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Overview

• What’s the problem with 
E. coli?

• Regulatory Basics
• Resources for MS4s
• Case Studies:

• Fort Collins 
• Boulder



What’s the problem with E. coli:  10 Issues
1. Recreating in waters with fecal contamination 

can make you sick.
2. Over  90 stream segments in Colorado are listed 

as impaired or on M&E for E. coli.
3. It’s easy to exceed the E. coli stream standard, 

particularly in the summer.
4. Interpretation of monitoring data can be 

difficult or inconclusive.
5. We don’t live in a sterile environment—E. coli 

can originate from both natural and human-
related sources. Health risk from sources may 
vary.



6. Solutions cross multiple disciplines and local 
government departments.

7. Finding the source(s) can be challenging and 
expensive.

8. Treating dry and wet weather runoff can be 
challenging and expensive.

9. In urban areas, there may not be a “silver 
bullet” that solves the problem.  

10. Can the stream standard be consistently 
attained?  If so, how?  What are the MS4 
permit implications if it’s not?

What’s the problem with E. coli:  10 Issues



Regulatory Relationships in Colorado: 
Standards-TMDLs-Permits

Basic Standards
(Reg. 31)

Basin Standards

303(d) List
(Reg. 93)

Total Maximum 
Daily Loads 

(TMDL)

Site-specific 
Standards &
Discharger 

Specific Variance
General & 
Individual 

Discharge Permits
Policies &

Listing 
Methodology



Colorado Stream Standards
• Fecal indicator bacteria vs. pathogens (e.g., 

E. coli O157:H7)
• EPA 2012 Recreational Water Quality 

Criteria
• Colorado stream standards

• Magnitude: 126 cfu/100 mL (primary contact)
• Duration: 61-day rolling geometric mean
• Frequency: Geometric mean not allowed to 

exceed standard
• 303(d) List updated biennially: over 90 

segments in Colorado impaired or on M&E 
list for E. coli

Colorado Use 
Classification

E. coli
(cfu/100 mL) 

Class E - Existing 
Primary Contact 

126

Class P -
Potential 
Primary Contact

205

Class N - Not 
Primary Contact 

630

Class U -
Undetermined 

126



Total Maximum Daily Loads (TMDLs) & 
Implications for MS4s

TMDL = ΣWLA + ΣLA + MOS
Where: 

• WLA =the sum of wasteload allocations (point sources 
such as permitted wastewater and stormwater 
discharges) 

• LA= the sum of load allocations (nonpoint sources and 
background)

• MOS=the margin of safety

• WWTPs typically not the source in Colorado
• MS4s likely to have requirements in CDPS permits 

due to TMDLs 
• Nonpoint sources often significant 
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Colorado E. coli Toolbox: 
A Practical Guide for Colorado MS4s
• Introduction 

• Colorado regulations
• Extent of problem
• TMDLs

• Finding the sources
• Developing a control strategy

• Progression of controls
• Modeling

• Source controls
• Structural BMPs
• Regulatory considerations/site-

specific standards www.udfcd.org collaborate.ewrinstitute.org 



E. coli Fact Sheets on 
UDFCD.org 

• Regulatory Basics
• Microbial Source Tracking
• Stormwater BMP Performance
• Using GIS in Source Investigations



www.bmpdatabase.org
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Developing an E. coli Control Strategy

General Themes:
• Find the source(s)
• Address human source first, then 

other sources
• Address dry weather first, then wet 

weather
• Implement nonstructural/ source 

controls, then structural



City of Fort Collins 
Case Study



Fort Collins E. coli Impairments

Segment ID Stream Segment Description Season of 
Impairment

COSPCP11 Cache La Poudre from Shields
St. to above Boxelder Creek

Not specified

COSPCP12 Cache La Poudre from above
Boxelder Creek to South Platte
River

May-October

COSPCP13a Spring Creek and Fossil Creek
(May-October)

May-October

COSPCP13b Boxelder Creek from source to
confluence with Cache La
Poudre

Not specified



Starting Point
• Who is collecting data in your 

stream?
• Seasonal trends: Winter tends to 

attain standard; summer tends to 
exceed.

• Data availability: 5 samples over 61 
days often not available

• Any major hot spots?



Dry Weather Investigation

• Upload mapped outfalls 
into Collector App

• How many days to find 
150 outfalls?

• Estimating flow rate
• Uploading photos
• Identifying suspect 

outfalls
• Getting samples to lab 

on time
• Car or bike or both



Field Challenges



Supplementing E. coli Monitoring 
With Microbial Source Tracking (HF183)



Collecting GIS Data

• Infrastructure age and maintenance 
history

• BMP locations
• Ditches
• Septic systems
• Hobby farms, large animal 

facilities/properties
• Natural areas
• Homeless/transient densities



http://www.homeward2020.org



City of Boulder Case Study



1993
COB Stormwater

Program

2011
E.coli TMDL & 

Implementation 
Plan for Boulder 

Creek

2003 
MS4 Permitting
Phase II (COB)

2008
MS4 Permit 

Update

2016
MS4 Permit 

Update

STORMWATER PROGRAM TIMELINE

2004
Boulder Creek is 

placed on the 
Impaired Waters 
(303(d)) List for 

E.coli

2013
Raccoon Study 

2019
City E.coli TMDL 
Implementation 

Plan Update



Current Stormwater Quality Program
Illicit 
Discharge 
Program

Monitoring
TMDL 
Development

TMDL 
Implementation 
Plan 
Development

TMDL 
Implementation 

Plan Update

Slow the 
Flow Efforts

“Doo Good” 
Outreach

Pet Waste 
Stations

Boulder Creek 
Outfall 
Surveys

Storm & 
Sanitary 
Efforts

Stormwater 
Master Plan 
Update

Investigation 
of Sanitary 
Mains Under 
the Creek

Memo: 
Raccoons in 
storm 
drains

Raccoon-
proofing 
Pilot

GI
Strategic 
Plan

Special 
Monitoring 
Studies

Neonic
Sampling 

Macroinvert.
Monitoring

Instream 
Flow
Program

Bear-proof 
Trash 

Enclosure





Infrastructure Investments

1.3 Million Dollars to inspect, clean and line the storm sewer system

2 Million Dollars to line the sanitary system in the 
University Hill and Downtown areas

3 Sewer Mains TVed under 
Boulder Creek

0 Cross-Connections 
Identified to Date



Bear Trash Enclosure Program



What Can You Do?

Pick up Pet 
Waste

Keep Trash 
from 
Wildlife

Reduce 
Irrigation 
Overspray

Report 
Spills



Monitoring 



TMDL Implementation Plan





Raccoon Studies
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Conclusions
• E. coli:  coming soon to an MS4 permit near you!
• Where to start:  Better understand the source(s) during dry weather.
• Expect messy data.
• BMPs can help reduce bacteria—this does not always mean attainment 

of instream standards at end of pipe though.
• Colorado-based resources are available to develop a better 

understanding of various aspects of bacteria issues.
• Partners are important—solutions likely extend beyond public works 

departments.



Questions?
Jane Clary and Chris Olson

Wright Water Engineers, Inc.
Denver, CO

clary@wrightwater.com 

Candice Owen, P.E.
City of Boulder

OwenC@bouldercolorado.gov



Development of a New Integrated Decision Support Tool 
(i-DST)

ELIZABETH GALLO

US-EPA NATIONAL PRIORITIES 

https://idst.mines.edu/

https://idst.mines.edu/


Outline
• General Background

• i-DST Background

• Watershed Scale Module

• Front-end Graphical User Interface (GUI)

• Stormwater Control Measure (SCM) and Optimization Simulator

• Test Site: Berkeley Neighborhood Watershed
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About me
• 3rd year PhD Candidate at Colorado School of Mines

• Completed my masters in 2017

• Hydrologic Science and Engineering Program

• Civil and Environmental Engineering Department

• Advisor: Terri S. Hogue
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Motivation

Image from Piotr Redlinski for The New York Times

• Urbanization stresses drainage networks and aquatic 
ecosystems

R
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Pollution
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Image from Piotr Redlinski for The New York Times

Motivation
• Urbanization stresses drainage networks and aquatic 

ecosystems

Traditional solutions are 
“grey” infrastructure,

which is aging/undersized.

Pollution
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Solution

Figure: DC Water     ( https://www.dcwater.com/green-infrastructure)

5

https://www.dcwater.com/green-infrastructure


Stormwater 
Models

Urban Water 
Quantity and 

Quality

Stormwater 
Infrastructure

Optimal 
Watershed 
Scale Plan

Research Focus
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Stormwater management options and decision-making in the urbanized watersheds of Los Angeles, CA. 
Journal of Sustainable Water in the Built Environment. Gallo et al. In Press.

Previous work:
Variability in achieving water 

quality compliance with SCMs 
impacts the decision making 

process when optimizing for a 
watershed.
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Stormwater management options and decision-making in the urbanized watersheds of Los Angeles, CA. 
Journal of Sustainable Water in the Built Environment. Gallo et al. In Press.

Previous work:
Variability in achieving water 

quality compliance with SCMs 
impacts the decision making 

process when optimizing for a 
watershed.

BC DC LAR

Water Quality Least 
Degraded Most Degraded Variable

Eliminate TMDLs with 
SCMs? Yes No Variable

Available SCM Options Any Treat and Release 
Only

Treat and release 
in more 

urbanized areas

Available Ancillary 
Benefits to Consider All Restricted to 

above options
Restricted in 
urban areas

8



Current work:

Stormwater practitioners lack 
a comprehensive decision 

support tool that incorporates 
both green and grey 

infrastructure, life cycle costs 
and environmental 

assessment, and co-benefits Conceptual model of tool components and the flow of information 
between them

Integrated Decision Support Tool (i-DST)

9



Today’s Topic

i-DST Tool Background Watershed Tool 
Background

Updates to Front-end 
GUI

Updates to EPA-
SUSTAIN Code

Test Site Modeling 
Example



i-DST Project Goals
• Develop an integrated, scalable, decision 

support tool (called i-DST) for grey, 
green, and hybrid infrastructure

• Planning-level tool – suitable for project 
prioritization (not design)

Conceptual model of tool components and the flow of 
information between them

• Components:
• Hydrology, water quality 
• BMP optimization and uncertainty 

estimation
• Life cycle cost assessment (LCCA)
• Life cycle assessment (LCA)
• Quantification of co-benefits

10



i-DST Project Team

Watershed Scale Tool &
Co-benefit Quantification

Grey Infrastructure Life 
Cycle Costs and 
Assessment 

Green and Hybrid 
Infrastructure Life Cycle 
Costs and Assessment 

Site-scale Tool
Co-benefit Quantification

11



Science Advisory Board (SAB)

• NGOs

• Consultants

• City/county governments

• Federal agencies

• Academics

• Have a board of 21 urban water 
experts to help us:
• Identify tool needs
• Identify novel grey/green infrastructure 

techniques to include
• Connect us with datasets
• Provide feedback on the tool

12



Science Advisory Board (SAB)

Member Organization State

Janet Clements Corona Environmental Consulting CO

Darren Mollendor City of Denver CO

Holly Piza Denver Urban Drainage and Flood Control District CO

Tracey Pond City of Golden CO

Scott Struck Geosyntec Consultants CO

Jeffrey Williams City of Denver CO

Colin Bell City and County of Denver: Green Infrastructure Program CO

13



Scalable
Site Scale

Watershed

• Tool will be developed at:
• Watershed level (i-DST)
• Individual site scale (i-DST-SB)

14



Scalable
Site Scale

Watershed

• Tool will be developed at:
• Watershed level (i-DST)
• Individual site scale (i-DST-SB)
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Today’s Topic

i-DST Tool Background
Watershed Tool 

Background
Updates to Front-end 

GUI
Updates to EPA-
SUSTAIN Code

Test Site Modeling 
Example



Optional Utility

Legend:

Input Data Set

Input Data Group

SCMs Scenarios

Optimization Objectives

Optional: Cost, Performance, 
Design of SCMs

Hydrologic Scenario Builder (Qt)
• Define hydrologic connectivity

• Set optimization scenarios

Modeled or Observed 
Time Series

Water quality mass or 
concentrations

Flow

Distributed SCM LCC/LCCA Module (Excel)
• Establish location

• Define types of SCMs
• Quantify Escalation factors

Optional Workflow

Mandatory Workflow

Gray Infrastructure LCC/LCCA Module 
(Excel)

• Cost and energy per volume of wastewater 
treated

• Basic details on existing wastewater facilities

• SCM geometry, hydrology, water quality
• 1st order distributed SCM LCC/LCCA

• 1st order gray infrastructure LCC/LCCA

• SCM unit processes and parameters

Default values 
available

Tool Module
• Inputs, parameters, 

or  notes

i-DST-SUSTAIN (.exe)
• Simulate SCM processes

• Optimize distribution (number and type) of 
SCMs based on life cycle cost and 

hydrologic/water quality criteria

Post-processor (Qt)
• Assess co-benefits SCM solutions

• Use multiple decision criteria analysis to 
interpret optimization output
• Display/visualize results

LCC and 
LCCA 

avoided / 
volume

LCC and 
LCCA 

outputs / 
SCM

Time series format 
utility 
(Qt)

BMP treatment 
calibration utility 
(Excel/SUSTAIN)

Gray System Information

Optional: Wastewater plant 
information and operation 

costs/energy 15



SCMs Scenarios

Optimization Objectives

Optional: Cost, Performance, 
Design of SCMs

Hydrologic Scenario Builder (Qt)
• Define hydrologic connectivity

• Set optimization scenarios

Modeled or Observed 
Time Series

Water quality mass or 
concentrations

Flow

• SCM geometry, hydrology, water quality
• 1st order distributed SCM LCC/LCCA

• 1st order gray infrastructure LCC/LCCA

i-DST-SUSTAIN (.exe)
• Simulate SCM processes

• Optimize distribution (number and type) of 
SCMs based on life cycle cost and 

hydrologic/water quality criteria

Post-processor (Qt)
• Assess co-benefits SCM solutions

• Use multiple decision criteria analysis to 
interpret optimization output
• Display/visualize results

Time Series
1/1 0.5
1/2 0.7
1/3 0.6
1/4 0.5
1/5 0.4
… …

Scenario Builder

Model Output
BMP Simulation
+ Optimization Visualization

16



Lee et al. (2012). A watershed-scale design optimization model for stormwater best management practices. EM&S.

EPA SUSTAIN Features

Also water quality treatment
Built In* Evaluation Factors:
• Peak Discharge
• Annual Average Volume
• Exceeding Frequency 
• Annual Average Load
• Annual Average Concentration
• Maximum Days Average Concentration 

17



Today’s Topic

Time Series
1/1 0.5
1/2 0.7
1/3 0.6
1/4 0.5
1/5 0.4
… …

Scenario Builder

Model Output
BMP Simulation
+ Optimization Visualization

i-DST Tool Background Watershed Tool 
Background

Updates to 
Front-end GUI

Updates to EPA-
SUSTAIN Code

Test Site Modeling 
Example



Scenario Builder

Arc GIS 9.3

Excel VBA (Opti-Tool)

QT/C++

• Outdated
• Often Crashes

Image: Lee J., Riverson J. 18



Scenario Builder

Arc GIS 9.3

Excel VBA (Opti-Tool)

QT/C++

• EPA Region 1 Tool
• TetraTech
• GUI to build input files

19



Scenario Builder

Arc GIS 9.3

Excel VBA (Opti-Tool)

QT/C++
• Easier and faster
• Less error prone
• More control
• Portability

20



Today’s Topic

Time Series
1/1 0.5
1/2 0.7
1/3 0.6
1/4 0.5
1/5 0.4
… …

Scenario Builder

Model Output
BMP Simulation
+ Optimization Visualization

i-DST Tool Background Watershed Tool 
Background

Updates to Front-end 
GUI

Updates to EPA-
SUSTAIN Code

Test Site Modeling 
Example



Updates to 
SUSTAIN
1. Hybrid-Grey Infrastructure

Available SCM Types in 
SUSTAIN
Green Roof
Bio-retention
Infiltration Trench
Vegetated Swale
Dry Pond
Wet Pond
Buffer Strip
Porous Pavement
Rain Barrel
Cistern

21



Updates to 
SUSTAIN

Available SCM Types in SUSTAIN
Green Roof
Bio-retention
Infiltration Trench
Vegetated Swale
Dry Pond
Wet Pond
Buffer Strip
Porous Pavement
Rain Barrel
Underground Detention*
Underground Infiltration*
Underground Gravel Bed
Above Ground Storage

Underground Detention

Underground Infiltration

Underground Pipes

* Simulated as a pipe or a  ‘box’
SCM figures: StormTrap and Contech

1. Hybrid-Grey Infrastructure

22



Updates to 
SUSTAIN

Underground pipe Above ground “box”

1. Bypass when reach 
max SCM volume capacity1. Hybrid-Grey Infrastructure

2. Simulation of Underground 
SCMs

23



Updates to 
SUSTAIN

1. Bypass when reach 
max SCM volume capacity

1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs
Underground 

Bypass
Above Ground 

Weir

Underground SCM
Above ground SCM
Pre SCM Implementation 24



Updates to 
SUSTAIN
1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs

Underground pipe Above ground “box”

2. Accurate stage-surface 
area-volume relationship for 

pipes

25



Updates to 
SUSTAIN

2. Accurate stage-surface 
area-volume relationship for 

pipes
1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs
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Updates to 
SUSTAIN
1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs
3. BMP decay rate calibration 

tool

Inputs
• Precip time series
• Storm event SCM 

volumes, influent, 
and effluent data

Output
• Calibrated k or k-C* 

values



Updates to 
SUSTAIN
1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs
3. BMP decay rate calibration 

tool
4. More evaluation factors

Water Quantity Benefits
Average Annual Flow Volume
Flow Exceedance Frequency

Flow Duration Curve
Peak Discharge Flow

Water Quality Benefits
Average Annual Load

Average Annual Concentration
Days above X Concentration
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Updates to 
SUSTAIN
1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs
3. BMP decay rate calibration 

tool
4. More evaluation factors

Water Quantity Benefits
Average Annual Flow Volume
Flow Exceedance Frequency

Flow Duration Curve
Peak Discharge Flow

Seasonal Average Flow Volume
Average Annual Groundwater Recharge

Seasonal Average Groundwater 
Recharge

Average Annual Evapotranspiration
Seasonal Average Evapotranspiration

New Peak Discharge Flow Calculations

Water Quality Benefits
Average Annual Load

Average Annual Concentration
Days above X Concentration
Seasonal Average Load

Seasonal Average Concentration
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Updates to 
SUSTAIN
1. Hybrid-Grey Infrastructure
2. Simulation of Underground 

SCMs
3. BMP decay rate calibration 

tool
4. More evaluation factors
5. Life Cycle costs utilized in the 

Optimizer

29



Today’s Topic

Time Series
1/1 0.5
1/2 0.7
1/3 0.6
1/4 0.5
1/5 0.4
… …

Scenario Builder

Model Output
BMP Simulation
+ Optimization Visualization

i-DST Tool Background Watershed Tool 
Background

Updates to Front-end 
GUI

Updates to EPA-
SUSTAIN Code

Test Site 
Modeling 
Example



Test Site: 
Berkeley 
Neighborhood 
Watershed

• 1,035 acres
• 53% impervious
• 15% of total area covered by 

future infil-redevelopment 
• Concern of increase in 

surface water runoff High Resolution Modeling of Infil Development Impact on 
Stormwater Dynamics in Denver, CO. Journal of Sustainable 
Water in the Built Environment. Panos et al. 2019

30



Test Site: 
Berkeley 
Neighborhood 
Watershed

What is the optimal 
suite and number of 

SCMs to reduce        
infil-redevelopment 

runoff back to           
pre-redevelopment 

flow?
High Resolution Modeling of Infil
Development Impact on Stormwater 
Dynamics in Denver, CO. Journal of 
Sustainable Water in the Built 
Environment. Panos et al. 2019

• Scenario 1: +1.2% imp
• Scenario 2: +4.7% imp
• Scenario 3:  +8.1% imp

31



Test Site: 
Berkeley 
Neighborhood 
Watershed

High Resolution Modeling of Infil Development Impact on 
Stormwater Dynamics in Denver, CO. Journal of Sustainable 
Water in the Built Environment. Panos et al. 2019

Timeseries
1. Baseline/current flow
2. Scenario 1: +1.2% imp
3. Scenario 2: +4.7% imp
4. Scenario 3:  +8.1% imp

What is the optimal 
suite and number of 

SCMs to reduce        
infil-redevelopment 

runoff back to           
pre-redevelopment 

flow?
32



Test Site: 
Berkeley 
Neighborhood 
Watershed

High Resolution Modeling of Infil Development Impact on 
Stormwater Dynamics in Denver, CO. Journal of Sustainable 
Water in the Built Environment. Panos et al. 2019

Timeseries
1. Baseline/current flow
2. Scenario 1: +1.2% imp
3. Scenario 2: +4.7% imp
4. Scenario 3:  +8.1% imp

What is the optimal 
suite and number of 

SCMs to reduce        
infil-redevelopment 

runoff back to           
pre-redevelopment 

flow?
32



Workflow and Model Routing
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Workflow and Model Routing
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Workflow and Model Routing

Outlet
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Workflow and Model Routing

Outlet

…

Aggregate BMP

ni

i = # of iterations 33
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Workflow and Model Routing

Outlet

…

Aggregate BMP

ni

Summary 
evaluation factor 
for i iterations

i = # of iterations 33



Workflow and Model Routing

Outlet

…

Aggregate BMP

ni

Summary 
evaluation factor 
for i iterations

Pareto Curve

i = # of iterations 33



What is a pareto curve?
• Plotting cost vs evaluation factor during the optimization
• Evolutionary search technique
• Solve nonlinear, single or multi-objective, complex problems
• Find the optimal solution

34



Pareto Curve Example

Porous Pavement 
Units

Bio-retention 
Units

Min number of SCMs 1 1

Max number of SCMs 60 33

Iteration 1 5 2

Iteration 2 40 10

Iteration 3 20 29
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SCMs in the Berkeley Neighborhood model

Los 
Angeles 
Capital 
Cost/ft3

Area on 
Surface [ft2]

Surface 
Storage
Volume 
[ft3]

Total 
Storage 
Volume
[ft3]

Maximum 
units to be 
optimized

Bio-retention 14.60 100 100 306 1300

Vegetated Swale 10.07 32 50 82 2600

Underground Infiltration 10.34 0 100 253 1300

Porous Pavement 15.69 100 100 204 1300
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Optimization Set up

Individual SCM Comparison

• 4 pareto curves
• Optimize each SCM separately
• Routing 100% of infil-redevelopment to 

the SCM
• Evaluation factors: 

• average annual flow volume
• groundwater recharge potential

Full optimization

• 1 pareto curve 
• Optimize all SCMs simultaneously
• Routing 25% of infil-redevelopment to each 

SCM type
• Evaluation factors: 

• average annual flow volume
• groundwater recharge potential

37



Results: Individual Optimizations



Individual SCM Comparison

• 4 optimization curves
• Optimize each SCM 

separately
• Routing 100% of infil-

redevelopment to the SCM

38



Underground infiltration 
reaches baseline 
conditions at the 

cheapest capital cost.

38



Tradeoff between cost and volume capacity

39



I argue that when 
comparing individual 
SCM pareto frontiers, 

displaying capture 
volume on the x-axis is 

efficient for planning 
level decisions.
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I argue that when 
comparing individual 
SCM pareto frontiers, 

displaying capture 
volume on the x-axis is 

efficient for planning 
level decisions.
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What about other benefits??
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Water Quantity Benefits
Average Annual Flow Volume
Flow Exceedance Frequency

Flow Duration Curve
Peak Discharge Flow

Seasonal Average Flow Volume
Average Annual Groundwater Recharge

Seasonal Average Groundwater Recharge
Average Annual Evapotranspiration

Seasonal Average Evapotranspiration
New Peak Discharge Flow Calculations

Water Quality Benefits
Average Annual Load

Average Annual Concentration
Days above X Concentration
Seasonal Average Load

Seasonal Average Concentration

15+ pareto curve plots 
is a lot to look at and 
almost impossible to 

compare.
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Can we summarize 
multiple evaluation 
factors in only one 

plot??

Example from Los 
Angeles modeling 

efforts

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵 𝑗𝑗,𝑖𝑖 =
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝐵𝐵𝑗𝑗,𝑖𝑖 − min[𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝐵𝐵𝑖𝑖]

max[𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝐵𝐵𝑖𝑖]− min[𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑉𝑉𝑣𝑣𝑣𝑣𝑣𝑣𝐵𝐵𝑖𝑖]
∗ 𝑅𝑅𝑣𝑣𝐵𝐵𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅

𝑂𝑂𝑣𝑣𝐵𝐵𝑆𝑆𝑣𝑣𝑣𝑣𝑣𝑣 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑗𝑗, 𝑖𝑖 =
∑𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐵𝐵𝑗𝑗,𝑖𝑖

∑ 𝑆𝑆𝑣𝑣𝐵𝐵𝑅𝑅𝐵𝐵𝐵𝐵𝑅𝑅𝑟𝑟

j = BMP Type
i = Treatment Volume
m = Evaluation factor



Can we summarize 
multiple evaluation 
factors in only one 

plot??

Example from Los 
Angeles modeling 

efforts
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Results: Full Optimization



Full optimization

• 1 optimization curve 
• Optimize all SCMs 

simultaneously
• Routing 25% of infil-

redevelopment to each 
SCM type
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1000 Solutions across a 
range of AAFV and 

Costs

46



30 best solutions reach 
the AAFV target at the 

cheapest cost
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Best solutions favor 1) bio-retention

48



Best solutions favor 1) bio-retention and 2) underground infiltration
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Future work and further analysis on two best solutions

Two best solutions:
• Cheapest Cost
• Smallest total capture volume required to reach 

baseline flow conditions
• One solution that favors bio-retention
• One solution that favors underground 

infiltration

Which is the optimal solution??

49



Future work and further analysis on two best solutions

Stormwater Capture Outputs 1 2

Dominant SCM type
Bio-

retention
Underground 

Infiltration
Cost 179,450 176,910
AAFV *107 [ft3] 2.1652 2.1665

Very similar cost and 
average annual flow 

volume..
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Future work and further analysis on two best solutions

Stormwater Capture Outputs 1 2

Dominant SCM type
Bio-

retention
Underground 

Infiltration
Cost 179,450 176,910
AAFV *107 [ft3] 2.1652 2.1665
Greener vs Greyer Greener Greyer
Volume Capture Required [ft3] 32,333 32,589
Surface Area Required  [ft2] 9,928 7,491
GWRP*107 [ft3] 0.2348 0.2335
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Future work and further analysis on two best solutions

Stormwater Capture Outputs 1 2

Dominant SCM type
Bio-

retention
Underground 

Infiltration
Cost 179,450 176,910
AAFV *107 [ft3] 2.1652 2.1665
Greener vs Greyer Greener Greyer
Volume Capture Required [ft3] 32,333 32,589
Surface Area Required  [ft2] 9,928 7,491
GWRP*107 [ft3] 0.2348 0.2335
Stormwater Capture Score 66.6 33.3

50



Life cycle costs and co-benefits 
may be the tipping point between 

SCM solutions.
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Future work and further analysis on two best solutions

“Greener” bio-retention Solution

“Greyer” Underground Infiltration Solution

Score

Stormwater Capture/LCC 33.3

Life Cycle Analysis 0

Co-benefits 0

Score

Stormwater Capture/LCC 66.6

Life Cycle Analysis 100

Co-benefits 100
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Thank you! Questions?

Email: emgallo@mines.edu

Email: idst@mines.edu

Website: https://idst.mines.edu/

Follow us: @iDST_Team

If you are interested in attending future 
workshops or beta testing the tool send 

us an email!!

idst@mines.edu

https://idst.mines.edu/
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Matrix of all Optimization Controls



CASFM
September 25th, 2019

Kevin Koryto, Stormwater Quality Engineer
City of Boulder

Integrating LID into Municipal Design 
Criteria – A Colorado MS4 Perspective



Municipal Design Criteria

2

Why talk about stormwater quality 
design criteria?



Background

Water Quality Design Standards Included in MS4 Phase II 
Revised Permit:

2. Pollutant 
Removal

3. Runoff 
Reduction

1. Water Quality 
Capture Volume

3

Treat runoff volume 
for 80th percentile, 

0.6-in event

Infiltrate 60% of the 
WQCV

30 mg/L TSS effluent 
concentration



Boulder’s Design Criteria

4

The MS4 permit has new design standards…



Boulder’s Design Criteria

5

Boulder Design and Construction Standards (DCS)
• Establishes technical requirements for infrastructure design & review

• Companion document to Boulder Revised Code (BRC)

• Not a manual, references external guidance documents

• First major revision in 20 years



Feb – Dec 
2018

• DCS Revisions

• Code Revisions

• Stakeholder Input

• Technical Review

• Legal Review

Adoption

Jan – Jun 
2019

• Advisory Board Review

• Planning Board Review

• City Council 

• Final Revisions

• Development Review 
Process Integration

Implementation

Jul – Dec 
2019

• Outreach & Training

• Process 
Implementation

• Tracking 
Implementation

2020 and Beyond

• Monitoring & Evaluation

• Feedback & Process 
Revision

Continuation

MS4 Permit Deadline: July 1, 2019

Creation

Boulder’s Design Criteria

6

• Implementation Timeline



Formulating Criteria

7

The three elements of stormwater quality design criteria:

1. Implementation Threshold When does stormwater quality 
have to be designed?

2. Design Standard What is the metric for an 
adequate design?

3. Design Process How are stormwater quality 
facilities designed?



Stormwater Quality Thresholds

8

Authority Regulation Specification

Federal, EPA
Clean Water Act: NPDES 
Phase II Stormwater Final 
Rule (2003)

Implement permanent stormwater controls 
when more than 1 acre of land is disturbed

State, CDPHE MS4 Permits Replicate

Local Local Ordinance Replicate or go stricter 

Boulder’s Previous Requirement: For less than 1 acre, city “may” require

Does the 1-acre threshold make sense for our community?

What about in built-out communities where redevelopment is 
predominant? 



Stormwater Quality Thresholds

9

• Survey of 34 community stormwater programs
• 2/3 of communities have a threshold lower than 1 acre
• Increased impervious area and other conditions, also commonly used



Stormwater Quality Thresholds

10

• Maintain 1-acre threshold

• Demonstration of LID required for all sites, including < 1 ac

• Collect development data to support future evaluation and revision

Boulder’s Approach

Low Impact Development (LID) Checklist



Design Standards

Authority Regulation Specification

Federal, EPA NPDES Phase II Stormwater 
Final Rule (2003) No specification

State, CDPHE MS4 Permits Establishes base design standards

Local Local Ordinance Replicate, select from, or go stricter 

Design Standard Approaches:
• Pollutant Removal Requirement

– Capture volume (WQCV*)
– Effluent concentration limit
– Percent removal
– Load reduction

• Retention Requirement
– Volume infiltrated or reused
– Match pre-development hydrograph

NYC (2017) Survey 
of 34 Municipalities:



Design Standards

MS4 Permit Design Standards:

For TSS Load Reduction: 60% infiltrated ≈ WQCV

2. Pollutant 
Removal

3. Runoff 
Reduction

1. Water Quality 
Capture Volume

12

Treat runoff volume 
for 80th percentile, 

0.6-in event

Infiltrate 60% of the 
WQCV

30 mg/L TSS effluent 
concentration



Retention Design Standard Comparison

0.36 in = 60% of 0.6 in (roughly not accounting for WQCV calc)

Colorado’s Phase II Permit Retention Requirement:

National Survey (NYC, 2017):

1.0 in = Median retention requirement

NYC (2017) Survey 
of 34 Municipalities:

Colorado



Design Process
Authority Regulation Specification

Federal, EPA NPDES Phase II Stormwater 
Final Rule (2003) None

State, CDPHE MS4 Permits Review requirement

Local Local Ordinance Open ended

Local Criteria Building Blocks

MS4 Permit 
[CO Phase II]

• Design Standards
• Recordkeeping/Review Requirements

Regional Manual
[UDFCD Vol. 3]

• Technical Methods & Sizing Criteria
• Implementation Guidance

• Requires Standards & Methods
• Implements Process

Local Design Criteria
[Boulder DCS]



Boulder’s Design Process Objectives

Objective Driver

1.  Meet Permit 
Requirements

2. Promote Infiltration 
with GI/LID 

Bacteria primary pollutant of concern

3. Guide effective 
designs

Lessons learned from design and 
maintenance failures

CDPS GENERAL PERMIT CORO09000
STORMWATER DISCHARGES ASSOCIATED WITH

MUNICAL SEPARATE STORM SEWER SYSTEMS (MS4s)

EFFECTIVE JULY 1, 2016

Colorado Phase II MS4 Permit



Boulder Design Standard Hierarchy

Site Specific Constraint

HSG A/B and No Risk

Partial Infiltration/Filtration
Ex.: Bioretention with underdrain

No Infiltration
Ex.: Bioretention with underdrain and liner

Alternative Design
Ex.: Media Filter

Full Infiltration
Ex.: Bioretention without underdrain

Tier 1 – Runoff 
Reduction

Tier 2 – WQCV

Tier 3 – Pollutant 
Removal

Boulder Specified Design Approach Infiltration Conditions

HSG C/D and No Risk

Identified Infiltration Risk

16



Evaluating Infiltration

17

Treatment 
Approach

Step 1. 
Feasibility Screening

Step 2. 
Field Test Requirements

Full Infiltration 
(Runoff Reduction)

HSG A or B,
No soil, groundwater, or 
geological risk factors.

Required, 
Infiltration rate tested at ≥ 1 in/hr
OR
For RPAs topsoil texture analysis

Partial Infiltration
(WQCV)

HSG C or D, 
No soil, groundwater, or 
geological risk factors.

Optional,
Infiltration rate tested at < 1 in/hr
OR
For RPAs topsoil texture analysis

No Infiltration
(WQCV)

Lined system required due to 
risk factors. N/A

Alternative Design
(Pollutant Removal/ 
Constrained Site)

Proof of physical site 
constraints/risk factor 
preventing other design.

N/A

Selection Process



Boulder Infiltration Conditions

18

• HSG used only as a first look

• Differentiated soil conditions
– HSG A: 16%

– HSG B: 44%

– HSG C: 28%

– HSG D: 12%

• Boulder Creek Drainage:    
80% HSG A/B



Process

19

Post-Construction Water Quality Design Form



Building Blocks

Text

Text

City GI 
Program

GI Pilots, Guidance 
and Tools

Stormwater Design 
Criteria

Stormwater Permit Compliance

20

Building a green infrastructure (GI) program
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Thank You!

22

Candice Owen

Stormwater Quality Supervisor

OwenC@BoulderColorado.gov

Kevin Koryto

Stormwater Quality Engineer

KorytoK@BoulderColorado.gov

https://bouldercolorado.gov/plan-develop/design-construction-standards

https://www.waterrf.org/resource/innovative-and-integrated-stormwater-management

References:
Boulder Design and Construction Standards,                                               
Search: “Boulder DCS”

Innovative and Integrated Stormwater Management,                               
Search: “NYC Stormwater Report”

Contacts:
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Beneficial Use of Water 
Treatment Residuals as a 
Bioretention Media 
Amendment for 
Phosphorus Removal

2019 CASFM Annual Conference
September 24-27, 2019

• Basil Hamdan, P.E., CFM – City of Fort Collins - Utilities

• Tyler Dell – Colorado State University  –

Colorado  Stormwater Center



What are Water Treatment Residuals (WTRs)?



What are WTRs?

• The flocculating agent of water treatment

• Fort Collins Utilities uses Aluminum Sulfate 

Al2(SO4)3

• Delivered as a liquid

• Stored in large tanks and added to the water



What are WTRs?
• Calculated, added, monitored for 

the source water

• Causes flocculation

• Removed in the sediment from 
water treatment residuals



What are WTRs?

• Sediment containing the aluminum 
sulfate as well as particles removed 
from water treatment needs to be 
managed (full-time position)

1. Dewatering
2. On-site Management
3. Landfill Issues (Costs + Life Cycle)



Fort Collins Zero Waste Initiative



Meanwhile Back At 
The Ranch…

• Stormwater nutrients and 
current practices

• Regulation 85
• Lead pipes and phosphate
• COFC Climate Action Plan
• Innovate Fort Collins
• Colorado State University –

Stormwater Center - COFC 
Collaboration

• CSU- City Sustainability 
Network



WASTE 

RESOURCE

Fort Collins Water Treatment Plant 
produces over 1,000 tons of WTRs/yr

Larimer County Landfill originally 
scheduled to be closed within 5-10 years

Regulation 85 sets new TMDLs for 
streams and phosphorus

Current stormwater practices export 
phosphorus



We want to use WTRs as 
a media amendment to 
reduce waste and treat 
phosphorus



WTR Column Study

• Wanted to test the concept and 
mixing strategy

• 4 different configurations
• Top Applied – 0.5”
• Top Applied – 1.0”
• Bottom Applied – 1.0”
• Mixed Application – 1.0”



Hydrology 
Summary

Total       
Precip

Sig. Event 
Precip

Total 
Estimated 

Runoff

Limited 
Estimated 

Runoff
2007 21 104,280 83,490 66,165 17,753
2008 22 110,220 98,670 80,520 24,405
2009 41 173,333 155,760 121,935 41,310
2010 28 115,253 101,805 78,705 26,175
2011 32 143,633 127,958 101,558 33,735
2012 18 72,765 59,483 44,633 17,940
2013 33 143,055 127,793 100,568 34,680
2014 33 131,753 107,828 80,273 32,970
2015 38 155,595 134,558 103,208 36,435
2016 27 93,473 75,983 53,708 23,348
2017 36 139,343 117,398 88,110 33,383

Average 30 125,700 108,248 83,580 29,285

Water Volume ft3

# of Sig Events           
(> 0.1 in)

Year



Hydrology 
Summary

Based on previous rain gage analysis
• Fort Collins experiences an average of 30 

runoff producing storms/year
• The average depth contained by the rain 

garden from those storms is 6.2”
• The 95th confidence interval 7.0”
• The average dissolved phosphorus EMC 

from the parking lot is approximately 0.228 
mg/L 







Performance of WTR Columns

• Bottom application performed the best 
followed closely by mixed

• The top applied did provide some 
removal but not much

• Application rates of top application did 
not impact performance

• Time of exposure
• Picking up pollutants from media beneath

Mix Type Average Reduction

Mixed 1" 71.9%

Top Applied 1" 19.0%

Top Applied 0.5" 19.3%

Bottom Applied 1 " 77.1%



WTR Pilot Project: 700 Wood Street



Site 
Background

Rain Garden (Bioretention)

• Installed in 2012

• 2.25 acre parking lot

• Rain Garden Area:  1,900 ft2

• Rain Garden Volume: 1,400 ft3



Stormwater Monitoring
Monitored site since 2013



Pilot Project 
Application

• Used a top application of approximately 
0.5”

• This should handle at least 10 years of 
phosphorus loading

• Installed sampling equipment to capture 
influent and effluent water quality samples

• Looking primarily for dissolved P, 
aluminum, and potential radioactive 
particulate from the WTRs

• Collected a sample on 9/8/2019, results 
should be in soon…



Conclusions

• Mixed application appears to be the 
optimal application that would yield the 
least amount of risk

• Continuation of column study for 30 
rainfall years

• Expansion to additional types of 
technologies

• Wetlands
• Extended Detention Basins

• Elimination/re-use of Fort Collins water 
treatment residuals waste



Thank you!

Contact:  Tyler Dell 

Tyler.Dell@colostate.edu

StormwaterCenter.colostate.edu

970.491.8015 Educate, Enhance, Explore

Contact:  Basil Hamdan

bhamdan@fcgov.com

970.224.6035
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SUBWATERSHED WATER 
QUALITY BMP RETROFIT 
ANALYSIS

CASFM 2019
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Riparian 
Corridor 
Management

Stream 
Management

Stormwater 
Retrofits

Source/Discharge 
Controls

Forest 
Management

Watershed 
Management
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Target

Measure

Prioritize

Process Overview
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Municipal Challenges
• Staffing resources
• Implementation funding
• Water quality/TMDL
• Fully built landscape

Process Overview
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Solutions
• Optimized BMP targeting
• Optimized BMPs by location
• Measurable, defensible outcomes

Process Overview
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Benefits
• Comprehensive planning
• Apples-to-apples vetting
• CIP planning
• NPDES reporting support
• Powerful grant writing

Process Overview
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Valuation

ModelingDesktop

Field

Implementation
Plan

Process Overview
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Process Overview
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Process Overview
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Process Overview
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Process Overview

/
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Potential Locations
• Existing pond modification 

potential
• Above roadway culverts 
• Below stormwater outfalls 
• Within the conveyance 

system
• Transportation right of 

ways 
• Large parking lots

• Hotspot operations 
• Small parking lots 
• Residential streets/blocks 
• Open space/pervious areas 

for disconnecting pervious 
areas 

• Large rooftops 
• Underground treatment 



SUBWATERSHED WATER QUALITY BMP RETROFIT ANALYSIS  |  CASFM 2019

BMP-Function Groups
• Extended Detention (Full Spectrum)
• Stormwater Wetlands
• Infiltration 
• Bioretention
• Filtration
• Swales
• Stormwater Harvesting
• Chemical Reaction
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Source: Center for Watershed Protection

BMP Groups by Location
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Within Subwatershed Value by Strategy
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Between Subwatershed Value by Strategy
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Contact Information

Shawn Tracy
763.248.0134
stracy@hrgreen.com

Greg Panza
720.602.4939
gpanza@hrgreen.com
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I-70

P2P Program
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A Community Approach
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Community Goals
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Preliminary design
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• Groundwater
• Earthwork/Soil 

Suitability
• Hydrology
• Embankment
• Golf
• Trees
• Views
• Historic
• Schedule

Preliminary design

Constraints
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Preliminary design
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Design Build Procurement

Why Design Build?
 Schedule
 Innovation
 One point of Contact
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Technical requirements

• 100-yr Storm detention 
• Qmax= 3,275 cfs (227 ac-ft)
• 8hr max detention time
• No adverse effects to golf in storm 

events
• Integrated into golf course 

• 10-yr storm impacts

• Mile High Flood District 
Maintenance Eligibility 

• Water Quality – residence time

• Trash Vaults - offline

Procurement approach
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Final Design

• Design Overview

• Designing to the TR's

• Unique Design Features

• Construction Phasing

• 2D Model

• Lessons Learned
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Design Build Team
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Design Overview
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Meeting the Technical Requirements
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Trash Vault
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Trash Vault Diversion
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Construction Phasing
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Construction Phasing
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Platte to Park Hill – City Park Golf Course

Lessons learned
• Trash Grate diversion

• Maximize grate 
area

• Neighboring projects
• Balancing stakeholder 

goals
• Communication

• Phasing
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