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Disclaimer:
 
The content and views expressed in this presentation are
 

those of the author and do not necessarily reflect the
 
views or policies of the U.S. EPA.
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Main Points
 

•	 Water treatment plant (WTP) model is an EPA tool for 
informing regulatory options.  WTP has a few versions. 

•	 WTP2.2 can help in regulatory analysis. An updated version 
(WTP3.0) will allow plant-specific analysis (WTP-ccam) and 
thus help meet plant-specific treatment objectives. 

•	 WTP3.0 will have three distinct features: 1) mechanistic model 
of Cl and TOC/DBP for conventional and GAC treatment; 2) 
Monte Carlo engine for source water variability; and 3) cost 
probability to meet given treatment objectives. 

•	 WTP3.0 will have a GUI to run either updated WTP2.2 or WTP-
ccam. 

•	 WTP3.0 development is ongoing with a focus on WTP-ccam 
enhancement using real plant data from case studies in the 
U.S. and China. 
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Drinking Water Disinfection
 
and WTP Focus
 

Current Disinfection Practices in U.S.
 

Data  source:  UCMR3, from  Exhibit 6.2 in the  SYR3 DBP Technical Support
  
Document (2016)
 
a Note  that  the  total number  of entry points also  includes  entry points that did 

not  use disinfectants.
 

•	 Chlorine and chloramine 
disinfection is the dominant 
practice for GW and SW 
plants 

•	 Disinfection by-products 
(DBP) and residual chlorine 
in finished water are being 
considered in WTP model 
simulations 

•	 Other disinfection pathways 
such as UV are gaining 
traction in practice 
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DBP Formation and DBP 

Precursors in Water Plants
 

• Specific DBP Considerations 
– THM, HAA 
– Br-THMs 
– Nitrosamines (NDMA) 

• DBP precursors chemically 
oxidized and physically 
removed in multiple step 

• DBP level and species in 
competitive multi-species 
reactions (e.g.,Cl-, Br-, etc.) 

• Models to address these 
interactions and quantify 
residual Cl-- , DBP level and 
composition 
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Tools for Analysis: SWAT/WTP Model
 

•	 Surface Water Analytical Tool (SWAT) is the primary tool 
used by EPA in developing Economic Analysis for the Stage 
2 Disinfectants/Disinfection Byproducts Rule 
⁻	 Predicts treatment technology choices and resulting changes 

in water quality for different rule alternatives and input 
conditions based on the 1997-98 Information Collection Rule 
(ICR) 

•	 WTP model is one of the four components of SWAT 
⁻ Predicts the formation of DBPs given source water quality 

conditions and water treatment plant configuration
 
⁻ Calibrated with the 1997-98 ICR data.
 

The Stage 2 EA, SWAT and WTP manuals are available at https://www.epa.gov/dwreginfo/stage-1-
and-stage-2-disinfectants-and-disinfection-byproducts-rules#additional-resources 
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Tools for Analysis: SWAT Components
 

Source: Exhibit A.2 in Appendix A to the Economic Analysis for the Final Stage 2 D/DBPR, 2005 
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Tools for Analysis:
 
WTP Development
 

•	

•	

•	

•	

 1990s: WTP in Fortran 
 2001-2003: WTP2.0/2.2 in C. Empirical formulation for: 

–	 Conventional processes (coag. – floc. – filtrat.) 
–	 GAC, membrane, ozone 
–	 Cl disinfection, TOC removal, and DBP formation potential 
–	 Limitations 

 2011: WTP-ccam in C++; full-function GUI; cost calculation, and 
treatment scenario analysis 
–	 All models and functions of WTP2.2 
–	 New developments: 

• Logistic model for GAC applicable for full-plant operation 
• Monte Carlo simulation to account for source water variability 
• Cost and optimization of GAC unit operation 

 2017-2018: WTP3.0 in C++ in ongoing R&D 
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Tools for Analysis: WTP3.0 
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Tools for Analysis: WTP3.0
 

•	 2017-2018: WTP3.0 in C++ for regulatory analysis and also for plant-
specific analysis: 
–	 

–	 

–	 

Programming for duo functions in national and plant-specific 
analysis (WTP2.2 + WTP-ccam) 
WTP2.2: All generalized formulations in WTP2.2 remain (with 
some updating) for regulatory analysis 
WTP-ccam: Mechanistic models for TOC removal and DBP 
formation in conventional treatment and GAC processes, and for 
scenario analysis. 
•	 

•	 

•	 

Monte Carlo engine in WTP-ccam remains for source water variability and 
cost-curve analysis 
TOC models applicable for Cl-DBP, and Br-DBP, using the GCWW Richard 
Miller plant, and two treatment plants in China 
Modeling capability on cost curve 

Status and planning: Active R&D. The final product expected in 2018.  •	
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WTP2.0/2.2 for
 
Regulatory/National Analysis
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WTP2.2 Model Schematic
 

Source: Figure 1-1 in Water Treatment Model v. 2.0 Manual, 2001 

A few footnotes: 
•	 Empirical formula 

based on non-linear 
regression of plant and 
bench-scale data 

•	 Obtained statistically 
significant relationships 
and models well 
calibrated in national 
scale 

•	 Models confidence 
high in concentration 
ranges of trained data 

•	 A few assumptions 
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WTP2.0 Models: NOM/DBP
 

Table. Model Equations for WTP2.0/2.2 

Process Type 
TOC UVA 

f(x) Data f(x) Data 

Raw water 
Coag.-Floc.-Filtration 

Alum 
Ferric 

Softening 

GAC 
Coag before GAC 

Coag. O3, and biotr 

Chlorine decay 
Raw water 

Emperical 
Emperical 
Emperical 

Semi-empirical 
Semi-empirical 

pH, Dose, SUVA, TOCra w 39 waters 
pH, Dose, SUVA, TOCra w 21 waters 
pHs ft, Dose, TOCra w, Corr. 12 waters 

EBCT, pH, T Logistic 
EBCT, pH, T Logistic 

constants: a1, a2 48 waters 

UVAra w, Dose, pH WITAF database 
- Same as for Alum -

UVAra w, ∆TOC 36 data points 

TOCeff, const. ICR (4000 data pair) 
TOCeff, const. 4 waters, 4 colume 

All equations valid in data 
ranges, e.g., 

•	 TOC eq. in alum coag: 
TOCraw: 1.8-26.5 mg/L; 

•	 TTHM in raw water: 
TOC: 1.2-10.6 mg/L; 
UVA: 0.01-0.318 1/cm 

THM species as %TTHM 

Process 
Chlorine Decay 

Type f(x) Data 

Raw water 

Coag.-Floc.-Filtration 

GAC 
Coag before GAC 

Coag. O3, and biotr 

Chlorine decay 
Raw water 

Mechanistic 

Mechanistic 

a1 (Co), a2 (TOC) 

a1 (Co) 
a2 (Co,TOC, UVA) 

48 waters 

24 waters 

Process 
DBP (THM, HAA) 

Type f(x) Data 

Raw water 
Pre-chlorination 

Post-chlorination 

GAC effluent 

Empirical 
Empirical 

Empirical 

Empirical 

TOC, Cl2, Br-, T, pH, t 13 Waters 
∆TOC 20 Waters 

DOC, UVA, Cl2, Br-, T, pH, t 

DOC, UVA, Cl2, Br-, T, pH, t 
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Potential WTP2.0/2.2 Enhancements
 

•	

•	

•	

•	

 Update existing predictive equations in WTP2.2
 

Add biofiltration, UV and other unit processes 
(e.g., ozone-BAC) 

Predict formation of unregulated DBPs, such as 
chlorate, NDMA, HAA9, etc. 

Predict impacts of increasing chlorine residual 
thresholds 
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WTP-ccam for
 
System Engineering Analysis
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WTP-ccam: New Features
 

•	

•	 F

 The Monte-Carlo simulation for future variability of source 
water and for estimating cost-probability curve in process 
adjustment 

ull-scale treatment plant study at Richard Miller plant and 
China’s plants 
–	 

–	 

–	 

Full data for TOC, Cl- and Br-DBPs at process units 
Mechanistic model for conventional unit process 
Model reliability for extreme raw water in treatment trains 

•	 Treatability data for emerging contaminants using data from 
China studies 
–	 

–	 

–	 

Cynobacteria and microcystin 
Pesticides and emerging contaminants 
EPA treatability database and WTP3.0 
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  WTP-ccam: Monte Carlo Simulation
 

•	 Source water variability in log-
normal distribution 

•	 The variability propagates in 
treatment train, resulting in 
variability in finished water 

•	 Different from current 
engineering practice of using an 
single design parameter 

•	 Allows evaluation of risk 
management, and application in 
forward projections 
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WTP-ccam: Monte Carlo Simulation
 

Source variability 
in input parameters 

WTP-ccam 
runs 

N=1000 

N=1000 

Model 
outputs 
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Case Study: Monte
 
Carlo Simulation
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 Case Study: Monte Carlo 

Simulation 


•	 Probability distribution for projected 
source water variability in year 2030 

•	 Based on statistical model using ICR 
data from Ohio River plants 
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Case Study: Monte Carlo 

Simulation 


Probability of TOC variations in source 
water through the treatment train 

 Source seasonal variation 
propagates passing through 
conventional treatment into GAC 
unit 

 WTP-ccam simulates TOC removal 
and TTHM level by GAC 

 The influent variability determines
GAC treatment efficiency, the 
frequency of carbon regeneration,
and thus operational cost 

 One can optimize GAC for
difference scenarios of reactor 
operation and carbon regeneration 



 
 

 
  

 

 
   

  

 

 Case Study: Monte Carlo 

Simulation 


Removal rates in Two ways to characterize: 
probability of source  Generalized formula for regional analysis (regulatory) 
water variations  Model-based mechanistic formula for plant 

treatment analysis (compliance) 

Treatment System 
Optimization: 
 Optimize the staggered 

sequence of reactor 
reactivation 

 Model the optimization 
point for seasonal 
variability 



 

  

   
  

  
 

Ongoing Studies:
 
Conventional Process Model
 

Objectives 

 Develop TOC removal and TTHM 
formation models in 
conventional processes 

 Evaluate applicability of the 
mechanistic models for Br-DBP 
generation 

 Find general water quality 
parameters as model surrogates 
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Ongoing Studies:
 
Conventional Process Model
 

• 

.
• 

• 

• 

System response in TOC, turbidity, 
zeta potential, and UV254 during the 
source water perturbation 

Unit processes differ in removal rates, 
and system-wide coordination in 
operation is very important 

TOC removed in sedimentation and, 
filtration. GAC as key barrier for 
removal of reactive TOC 

Ongoing model development, 
Focusing on TOC removal and THM 
formation potential 

TH M formation potential model 
established. To be further calibrated 
with Miller plant data and the China 
water plant data 

 



   
    

    

   
  

  
  

  
 

 Ongoing Studies:
 
Conventional Process Model
 

In situ measurement of THM formation 
THMs measured at 1, 18, 36, 54, 72 hours along treatment process 

•	 Very low level for all 
treatment units until CW1I 

•	 Before CW1I, chloroform in 
consistently the highest 
THM 

•	 In CW1I, CHClBr2 is the 
highest, followed by 
CHCl2Br 

•	 In RAW and LMEF, which 
have highest TOC, THMs 
increase with time 

•	 Other systems have less 
temporal pattern 
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DBP Mechanistic Models
 

CH COCH + 3HOCl →CH COCCl +3H O 3 3 3 3 2 oxidation step 

CH COCCl + H O →CH COOH + CHCl 3 3 2 3 3 hydrolysis step 

Chlorine decay Cl-
NOM 

Bulk demand: 
Cl + NOM  DBP + [other] 

Solving for DBP analytical solution 

DBP formation 
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DBP Mechanistic Models
 

Can this model be for general use?
 

THM Formation Potential: 
Model Development 
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Ongoing Studies:
 
Conventional Process Model
 

Ongoing Br-THM model development: 

• All samples in the plant study are being analyzed for 
bromide concentrations 

• The results will be calculated in molar equivalence to 
reconcile with measured Br-THM species 

• Kinetic models will be developed for each of the 
treatment units 

• Special attention to the effect of source water 
perturbation and the plant operational parameters 



  

   
   

 
  

   

 

Treatment Plant Analysis in China
 

• Test and further develop WTP with 
different water sources and 
treatment processes in China 

• Comparative studies on parameters: 
turbidity, particle size, TCOD, CODMn, 
and odor compounds 

• Research ongoing 



  
    
 

   

Future Developments
 

Incorporate DBP-related NOM 
indicators in modeling of DBP 
formation potentials 
- Zeta potentials 
- UV-vis 
- NOM fractions 

Cl1 

Cl2 

Cl3 

Br1 

Br2 

Zhang et al. (2012, 2014) 



 
 

 

 
 

   

  
 

   
  

  

Summary
 

•	 WTP3.0 expected in 2018 
•	 Options for applications 

–	 Improved WTP2.0/2.2 for 
regulatory/national analysis 

–	 Enhanced WTP-ccam for model-
based engineering analysis 

•	 Capability simulating TOC, TTHM, Br-
DBP, HAA and TOX for a given plant 
configuration and operation scenarios 

•	 Future developments with data on 
emerging concerns (microcystins, 
pesticides, etc.) 

•	 Treatment adaptation key to manage 
the risk from source water variations 
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Thank you!
 

• Questions and comments
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Estimation of  Logistic Model  
Parameters 



System-Wide Logistic Model for Miller Plant
 

•

•

 

 

T

Logistic model parameters 
were first averaged for each 
contactor. 

Values in each column were 
then averaged. 

hese values were used to 
build up the system-wide 
logistic model 

a b d 
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