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Disclaimer
The U.S. Environmental Protection Agency IEPA), through its Office of 
Research and Development, funded and collaborated in the research 
described in this presentation. This presentation has been reviewed in 
accordance with EPA policy and approved for publication. The views 
expressed in this presentation are those of the author(s) and do not 
necessarily represent the views or policies of the EPA. Any mention of 
trade names, products, or services does not imply an endorsement by the 
U.S. Government or EPA. EPA does not endorse any commercial products, 
services, or enterprises.
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EPA Water Research Facility in Cincinnati 

Research to support the Clean Water Act 
(CWA), the Safe Drinking Water Act 
(SDWA), and amendments.



Drinking Water Infrastructure Tools
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Treatment 

Models & Tools

• Disinfection
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• Treatability DB
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Distribution System 

Models & Tools

• EPANET
• EPANET-MSX
• Real-time
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Premise Plumbing

Models & Tools

• PPM Tools
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Drinking Water Disinfection Models
Web-based calculators

 Chloramine formation and decay 
https://shiny.epa.gov/cfd/

 Chlorine breakpoint curve 
https://shiny.epa.gov/cbcs/

 Chlorine and cyanuric acid chemistry 
https://shiny.epa.gov/fccas/

 Free chlorine estimator for 
dichlor/trichlor disinfection      
https://shiny.epa.gov/fcedts

Free Ammonia
Dichloramine

US EPA Office of Research and Development Springboarding Digital Water Symposium
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Drinking Water Treatment Models
Environmental Technologies Design 
Option Tool (ETDOT) 
 Suite of software for modeling a variety 

of treatment technologies by MTU.
 Includes models for adsorption, 

advanced oxidation, aeration, biofilters, 
PAC adsorption, ion exchange.

 Granular Activated Carbon Model
• Pore and Surface Diffusion Model (PSDM)
• Includes parameter estimation

 Ion Exchange Media 
• Supports gel-type, macroporous ion 

exchange resins & competition from 
divalent ions, such as sulfate

Competitive Adsorption
https://github.com/USEPA/Water_Treatment_Models

http://www.epa.gov/water-
research/environmental-technologies-design-
option-tool-etdot
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Treatment Tools: Treatability Database
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 Interactive searchable database 

 142 regulated and unregulated contaminants, 
including 37 PFAS 

 35 treatment processes commonly employed or 
known to be effective

 Referenced information gathered from thousands 
of literature sources

epa.gov/water-
research/drinking-
water-treatability-
database-tdb

https://www.epa.gov/water-research/drinking-water-treatability-database-tdb
https://www.epa.gov/water-research/drinking-water-treatability-database-tdb
https://www.epa.gov/water-research/drinking-water-treatability-database-tdb
https://www.epa.gov/water-research/drinking-water-treatability-database-tdb


Premise Plumbing Models
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• Premise Plumbing Modeling Tools (PPMtools)
• Leverages EPANET and WNTR
• Models real-world fixtures & usage patterns 
• Generates and runs many scenarios
• Predicts water quality information over time
• Simulates flushing to remove contaminants
• Estimates exposure to contaminants
• Being validated through experiments
• https://github.com/USEPA/PPMtools

EWRI Premise Plumbing Modeling Workgroup 
Webinar Series

US EPA Office of Research and Development Springboarding Digital Water Symposium

https://github.com/USEPA/PPMtools


Stormwater and Water Reuse Models and Tools

9

Stormwater Models 
& Tools

Water Reuse
Models & Tools

• SWMM
• Stormwater 

Calculator
• GI Toolkit

• NEWR
• Microbial Risk 

Assessment
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National Stormwater Calculator
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https://www.epa.gov/water-research/national-stormwater-calculator

 Distributed, Estimates 
annual rainwater and 
frequency of runoff

 Site specific
 Low impact development 

controls

US EPA Office of Research and Development Springboarding Digital Water Symposium
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Building Water Reuse Calculator
 NEWR compares water reuse options 

within a single building

 Based on geography, end use, building 
specifications, and source water type

 Calculates costs as well as environmental 
benefits

Springboarding Digital Water Symposium



EPA Water Modeling Workgroup
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https://www.epa.gov/waterdata/surface-water-quality-modeling

 Coordination of modeling efforts within EPA 
Office of Research and Development, Office of 
Water, and Regions

 Hosting modeling training and workshops: 
https://www.epa.gov/waterdata/surface-
water-quality-modeling-training

 Peer reviewing models and data: 
https://cfpub.epa.gov/si/si_public_record_rep
ort.cfm?Lab=NHEERL&dirEntryId=342391

US EPA Office of Research and Development Springboarding Digital Water Symposium
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Guiding Principles for Model and Tool Development

• Customer driven – identified as a need through EPA ORD’s stakeholder 
process involving EPA’s Office of Water, Regional offices, states, 
communities, as well as the needs of model/tool users

• Address national priorities

• Solves problems

• Based on the best available science

• Freely available, open, transparent

• Reliable, reproducible, high quality

Springboarding Digital Water SymposiumUS EPA Office of Research and Development



Looking to the Future: EPA Water Modeling
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 Support for Bipartisan Infrastructure Law 
water system improvements
 Climate change and resilience
 Features to support digital water future
 Integrated water resources modeling
 Stakeholder engagement
 Collaboration with external organizations

Access EPA models and tools:

Regan Murray
Murray.Regan@epa.gov

(513) 569-7031

US EPA Office of Research and Development Springboarding Digital Water Symposium

mailto:Murray.Regan@epa.gov
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www.epa.gov/careers
What Kind of People Work at EPA?

We are 15,000+ individuals from diverse 
backgrounds in a full range of career fields 

and positions…

Interested in Joining the US EPA? 

www.epa.gov/careers/equal-opportunity-employment-epa

Diversity, Equity, Inclusion 
and Accessibility
We all have a role to play in making every 
member of ORD feel engaged, included, valued, 
safe and secure. Learn more about Diversity, 
Equity, Inclusion and Accessibility at ORD.

Upcoming EPA positions related to digital water:
• Federal principal investigator to support EPANET
• Federal principal investigator to assess resilience
• ORISE/ORAU research fellows for water 

infrastructure modeling, tool development, 
climate change and resilience studies



Advancing EPA’s Storm Water 
Management Model for the Digital 
Water Transformation

Caleb Buahin, PhD
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Legacy of SWMM

• SWMM simulates runoff quantity and quality and 
routes them through collection system 
infrastructure

• SWMM has played a pivotal role in flow and 
pollution control in collection systems since its 
inception

• SWMM supports studies driven by regulatory 
imperatives including:

• Long Term Control Plan development (LTCP)
• Total Maximum Daily Allocation (TMDL)
• Municipal Separate Stormwater Systems (MS4)
• National Pollutant Discharge Elimination System 

(NPDES)

• Remains the subject of various scientific applications 
and research efforts 

17



SWMM Core Users

18

HPC

Cloud
(High-performance) shared-memory 

systems

Researchers

Engineers



SWMM Traditional Applications

• Traditional application scenarios
• Design and sizing of drainage systems
• Control of combined and sanitary sewer 

overflows
• Pollutant load estimation and transport as 

well as BMP and treatment evaluation
• Estimating inflow and infiltration in sanitary 

systems
• Green infrastructure evaluation

• Typically involves calibrating to historical records 
and evaluating on design/typical year storms for 
long term engineering design and planning 
purposes

19



SWMM’s Role in Advancing the Intelligent 
Collection Systems Paradigm

20

• Virtual representations — digital twins — fuse real-
time sensor data and models to predict future states 
under different control scenarios
SWMM could fill this role, but challenges remain that 
hamper evaluations (e.g., performance, runtime 
interactions, real-time data integration, etc.)

•

• Sensing and communication infrastructure deployed 
at critical locations within collection system

• Controllable assets can be adjusted automatically or 
with a user-in-the loop in real-time to achieve 
various near-term and long-term objectives



SWMM Recent Updates Version 5.1-5.2: 
Realtime Control Enhancements 

• Control rules premise clauses expanded to include:
• Additional control rule parameters:

• Current and next rainfall
• Node attributes including full depth, head, and 

volume
• Conduit attributes including length, slope, full 

depth, full flow and velocity
• Named variable as aliases and math expressions for 

more sophisticated real time control implementations
• 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 𝑫𝑫𝑫𝑫 = 𝑵𝑵𝑵𝑵𝑵𝑵𝑽𝑽 𝑵𝑵𝑵𝑵𝑵𝑵𝑽𝑽𝑫𝑫 𝑫𝑫𝑽𝑽𝑫𝑫𝑫𝑫𝑫𝑫
• 𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 𝑫𝑫𝟐𝟐 = 𝑵𝑵𝑵𝑵𝑵𝑵𝑽𝑽 𝑵𝑵𝑵𝑵𝑵𝑵𝑽𝑽𝟐𝟐 𝑫𝑫𝑽𝑽𝑫𝑫𝑫𝑫𝑫𝑫

• 𝑬𝑬𝑬𝑬𝑫𝑫𝑽𝑽𝑽𝑽𝑬𝑬𝑬𝑬𝑽𝑽𝑵𝑵𝑬𝑬 𝑯𝑯𝑯𝑯𝑯𝑯 = 𝑫𝑫𝑫𝑫+𝑫𝑫𝟐𝟐
𝟐𝟐.𝟎𝟎

+ 𝟐𝟐𝟐𝟐.𝟕𝟕

• 𝑰𝑰𝑰𝑰 𝑬𝑬𝑬𝑬𝑫𝑫𝑽𝑽𝑽𝑽𝑬𝑬𝑬𝑬𝑽𝑽𝑵𝑵𝑬𝑬 𝑯𝑯𝑯𝑯𝑯𝑯 <> 𝟐𝟐𝟐𝟐 𝑻𝑻𝑯𝑯𝑬𝑬𝑵𝑵 𝑶𝑶𝑶𝑶𝑰𝑰𝑶𝑶𝑰𝑰𝑶𝑶𝑬𝑬 𝑶𝑶𝑶𝑶𝑫𝑫 𝑺𝑺𝑬𝑬𝑻𝑻𝑻𝑻𝑰𝑰𝑵𝑵𝑯𝑯 =
𝑷𝑷𝑰𝑰𝑫𝑫 𝟎𝟎.𝑫𝑫 𝟎𝟎.𝟎𝟎𝑫𝑫 𝟎𝟎.𝟎𝟎
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SWMM Recent Updates Version 5.1-5.2: Dual 
Drainage System Modeling

• Flow from runoff component is applied as one-
way inflow into downstream nodes

• Flooding is accumulated over a user prescribed 
area on nodes. 

• This is a poor approximation of what happens in 
reality, where dynamic floods flow on streets and 
over the landscape

• As a step towards coupling of the under drainage and 
streets, a new streets cross-section for links and inlet 
types are available in SWMM

• FHWA “Urban Drainage Design Manual” (HEC-22), the 
de facto standard for inlet analysis has been 
implemented

22



Future SWMM Advancements to Support 
Developing Intelligent Collection Systems

23



Advancing SWMM’s Geospatial and Runtime 
Interaction Capabilities

24

Goal
• A transparent and flexible GIS-based data model for 

SWMM inputs and outputs. Advance SWMM’s API and 
runtime scripting interaction capabilities to support:

• Multi-scenario, what-if evaluations
• Realtime sensor data assimilation
• Resilience evaluations 
• Data-driven or AI/ML based model and controls integration

Approach
• A GIS-based data model that represents the natural and 

built infrastructure as well as their topological 
relationships. 

• A transparent and flexible output and model state 
persistence

• Python bindings for an expanded SWMM API

GeoPackage



Improving the Computational Performance of 
SWMM

Goal
• Improve SWMM’s computational performance for large

systems and high-resolution modeling, and multi-
scenario and stochastic evaluations

Approach
• Modern approaches to writing efficient and high-

performance computational code emphasize spatial and
temporal locality of data in memory for fast access and
transformation (i.e., “cache friendly”) using data-
oriented design

• Vectorizing data and using Single Instruction, Multiple
Data (SIMD)

• Using struct of arrays (SOA) instead of arrays of structs
(AOS)

• Use of data managed contiguous arrays instead of linked
lists for data that are frequently accessed or modified

• A preliminary testing of these approaches has shown a
lot of promise with reductions of 20-30% in
computational time 25

Frequent Cache Misses Cache Friendly Data Layout



Improving the Fidelity of SWMM’s Hydraulic 
Routing and Water Quality Formulations

26

Effect of sub-grid discretization on 
resolving flow dynamics

Preissmann Slot approximation to handle 
transitions from open channel to 

pressurized flow

(Shang et al., 2021)

Goal
Advance SWMM’s formulation to improve the 
degree of fidelity paid to underlying routing and 
water quality processes in an efficient manner
Approach
• Efficient and accurate numerical methods for 

hydraulics that resolve sub-pipe dynamics, handle 
transitions from open-channel to pressurized 
flows, and promote mass conservation and 
convergence

• Implementing full advection-reaction-dispersion 
formulation that can handle the different flow 
regimes in collection systems

• Advancing a heat transport and multi-species 
reaction capability for SWMM



Improving the Fidelity of SWMM’s Overland 
Processes

27

Goal
• A spatially explicit multi-process and multi-scale overland 

flow quantity and quality model to facilitate:
• Coupled 1D/2D inundation studies
• Integration of the vast databases of publicly available remotely 

sensed and derived products e.g., radar-based rainfall, land 
use, soil moisture, etc. 

• Spatially explicit evaluation of GI and other sustainable urban 
development approaches 

Approach
• Implement coupling infrastructure to allow coupling arbitrary 

2D models to SWMM
• Implement a spatially explicit multi-scale and multi-process 

overland flow-infiltration 2D model
• The Penn State Integrated Hydrologic Model (PIHM) is being 

evaluated for adaptation and adoption
• It solves for flow over triangular irregular network (TIN) mesh
• Benefit of the TIN mesh is that we are add more resolution 

where needed (e.g., spatially explicit implementation of GI) and 
coarsen the mesh in areas where not needed



Conclusions

• EPA ORD will continue to maintain and advance SWMM for the digital 
water transformation

• Advancements will go through EPA’s rigorous internal review process 
to ensure continued confidence in the use of SWMM

• We plan to continue conversations with our stakeholders throughout 
the development process to make sure their views are considered in 
this process

• We are excited about the future of SWMM and invite practitioners, 
researchers, to provide feedback and suggestions on future directions

28



Contact
Caleb Buahin
buahin.caleb@epa.gov

Michael Tryby
trby.michael@epa.gov

Corinne Wiesner-Friedman
wiesnerfriedman.corinne@epa.gov
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Advancing EPA’s Drinking Water 
Modeling Tools for the Digital 
Water Transformation

Terra Haxton, PhD
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Drinking Water Distribution System Modeling

• Simulates hydraulics within water 
distribution network

• Models decay/growth of single 
substance

• More than 50,000 downloads per 
year

• Components utilized for multiple 
commercial software packages

• Latest official release: version 2.2 in 
July 2020

https://www.epa.gov/water-
research/epanet

31
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EPANET Typical Uses and Applications
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Real-time Operations 
and Decision Making



EPANET Version 2.2 Recent Updates

• Improved solution performance 
and accuracy

• Pressure dependent demand 
analysis

• Water quality mass balance
• Handling of low flows
• Convergence criteria

• External contributors
• Testing and quality assurance
• Updated user interface

33



EPANET Extensions: EPANET-MSX

• Used to model 
• Adsorption/desorption on pipe walls
• Attachment to biofilms
• Chemical reactions
• Biological growth and decay

• EPANET-MSX 2.0 updates
• Compatible with EPANET 2.2
• Added dispersion
• Added parallelization
• Added mass balance reporting
• Added sub-second timesteps

https://github.com/USEPA/EPANETMSX

34
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EPANET Extensions: Real-time Tools

• EPANET-RTX is suite of software libraries to 
integrate EPANET with SCADA operational data 

• RTX enables real-time analytics for automated:
• Forward and hind casting 
• Model calibration 
• Simulation & comparison of operational decisions
• Continuous comparison between model and 

sensor/data outputs, and analysis, allows for more 
accurate predictions

35



EPANET Extensions: Resilience Analysis

• Water Network Tool for Resilience (WNTR): 
simulates disaster scenarios such as 
earthquakes, power outages, floods, and 
contamination incidents

• Predicts damage to infrastructure
• Calculates resilience metrics
• Evaluates response and mitigation strategies 

to improve resilience

https://github.com/USEPA/WNTR

36
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WNTR Version 1.0 Recent Updates

37

Capability Description

Model I/O
Read/write water network models to/from standard formats 
- Dictionary, NetworkX Graph, GeoPandas GeoDataFrame
- EPANET INP file, JSON file, GeoJSON and Shapefile files

Geospatial 
analysis

Integrate GIS data into resilience analysis to build water 
network models, and define scenarios and metrics

Simulation Run EPANET simulations in interactive mode to integrate 
WNTR with third-party simulators that customize controls

Resilience 
metrics

Compute additional metrics (modified resilience index, tank 
capacity, pump energy) and improve computation efficiency

Demos
Added Jupyter notebook demo, available in software 
repository and published in Embracing Analytics in the 
Drinking Water Industry



WNTR Geospatial Analysis Capabilities

• Goal: Integrate geospatial data into WNTR for 
model development, scenario generation, and 
community-centric resilience metrics

• Read/write
• Read GIS files into WNTR to define water 

network model
• Write water network model to GIS files

• Coordinate projections
• Convert coordinate reference system (CRS)

• Spatial joins
• Associate GIS data with node and edges of 

water network model
• Visualization

• Append simulation results to GIS files
• Load GIS files into GIS platforms for visualization

38

Integration of WNTR into open source or 
commercial GIS platforms

Geospatial data is integrated into 
WNTR using an optional 

dependency on GeoPandas



WNTR Interactive Simulation Capabilities

• Interactive Mode uses EPANET toolkit and  
Controller to interact with simulation

• Example controllers include SCADA, cyber-
physical simulator, power flow model, or user

• Some or all of EPANET Rules/Controls can be 
relinquished to Controller

• Controls modified using EPANET toolkit or 
though direct modification of model

• Intermediate simulation results can include 
sensor readings or resilience metrics

• Stop criteria can include conditions like pump 
status, tank level, and water service availability

39

Simulation 
results

Controls

Start

- Pull simulation 
results 

- Send controls
- Update model to 

reflect controls
- Advance to next 

timestep or next 
stop criteria

t = 0

t = 1

Controller EpanetSimulator

Reset is required to 
return model to the 
initial state (t=0)



WNTR Simulation Capabilities

• Goal: Efficient simulation capabilities that 
can pass simulation results and custom 
controls between WNTR and external tools 

• Power-flow models 
• Cyber-physical models
• Table top exercises

• Interactive simulation capabilities
• Advance to next timestep and check 

conditions
• Pause simulation using flexible criteria
• Change model operations and solver options 

(including timestep and changes not 
supported by traditional Rules/Controls)

40

Power model controls 
water treatment and water 
pumps

Sensor readings are used 
to record system status 
and pause the model

Power distribution model

Water distribution model



Future Enhancements for Drinking Water 
Model Tools
• Integrate EPANET-MSX into WNTR
• Enhancement capabilities to pull in other data sources
• Expand capabilities to simulate additional disaster and response 

scenarios
• Add economic data metrics to evaluate repair and mitigation actions
• Incorporate optimization algorithms to help prioritize response and 

mitigation actions

41



Conclusions

• Maintain and advance EPANET for digital water transformation
• Review advancements to ensure continued confidence in EPANET
• Continue conversations with our partners throughout development 

process to make sure their views are considered
• Invite EPANET practitioners, researchers, and others to provide 

feedback and suggestions on future directions

42
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murray.regan@epa.gov
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Integrated Modeling and Adaptive 
Planning of Water Infrastructure for 
Sustainability and Resilience in a Digital 
Water Age

Jeff Yang, PhD
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Models and Tools for Water Systems

Drinking Water Distribution System

Wastewater 
Treatment Plant

Drinking Water 
Treatment Plant

Storage
Tank

Stormwater
(Combined Sewer System)

Premise Plumbing

Water Reuse

Drinking Water 
Treatment 

Models & Tools 

Drinking Water 
Distribution System 

Models & Tools

Drinking Water 
Premise Plumbing

Models & Tools
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Stormwater 

Models & Tools

Water Reuse
Models & Tools



Systems Sustainability in Multiple Objectives

46

• Sustainability in three pillars: System resilience, 
environmental effects, and socioeconomics

• Climate change and environmental justice are 
prominent factors, but not yet fully considered in 
water systems planning and design

• How to adapt the water and other urban 
infrastructure of large physical footprints is a 
daunting challenge

• ORD/WID researchers are working from both 
urban-scale planning and system-specific 
engineering methods and techniques 

IPCC (2022). AR6-SYR
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Quantify through Systems Modeling at Three Scales
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Urban: SDWA, CWA, EJ, climate resilience

Watershed: CWA, Climate change, climate justice

Surface waterways 
CWA, Water availability, 

climate impacts

Wastewater systems: 
CWA, EJ, climate resilience

Physical models and physics-informed AI modeling for multi-scaled 
water infrastructure to improve resilience and sustainability

• Watershed scale models – IWM. Variables in climate, LULC, 
stream flow and surface water quality

• Urban scale model – SUD. Variables in urban climate, green house 
gas (GHG) emissions, population, services, and land use policies

• Drinking water models – EPANET/WNTR, WTP-cam. Variables in 
water demand, water quality, operation resilience, and 
environmental justice (EJ)

• Stormwater / collection system models – SWMM, SWC. Variables
in urban hydrology/climate, LULC, green and gray infrastructure, EJ

• Waster Reuse model – NEWR. Variables in economic activities, 
waste stream, treatment process, compliance criteria, reuse and 
water availability
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Treatment effluent 
discharge

Treatment effluent discharge 
   under a permit

Varies depending on discharge 
   regulations

Varies depending on discharge 
   regulations

Likely
Low

Likely
Medium

Likely
High

Discharge limits sensitive to
   the impacts on receiving 
   streams;
Compliance to discharge 
   limits.

Adjust treatment process 
   for likely to-be-revised 
   discharge limits.

Note: *  Summarized from "10-state" wastewater treatment standards and Lin (2001).  These design criteria are for general guidance.
** - Qualitative rating given for major changes in precipitation and hydrology, excluding the extreme meteorological events.
I/O -  wastewater inflow and outflow by infiltration and exfiltration;  WW - wastewater.

Wastewater collection from  
   all users in a service area

Major Operation Unit
Vulnerability**

Function
Major Design Criteria*

Sulfur and methane gases 
   generation

WW yield: 0.38 m3/person-day;
Flow velocity: 0.6-4.6 m/s;
Flow rate: 1.5 m3 /person-day 
   (laterals and branches)

Adaptation

Pipe leak detection;
Dual pipe system;
Onsite wastewater
   treatment

Pipe I/O flow management;
Wastewater reuse and
   separation.

Likely
High

Likely
High

Likely
Low

Preliminary treatment 
(screening, degritting)

Solids and debris removal in 
   headworks 

Screen debris removal:  >5.1-cm 
Flow (grit chamber): ~0.328 m/s;
Aerated grit chamber: 2-5 min 
   residence time

Not applicable Likely
Low

Likely
Low

Likely
Low

Primary treatment - 
Sedimentation tank

Removal of settleable solids 
   and 25-35% BOD

Peak flow <0.71 lps/m2;
Maximum weir load: 2.16 lps/m;
Water depth: >2.1m.

Target removal rates:
BOD: 20-40%, TSS: 35-65%;
Settleable biosolids: 50-75%.

Likely
Low

Likely
Medium

Likely
Medium

Flow equalization facilities
   to smooth flow variations;
Process monitoring

Monitoring and increased 
   maintenance

Secondary treatment - 
Trickling filters

Biological treatment to 
   remove BOD and 
   macronutrients

Filter depth: 1.5 - 3.0 m;
Hydraulic loading:  
   0.012 - 0.047 lps/m2, or
   0.047- 0.47 lps/m2 (high rate).

Normal: 0.08 - 0.40 kg 
   BOD/m3-day;
High-rate: 0.48 - 1.44 kg 
   BOD/m3-day.

Likely
Low

Likely
High

Likely
High

Process control for 
   resilience in shock loading 
Process flow stabilization

Trickling filter retrofitting;
Change recirculation ratios;
Process monitoring and 
   control for weir loading.

Secondary treatment -  
Activated sludge process

High efficiency of BOD and 
   nutrient removal

Weir loading: 1.44 lps/m;
Hydraulic loading: 
   0.47-0.57 lps/m2 

   0.38 lps/m2 with nitrification

Maximum BOD loading: 
   0.24-0.64 kg/day/m3;
Aeration rate:  
   93.5-125 m3 oxygen / kg BOD

Likely
Low

Likely
High

Likely
High

Process control for 
   resilience in shock loading 
Increase treatment 
   capacity reserve.

Modify cell age and sludge 
   return rate;
Improve aeration efficiency;
Increase aeration capacity.

Secondary and final 
clarifier

Settleable biosolid removal Surface settling rate:  
   50-62 lps/m2 

Not applicable Likely
Low

Likely
Low

Likely
Low

Enhance biomass setting Operational adjustment

Nitrogen removal Successive nitrification 
   and denitrification

Varies.  See U.S. EPA (2009b). Varies.  See U.S. EPA (2009b). Likely
Low

Likely
Low

Likely
High

Chlorination Treatment effluent 
   disinfection 

>15 min contact time in 
   chlorination contact basin

<200 fecal coliform / 100 ml Likely
Low

Likely
Low

Likely
Low

Treatment process Overall specifications of 
   each process unit for 
   treatment objectives

Process flow rate;
Flow rate variance.

Surface water quality standards 
   for discharge control

Likely 
Low

Likely 
Medium

Likely
High

Increase treatment capacity 
   reserve to against source 
   water variations and water 
   demand changes

Process optimization,
   retrofitting, or change 
   and expansion

Wastewater effluent discharge

Wastewater collection

Wastewater pumping 
   and conveyance

Wastewater transfer to a 
   central location(s) for 
   treatment

I/O rate: < 0.45 m3/day-km-cm;
Flow: 0.95 m3/ca-day (main);
Flow velocity: 0.6-4.6 m/s

Sulfur and methane sewer gas 
   management;
Fire hazard prevention.

Likely
High

Likely
High

Likely
Low

I/O management;
Flow velocity & abrasive 
   damage control.

Pipe leak detection
Drop manholes;
In-line degritter

Wastewater treatment

Table 2-22.  Important engineering attributes and potential vulnerability of wastewater infrastructure

Physical Chemical, biological Physical Hydraulic 
Function

Water Quality 
Function

Function Example

Wastewater collection• Complex climate impacts, 
often location specific, mostly 
occur in hydrology (water 
quantity and quality) and 
hydraulics. 

• Water quality, availability, and 
hydraulics all affect water 
systems both in planning and 
operation phases

• Climate impacts can be short-
term disruptive and long-
term impactive on water 
sustainability

• Exacerbate climate impacts, 
such as urban head island 
effects, GHG emission, etc.

• Urban systems and population 
are also vulnerable to climate 
impacts making effective and 
practical adaptation necessary

• Climate justice and EJ are social 
dimensions to consider

• Three water systems and 
transportation often define 
urban forms of structure 
difficult to change and adapt 
once built 

Table 2-20.  Important engineering attributes for stormwater infrastructure adaptation

Physical Chemical, biological Physical 
damage

Hydraulic 
Function

Water Quality 
Function

Function Example

Stormwater collection

Stormwater collection

Stormwater gravity drain 
and conveyance

Stormwater transfer by pipe 
   network to discharge 
   locations or retention 
   facilities

I/O design limit in per day-
   -km-cm;
Flow velocity: 0.6-4.6 m/s 
   for gravity sewer

Prevent methane and 
   sewer gas generation

Likely 
medium

Likely 
high

Likely 
low

Infiltration / exfiltration (I/O)
   management;
Pipe flow velocity control

Pipe repair, I/O management;
Drop manhole alignment for new 
   Q-t  profiles;
In-line degritter for debris removal.

Stormwater control measures#

Hydraulic retention Increased water retention in 
   urban catchment basin for 
   reduced peak flows

Varied Likely 
high

Varied Increased retention function 
   for non-stationary 
   precipitation

Detention pond, stormwater swirl, 
   and permeable pavements

Stormwater treatment 
ponds and bioretention 
facilities

Enhanced water quality 
   improvement within 
   an urban catchment

Performance design for 
   target pollutant 
   removal.

Varied Varied Likely 
high

Enhanced water quality 
   improvement within 
   an urban catchment

Distributed stormwater retention 
   and treatment ponds 

Groundwater recharge 
or evaportranspiration

Diverting water from the 
   urban catchment and
   channel flows

Varied Likely 
low

Likely 
low

Reduced stormwater channel 
   flow and discharge 

Permeable pavement, green roof, 
   recharge sewer.

Stormwater reclamation Reclamation and reuse of 
   stormwater diverted from
   channel flows 

Contaminant prevention 
   for source water in
   reclamation

Varied Likely 
high

Likely 
high

Collection and treatment of 
   stormwater for beneficial 
   reuse

Cisterns, rain barrels, rain 
   gardens

CSS and CSO control

Stormwater diversion Prevent hydraulic overloading 
   of wastewater treatment 
   plant in high-intensity
   precipitations

Flow rate and water level for 
   diversion valves in CSS;
Water level control in CSO 
   retention facilities.

Likely
low

Likely 
high

Likely 
high

Reduce CSO impacts to both 
   wastewater treatment 
   plants and discharge 
   receiving water

System engineering of retention 
   and CSO treatment facilities;
Extreme precipitation forecasting
   and emergency responses.

Ddischarge at 
   stormwater outfalls

Stormwater discharge into
   a water body under a 
   NPDES permit

Flow rate and discharge 
    velocity

Varied in water quality 
    parameters

Likely 
low

Likely 
medium

Likely 
medium

Reduce discharge impacts
   on receiving water in
   erosion, temperature, 
   turbidity, nutrients and
   other pollutants.

Discharge swirl and detention;
Sensor-based monitoring-
   controlled discharge 

Note: *  Summarized from civil engineering manuals and U.S. engineering codes and guidelines.  These design criteria are for general guidance.
** - Qualitative rating for anticipated major  changes in precipitation and hydrology, excluding the extreme meteorological events.
# - Stormwater control measures are organized in the four groups by primary functions.

Adaptation 

Stormwater runoff collection 
   in urban area for reliable 
   drainage and sanitation

Stormwater inlet design for non-
   -stationary precipitation.

Likely 
medium

Likely 
high

Stormwater ponding, urban 
    flooding, and drainage 
    management.

Varies, based on assumed
     precipitation stationarity

Unit Operation 
Vulnerability **

Function
Major Design Criteria*

Likely 
low

Prevent methane and 
   sewer gas generation;
Remove oil and grease, 
   debris and large 
   objects.

Drain inlet spacing <183 m;
Manhole spacing: 122-183 m 
   (varied with pipe diameter);
25-year design storm (varied)

Table 2-21.  Important engineering attributes and likely vulnerability in drinking water treatment and distribution systems for community water supplies.

Physical Chemical, biological Physical Hydraulic 
Function

Water Quality 
Function

Function Example

Source water protection
Source water intake Water level at water 

   intake
Adaptive change of intake 
   elevation and location; 

Multi-elevation intake
   aprons

Intake security against
   physical damage

Physical damage 
   protections

Enhanced structure 
   supports

Drinking water treatment 

Rapid mixing Rapid dispersion of 
   coagulants in water

<1 min retention time Likely 
Low

Likely 
Low

Likely 
Low

Coagulation & 
Flocculation

TOC and particulate removal 15-20 min and 18-25 
   min residence time for 
   high-energy and low-
   energy flocculation.

Varied dosage among  
   coagulants: alum, 
   chlorine, polymer, and 
   potassium permanganate

Likely 
Low

Likely 
Low

Likely 
High

Inflow TOC variations
   monitoring and chemical 
   dosing control.

Sensor-based TOC 
   monitoring and process 
   adaptive control

Clarification Remove settleable solids 
   after flocculation.  
Alternative unit processing 
   by membrane and 
   particulate filtrations

32.6-48.9 m3/d/m2 for
   turbidity removal
20.4-32.6 m3/d/m2 for 
   algae removal

Likely 
Low

Likely 
Medium

Likely 
Medium

Reduce high-turbidity effect
   on downstream units;
Remove excessive algae 
   present in raw water.

Process monitoring and
   control;
Unit process optimization

Dissolved air 
floatation (DFA)

Remove solids and odor with  
   ascending fine bubbles

10-12 m/h air flow;
5-10% recycle flow.

Follow coagulation /
   flocculation unit process

Likely 
Low

Likely 
Low

Likely 
Low

Adjust particle surface 
   charge for enhanced DFA

Unit process optimization

High rate filtration Remove various constituents, 
   including turbidity, coliform, 
   color, taste, metals, and 
   toxic chemicals

hydraulic loading: 83 
   L/m2min (rapid sand)
Backwash monitoring 
   and operation.  

Likely 
Low

Likely 
Medium

Likely 
Medium 

Reduce shock loading of 
   high turbidity;
Optimize backwash 
   scheduling, operation.

Process monitoring and
   control

Oxidation and 
disinfection

Biological inactivation and 
   oxidation of organic 
   matters

Disinfectant concentration 
    limit:1.0 mg/L Cl–;
Contact time

Likely 
Low

Likely 
Low

Likely
High

Reduce TOC concentration 
   and variations;
Unit process optimization.

Retrofitting for higher
   contact efficiency;
Change of oxidants.

Ion exchange Cation or anion exchange to 
   remove nitrate, Fe, Mn, 
   and hardness

Service flow rate: <668   
   L/m3 for N+2 removal;
Backwash rate: 81-122 
   L/m2 for N+2 removal

Likely 
Low

Likely 
Low

Likely 
Medium

Remove excess turbidity  
   in pretreatment;
Process unit arrangement, 
   optimization,  retrofitting.

Process adjustment;
Enhanced water
    pretreatment;
Process monitoring

Membrane filtration Remove organic and 
   inorganic contaminants 
   by using membranes

Hydraulic loading rate;
Temperature;
Suspended solids.

Inflow pH range;
Membrane anti-degradation;
Biological growth.

Likely 
Low

Likely 
Low

Likely 
Low

Pretreatment to remove 
   excessive turbidity;
Backwash operations.

Pretreatment with coarse
   membrane filter;
Back-wash automation

GAC adsorption Absorb chemicals onto 
   absorbent media

10-12 m/h loading;
Bed depth and volume.

Regeneration time;
DOC, odor, and other 
   contaminant removal.

Likely 
Low

Likely 
Low

Likely
High

Increase GAC adsorption 
   efficiency and prevent
   break-through

Adjust GAC regeneration
   cycle;
Operation optimization.

Likely
High

Likely 
Medium

Likely 
Medium

Adaptation
Unit Operation 

Vulnerability **
Function

Major Design Criteria*

Protect source water quality 
   at water intake
Assure water availability for
   drinking water production

Minimize daily and seasonal 
   water quality variations;
Minimize biological growth 
   at intake (e.g., mussel).

Table 2-19.  Water infrastructure design and engineering domains, and their attributes.

Attribute Potential action* Attribute Potential action* Attribute Potential action*

New Infrastructure

Hydraulic capacity Specific value Range; capacity adaptively 
     installed

Specific value

Engineering flexibility Limited in quantity.  
Realized at construction

Flexible timing for extra 
    capacity installation

Large CR expansion 
     after re-construction

Water quality capacity** Specified value Range; capacity adaptively 
     installed

Specified value

Engineering flexibility Limited in quantity.  
Realized at construction

Flexible timing for extra 
    capacity installation

Large CR expansion 
     after re-construction

Techniques and examples
Stormwater 

infrastructure
Hydraulic design using 
runoff rational methods for 
facilities (e.g., retention 
ponds and storm sewer)

Satellite retention 
   facilities; 
Slice gate automation;
Go to Domain (2) or (3) 
    in severe CR limitation

Structure, stormwater control
   design for non-stationary 
   precipitations;
Module design, phased 
   installation;
System monitoring and 
    forecasting

Adaptive capacity  
   installation;
Go to Domain (3) for 
   severe CR limitation

New infrastructure 
  network with or without 
  use of existing assets

Wastewater 
infrastructure

Ten-State design 
   standards, other 
   design protocols

Process automation; 
Flow detention facility;
Go to Domain (2) or (3) 
   in severe CR limitation.

Module design, phased 
   installation;
Decentralized wastewater 
   system; 
Onsite wastewater reuse;
System monitoring and 
   forecasting.

Adaptive capacity  
   installation;
Go to Domain (3) for
   severe CR limitation

New designs and use of
    revolutionary 
    technologies 
    and concepts

Drinking water 
infrastructure

Unit process and system 
   modeling and 
   specifications (e.g., 
   disinfection chamber)

Disinfectant, dosage 
    change;
Go to Domain (2) or (3)
    in severe CR limitation

System optimization, 
retrofitting;
Module design, phased 
installation;
System monitoring and 
forecasting.

Network expansion;
Adaptive capacity  
   installation;
Go to Domain (3) for
   severe CR limitation

New designs and use of
   revolutionary 
   technologies 

References ASCE (2004), Lin (2001), 
   USEPA (1994; 2002a; 
   2008), Salvato et al. 
   (2008), engineering 
   codes and guidelines

Carter and Jackson (2007); 
   Chung et al. (2009); 
   Semadeni-Davies et al. 
   (2008); Gikas and
   Tchobanoglous, (2009); 
   Oron et al., (2007), Gupta 
   and Shrivastava (2006),
   and USEPA (2009b)

Chang et al., 2006;  
   Neuman (2009); 
   Neuman and Smith 
   (2010).

Optimization, retrofitting;
Management and 
   objective re-evaluation.

Assessment-adaptation-
   monitoring for optimal
   cost-benefit balance; 
Go to Option (3) for 
   severe CR limitation

Optimization, retrofitting;
Management and 
   objective re-evaluation 

Adaptation Engineering Domain (2)Deterministic Engineering Domain (1) Re-design & Re-construction Domain (3)

Process adjustment and 
    retrofitting; 
No large-scale asset 
    modification; 
Go to Domain (2) or (3) 
     in severe CR limitation

Impact Analysis

Adaptation engineering

EPA (2020)

Climate Change Urban Growth/LCLU Changes
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Systems Modeling for Urban Infrastructure Impacts

SUD helps water planning
• The models simulate LULC, transportation and 

population distribution under future climate 
and urban development scenarios

• Outputs define water demand, wastewater 
and stormwater generation, and help in 
infrastructure siting and layout

• Optimizing water infrastructure master 
planning in the adaptive process

SUD helps water operations
• Enable EJ and GHG emission analysis
• Assist in system adaptation and water quality 

monitoring for resilience against changes in 
economics, population and climate-induced 
source water changes



SUD Development for Operation Adaptation: 
Water Quality, Demand and Supplies
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• SUD modules integrate remote 
sensing, sensor-based water 
quality monitoring and system 
engineering for better operations

• Large data processing and data 
fusion of satellite sensing, water 
sensors, operational data

• The use of process-informed AI 
(ML, ANN, etc.) techniques

• How to best use AI in process 
parameterization, solution space 
identification, process 
optimization, etc.?

Lake Meade EWS system Imen et al. (2015), Chang et al. 
(2015, 2014), EPA (2020)

Lake Erie 
Microcystin map

Chang et al. 
(2014), EPA 
(2020)

Water treatment (data and WTP-cam)

Water demand in distribution
Zhao et al (18); EPA (2020)

EPA (2020), Li et al. 
(2017, 2019)



SUD Development for Planning Adaptation: 
GHG, EJ and Infrastructure Sustainability

51

• Growth policy, socioeconomic, and 
LULC define water and other urban 
infrastructures, their configuration, 
layout and sustainability. 

• Adaptive planning achieves optimal 
GHG emission reduction, water 
infrastructure services, and climate 
justice – the EJ factor 

• Adaption scenarios are computer-
simulated and analyzed due to large 
physical and financial footprints of 
urban infrastructure

• SUD modeling based on physical 
processes. Can AI and ML techniques 
be applied for better modeling?

EPA (2020)

Optimal urban adaptation changes population 
distribution, reduce GHG emissions, and differently 
affects communities. Case study in Cincinnati, Ohio

Adaptation scenarios Effects on communities GHG reductions

Surge projections, 
Chesapeake Bay

Evacuation planning, 
Mattapoisett Water infrastructure adaptation planning, Mattapoisett

Multi-dimensional adaptation for water system and community resilience 
against SLR and storm surge. Case studies in Chesapeake Bay & Mattapoisett



Digital Water & Infrastructure Adaptation

• Help systems modeling in model integration
• Reduce output uncertainty by better parameterization, especially on 

climate and socioeconomic changes
• Better configuration and result visualization in scenario analysis
• Integration of data acquisition, data fusion, and computation for 

timely decision making
• Support for infrastructure improvements in planning, operations and 

compliances
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Jeff Yang
Yang.Jeff@epa.gov

(513) 569-7655

mailto:Murray.Regan@epa.gov


Advancing EPA Modeling for Drinking Water, 
Stormwater, and Infrastructure Improvements

• Continued support for SWMM, EPANET, WNTR and other models 
under EPA’s Safe and Sustainable Water Resources (SSWR) research 
program

• Efforts driven by EPA program office, regional, and state needs, as 
well as by users and other stakeholders

• Enhancements underway to further support next generation digital 
water applications

• Building and preparing our future workforce 
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