a heterogeneous 
mixture of organic compounds with quite different structures and characteristics, and varies as a 
function of hydrogeology and biogeochemistry within watersheds.  As a basis for understanding 
NOM reactions with chlorine and bromine, interpretation of reactions of model organic 
compounds (e.g., resorcinol) have been postulated and extrapolated for NOM.  The prototype for 
the S1 and S2 reaction pathways are resorcinol-type and β-diketones type reactions respectively. 
For S1, carbon atoms that are activated by OH substituents or phenoxide ions in an alkaline 
environment react with chlorine (HOCl/OCl-) and bromine (HOBr/OBr-) very fast. Oxidative or 
hydrolytic cleavages at different locations lead to THMs, HAAs or other DBPs. For S2, the 
activated carbon atoms on diketones or structures that can be oxidized to diketones will become 
fully substituted with chlorine and bromine.  Monoketone groups are formed via rapid hydrolysis 
from these structures. DBP formation depends on the R group in the monoketone group. If R is a 
hydroxyl group, X2AA will form.  Otherwise, the structure will further chlorinated to a 
trihaloromethyl species. This intermediate species is base-hydrolyzable to a THM. At neutral pH, 
if R is an oxidizable functional group (OFG) capable of readily donating an electron pair to the 
rest of the molecular, X3AA is expected to form after oxidation. If R is not an OFG, then 
hydrolysis will prevail and a THM is expected to form (Reckhow & Singer, 1985). 
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Figure 2 - Conceptual reaction mechanism (Adapted from McClellan, 2000) 
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For the S1 and S2 pathways, a series of faster (non rate limiting) chlorine-consuming steps 
follow, producing halogen substituted and oxidized organic compounds, carbon dioxide, chloride 
and bromide.  The amount of formation of each byproduct includes an initial amount 
(representing “instantaneous” formation) plus the sum of specified fractions of the total site 
consumption through the S1 and S2 pathways.  The rate of chlorine consumption is equal to the 
total rate of site consumption through each pathway multiplied by stoichiometric coefficients 
representing consumption in intermediate fast steps.  The conceptual reaction mechanism is 
depicted in schematic form in Figure 2 with terms defined in Table 1. 
 
Terms in Table 1 were initially parameterized (Table 2) using data from previous chlorination 
studies (Lake Gaillard and Andover WTP in Massachusetts) and initial chlorination studies in 
Central Arizona Project (CAP) water from this study.  This parameterization was based only 
upon chlorine demand and THM4.  Coefficients of determination for simultaneous fits were 0.91 
for the chlorine responses and 0.95 for the THM4 responses.  Individual THM or HAA species 
were not modeled during initial parameterization due to lack of adequate data.   
 
A Unified Database of chlorination studies over the past decade was accumulated with data from 
researchers primarily in North America and New Zealand (electronic copy included on final 
report CD-ROM).  Evaluation of these previous chlorination and DBP formation studies 
indicated a lack of kinetic data in the zero to two hour time interval which was critical for 
modeling “S1-type” reactions, or were primarily full-scale rather than laboratory datasets.  
Previous databases lacked one or more of the following kinetic parameters: chlorine residual, 
THM species, and HAA species measurements.  The preliminary modeling results and 
evaluation of existing databases provided a framework for collection of additional databases that 
included appropriate kinetic time intervals, elevated bromide concentrations, and a wide range of 
NOM characteristics.  Bench-scale experiments were therefore conducted (Task 2) to fill-in 
datagaps identified in the Unified Database, which were necessary for calibration of mechanistic 
models.  

 
 

TASK 2 - BENCH-SCALE EXPERIMENTS TO QUANTIFY ALTERATIONS IN NOM 
STRUCTURE PRIOR TO CHLORINATION AND DBP FORMATION 
 
The purpose of the bench-scale experiments was to obtain a wide range of NOM material from 
natural waters that simulated a range of treatment (NOM removal processes) and disinfection 
(chlorine dose) conditions representative of full-scale water treatment facilities.  Raw/untreated 
waters were collected from four locations around the United States: (1) CAP: Central Arizona 
Project (Scottsdale, AZ) in canal that is diversion from the Colorado River, (2) LH: Lake 
Houston (Houston, TX), (3) HMR: Harwoods Mill Reservoir (Yorktown, VA), and (4) LM: 
Lake Manatee (Bradenton, FL).  Raw water quality is presented in Table 3.  In large batch or 
continuous flow laboratory experiments each raw water was subjected to six simulated water 
treatment processes aimed at altering the structure of NOM in solution (Table 4).  After each 
experimental treatment, samples were used for NOM “profiling” (molecular weight, hydrophobic 
/ hydrophilic characterization, fluorescence spectrometry) and separate samples used for kinetic 
chlorination studies (chlorine residual, THM species, HAA species).  Representative results are 
discussed below. 
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Table 1 -  Summary of mechanistic model terms 
 

Term Description 
a1,THM, a2,THM, a1,Cl3AA, 
a2,Cl3AA, a1,TBHAA, a2,TBHAA, 
a1,DiHAA, a2,DiHAA 

Factors relating by-product formation and NOM site 
consumption (dimensionless numbers between 0 and 
1) 

aHOCl, aOCl-, aHOBr, aOBr- pH-dependent distribution factors for the chlorine and 
bromine species (dimensionless numbers between 0 
and 1) 

a1P, a2P Distribution factors accounting for pH and oxidant 
concentration effects on by-product speciation 
(dimensionless numbers between 0 and 1) 

a1,Cl, a1,Br, a2,Cl2, a2,BrCl, a2,Br2, 
a3,Cl3, a3,BrCl2, a3,Br2Cl, a3,Br3 

Distribution factors accounting for DBPs species 
(dimensionless numbers between 0 and 1) 

ß12, THM, ß22, THM, β1,Cl2AA, 
β2,Cl2AA, β1,Cl3AA, β11,Cl3AA, 
β21,Cl3AA. 

Factors representing the fractional contributions of 
NOM site classes, and uncatalyzed, oxidation, and 
hydrolysis pathways to the formation of individual by-
product species (dimensionless numbers between 0 
and 1) 

θ1, θ 2, θ P     Rate adjusting coefficients for temperature effects 
ßBr Factor accounting for the greater reactivity of bromine 

relative to chlorine 
?Br Factor accounting for the additional molar formation 

of DBPs in the presence of bromine 
[OClT], [OBrT] Free chlorine and bromine concentration 
[HOCl], [OCl-], [HOBr],[OBr-] Hypochlorous acid, hypochlorite, hypobromous acid, 

hypobromite concentration 
[S1], [S2H],[S2

-] NOM site concentration 
[TOBr] Brominated organic matter concentration 
k1, k21f, k21r, k22 Rate constants 
k’1, k’21f, k’21r, k’22 Apparent rate constants 
KP, KP,OH, KP, HOCl, KP, OCl,  
KP, HOBr, KP, OBr,  

Coefficients representing the relative importance of 
uncatalyzed, hydrolysis, and oxidation pathways in 
by-product formation 

R1, R21f, R21r, R22, R3 Reaction Rates 
T, Tref Temperatures 
n1, n2, n1,B, n2,B Factors relating chlorine demand and NOM site 

consumption 
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Table 2 -  Optimized parameters for mechanistic model 
 

Parameters Units Initial Fitted Values 
(Bromide included,  
HAAs excluded) 

Final Fitted Values 
(Bromide included,  

HAAs included) 
k11 µM-1h-1 0.02 0.02 
k12 µM-1h-1 6.66×10-4 6.66×10-4 
θ1

 T in oC 1.014 1.014 
k21f h-1 0.01125 0.01125 
k21r M-1h-1 1.44×107 1.44×107 
k22 µM-1h-1 0.453 0.453 
θ21 T in oC 1.032 1.032 
n1 Dimensionless 8 8 
n2 Dimensionless 4 4 
n1,B Dimensionless 2 2 
n2,B Dimensionless 1 1 
βBr Dimensionless 8.403 8.403 
λBr Dimensionless 1. 237 1. 237 
kP Dimensionless 0.226 0.226 
kP,HOCl µM-1 0.859 0.859 
kP,OH M-1 1.9×109 1.9×109 
θP T in oC 1.035 1.035 
β12,THM Dimensionless 0.104 0.104 
β22,THM Dimensionless 0.124 0.124 
β1,Cl3AA Dimensionless - 0.0157 
β11,Cl3AA Dimensionless - 0.422 
β21,Cl3AA Dimensionless - 0.048 
β1,Cl2AA Dimensionless - 0.0434 
β2,Cl2AA Dimensionless - 0.0190 
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Table 3 - Water quality of four raw waters 
 

Parameter CAP LH HMR LM 
Sampling Date 03/16/99 09/17/99 05/17/00 03/16/00 
DOC, mg/L 2.56 6.20 6.64 11.7 
SUVA, m-1[mgDOC/L]-1 1.71 2.79 3.15 3.67 
Alkalinity, ppm as CaCO3 121 42 40 30 
Hardness, ppm as CaCO3 292 41 75 75 
pH 8.5 8.0 7.5 7.8 
Sulfate, ppm 224 11 13 44 
Chloride, ppm 69 26.42 14 15.2 
Bromide, ppm 0.090 0.093 0.020 0.29 
NO3

- (mg/l) 1.26 0.19 0.27 0.29 
PO4

- (mg/l) <0.15 0.32 <0.15 <0.15 
 
 

Table 4 - Simulated Treatment Processes 
 

Treatment Pretreatment 
Requirements 

Experimental Criteria 

Raw water None 0.1µm Balston AH-DH Glass Filter 
Alum 
Coagulation 

None Dose at a rate of 10 ppm Alum / mg DOC, followed by 0.1 
µm filtration. 

Ozonation None Base on achieving a 1 log Crypto (~ 10 log Giardia) 
inactivation by achieving a constant CT (1min-mg/L). 
Continuous-flow ozonation (HRT = 10 min), followed by 
0.1 µm filtration. 

Softening None Add sufficient Ca(OH)2 to reach pH 11.0 and 
stoichiometric (+25ppm) soda-ash, followed by 0.1 µm 
filtration. 

Membranes 
(NF) 

Balston AH-DH 
Glass Filter 

Ultrafiltration with a 2500 dalton Desal  GH negatively 
charged, flat sheet membrane with an Osmonics SEPA 
Cell  unit operated at 4% recovery in recycle mode. 

Powder 
Activated 
Carbon (PAC) 

Balston AH-DH 
Glass Filter 

0.1 µm filtration followed by 7-day PAC sorption 
(100ppm). Conduct small scale batch isotherms with 
Calgon WPH. Select dose to achieve 50% DOC removal. 
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NOM Profiling 
 
NOM profiling verified that the process treatments altered the NOM structure.  Summary data 
for HMR are presented in Table 5.  In general alum coagulation removed DOC for waters with 
SUVA > 2 m-1(mgDOC/L)-1, resulting in NOM characterized by lower weight averaged 
molecular weight (MWW) but similar polarity as untreated water.  This work utilized an 
innovative approach for determination of MWW: DOC detection after size exclusion 
chromatography (SEC) (Her et al., 2002).  Ozonation always reduced SUVA and shifted DOC to 
more polar material as oxygen functionality was developed.  Lime softening removed less than 
15% of the DOC or SUVA, except in CAP water where slightly higher removals were observed.  
Ultrafiltration removed between 45% (CAP) and 95% (LM), with 74% and 87% removal for LH 
and HMR, respectively.  The decrease in SUVA and MWW was less than the change in DOC 
during ultrafiltration.  The negatively charged membrane preferentially removed hydrophobic 
and more polar (i.e., transphilic) NOM fractions.  Activated carbon treatment preferentially 
removed hydrophobic NOM.  Similar trends in alteration of NOM “profiling” was observed for 
each process treatment in the four waters. 
 

Table 5 – NOM Characterization of Hardwoods Mill Reservoir (HMR) water 
 

 Untreated Alum 
Coagulation 

Ozone 
Treated 

Lime 
Softened 

Membrane 
Ultrafiltered 

Activated 
Carbon  

DOC (ppm) 6.64 2.75 4.09 6.44 0.887 3.08 
SUVA  
m-1[mgDOC/L]-1 

3.15 1.85 1.52 2.73 2.25 2.92 

MWW  
(Dalton) 

1132 613 910 966 899 1057 

Polarity (%DOC) 
 Hydrophobic 
 Hydrophilic 
 Transphilic 

 
57% 
21% 
22% 

 
52% 
27% 
21% 

 
26% 
43% 
31% 

 
54% 
23% 
23% 

 
37% 
54% 
9% 

 
38% 
36% 
26% 

 
 
 
Chlorination Experiments 
 
Kinetic chlorination experiments were conducted under variable chlorine dose, pH, bromide, and 
temperature conditions.  An orthogonal (CAP) or semi-factorial (LH, HMR, LMW) matrix of 
experiments were conducted.  Conditions were selected to be highly representative of actual 
chlorination conditions encountered at full-scale facilities, and differed from previous studies 
reported in the Unified Database: 

• Chlorine dose – Baseline dose based upon obtaining 1 mg/L after 24 hours (1.7 to 6.5 
mg/L) 

• pH – Baseline was pH 7.5 (5.5 to 9.5) 
• Bromide – Baseline was ambient level (spiked with 0.1 to 0.5 mg/L) 
• Temperature – Baseline was 150C (2 to 25 0C) 
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CAP, HMR, and LH treated water samples (limited work with LM water) were chlorinated (3 L 
reactor), stored in separate BOD bottles, and kinetic samples collected by sacrificing BOD 
bottles at approximately 5, 35, and 60 minutes plus 2, 4, 8, 24, 48, and 100 hours.  
Approximately one hundred separate chlorination experiments were conducted, each with kinetic 
chlorine, THM, and HAA samples analyzed.  THMs were quenched with phosphoric acid and 
ammonium chloride prior to analysis (modified EPA Method 551).  HAAs were quenched with 
sodium sulfite prior to analysis (modified EPA Method 552).  During spike recovery tests, 
brominated HAA species had less than acceptable recoveries.  It was determined that sodium 
sulfite used as a quenching agent resulted in occasional loss of bromide atoms from brominated 
and mixed halogen HAA species; chlorinated HAAs (µg/L) and sum of nine HAAs (molar basis) 
were unaffected.  The HAA results are therefore only valid as a molar sum of nine HAAs.  
Representative data are shown in Figure 3.  Two contrasting reaction times were observed: 1) 
zero to twenty minutes representing fast chlorine and DBP reactions, and 2) twenty minutes to 
four days representing slower chlorine and DBP reactions.  For CAP, LH, and HMR waters at 
the median percentile 25% of the chlorine reacted within the first 20 minutes (ranged from ~ 0% 
for ultrafiltered or activated carbon treated samples to 60% at the 90th-percentile of samples).  
Likewise the median (10th- and 90th-percentiles) short-term THM4 and HAA9 were 15% (5%, 
30%) and 20% (10%, 80%) of the long-term DBP formation, respectively.  Thus, experimental 
observations supported the postulated two-phase (faster and slower) reactions proposed for the 
mechanistic model (Figure 2). 
 
Trends observed for pH, temperature, and bromide were similar to those previously reported.  
However, the contribution of the current study was simultaneous measurements of chlorine and 
DBP species under both short-term and longer-term kinetic conditions.  Figure 4 present HAA7 
formation after 4 days and the relative rate (HAA0-20min divided by [HAA20min-4day minus 
HAA20min]) for HMR water under different chlorination conditions and process treatment 
scenarios.  Thus, if the relative rate is above 0.5, more than 1/3rd of HAA formation occurred 
within the first 20 minutes.  Values less than 0.5 indicate slower formation as more than 2/3rd of 
the formation occurs after 20 minutes.  The highest HAA7 formations were seen in the low pH 
scenarios.  These scenarios had the lowest relative rates, implying that as pH is lowered, HAA 
formation rates slow as final yields increase.  In contrast, the lowest formations were seen in the 
high pH experiments, both of which had relative rates higher than in the low pH experiments.  
The highest relative rate was seen in the baseline experiment.  Nonetheless, all relative rates 
were below 0.50, indicating that HAA7 formation occurred slowly.  Chlorine residual of greater 
than 0.50 mg/L was maintained in all but the two high pH experiments.  These experiments 
showed chlorine exhaustion had occurred before the 4-day samples were taken which may 
partially explain the low HAA7 formation.  The highest HAA formations under common baseline 
chlorination conditions (Figure 4b) were seen in the untreated water followed by, in decreasing 
order, softened, ozonated, activated carbon treated, ozonated, and ultrafiltered water.  Overall for 
all chlorination tests the following trends were observed: 

• Lowering pH increased TCAA and HAA9 formation, with a greater effect on TCAA than 
on HAA9.  As pH decreased so did the relative HAA rate of formation.  This may 
indicate that intermediate structures are present that undergo base-catalyzed hydrolysis to 
THMs at higher pHs.  At low pH, hydrolysis occurs slowly, so these intermediates are 
instead oxidized to form HAAs. 
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Figure 3 – Representative result from kinetic chlorination test (HMR water, pH=7.5, 

ambient bromide, chlorine dose = 2.7 mg/L, 15 oC) 
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Figure 4 – HAA concentration in HMR water for (A) different chlorination conditions and 

(B) different process treatment scenarios 
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• Lowering temperature generally decreased the absolute DBP formation levels, and 
slowed the reaction kinetics.  THM and HAA kinetics were not equally affected.  The 
results suggested that the pathway for the common precursor to THMs is far more 
temperature sensitive than the pathway leading to HAAs. 

• Increasing bromide ion concentration lowered the concentration of chlorinated DBPs, but 
had relatively no change on the total molar DBP concentration in comparison against the 
ambient bromide levels. 

 
 
TASK 3 - PARAMETERIZATION OF EMPIRICAL AND MECHANISTIC MODELS  
 
Both empirical and mechanistic models were developed from the kinetic batch experiments 
performed in Task 2.  After parameterization of the models, statistical analysis for the relative 
accuracy of the modeling output (chlorine residual, THM and HAA concentrations) was 
compared to evaluate the benefits of the two modeling approaches.  Major findings are presented 
in this section.  Experimental results were parameterized based upon four “cases”: 

• CASE I – CAP water experiments only 
• CASE II – LH water experiments only 
• CASE III – HMR water experiments only 
• CASE IV – CAP, LH, and HMR water experiments 

 
Empirical Model Parameterization 
 
Values for fitting model coefficients were statistically estimated from least squares fitting 
analyses.  During the model development, the linear, reciprocal and power-function forms were 
all tested, among which power function relationship showed the greatest fits for both chlorine 
decay and DBPs formation.  The models took the following forms: 
 

Cl2=C0*(TOCC1)*(pHC2)*(timeC3)*(tempC4)*(BrC5)*(CLdoseC6)*(UVAC7)  Eq. 1 
THM4=T0*(TOCT 1)*(pHT 2)*(timeT 3)*(tempT 4)*(BrT 5)*(CLdoseT 6)*(UVAT 7) Eq. 2 
Di-HAA=D0*(TOCD1)*(pHD2)*(timeD3)*(tempD4)*(BrD5)*(CLdoseD6)*(UVAD7)  Eq. 3 
Cl3AA=H0*(TOCH1)*(pHH2)*(timeH3)*(tempH4)*(BrH5)*(CLdoseH6)*(UVAH7)  Eq. 4 

 
Where Ci, Ti, Di and Hi were fitted parameters. The units using in this model were time (hour), 
temp (oC), Br (mg/L), Cl2dose (mg/L), TOC (mg/L), UVA (cm-1), Cl2 (mg/L), THM4 (µg/L), Di-
HAA (µg/L), Cl3AA (µg/L).  The computer software package Scientist  was used to fit the 
parameters from experimental data.  All variables were proven to be statistically relevant. 
Statistical relevance was based on hypothesis tests that determine whether a coefficient of a 
variable is statistically different from zero, or much less than the coefficient of another variable. 
A critical t-ratio 95% was selected, which suggested that statistically at least 95% confidence 
level was required in parameter fitting. Confidence less than this critical value would return with 
a warning of unsuccessful fitting. Coefficients for chlorine residual, THM4, dichloroacetic acid, 
and trichloroacetic acid are presented in Tables 6 through 9.  For chlorine residual, chlorine 
dosage and TOC appeared to be the most important factors.  For THM and HAA formation, 
chlorine dosage, TOC and pH seemed to be more important than other factors.  However, 
different factors varied within different ranges in this database and were hard to be compared.  
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Table 6 - Empirical model optimized parameters for chlorine residual (Equation 1) 
CASE ID C0 C1 C2 C3 C4 C5 C6 C7 
CASEI 0.040 0.276 0.228 -0.074 -0.046 -0.066 1.32 -0.478 
CASEII 102 -1.63 0.028 -0.147 -0.091 0.053 0.751 0.986 
CASEIII 0.357 0.632 0.118 -0.197 0.0050 -0.007 0.473 -0.093 
CASEIV 1.00 -0.131 0.0958 -0.136 -0.040 -0.059 0.773 0.098 

 
Table 7- Empirical model optimized parameters for THM4 (Equation 2) 

CASE ID T0 T1 T2 T3 T4 T5 T6 T7 
CASEI 11.0 -0.101 1.20 0.250 0.408 0.367 0.309 0.689 
CASEI 28.8 -0.518 1.40 0.281 0.191 0.270 0.325 0.827 
CASEIII 0.997 0.536 1.23 0.242 0.201 0.0365 0.615 0.0031 
CASEIV 27.9 -0.328 1.32 0.257 0.197 0.122 0.261 0.858 

 
Table 8 – Empirical model optimized parameters for Di-HAA (Equation 3) 

CASE ID D0 D1 D2 D3 D4 D5 D6 D7 
CASEI 231 -0.162 0.124 0.218 0.117 0.0318 0.323 1.14 
CASEI 2.73E7 -1.43 -0.961 0.187 -0.301 0.296 -1.73 2.57 
CASEIII 1.98 1.39 -0.438 0.220 0.0239 0.192 0.438 -0.626 
CASEIV 4.04E5 -0.205 -2.66 0.132 -0.260 0.593 -0.758 0.512 

 
 

Table 9 - Empirical model optimized parameters for Cl3AA (Equation 4) 
CASE ID H0 H1 H2 H3 H4 H5 H6 H7 
CASEI 1.81 2.80 -1.98 0.246 0.0282 -0.912 0.873 0.288 
CASEI 3.67E4 -1.16 -1.99 0.252 -0.562 -0.063 1.01 1.18 
CASEIII 1.08 1.18 -0.772 0.286 0.0976 -0.268 1.11 -0.001 
CASEIV 21.6 0.668 -1.12 0.278 -0.046 -0.344 0.766 0.469 
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 Each data set had slightly different experiment conditions and number of data points, which 
affected the fitting of variables.  In general, CASE I through III represent site specific calibrated 
models while CASE IV represents a calibrated model more suitable for evaluating waters from 
different locations. 
 
CASE IV model fits were generally the most robust.  Scatter plots of observed and predicted 
values for CASEIV empirical models are presented in Figure 5.  Goodness of fit (R2), number of 
data points (n) and errors (SE and AE) are presented in Tables 10 and 11. The errors in 
predictions of the verification data set are reported either as the standard error (SE), which is an 
estimate of the variance, or as the average error (AE), which expresses the absolute difference 
between the measured and predicted value as a percentage of the measured value. It should be 
noted that the majority of the DBP levels are at or less than current MCLs.  Data from other 
studies in the Unified Database were often 5 to 10 times above the MCL.  Therefore, the 
database developed herein may be more appropriate for estimating DBPs for regulatory analysis. 
 
Mechanistic Model Parameterization 
 
Using “Initial Fitted” parameter values from Table 2 as a starting point, the mechanistic model 
was calibrated with CAP, LH, HMR water (18 treatments in total) including bromide and HAAs. 
Significant effort was devoted to incorporating bromide, DBP speciation, di-halogenated acetic 
acids, and improving temperature and pH fitting.  The revised parameters included βBr, λBr, 
β1,Cl2AA, β2,Cl2AA, β1,Cl3AA, β11,Cl3AA and β21,Cl3AA.  An optimizing software program (Scientist) 
was employed for all mechanistic modeling under Task 3.  Optimized “Final” parameter values 
are given in Table 2.  Parameter values for this study with all waters and treatments (CASEIV) 
were similar to McClellan (2000). 
 
Using the “Final” parameter values from Table 2, the mechanistic model was utilized to fit (i.e., 
optimize) NOM reactive site concentrations (S1 and S2-H), initial chlorine demand and 
instantaneous DBP formations from experimental data one treatment at a time.  The results are 
presented in Table 12 on a molar site basis.  Conversion of the molar S1 and S2-H site 
concentrations to mgDOC per liter, based upon a carbon molecular weight of 12 g/mole was 
conducted.  S1 and S2-H accounted for only 1% and 3% of the DOC, respectively.  Therefore the 
number of chlorine reactive sites present relative to the total amount of DOC is quite small.  S1 
and S2-H site concentrations were correlated with DOC and UVA (R2=0.78), or NOM polarity 
(R2=0.74), suggesting that NOM profiling results could be used to estimate S1 and S2-H values: 
 
 [S1] = 5.05(DOC)0.57 (UV254)0.54 Eq. 5 
 [S2-H]T  = 13.1(DOC)0.38 (UV254)0.40 Eq. 6  
 
Representative model fits of experimental data for alum coagulated CAP water are presented in 
Figure 6.  The kinetic trends and DBP speciation are well trended by the mechanistic model 
simulations.  Scatter plots for observed and mechanistic-model predicted chlorine residual and 
DBP concentrations are presented in Figure 7.  Chlorine residual and THM4 was well simulated 
(R2>0.8) for CASE I through IV, but statistically more robust when calibrated to just a single 
CASE or water source.  Statistical fits for the models are summarized in Tables 10 and 11.  The 
mechanistic model had some scatter for predictions of observed DBP species concentrations.  
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Table 10 – Statistics on simulations of observed experimental data by empirical and 
mechanistic models for chlorine residual and THM4 

 
 Chlorine Data1 THM4 Data2 

Predicting 
Database 

SE  
(mg/L) 

AE 
(%) 

R2 Slope3 Intercept3 SE 
(µg/L) 

AE 
(%) 

R2 Slope3 Intercept3 

Empirical Model (Calibrated with CASE IV) 
I 1.0 81                                   0.50 0.65 0.62 34 65 0.68 1.1 10 
II 1.1 140 0.50 0.58 0.90 59 52 0.84 0.89 11 
III 0.91 84 0.73 0.52 0.89 74 47 0.75 0.73 12 
IV 0.93 115 0.58 0.56 0.83 48 49 0.78 0.79 16 

Mechanistic Model 
I 0.24 17 0.91 0.95 0.005 7.3 29 0.91 0.93 4.3 
II 0.58 39 0.77 0.81 0.22 37 72 0.78 0.79 30 
III 0.88 34 0.82 0.66 0.25 54 52 0.76 0.63 50 
IV 0.60 40 0.79 0.73 0.27 35 47 0.79 0.77 23 
I4 3.4 17 0.91 0.95 0.005 0.48 33 0.91 0.90 0.024 
II4 8.2 39 0.77 0.81 0.22 0.24 48 0.83 0.73 0.14 
III4 12 34 0.82 0.66 0.25 0.38 30 0.81 0.59 0.32 
IV4 8.5 40 0.79 0.73 0.27 0.43 52 0.83 0.71 0.13 
 
1Cl2 data: n= 404, 340, 314, 1049 for CASE I, II, III, IV, respectively.   2THM4 data: n= 425, 
322, 314, 1061 for CASE I, II, III, IV, respectively.   3Based upon linear regressions.   4Model 
results were expressed in µM. THM4 in µg/L was calculated as the sum of four THM species. 
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Table 11 – Statistics on simulations of observed experimental data by empirical and 
mechanistic models for di-halogenated (Di-HAA) and trichloroacetic acid (Cl3AA) 

 
 Di-HAA Data Cl3AA Data2 

Predicting 
Database 

SE  
(mg/L) 

AE 
(%) 

R2 Slope3 Intercept3 SE 
(µg/L) 

AE 
(%) 

R2 Slope3 Intercept3 

Empirical Model (Calibrated with CASE IV) 
I 7.0 33 0.76 1.1 1.5 3.4 83 0.63 0.83 2.0 
II 43 40 0.60 0.44 15 24 98 0.32 0.38 9.1 
III 44 49 0.60 0.71 12 26 110 0.72 0.75 5.1 
IV 35 37 0.63 0.63 10 20 160 0.66 0.67 4.7 

Mechanistic Model 
I 11 56 0.80 0.76 7.1 3.4 70 0.60 0.50 1.1 
II 30 57 0.62 0.64 16 9.1 53 0.64 0.67 1.0 
III 38 43 0.68 0.69 21 26 86 0.75 0.60 9.1 
IV 27 52 0.72 0.80 9.1 15 70 0.79 0.66 2.6 
I4 0.13 24 0.91 0.57 0.022 0.021 70 0.60 0.50 0.0066 
II4 0.16 36 0.60 0.32 0.12 0.055 53 0.64 0.67 0.0062 
III4 0.041 41 0.71 0.63 0.13 0.16 86 0.75 0.60 0.056 
IV4 0.28 34 0.64 0.54 0.073 0.091 70 0.79 0.66 0.016 
 
1Di-HAA data: n= 310, 162, 192, 663 for CASE I, II, III, IV, respectively.   2Cl3AA data: n= 310, 
184, 221, 705 for CASE I, II, III, IV, respectively.   3Based upon linear regressions.   4Model 
results were expressed in µM. Di-HAA in µg/L was calculated as the sum of three Di-HAA 
species. 
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Table 12 – Mechanistic modeling process-specific fitted parameter values for NOM sites (S1 
and S2-HT) and instantaneous chlorine demand, THM4, Di-HAA, and Cl3AA 

concentrations 
 

Water ID S1 

(µM) 
S2-HT 

(µM) 
Instant. 
Chlorine 
Demand 

(µM) 

Instant. 
THM4 

(µM) 

Instant. 
Di-HAA 

(µM) 

Instant. 
Cl3AA 
(µM) 

CAP Untreated 1.41 4.78 9.03 0.025 0.037 0.016 
 Coagulated 1.70 6.23 12.9 0.12 0.05 0.001 
 Ozonated 0.69 4.83 9.46 0.038 0.04 0.01 
 Softened 0.61 3.24 6.0 0.056 0.032 0.009 
 UF 0.79 2.09 6.07 0.03 0.015 0.003 
 PAC 0.52 1.25 5.32 0.02 0.015 0.003 
LH Untreated 6.87 18.97 12.1 0.4 0.18 0.06 
 Coagulated 2.79 4.63 8.45 0.15 0.12 0.027 
 Ozonated 3.13 6.13 9.9 0.1 0.02 0.02 
 Softened 4.31 19.6 1.09 0.59 0.12 0.01 
 UF 1.56 5.74 2.5 0.143 0.04 0.014 
 PAC 2.40 2.70 2.01 0.1 0.015 0.009 
HMR Untreated 8.06 17.37 0.4 1.13 0.24 0.15 
 Coagulated 2.49 12.90 3.38 0.17 0.1 0.05 
 Ozonated 3.12 5.96 0 0.14 0.13 0.06 
 Softened 3.12 10.64 0 0.89 0.3 0.15 
 UF 1.71 4.86 15.1 0.086 0.027 0.013 
 PAC 2.16 7.63 0 0.41 0.16 0.031 
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Figure 5 – Empirical model fits of observed data for (A) chlorine residual, (B) THM4 
formation, (C) Di-HAA formation, and (D) Tri-HAA formation (CASE IV) 
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Figure 5 (continued) – Empirical model fits of observed data for (A) chlorine residual, (B) 
THM4 formation, (C) Di-HAA formation, and (D) Tri-HAA formation (CASE IV) 
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Figure 6 – Mechanistic model simulation in alum coagulated CAP water of (A) chlorine 
residual and THM4, (B) THM species, and (C) HAA species concentrations (pH=7.5, 

bromide = 0.09 mg/L, 18 0C, 2.5 mg/L) 
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Figure 7 – Mechanistic model fits of observed data for chlorine residual (A-CASE I; B-
CASEIV) and THM4 (C-CASE I; D-CASEIV) 
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Figure 7 (continued) – Mechanistic model fits of observed data for chlorine residual (A-
CASE I; B-CASEIV) and THM4 (C-CASE I; D-CASEIV) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 0.93x + 4
R2 = 0.92
n=425
SE=7ug/L
AE=29%

0

50

100

150

0 50 100 150

Observed (ug/L)

S
im

ul
at

ed
 (u

g/
L)

Raw Ozone
Soften Alum
UF PAC

C

Overall:
y = 0.77x + 23
R2 = 0.79
n=1061
SE=35ug/L
AE=47%

0

100

200

300

400

500

0 100 200 300 400 500

Observed (ug/L)

S
im

ul
at

ed
 (u

g/
L)

CAP, R2=0.9077, n=425, SE=7.3ug/L, AE=29%

Houston, R2=0.7751, n=322, SE=37.2ug/L, AE=72%

Harwoods Mill, R2=0.7544, n=314, SE=53.8ug/L, AE=52%

D



 

 28

 Overall the mechanistic model was capable of fitting kinetic trends in chlorine residual and DBP 
formation under baseline conditions, except under experimental conditions of very low pH (pH< 
6) or very high spiked bromide ion levels.   
 
Comparison of Modeling Approaches 
 
Using a consistent database (i.e., individual CASE) both empirical and mechanistic models were 
compared based upon paired t-test using AE values from empirical and mechanistic model 
simulations (Task 3) of observed data from Task 2. Unequal variances were assumed because of 
the failure in passing F-test.  A confidence level of 95% was selected.  This analysis determined 
whether results from empirical model and mechanistic model were "equivalent" by comparing t-
statistic (t*) and t-critical two-tail (tc). If t* >  tc, there was a significant difference between two 
samples, suggesting that the model results with a smaller AE value have better quality at the 95% 
confident level.  If t* < tc, there was no significant difference between the results from the 
mechanistic model and the empirical model. The results from t-tests were summarized in Tables 
13 and 14.  Overall, the calibrated mechanistic model was more accurate than the calibrated 
empirical model when applied to a specific water source (CASE I through III) than when applied 
to multiple water sources (CASEIV).  This observation was consistent with the difference 
between central tendency empirical models and mechanistic models which reflect the character / 
structure of DOC rather than simply the amount of DOC present. 
 
 
TASK 4 – CODING MECHANISTIC MODELS INTO USEPA WATER TREATMENT 
PLANT SIMULATION MODELING SOFTWARE 
 
The purpose of Task 4 was to incorporate the mechanistic model predictive algorithms 
developed and refined during this project into a user-friendly tool that could be used to model 
DBP formation and chlorine decay within a water treatment plant.  Therefore, the mechanistic-
based algorithms were incorporated into the program code of the draft version of WTP Model 
Version 2.0, which was submitted to USEPA for review in May 2001.  The resulting product, 
WTP Model Version 2.1, supports both mechanistic- and empirical-based algorithms.  This 
section briefly documents how the mechanistic-based algorithms were incorporated into WTP 
Model Version 2.1 and how the functionality of Version 2.1 differs from Version 2.0.  A detailed 
description of WTP Model Version 2.0 and its associated algorithms can be found in Water 
Treatment Plant Model Version 2.0 User’s Manual (submitted to USEPA by the Center for 
Drinking Water Optimization on May 18, 2001). 
 
The mechanistic-based model has a significant number of parameters.  WTP Model Version 2.1 
gives the user the opportunity to specify these as input parameters directly or to run the model 
with default values.  The default values, aside from those for S1 and S2, represent optimized 
parameter values determined through the fitting of observed data generated from chlorination 
experiments conducted during this project on several test waters subjected to multiple types of 
treatment.   
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Table 13 - Paired t-test results of Cl2 residual simulations (CASE I and IV) 
 

Empirical Model 
AE 

Mechanistic 
Model 

AE 

Comparison 
of Model 
Accuracy 

Experiment 
Classification 

Number 
of Data 
Points 

(n) Mean Stand. 
Dev.  

Mean Stand. 
Dev. 

t*< tc E/M1 

 CASE I 
Low T 45 0.29 0.055 0.13 0.005 Yes M 
High T 40 0.44 0.72 0.12 0.029 Yes M 
Low pH 32 0.41 0.45 0.16 0.085 No - 
High pH 48 0.33 0.92 0.14 0.031 No - 
High Br 43 1.1 8.8 0.31 0.092 No - 
Low Cl2 43 2.2 33 0.34 0.093 Yes M 

Extreme 
Conditions 

High Cl2 43 0.26 0.024 0.071 0.011 Yes M 
<0.5 hr 88 0.29 0.11 0.12 0.014 Yes M 
<1 hr 98 0.27 0.10 0.11 0.014 Yes M 

Short-Term 

<10 hr 254 0.31 0.20 0.13 0.017 Yes M 
All Data 404 0.81 10 0.17 0.057 Yes M 

 CASE IV 
Low T 138 0.42 0.39 0.24 0.061 Yes M 
High T 40 0.44 0.72 0.12 0.029 Yes M 
Low pH 244 1.3 120 0.78 45 No - 
High pH 273 1.4 29 0.35 0.18 Yes M 

Extreme 
Conditions 

High Br 250 1.2 11 0.40 0.42 Yes M 
<0.5 hr 233 0.31 0.12 0.20 0.045 Yes M 
<1 hr 265 0.30 0.12 0.20 0.049 Yes M 

Short-Term 

<10 hr 688 0.35 0.19 0.22 0.045 Yes M 
All data 1049 1.2 44 0.40 11 Yes M 
1E/M shows which model has better quality. E = empirical. M = mechanistic. "-" = No statistical 
difference at 95% confidence level. 
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Table 14 – Identification of best model to fit data under different experimental and 
calibration database conditions.  “Mechanistic” or “Empirical” term identified if either 

model is statistically better at a 95% confidence interval based upon paired t-test results of 
DBP simulations, else “- -“ provided. 

 
Experiment 

Classification 
THM4 Di-HAA Cl3AA 

 Case I 
Low T Mechanistic Mechanistic -- 
High T -- Mechanistic -- 
Low pH Mechanistic Mechanistic -- 
High pH Mechanistic -- Mechanistic 
High Br -- Mechanistic Mechanistic 
Low Cl2 Mechanistic -- Empirical 

Extreme 
Conditions 

High Cl2 Mechanistic -- -- 
<0.5 hr Mechanistic Mechanistic -- 
<1 hr Mechanistic Mechanistic -- 

Short-Term 

<10 hr Mechanistic Mechanistic -- 
All data Mechanistic Mechanistic -- 

 Case IV 
Low T -- -- Mechanistic 
High T -- Empirical -- 
Low pH Empirical -- Mechanistic 
High pH -- -- Mechanistic 

Extreme 
Conditions 

High Br -- -- Mechanistic 
<0.5 hr -- -- -- 
<1 hr -- -- -- 

Short-Term 

<10 hr -- -- Mechanistic 
All data -- -- Mechanistic 
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S1 and S2 concentrations are key water-specific input parameters to the mechanistic-based model.  
These reactive site concentrations can be determined empirically for any water by solving the 
equations developed from Figure 2 iteratively with different S1 and S2 concentrations until 
predictions of chlorine decay and/or DBP formation fit observed data.  However, a WTP Model 
Version 2.1 user is not likely to have observed chlorine and/or DBP data.  Furthermore, S1 and S2 
represent DBP precursor levels, which change during treatment; therefore, a method of 
accounting for reductions in S1 and S2 within the plant due to removal by processes such as 
coagulation or adsorption was desirable.  For these reasons, empirical relationships between S1 
and S2 and precursor indicators already were used by the WTP Model, specifically DOC and 
UV254 (Equations 5 and 6).  In Equations 5 and 6, [S1] and [S2-H]T  have units of micromoles per 
liter, DOC is the dissolved organic carbon concentration in milligrams per liter, and UV254 is the 
absorbance of ultraviolet light at 254 nanometers with units of inverse centimeters.  The WTP 
Model Version 2.1 allows the user to choose to have the model estimate raw water S1 and S2 
concentrations based on the above relationships and raw water DOC (actually, TOC is used in 
the WTP Model) and UV254.  Furthermore, if any precursor removal processes are included in 
the treatment train, WTP Model Version 2.1 reduces S1 and S2 concentrations based on resulting 
treated water TOC and UV254 values.  Whenever WTP Model Version 2.1 simulates S1 and S2 
removal during treatment, it assumes that equilibrium is established between S2

- and S2H.  These 
equilibrium concentrations are calculated based on the new estimate of [S2 H]T , mass balance 
considerations, and Equations 3 and 4, which result in the following equations:  
 
 [S2H]eq = (k′21r[H+] / (k′21f + k′21r[H+])) [S2-H]T Eq. 7 
 [S2

-]eq = (k′21f[H+] / (k′21f + k′21r[H+])) [S2 H]T Eq. 8 
 
WTP Model Version 2.1 uses equations 7 and 8 not only to estimate concentrations of S2H and 
S2

- after removal of precursors by treatment, but also to speciate the initial, raw water [S2 H]T . 
 
Mechanistic-based Model Implementation in WTP Model Version 2.1  
 
The following steps summarize how WTP Model Version 2.1 solves numerical equations 
developed from Figure 2 and generates predictions of DBPs, S1, S2, free chlorine, and free 
bromine over time.   
 

1. The model calculates raw water concentrations of S2H and S2
- using Equations 7 and 8 

and the user-specified (or estimated) raw water S2 concentration.  
2. At the first point of chlorine application, the model performs the following operations 

(after performing breakpoint chlorination calculations): 
2.1.1. Any bromide is oxidized to free bromine by free chlorine; the bromide, [Br], 

and free chlorine concentrations, [OClT], are reduced, and the free bromine 
concentration, [OBrT], is increased, accordingly, 

2.1.2. Any instantaneous free chlorine demand (beyond that exerted by free 
ammonia and/or free bromine) is exerted, and the free chlorine concentration, 
[OClT], is reduced accordingly.  The WTP Model Version 2.1 user specifies how 
the model calculates instantaneous free chlorine demand (see below).  If the 
entire user-specified instantaneous chlorine demand is not exerted by the initial 
chlorine dose, the remainder may be exerted in subsequent doses. 
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2.1.3. Any instantaneous formation of THM and HAA species, specified as user 
inputs, are calculated, and the DBP species concentrations are increased. 

3. When the first unit process with a volume, such as a treatment basin, filter, contact tank, 
or reservoir is encountered in the process train, WTP Model Version 2.1 predicts changes 
in the concentrations of reactive NOM species, chlorine, bromine, and DBPs through the 
reactor.  For the mechanistic-based model, all reactors are considered to be plug flow 
reactors (PFRs); the input values for T10/Tth for a treatment basin are not used in the 
calculations; these inputs are used only in the calculation of free and combined chlorine 
and chlorine dioxide residuals when WTP Model Version 2.1 is being run in empirical 
mode (T10/Tth does not matter in the calculation of DBPs in empirical mode since 
empirical DBP formation predictions are based on chlorine dose, as opposed to chlorine 
concentration).  In mechanistic mode, WTP Model Version 2.1 numerically solves the 
system of differential equations associated with Figure 2 constructs using a 4th order 
Runge-Kutta algorithm based on a user-specified time-step.  If the specified time step is 
not small enough to produce a stable solution, WTP Model Version 2.1 will produce an 
output message alerting the user to re-run the program with a smaller time step.  Solution 
instability generally occurs when high concentrations of reactants are specified (high 
chlorine dose, S1, or S2) or pH is outside the range typical of water treatment.   

4. When subsequent chlorine addition points are encountered in a process train, WTP Model 
Version 2.1 increases [OClT] by the magnitude of the applied dose and exerts any 
remaining instantaneous chlorine demand if previous doses were not enough to exert that 
specified by the input parameters.  

5. In subsequent unit processes with volumes WTP Model Version 2.1 calculates DBP 
formation until both [S1] and [S2-H]T  reach zero, or [OClT] and [OBrT] reach zero.    

6. At any point in the treatment train with a positive [S2-H]T  concentration, the S2H/S2
- 

system will continue to move toward equilibrium.  Therefore, the WTP Model Version 
2.1 user will notice that concentrations of S2

- and S2-H change if pH is adjusted during 
treatment.   

7. If free chlorine is converted to chloramine at any point in a treatment train, WTP Model 
Version 2.1 will cease chlorine decay and DBP formation calculations based on the 
mechanistic-based model and utilize empirical algorithms.  

8. If a DBP precursor removal process, such as coagulation, lime softening, high-pressure 
membrane filtration, or granular activated carbon adsorption, is encountered in the 
treatment train, WTP Model Version 2.1 will re-calculate concentrations of S1 and S2 
based upon equations 5 and 6. 

 
Input Parameters 
 
WTP Model Version 2.1 contains a new module, called “DBP Model Inputs” that appears 
automatically, like the “Influent” module, in the “Process Train” listing in the “Edit Process 
Train” dialogue box (Figure 8).  This dialogue box is used to construct a treatment train.  The 
“DBP Model Inputs” module contains all of the input parameters needed to implement the new 
mechanistic-based modeling functionality of WTP Model Version 2.1. Figures 9a through 9f 
present the dialogue boxes, which allow the user to modify parameters in the “DBP Model 
Inputs” module.  This section discusses several other key input parameters: 
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• “Kinetic or Empirical DBP Model?” – This input parameter (Figure 9a) allows the user to 
run WTP Model Version 2.1 using empirical (EMP) or mechanistic-based (KIN) models 
for chlorine decay and DBP formation.  If the user selects the KIN option for this input, 
initiating empirical mode, no other inputs in the “DBP Model Inputs” dialogue boxes 
will affect the run.  It should be noted that even if the user selects to run the model in 
mechanistic-based mode, WTP Model Version 2.1 automatically will cease mechanistic-
based calculations for all processes downstream of the point where a positive chloramines 
residual is calculated; the model only uses empirical algorithms to predict chloramine 
decay and DBP formation under chloraminated conditions. 

• “Input S1 and S2 or Calculate with TOC, UVA?” - This input parameter (Figure 9a) 
allows the user to run WTP Model Version 2.1 with user-specified raw water S1 and S2T 
concentrations (INPUT) or with estimated values (CALC) based on the empirical 
relationships presented in equations 5 and 6.  If the user runs the model with estimated S1 
and S2T values, the subsequent “S1 Concentration (Initial)” and “S2 Concentration 
(Initial)” inputs will not affect the run.  It should be noted that even if the user selects to 
run the model in user-specified values of S1 and S2T, WTP Model Version 2.1 will use the 
empirical relationships for S1 and S2T estimation whenever a DBP precursor removal 
process is encountered in the process train. 

• “Input Cl2 Demand as % of Dose or as MG/L?” – This input parameter (Figure 9b) 
allows the user to run WTP Model Version 2.1 with the instantaneous free chlorine 
demand defined as a user-specified concentration (MG/L) or as a user-specified fraction 
of any applied chlorine dose (DOSE%).  If the user selects the MG/L option, the 
subsequent “Cl2 demand: fraction of Cl2 dose” input is not used in the run.  If the user 
selects the DOSE% option, the subsequent “Cl2 demand: specified value” input is not 
used in the run.    

• “Cl2 demand: fraction of Cl2 dose” - This input parameter (Figure 9b) is used when the 
user selects DOSE% for the “Input Cl2 Demand as % of Dose or as MG/L?” input.  A 
value of zero to 100 can be specified.  This will represent the percent of any applied 
chlorine dose to be consumed by instantaneous demand.  It should be noted that WTP 
Model Version 2.1 will exert instantaneous chlorine demand associated with ammonia 
and/or bromide oxidation in addition to that covered by this input parameter.  

• “Cl2 demand: fraction of Cl2 dose” - This input parameter (Figure 9b) is used when the 
user selects MG/L for the “Input Cl2 Demand as % of Dose or as MG/L?” input.  Any 
value greater than or equal to zero can be specified.  This will represent the amount of 
instantaneous chlorine demand to be exerted.  It should be noted that WTP Model Version 
2.1 will exert instantaneous chlorine demand associated with ammonia and/or bromide 
oxidation in addition to that covered by this input parameter.  

• “Time Step for DBP Solver” - This input parameter (Figure 9f) is used to establish the 
time step (in hours) that the 4th-order Runge Kutta solver employs to simultaneously 
solve numerical equations.  
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 Figure 8 - “Edit Process Train” dialogue box showing new “DBP Model Inputs” 

module for WTP Model Version 2.1 
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Figure 9a - The 1st “DBP Model Inputs” Module Dialogue Box 

 
 

Figure 9b - The 2nd “DBP Model Inputs” Module Dialogue Box  



 

 36

  
Figure 9c - The 3rd “DBP Model Inputs” Module Dialogue Box  

 

  
Figure 9d - The 4th “DBP Model Inputs” Module Dialogue Box  
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Figure 9e - The 5th “DBP Model Inputs” Module Dialogue Box   

 

  
Figure 9f - The 6th “DBP Model Inputs” Module Dialogue Box   
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Model Output 
 
The output for WTP Model Version 2.1 is very similar to that of WTP Model Version 2.0.  That 
is DOC, UVA, chlorine residual, THM specie, HAA specie, and level of microbial inactivation 
at multiple locations in a WTP process train or distribution system are summarized. There are 
three notable differences: 
 

• The inputs echoed to output in “Table 2” now include several key inputs related to the 
DBP formation and chlorine decay algorithms selected by the user.  Figure 10a shows 
that “Table 2” now indicates whether the model was run with mechanistic-based or 
empirical algorithms (or both, as in the case of a plant using chloramines, for which the 
user selected the mechanistic-based algorithms to be used), what the time-step used was, 
and what the basis for S1, S2, and chlorine demand calculations were.  

• An entirely new output table, “Table 7a,” (Figure 10b) has been included to show the 
predicted concentrations of S1, S2T, S2H, and S2

- at the effluent of each unit process. 
• An error message is displayed if the user-specified time step was not small enough to 

allow for a stable solution of the mechanistic-based equations to be reached. 
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Figure 10a - New Output in Table 2 for WTP Model Version 2.1 
 

 
 Figure 10b - New Output Table 7a for WTP Model Version 2.1  

 

New 
output 
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CONCLUSIONS 
 
The project was successful in refining the framework and parameterization of mechanistic 
models for predicting chlorine decay and DBP formation.  Previous DBP databases were 
integrated into a Unified Database that has been used to assess regulatory impacts.  The database 
of chlorine decay and DBP formation kinetics developed for this project will be useful to other 
researchers, since it was conducted with both untreated and treated waters under chlorination 
conditions (chlorine dose/residual, temperature, pH, and bromide) representative of full-scale 
WTP applications.  The database also includes partial-factorial design elements that examined 
simultaneous effects of low pH and high bromide, and differ from previous orthogonal 
experimental designs that only investigated effects of single parameters.  The number of NOM 
sites implicated in chlorine decay and DBP formation accounted for less than 5% of the total 
DOC concentration.  Chlorine and DBP reactive sites were related to the characteristics of NOM, 
based upon advanced NOM profiling techniques, and provide tools to a priori estimate critical 
mechanistic modeling parameters. 
 
The mechanistic models were more accurate at predicting DBPs in source specific waters, 
compared against power-function empirical central-tendency models that were somewhat more 
accurate in predictions for waters from different geographic sources.  However, the mechanistic 
model is flexible and the coded version of the USEPA WTP Model Version 2.1 can be easily 
modified to include new DBPs or chloramines reactions, once the rate laws and constants are 
available.  The research conducted under this project provides tools to improve the understanding 
of DBP formation mechanisms, effective of water treatment processes, and approaches for 
controlling DBPs in the future. 
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