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ABSTRACT

DEVELOPMENT AND APPLICATION OF THE COMMUNITY-ENABLED LIFECYCLE

ANALYSIS OF STORMWATER INFRASTRUCTURE COSTS (CLASIC) TOOL

Urbanization alters natural hydrologic processes by increasing impervious surface area,
reducing infiltration and evapotranspiration, increasing runoff volume and peak flow, while
transporting pollutants to receiving waters. Municipalities are increasingly expected to manage
these impacts while also addressing aging infrastructure, changing land use, regulatory
requirements, limited budgets, and future climate uncertainty. Stormwater control measures
(SCMs), including green, gray, and hybrid green-gray infrastructure, provide a means of
reducing these impacts by capturing, infiltrating, detaining, treating, or conveying stormwater
runoff. However, planning for SCM implementation at the municipal scale remains difficult as a
result of the level of complexity needed for detailed engineering models. These models often
require extensive site-specific information, drainage infrastructure data, calibration, and technical
expertise. At the same time, simplified site-scale tools often do not provide the spatial scale,
scenario flexibility, life-cycle cost analysis, water quality analysis, and co-benefit evaluation
needed to support municipal stormwater planning. This dissertation addresses these limitations
through the development and application of the Community-enabled Lifecycle Analysis of
Stormwater Infrastructure Costs (CLASIC) tool, a web-based decision-support framework for
evaluating stormwater infrastructure scenarios at neighborhood to municipal scales.

The first objective of this research was to develop and evaluate a simplified hydrologic

modeling approach capable of supporting municipal-scale analysis with reduced input data
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requirements and computational burden. A modified version of the U.S. Environmental
Protection Agency (USEPA) Storm Water Management Model (SWMM), referred to as SWMM
for Low Impact Technology Evaluation (SWMM-LITE), was developed to estimate hydrologic
outputs at the planning-level without requiring a complete hydraulic drainage network. SWMM-
LITE simplifies the representation of subcatchments and removes hydraulic routing elements
that are necessary for detailed flood analysis but not necessarily required for estimating annual
runoff, infiltration, and evaporation. The approach was evaluated using the McClelland basin in
Fort Collins, Colorado, where outputs from SWMM-LITE were compared with a detailed
SWMM model and the National Stormwater Calculator. Three scenarios were analyzed,
including a baseline condition without SCMs and two scenarios that included differing SCM
implementation. Across the three scenarios, SWMM-LITE estimates of annual average runoff,
infiltration, and evaporation were within +0.1% of the detailed SWMM model for a 30-year
continuous simulation. For 2-year, 10-year, and 100-year design storm events, hydrologic
outputs from SWMM-LITE differed from SWMM by less than £2.5%. A sensitivity analysis
further showed that the most influential parameters were generally consistent between SWMM
and SWMM-LITE. These results demonstrate that SWMM-LITE can provide reliable planning-
level estimates of hydrologic performance for evaluating SCM scenarios at municipal scales.
The second objective was to develop a methodology for representing SCMs within a
municipal-scale decision-support framework without requiring detailed site design information
for each individual facility. SCMs vary widely in physical configuration, hydrologic function,
treatment mechanism, maintenance requirements, cost, and potential co-benefits. Final design
typically requires information such as tributary area, available footprint, storage depth, individual

component design, soil infiltration capacity, overflow location, groundwater separation, utility
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conflicts, maintenance access, and discharge constraints. Much of this information is unavailable
during early planning and is infeasible to collect when evaluating several SCMs. To address this
challenge, a technology-unit framework was developed to represent SCMs using planning-level
information for a planning-level analysis. Each technology unit represents either a discrete SCM
facility, such as a rain garden, detention basin, wet pond, stormwater harvesting cistern, storage
vault, sand filter, or infiltration trench, or a unit area of an area-based practice, such as permeable
pavement, green roof, or disconnection. The framework allows users to define SCM scenarios
based on technology type, treated impervious area, design capture depth, technology size, and
selected design characteristics that influence hydrologic performance, water quality, life-cycle
cost, and co-benefit scoring.

The technology-unit framework was integrated with SWMM-LITE by partitioning study
areas into directly connected impervious area, separate pervious area, captured impervious area,
and receiving treatment areas. Volume-based technologies are sized based on the impervious
area treated and the design capture depth, while area-based technologies are sized based on a
defined relationship between technology area and treated impervious area. Water quality effects
are estimated using runoff volumes, land-use-based wash-off concentrations, and technology-
specific effluent concentrations. Life-cycle costs are estimated using line-item construction,
maintenance, and rehabilitation cost build ups that vary by technology type, size, region, and
user-selected design parameters. Co-benefits are evaluated using economic, social, and
environmental indicators to provide comparative planning-level estimates of potential triple-
bottom-line benefits. A demonstration using stormwater infrastructure data from Longmont,
Colorado, showed that representative technology units can reasonably approximate municipal

SCM implementation using limited planning-level information. Representative rain garden and
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detention basin units closely matched estimated treated impervious area and capture volume
from the municipal inventory, although individual average technology surface areas varied
between the representative technology and the summary of actual technologies. This confirmed
the intended use of the methodology as a planning-level representation of SCM deployment
rather than a replacement for final engineering design.

The third objective was to integrate the hydrologic model and SCM representation
methodology into the CLASIC web-based decision-support tool. CLASIC was developed to
support municipal stormwater planning by allowing users to define a project area, access national
datasets, modify model assumptions, build alternative scenarios, evaluate water quality and
hydrologic performance, estimate life-cycle costs, assess co-benefits, set performance and cost
targets, and compare outputs across scenarios. The tool incorporates national datasets for land
cover, soils, slope, climate, and water quality, while allowing users to modify default
assumptions where local data are available. CLASIC supports ten widely used green, gray, and
hybrid stormwater technologies and evaluates scenarios using multiple outputs, including runoff
volume, infiltrated volume, evaporated volume, pollutant loads and reductions, construction cost,
maintenance cost, rehabilitation cost, present value life-cycle cost, and social, economic, and
environmental co-benefit scores. The resulting framework provides a single platform for
comparing stormwater infrastructure alternatives across multiple decision criteria.

The final objective was to demonstrate how CLASIC can support municipal-scale
stormwater planning through application to Longmont, Colorado. The Longmont application was
designed to evaluate how urbanization, existing SCMs, additional SCM implementation, land-
use change, and future climate conditions may influence hydrologic performance, water quality,

infrastructure costs, and co-benefits. The case study framework includes comparison of pre-



development, current-development, existing-SCM, additional-SCM, future-land-use, and future-
climate scenarios. This application demonstrates how CLASIC can be used to translate complex
stormwater planning questions into scenario-based comparisons that are understandable and
useful for municipal decision-makers.

Overall, this dissertation advances municipal-scale stormwater planning by developing a
simplified hydrologic modeling framework, a scalable SCM representation methodology, and an
integrated web-based decision-support tool. SWMM-LITE reduces the data and computational
requirements associated with detailed SWMM modeling while preserving the ability to estimate
planning-relevant hydrologic outputs. The technology-unit methodology enables SCMs to be
represented consistently across large study areas without requiring detailed site design. CLASIC
brings these components together with water quality analysis, life-cycle cost estimation, and co-
benefit assessment to support comparison of green, gray, and hybrid stormwater infrastructure
scenarios. The resulting framework provides municipalities with a practical tool for evaluating
stormwater infrastructure investments, understanding tradeoffs among competing objectives, and
planning SCM implementation strategies that improve runoff management, pollutant reduction,
budget forecasting, and community benefits.

Keywords:
Stormwater management, stormwater control measures (SCM), green stormwater infrastructure
(GSI), SWMM-LITE, CLASIC, municipal-scale modeling, life-cycle cost, co-benefits, water

quality, decision-support tool, urban hydrology.
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CHAPTER 1. RESEARCH MOTIVATION

1.1: Urbanization and Stormwater Management Challenges

Urbanization alters natural hydrologic processes by replacing vegetated and permeable
land surfaces with rooftops, roads, parking lots, sidewalks, and other impervious surfaces. These
changes reduce infiltration and evapotranspiration, increase runoff volume and peak discharge,
shorten runoff response times, and increase the frequency and duration of erosive flows in
receiving streams (Arnold and Gibbons, 1996; Walsh et al., 2005; Fletcher et al., 2015; Eckart et
al., 2017). In addition to changing runoff quantity, urbanization increases the generation,
mobilization and transport of pollutants from developed areas. Stormwater runoff from streets,
parking lots, rooftops, lawns, and commercial or industrial areas can carry total suspended solids,
nutrients, metals, hydrocarbons, bacteria, and other contaminants to receiving waters (Walsh et
al., 2005; Ahiablame et al., 2012; Zhang et al., 2021; Novotny, 2011).

These hydrologic and water quality changes create substantial challenges for municipal
stormwater programs. Historically, urban drainage systems were designed to convey runoff away
from developed areas and reduce localized flooding. While flood control and conveyance remain
essential, municipalities now seek to address water quality, stream protection, long-term
maintenance, regulatory compliance, community resilience, and infrastructure affordability
(Burns et al., 2012; Tansar et al., 2024; USEPA, 2014, Ramyar et. al, 2021, Raei et. al., 2019).
These responsibilities are complicated by aging infrastructure, continued urban growth,
redevelopment, limited budgets, changing precipitation patterns, and increasing expectations for
sustainable and resilient infrastructure planning (Bell et al., 2019; Choi et al., 2021; Wang et al.,

2023).



1.2: Role of Stormwater Control Measures

Stormwater control measures (SCMs) are used to reduce the adverse effects of
urbanization by capturing, infiltrating, filtering, detaining, storing, treating, or conveying
stormwater runoff. SCMs include a wide range of practices, such as bioretention systems,
infiltration trenches, sand filters, green roofs, permeable pavement, vegetated disconnection,
swales, detention basins, wet ponds, cisterns, storage vaults, and other gray or green
infrastructure systems. These practices may be implemented to reduce runoff volume, attenuate
peak flows, increase infiltration, improve water quality, reduce pollutant loads, and protect
receiving waters from hydrologic alteration (Dietz, 2007; Ahiablame et al., 2012; Fletcher et al.,
2015; Lietal., 2019).

Stormwater infrastructure is often described using terms such as green stormwater
infrastructure, low impact development, sustainable drainage systems, nature-based solutions,
gray infrastructure, and hybrid green-gray infrastructure (Fletcher et al., 2015). Although these
terms are sometimes used differently across regions and disciplines, they generally describe
infrastructure strategies that manage stormwater through either natural processes, engineered
storage and conveyance, or combinations of the two. Green infrastructure practices typically
emphasize infiltration, evapotranspiration, filtration, and vegetation, while gray infrastructure
practices often emphasize conveyance, detention, storage, and controlled release. However, most
SCMs are not strictly green or gray. Instead, they exist along a green-gray continuum, where
infrastructure systems may include both vegetated or infiltration-based elements and engineered
storage, underdrain, outlet, or conveyance components (Bell et al., 2019; Krieger and Grubert,

2021; Choi et al., 2021).



SCMs can also provide broader social, environmental, and economic co-benefits. These
may include urban heat mitigation, improved aesthetics, habitat enhancement, increased tree
canopy, air quality benefits, groundwater recharge, educational value, public awareness,
recreational opportunities, and potential property value benefits (Bell et al., 2019; Spahr et al.,
2020; Choi et al., 2021; Rainey et al., 2022; Wang et al., 2023). However, these co-benefits are
not uniform across technologies or locations. They depend on SCM type, vegetation, design
configuration, maintenance condition, surrounding land use, community context, and site
placement. As a result, municipalities need planning tools that evaluate SCMs not only as
stormwater controls, but also as infrastructure investments that may provide multiple benefits
and tradeoffs.

1.3: Limitations of Existing Stormwater Modeling Tools

Stormwater models are essential for understanding how urban land use, drainage systems,
and SCMs influence runoff and water quality. The U.S. Environmental Protection Agency Storm
Water Management Model (SWMM) is one of the most widely used tools for urban stormwater
analysis and can represent rainfall-runoff processes, hydraulic routing, storage, water quality,
and low impact development practices (Gironas et al., 2010; Rossman and Huber, 2016;
Rossman and Simon, 2022). SWMM is powerful and flexible, but detailed SWMM models often
require extensive information about drainage networks, pipes, inlets, outfalls, subcatchment
boundaries, slopes, roughness, storage facilities, hydraulic controls, and model calibration. These
data requirements can make full SWMM model development time-consuming, computationally
demanding, and difficult for untrained users or municipalities with limited staff capacity

(Ahiablame et al., 2012; Dell et al., 2021; Mohammad Zadeh et al., 2024).



Other stormwater tools are designed to reduce these barriers, but many are focused on
site-scale applications or address only one part of the decision problem. For example, the
National Stormwater Calculator provides a useful screening-level approach for estimating site-
scale runoff and the benefits of selected stormwater practices, but it is not designed for large
municipal-scale scenario evaluation (Rossman and Bernagros, 2018; Schifman et al., 2018).
Other tools may focus on cost estimation, siting, optimization, green infrastructure benefits, or
life-cycle assessment, but may not integrate hydrologic performance, water quality, life-cycle
cost, co-benefits, land use change, and climate scenarios within a single municipal-scale
framework (Jayasooriya and Ng, 2014; Morales-Torres et al., 2016; Bell et al., 2019; Gallo et al.,
2020; Krieger and Grubert, 2021, Shojaeizadeh et al., 2021; Zeng et al., 2021). This creates a gap
between detailed engineering design tools and simplified planning tools. Municipal stormwater
programs often need to evaluate broad infrastructure strategies before detailed site information is
available.

1.4: Need for Integrated Municipal-Scale Decision Support

Municipal stormwater management increasingly requires integrated decision support as
decisions cannot be based solely on peak flow reduction, water quality capture volume, or
construction cost. Instead, municipalities must evaluate how infrastructure alternatives perform
across hydrologic, water quality, financial, maintenance, and community benefit objectives.
Green, gray, and hybrid SCM strategies may each provide different strengths. The challenge is
not simply to identify whether green or gray infrastructure is better, but to compare portfolios of
practices in terms of performance, cost, maintenance burden, feasibility, and broader value (Bell

etal., 2019).



Scenario analysis is especially important because municipal decisions are often made
under uncertainty. Future development may increase impervious area, redevelopment may create
opportunities for retrofit, climate change may alter precipitation and evapotranspiration, and
maintenance practices may influence long-term SCM performance. A useful planning tool
should therefore allow users to compare current conditions, pre-development or undeveloped
conditions, existing SCM implementation, additional SCM scenarios, future land use, and future
climate conditions. It should also allow users to modify assumptions where local data are
available while still providing reasonable default datasets when local information is limited.

The Community-enabled Lifecycle Analysis of Stormwater Infrastructure Costs
(CLASIC) tool was developed to address this need. CLASIC is a web-based decision-support
framework intended to help municipalities compare stormwater infrastructure scenarios across
neighborhood to municipal scales. The tool integrates simplified hydrologic modeling, water
quality analysis, SCM technology deployment, life-cycle cost estimation, and co-benefit
assessment. It allows users to evaluate combinations of green, gray, and hybrid stormwater
technologies using national datasets and editable local assumptions. This dissertation describes
the development and application of key components of CLASIC, including the simplified
hydrologic modeling framework, SCM technology-unit methodology, web-based tool
integration, and municipal-scale application to Longmont, Colorado.

1.5: Research Goal and Objectives

The overall goal of this dissertation is to develop and apply a municipal-scale stormwater

infrastructure planning framework that can evaluate hydrologic performance, water quality

outcomes, life-cycle costs, and co-benefits of green, gray, and hybrid SCM scenarios using



reduced input data requirements. This research is centered on the development and application of
CLASIC and addresses four primary objectives.
1) Develop and evaluate a simplified SWMM-based hydrologic modeling approach for
municipal-scale stormwater assessment
2) Develop a methodology for representing SCMs within a municipal-scale planning
model
3) Integrate the simplified hydrologic model and SCM representation methodology into
a web-based decision-support tool
4) Apply decision-support tool to a real municipal stormwater planning context
This dissertation is organized into six chapters. Chapter 1 introduces motivation for the research.
Chapter 2 presents the development and evaluation of SWMM-LITE, a simplified SWMM-based
hydrologic modeling framework for municipal-scale analysis. Chapter 3 develops the SCM
technology-unit methodology used to represent stormwater technologies within a planning-level
framework. Chapter 4 describes the development of CLASIC as a web-based municipal-scale
decision-support tool. Chapter 5 applies CLASIC to the City of Longmont, Colorado. Chapter 6
summarizes the major findings of the dissertation, identifies the scope of future work, and
presents final conclusions regarding the role of CLASIC in supporting improved municipal

stormwater management.



CHAPTER 2. DEVELOPMENT AND APPLICATION OF A SWMM-BASED SIMULATION

MODEL FOR MUNICIPAL SCALE HYDROLOGIC ASSESSMENTS!

2.1: Introduction

Increasing population growth in urban areas has resulted in extensive land use change
and increased runoff with negative impacts to receiving water body quality (Eckart et al., 2017,
Zhang et al., 2021). Municipalities are more challenged than ever to meet the requirements from
wet weather discharge permits (Chang et al. 2018). Green stormwater infrastructure (GSI),
sustainable drainage systems (SuDS), low impact development (LID), or the sponge city concept
have been under development to achieve goals to mimic pre-development conditions by reducing
runoff to stormwater and wastewater collection systems, increasing infiltration to replenish local
groundwater, and removing pollutants from stormwater runoff (Ahiablame et al. 2012;
Askarizadeh et al. 2015; Fletcher et al. 2015; Li et al. 2017). While these GSI, SuDS, and LID
may come at a higher cost than conventional gray stormwater infrastructure, they offer many
social, environmental, and economic co-benefits (Bell et al. 2019). The hydrologic and water
quality improvements of these technologies at the watershed scale must be well understood to
inform municipal planning level decision on the type and extent of the technologies that motivate
widespread use for effective stormwater control (Ahiablame and Shakya 2016; Baek et al. 2015;
Lietal. 2017).

EPA Storm Water Management Model (SWMM) is a widely used model for planning,
research, and design for stormwater management (Ahiablame et al. 2012). SWMM includes the

capability to provide continuous simulations of hydrologic performance of various types of

! This chapter is adapted from Dell et al. (2021), originally published in Water.



stormwater control measures (SCMs), including both gray and green infrastructure (i.e., GSI,
LID, and SuDS) (Gironas et al., 2010; Rossman and Simon, 2022). While SWMM has shown
tremendous value for stormwater design and modeling performance SCMs, it has been observed
to be complex for untrained users (Ahiablame et al. 2012). In order to run a complete SWMM
simulation, a full network of drainage pipes and conveyance is required. The inclusion of
drainage networks (e.g., drainage catchments, pipes, roadways, and detention ponds) requires
extensive inputs that are not readily available and are often considered sensitive data for sharing.
Additionally, the inclusion of complex drainage systems increases the computational time
required to route runoff through the drainage system, especially if a probabilistic analysis of
several years of annual precipitation by using continuous simulation is conducted.

In order to overcome input data requirements and processing time associated with
SWMM simulations, models and tools have been developed to inform site scale decisions on
appropriate SCMs based on performance and cost. Examples include the CNT Green Values
Calculator (CNT 2009; Schifman et al. 2018) and the National Stormwater Calculator (SWC)
(Rossman and Bernagros 2018). SWC includes an extensive set of SCMs and detailed estimates
of hydrologic performance of those technologies, with applicability across the US (Rossman and
Bernagros 2018). SWC was designed for site-level design and decisions, with the maximum size
of the study area in the desktop version being 50 acres and 12 acres in the online version (20 ha
and 5 ha, respectively). While SWC has been successfully applied to inform site level SCM
decisions (Schifman et al. 2018), applicability to municipal scale studies has not been
demonstrated.

The need to demonstrate the effectiveness of SCMs from lot scale to watershed and

regional scale has been widely recognized (Ahiablame et al. 2012; Ahiablame and Shakya 2016;



Kong et al. 2017). Researchers have noted the need for further catchment-scale studies to better
detect and quantify the effects of SCMs on flow regimes and thus guide approaches to
stormwater management that protects receiving waters from hydrological alteration (Ahiablame
and Shakya 2016; Baek et al. 2015; Li et al. 2017). In addition, there is a lack of understanding
about the aggregated effect of multiple SCMs at watershed scales as described by Bell et al.
(2016). Further investigation is required to develop models to simulate various scenarios and
combinations of SCMs and to develop user friendly decision support tools.

In order to conduct municipal scale analyses that include hydraulic networks for the
continuous simulation of rainfall timeseries, SWMM can take on the order of hours to days to
complete simulations. This is computationally expensive for a planning level model that informs
decisions on the type and extent of SCMs. Here, SWMM is modified to create SWMM for Low
Impact Technology Evaluation (SWMM-LITE) that enables municipal scale assessment of SCM
performance with minimal input data requirements and low processing time. The purpose of
SWMM-LITE is to provide outputs useful to inform planning level decisions regarding the type
and extent of SCM technologies to deploy. Planning level decisions can be informed based on
estimates of annual runoff, evaporation, and infiltration associated with varying scenarios of type
and extent of SCMs.

SWMM-LITE uses a modified methodology for the development of SWMM that both
simplifies the drainage subcatchments and removes hydraulic components of a drainage network
that route or temporarily store water. Including the drainage network does not change the water
balance (e.g., how much water becomes runoff, infiltrates, or evaporates) because volumes are
generally conserved throughout the routing process (Rossman and Bernagros 2018). Thus,

hydrologic outputs relevant to planning level decisions (i.e., runoff, infiltration, and evaporation)



may be estimated without the inclusion of the drainage network. After planning level decisions
are made regarding the type and extent of SCMs to deploy using SWMM-LITE, other models
such as complete SWMM simulations and SWC would be required to inform site level design
and operation decisions.

The goal of this investigation is to demonstrate the capability of SWMM-LITE to
estimate hydrologic parameters associated with storm events, e.g., runoff, evaporation, and
infiltration in order to inform planning level decisions. Specifically, the objectives are to (1)
modify the SWMM model to create SWMM-LITE that disaggregates rainfall-runoff simulations
from complex subcatchments and hydraulic/conveyance/routing components; (2) to compare the
performance of SWMM-LITE to complete SWMM and SWC outputs using robust statistical
analysis. The intent of the comparison was to demonstrate the capability of SWMM-LITE for
estimating the performance of SCMs at the municipal scale. The McClelland basin in Fort
Collins, CO, is used as a case study to assess performance of SWMM-LITE.

2.2: Materials and Methods

SWMM, SWC, and SWMM-LITE models were developed for a study basin in Fort
Collins, CO. A complete SWMM model including the drainage network was received from the
City of Fort Collins. A SWC model was developed for the study area using the web-based
version of the National Stormwater Calculator and a SWMM-LITE model was developed using
the methodology described below. Each of the models were run with and without SCMs using
continuous simulation for 30 years of precipitation. Uncertainty analysis was then conducted for
the SWMM and SWMM-LITE to assess the performance of the models under varying parameter

estimates and to identify the sensitivity of hydrologic outputs to parameter estimates.
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2.2.1: SWMM-LITE Development

In SWMM, hydrologically delineated subcatchments are connected and drained to an
outfall using a robust drainage network with several hydraulic elements (e.g., conduits, streets,
and detention basins) to evaluate the hydrologic and hydraulic performance of the stormwater
drainage system. A SWMM-LITE model is developed that does not include the hydraulic
components of a complete SWMM model. Then, through modification and, in many cases,
simplification, subcatchment boundaries that are user selected (typically based on selection of
US census subunits) are applied. In many cases, subcatchment boundaries may be defaulted to
political boundaries relevant to municipal scale analyses, instead of hydrologic boundaries. In a
complete SWMM model this would impact the flood response but since SWMM-LITE is
primarily considering hydrology, changing the boundaries has minimal effect. Conveyance
systems and storage units are not included and, instead, dummy pipes, hydraulic links that do not
attenuate or modify flow are used as the mechanism to route runoff hydrographs from the
subcatchment to the outflow point. The inclusion of the drainage network does not change the
water balance (e.g., how much water becomes runoff, infiltrates, or evaporates) because volumes
are generally conserved throughout the routing process (Rossman and Bernagros 2018).
However, it does allow SWMM to provide more accurate estimates concerning the timing of
water delivery as well as internal system flooding.

The hydraulic components that were removed, though necessary for estimating flooding
conditions such as the magnitude and timing of peak flow rates throughout the system or
locations of internal flooding within the system, are not relevant for the evaluation of SCMs.
Many SCMs, especially GSI, are not designed to substantially influence large flooding events,

but rather to increase infiltration and evaporation of smaller events and improve water quality.
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Since SWMM-LITE is designed to assess the performance of SCMs measured by impact to
stormwater runoff, infiltration, and evaporation, conveyance system and storage may not be
needed. The capacity of SWMM-LITE to adequately represent hydrologic parameters associated
with SCMs is assessed in this research.

The SWMM-LITE model is developed by partitioning a study area into its pervious and
impervious components. The pervious component is defined as the separate pervious area (SPA),
which is assumed to be directly connected to the storm sewer system. The impervious
component is defined as the directly connected impervious area (DCIA), which is also assumed
to be directly connected to the storm sewer system and does not interact with the pervious area.
SCMs can then be added based on a percentage of the DCIA which is routed to the technology.
SCMs are modeled using the LID components within SWMM. Detention based SCMs that use
storage units and links were not modeled using SWMM-LITE primarily because they require
hydraulic structures and because they are primarily modeled to demonstrate the impact on peak
flow rates and conveyance system capacity. Additionally, conveyance based SCMs (e.g., swales)
were also not included due to the complexities of incorporating the hydraulic elements which can
substantially impact performance of the SCMs.

2.2.2: Case Study Application

A case study was developed for the McClelland basin that is located in Fort Collins,
Colorado (Figure 2.1). The McClelland basin is one of twelve primary drainage basins in Fort
Collins, CO, and is 2153 acres (871 ha). The imperviousness and percent landcover were
determined using the 2011 National Land Cover Dataset (Homer et al. 2015). The average
annual precipitation is 15.1 inches (384 mm) and primarily occurs in short and intense rainfall

events. Soils are predominantly of the hydrologic soil group type C.
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Figure 2.1: McClelland basin study area within Fort Collins, CO

Timeseries of precipitation were collected from the Fort Collins weather station and
contained hourly rainfall data from 1980 to 2009. Average daily evaporation was also collected
from the weather station and summarized for each month. Precipitation and evaporation datasets
were used to conduct continuous simulation to provide several years of annual hydrologic
responses for each scenario and model. Results from the continuous simulation of the 30 years of
rainfall data were used for comparison across scenarios and models. Annual and daily
hydrological outputs of each of the models, including infiltration, evaporation, and runoff, were
analyzed.

For the analysis, a complete SWMM model for the McClelland basin was obtained from

the City of Fort Collins. The SWMM model was developed based on the detailed infrastructure
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characteristics that has been installed (e.g., inlets, manholes, pipes, natural channels, basins,
pumps, etc.). The model contained 180 subcatchments, 86 storage nodes, and 260 link elements
consisting of conduits, weirs, orifices, and outlets. Subcatchments were delineated using surface
contours where other subcatchment parameters were defined on drainage criteria by the City.

The SWMM model is used by the City of Fort Collins to evaluate the storm sewer system and for
the determination of the effectiveness and impacts of SCMs for the area. Since this SWMM
model was developed with a rigorous data set, outputs from SWMM-LITE can be compared to
the model developed by the City of Fort Collins to assess performance of SWMM-LITE.

Three versions of a SWMM-LITE model were developed and evaluated for the
McClelland study area without SCMs to assess the performance of SWMM-LITE using default
parameters and data readily available from national datasets. Within all three SWMM-LITE
models, the study area was represented as a single sub-basin with identical area and
imperviousness consistent with the area weighted average of the developed SWMM model.
Other input parameters varied between the three SWMM-LITE models (Table 2.1). SWMM-
LITE Default Parameters (DP) used national datasets (e.g., National Land Cover Dataset
(NLCD), and SSURGO Soil Survey), default SWMM parameters from the SWMM Manual, and
local design criteria recommendations for the infiltration parameters. The second model,
SWMM-LITE Limited Parameter Modification (LPM) matched values for Manning’s N,
depression storage, and Zero-Impervious to the complete SWMM model. Finally, the third
model, SWMM-LITE Consistent Parameters (CP) also utilized an average of overland flow
length and slope from the complete SWMM model and matched infiltration parameters relative
to the complete SWMM model. This third and final model permits a comparison between a

complete SWMM model and the simplified methodology that is proposed here. Any variation
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that arises between SWMM and SWMM-LITE CP may be attributed to differences that arise

from model methodology and not from different parameters, such as depression storage.

Table 2.1: Input parameters applied to SWMM and SWMM-LITE models

SWMM-
Parameter Description SWMM (DP) LITE (CcP)
(LPM)
Overland Flow Overland flow path water must travel
to calculate width to approximate a 3.66-629.9 47.2! 51.7% 51.7
Length (m)
rectangular subcatchment
Width? .
(m) Rectangular subcatchment width 137-26,470 183,244 183,244 167,298
Slope 2
%) Rectangular subcatchment slope 0.5-12.62 2.0 2.0 1.6
Impervious Percent of land area (excluding the
p((y) area used for LID controls) which is 1-99 49.5? 49.52 49.5?
: impervious
Manning’s N for overland flow over
N-Impervious the impervious portion of the 0.016 0.01 0.016 0.016
subcatchment
Manning’s N for overland flow over
N-Pervious the pervious portion of the 0.25 0.30 0.25 0.25
subcatchment
. Depth of depression storage on the
D-Store-Impervious impervious portion of the 2.54 1.27 2.54 2.54
(mm)
subcatchment
D-Store-Pervious Depth of depressmn storage on the 762 508 762 762
(mm) pervious portion of the subcatchment
Zero-Impervious Percent of the impervious area with no
. 5 0 5 5
(%) depression storage
Max Infiltration Maximum infiltration rate on the 1,30 7604 7604 130
Rate (cm/hr) Horton curve
Min Infiltration Rate Minimum infiltration rate on the 127 1074 1074 127
(cm/hr) Horton curve
Decay Constant Infiltration rate decay constant for the 6.43 6.48 4 6.48 4 6.48
(1/h) Horton curve

'Overland flow length was determined as a function of NLCD land cover type.

2 Value represents the area weighted average of the SWMM model.
3 Widths were determined for each subcatchment based on subcatchment features in the complete SWMM model
and was determined using the overland flow length for SWMM-LITE.
# Infiltration parameters were collected from local design criteria by the Mile High Flood District in Denver, CO,
for Type C soils (MHFD, 2016)

After this analysis, three models were created or obtained for the McClelland basin to

evaluate and compare the hydrologic response of the study area using each model and to assess

performance of SWMM-LITE to estimate performance of SCMs at the municipal scale. The first
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model was the complete SWMM model for the McClelland basin obtained from the City of Fort
Collins, the second, SWMM-LITE (CP), and the final model was the web-based version the
SWC. The SWC model, like SWMM-LITE, evaluated the basin as a single sub-unit with similar
imperviousness from the SWMM model (Table 2.2). Because SWC has a maximum study area
size of 50 acres (4.05 ha), average characteristics of the 2153 acres (871 ha) McClelland basin
area were applied (Table 2.2) to SWC for estimation of depth of runoff, infiltration, and volume.
Depth estimates were then multiplied by the total area to estimate volumes. SWC limits input
adjustment for several parameters (e.g., width and slope), causing different values to be assumed
for the single subunit analysis between SWC and SWMM-LITE for these parameters (Table 2.2).

Table 2.2: Input parameters applied to tested models and for sensitivity analysis

Range for
Parameter SWMM SWMM-LITE SwW(t Sensitivity
Analysis
Overland Flow Length (m) 3.66-629.9 51.72 45.7 10-1,966
Width? (m) 137-26,470 548,875 14,520 42-34,205 4
Slope (%) 0.5-12.62 1.62 2.0 0-50
Impervious (%) 1-99 4952 4952 0-75
N-Impervious 0.016 0.016 0.01 0.001-0.80
N-Pervious 0.25 0.25 0.3 0.01-0.80
D-Store-Impervious (mm) 2.54 2.54 1.27 0-2.54
D-Store-Pervious (mm) 7.62 7.62 5.08 2.54-7.62
Zero-Impervious (%) 5 5 0 0-100
Max Infiltration Rate (cm/hr) 1.30 1.30 1.27 2.1-9.3
Min Infiltration Rate (cm/hr) 1.27 1.27 1.27 0.06-3.0
Decay Constant (1/h) 6.48 6.48 4 -3 4.8-12.0

' SWC values were limited by what was defaulted by the model

2 Value represents the area weighted average of the SWMM model.

3 Widths between SWMM, SWMM-LITE, and SWC are not relatable due to differences in subunit sizes.

4 Widths were varied for sensitivity analysis and the range of overland flow length is estimated from the
applied width value.

5> Decay Constant was not provided for SWC as the SWC uses a different infiltration model by default

Each model evaluated the McClelland basin for three different scenarios. The first

scenario considered was the Baseline Scenario. In this scenario, no stormwater control measures
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(SCMs) were added into the models. The Baseline Scenario allowed for the comparison between
the three model types for basic hydrology without considering the effects of SCMs. The next
scenario, Scenario 1, included one SCM technology type treating 10% of the impervious area in
the study area. The final scenario, Scenario 2 simulated four types of SCMs including street
planters, rain gardens, sand filters, and permeable pavement. Technologies were added to treat
40% of the total impervious area with each technology type treating 10% of the impervious area.
2.2.3: SCM Technology Deployment

Scenario 1 and Scenario 2 included an evaluation of the hydrologic outputs when
including SCMs. In the SWC model, SCMs were defined using the LID control section of the
model. Specifications for SCM design parameters were the same across all models. Scenario 1
treated 10% of the impervious area using medium rain gardens, defined as vegetated areas with
12 inches (30.48 cm) of ponding depth and containing 18 inches (45.72 cm) of designed filter
media to provide high infiltration rates and remove pollutants before exfiltrating water into the
native soils. Scenario 2 simulated treating 40% of the impervious area with four SCMs including
small rain gardens or street planters (rain gardens with 6 inches (15.24 cm) ponding depth),
medium rain gardens (12 inches (30.48 cm) ponding depth), sand filters, and permeable
interlocking concrete pavers. Sand filters were defined as non-vegetated bioretention areas with a
6 inch (15.24 cm) ponding depth, containing an 18 inch (45.72 cm) layer of clean sand to provide
high infiltration rates and to remove pollutants before exfiltrating runoff into the native soils.
Permeable pavements included a 4 inch (10.16 cm) wearing course, with a 12 inch (30.48 cm)
storage depth.

For the SWMM and SWMM-LITE models, SCMs were defined using the LID modules

within SWMM. In the SWMM-LITE and SWMM models, technologies were deployed based on
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an estimation of the necessary volume needed to be treated (rain garden and sand filter) or based
on the amount of area needed (permeable pavement) to be treated. The volume-based
deployment method involves determining the percent of directly connected impervious area to
capture and the watershed design precipitation depth (e.g., for Colorado the design depth is 0.50
inches (12.7 mm), however, for other locations it could be as low as 0.25 inches (6.4 mm) or as
high as several inches). The total volume to be captured is then calculated by multiplying area by
the watershed precipitation depth.

Each volume-based technology has an associated volume capacity per unit/area. By
dividing the total volume to be captured by the capacity the technology can capture per area, the
area required to capture the specified volume is calculated. Both impervious areas captured and
the area needed for the technology is placed into a pervious-impervious pair with the impervious
area flowing to the pervious area and the pervious area containing the stormwater technology.

The area-based deployment method involves determining the percentage of directly
connected impervious area to be captured by the technology. Each area-based technology has an
associated capture ratio or ratio of area of technology to total impervious area captured.
Multiplying the total captured area by the capture ratio provides the area of the technology that is
required to provide the appropriate capture for the selected impervious area. Both the impervious
areas are captured and the area needed for the technology is placed into a pervious-impervious
pair with the impervious area flowing to the pervious area and the pervious area containing the
stormwater technology.

The SWC model does not include sand filters within the LID control options. Thus, small
rain gardens, medium rain gardens, and sand filters were all represented by the rain garden

module in LID controls. An average ponding depth of 10 inch (25.4 cm) was specified for the
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three technologies and a filter media depth of 18 inches (45.72 cm) was specified. Permeable
interlocking concrete pavers were modeled using the permeable pavement module in LID
controls. Similar to SWMM and SWMM-LITE models, Scenario 1 involved treating 10% of the
impervious area with rain gardens. For scenario 2, the rain garden LID control captured 30% of
the impervious area and the permeable pavement module was used to capture 10% of the
impervious area.
2.2.4: Design Storm Scenarios

The developed models were also tested against the Colorado design storms. The 2y, 10y,
and 100y, point precipitations were extracted from the NOAA ATLAs 14 (Bonnin et al. 2006).
According to the Mile High Flood District (MHFD), the primary drainage district in the region
with the most common rainfall events for Colorado design storms occurs over periods that are
less than one or two hours in Colorado (MHFD 2016a). Using the Colorado Urban Hydrograph
Procedure (CUHP), which is an evolution of the Snyder unit hydrograph (MHFD 2016b), the
point precipitation was distributed across two hours creating a two-hour design storm for each
return period. The design storms were used to evaluate the performance of the SWMM and
SWMM-LITE models for each scenario to compare the outputs of the models.
2.2.5: Sensitivity Analysis

A simulation environment for uncertainty and sensitivity analysis program, SimLab
version 2.2.1, was used to estimate model sensitivity and uncertainty for SWMM and SWMM-
LITE simulations. SimLab 2.2.1 is a software designed for Monte Carlo based uncertainty and
sensitivity analysis (Saltelli et al. 2004; Tarantola 2005). Monte Carlo (MC) methods are used in

SimLab for pseudorandom number generation with an emphasis on a sampling set of points from
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joint probability distributions. MC-based sensitivity analyses are based on performing multiple
model evaluations with probabilistically selected model input. For MC analysis, a range and
distribution of effective input variables (input factors) were selected based on literature review and
the SWMM model technical manual (Rossman and Huber 2016) recommendations, as summarized
in Table 2.2. These bound selections were used to generate a sample from the input factors. A
sample of points was generated from the distribution of the specified inputs. All parameters were
assumed to have a uniform distribution. The selected parameter values were then applied to all
subunits in the SWMM and SWMM-LITE models. SWMM was delineated into 180
subcatchments using surface contours to represent detailed drainage areas while SWMM-LITE
was delineated into 7 subunits based on the US Census tract boundaries. This exemplifies a typical
application of each model where a detailed SWMM model may include a large number of small
subunits and SWMM-LITE would use larger subunits to enable low processing times to support
planning level decisions on the type and extent of SCMs.

The Morris method was selected for generating the sample data (Giglioli and Saltelli 2008;
Morris 1991; Saltelli et al. 2000). The rationale for using the Morris method is the determination
of which factors may be considered to have effects, which are negligible, linear and additive, or
non-linear or involved in the interactions with other parameters (Saltelli et al. 2000). The Morris
method is composed of individually randomized or “one-factor at-a-time” experiments in which
the impact of changing the value of each of the selected factor is evaluated in turn. The number of
model executions is computed as 7 x (k + 1), where r is the number of trajectories (successions of
points starting from a random base vector in which two consecutive elements differ only for one

component) and k the number of model input factors. The k-dimensional vector X of the model
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input has components X; each of which can assume integer values in the set {0, 1/(p -1), 2/(p -1),
..., 1}. The region of experimentation, €2, will then be a k-dimensional p-level grid.

The method suggested by Morris is based on what is called an elementary effect. The
elementary effect for the i input is defined as follows. Let A be a predetermined multiple of 1 / (p

-1). For a given value x of X, the elementary effect of the i input factor is defined as:

[y(xl-, vy Xjmg, X+ A, x5 + 1, ...,xk) —y(X)]
A

d;(x) = Equation 2.1

where x = (x1, x2, . . ., xx) is any selected value in Q such that the transformed point (x + eA),
where e; is a vector of zeros but with a unit as its " component and is still in Q for each index i =
1. ..,k The finite distribution of elementary effects associated with the /" input factor is obtained
by randomly sampling different x from € and is denoted by Fi. The number of elements of each
Fiis p¥! [p - (p - 1)]. The total number of elementary effects can be counted from the grid by
simply keeping in mind that each elementary effect relative to a factor i is computed by using two
points for which their relative distance in the coordinate X; is A.

In this study, & was eleven, r was ten, and eight levels of quantile were considered for the
simulation. By employing the Morris method, 120 samples were generated for this study. Both
SWMM and SWMM-LITE were fed with the sample elements and two sets of model outputs (240)
were produced. These model evaluations created a map or relation from the space of the inputs to
the space of the results. Once this mapping was generated and stored, the sensitivity of model
predictions to individual input variables was estimated. In the post-processing module of the
SimLab, Morris method sensitivity indicators, the estimated mean (p), and standard deviation (o)

of each sample were generated.
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2.3: Results and Discussion

Analysis was conducted to compare model performance based on hydrologic outputs of a
complete SWMM model and three variations of SWMM-LITE models. Additionally, the
complete SWMM model was compared to the SWC model along with the SWMM-LITE.
A sensitivity analysis was conducted to determine the most sensitive parameters for both the
SWMM and SWMM-LITE models.
2.3.1: Model Comparison of SWMM to Three Different Versions of SWMM-LITE

The SWMM-LITE methodology was deployed with three sets of subcatchment parameters,
DP, LPM, and CP (Table 2.1). Each of the simulations were compared to the Fort Collins SWMM
to evaluate influences the parameters may have played on model output compared to the
complexities of the model itself. The largest difference occurred when the SWMM-LITE DP was
compared to SWMM (Figure 2.2). SWMM-LITE DP represented the outputs when national
datasets and the best available data were used to populate subcatchment parameters. Even though
this difference was the largest, it was still within 12.2% for runoff, -34.9% for evaporation, and
1.0% for infiltration of the complete SWMM. In SWMM-LITE (LPM), N-pervious and N-
impervious, D-store pervious and D-store impervious, and Zero-Impervious were consistent with
the complete SWMM received from the City of Fort Collins. This change resulted in strong
agreement in results causing errors to be less than +/-0.1%. This was further improved for runoff
and infiltration when overland flow length and infiltration parameters were made consistent.
Comparing SWMM-LITE CP and SWMM determined that the methodology of removing
conveyance elements and simplifying complex subcatchment delineations does not introduce
unacceptable error. For comparison, the continuity error ranged between -0.18% to -0.1% when

simulating each model using EPA SWMM.
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Figure 2.2: Hydrologic outputs for SWMM-LITE variations of Default Parameters (DP), Limited
Parameter Modification (LPM), and Consistent Parameters (CP) compared to SWMM.

2.3.2: Model Outputs for Scenario Simulations

Hydrologic performance outputs were collected from running SWC, SWMM-LITE CP,
and SWMM simulations for the Baseline Scenario, Scenario 1, and Scenario 2. Runoff, infiltration,
and evaporation were observed from the model simulations (Figure 2.3). The SWMM and
SWMM-LITE models consistently reported similar hydrologic results with the greatest variation
occurring in the SWC model. Estimates of runoff, infiltration and evaporation varied by less than
0.1% for SWMM and SWMM-LITE. SWC outputs varied from SWMM and SWMM-LITE by
between 0.1-3.8% (Figure 2.3). In all scenarios, SWMM-LITE estimated larger or near equivalent
values for evaporation and infiltration and smaller values for percent runoff when compared with
the SWMM model (Figure 2.3). The SWC model reported smaller evaporation loss in all three
scenarios, larger total runoff in the Baseline Scenario and Scenario 1, and larger infiltration in
Scenarios 1 and 2. This indicates that the SWC model overestimated infiltration as a result of
adding SCMs in scenario 1 and 2, but overestimated runoff and underestimating evaporation in

the Baseline Scenario. Adding SCMs in all models increased infiltration volume while the volume
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of runoff decreased, determined by comparing the Baseline Scenario to Scenarios 1 and 2. The
reason that is postulated for the difference between SWC results and the other two models is that
the SWC is designed for small-scale studies or site-level design and assumes a 10 acre area with
specified characteristics. When volumes are estimated by scaling up to the larger area, the errors
increase. Additionally, SWC provides limited variability in key parameters such as width and

depression storage.
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Figure 2.3: Hydrologic outputs for scenarios using different models

The primary purpose of SWMM-LITE is to rapidly compare the performance of scenarios
of SCMs for varying complexities of study areas. Thus, analysis was conducted comparing the
differences in hydrologic outputs between Scenario 1 and Scenario 2 to the Baseline scenario for
each of the three scenarios (Figure 2.4). SWMM-LITE outputs continued to be very close to
SWMM, with the predicted changes from Baseline being within 0.1% of each other. The SWC
model provided more variation in comparison to the Baseline scenario, with predicted changes
from Baseline varying from SWMM output by 1.5-7.5% (Figure 2.4). Overall, estimates of

hydrologic parameters from SWMM-LITE are comparable to those from SWMM, while SWC
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outputs were slightly different from the other two models when considering basic hydrologic
outputs that did not include delivery or timing of flow. While SWC has been demonstrated to
adequately estimate site level performance of SCMs (Schifman et al. 2018), it was designed for
site level analysis up to 50 acres (20.2 ha) and it is not appropriate for application in municipal
scale analysis. SWC maintains value use for site level design of SCMs and the estimation of
hydrologic performance. While SWC does reasonable estimates of hydrologic outputs, the
methodology applied is not appropriate for large scale analyses (>50 acres). To model larger areas,
a user would need to manually delineate sub-units, run the SWC model for each sub-unit, and then
extrapolate each model result by multiplying the area of the sub-unit. This requires substantial

post-processing of outputs to obtain analyses for a larger scale area with multiple sub-units.
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Figure 2.4: Evaluation of percent change from baseline for each hydrologic output when comparing
different models.

2.3.3: Model Outputs for Design Storm Scenarios
Design storms were modeled to compare hydrologic performance for different sizes of

storms (Figure 2.5). The percent difference was found by comparing outputs from SWMM and
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SWMM-LITE. Differences between outputs from the two models were within 2.5%.,
demonstrating very good agreement across simulated storm events. In all the design storms,
evaporation and infiltration were consistently overestimated and runoff was underestimated by
SWMM-LITE. For smaller storms, which are 2 y events, the difference in runoff appeared to
increase as additional technologies are added. However, this decrease in runoft did not correspond
to a direct increase in either infiltration or evaporation but varied between Scenarios 1 and 2. For
Scenario 1, the further decrease in runoff was likely caused by an increase in infiltration. However,
for Scenario 2, the precipitation that did not become runoff became evaporation and additional
infiltration. From this variation it appears that SCMs do not all have the same effect or result in

the same errors, in particular, when considering smaller design storms.
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Figure 2.5: Difference between SWMM and SWMM-LITE for runoff, infiltration, and evaporation
under the Colorado design storm modeling scenarios (positive values show a higher estimate from
SWMM-LITE compared to SWMM and negative values show a lower estimate from SW

The 10 y event produced the highest difference between runoff estimates from SWMM and
SWMM-LITE for all scenarios. This could be a result of the higher water volume producing more

errors than the 2 y storm, but not too much water that causes the percent difference between the
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models to be inconsequential. The 100 y storms had the greatest variation for infiltration, but the
difference was reduced as more technologies were applied. This could be explained by the
methodology used to apply SCMs. From the analysis it appears that the different input parameters
defining subcatchment characteristics for SWMM and SWMM-LITE (Table 2.2) was more critical
when modeling design storms. Design storm analysis consists of larger storms that cause increased
ponding duration as well as depths on subcatchments, which influences functions for both
infiltration and runoff. However, when considering continuous simulations (Figures 3 and 4) very
little of the overall precipitation occurs from design storm events, but is driven by the smaller
regular events. When considering the smaller regular events (e.g., 2 y storm), there is strong
agreement between SWMM and SWMM-LITE (Figure 2.5). It was also observed that as more
technologies were added, the percent difference appeared to decrease. As SCMs are applied to
each model, the subcatchment area is replaced by SCM area and SCM input parameters are the
same in the two models. This has the potential to reduce discrepancies in infiltration output.
2.3.4: Parameter Sensitivity Analysis

A quantile-quantile graph shows agreement between SWMM and SWMM-LITE using MC
generated inputs (Figure 2.6). Good agreement between the SWMM and SWMM-LITE was found,
with the largest difference associated with evaporation estimates. Small differences likely occurred
due to the differences in subcatchment arrangement which changes the amount of time water was
left on the surface of a subcatchment as well as the evaporation potential of open channel
conveyance elements in SWMM. Additionally, because the magnitude of precipitation that became
evaporation was much smaller than the other categories, any error resulting from the difference of
modeling procedure was exacerbated. Overall, results demonstrate that SWMM-LITE provides

reasonable estimates of hydrologic parameters compared to SWMM.
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Figure 2.6: Quantile-quantile chart of simulated models including SWMM and SWMM-LITE; (a)
total runoff; (b) infiltration; and (c) evaporation.

The output of the Morris method is reported with two parameters for each hydrology
component (Figure 2.7). The parameter p is used to detect input factors with an important overall
influence on the output and o is used to detect factors involved in interaction with other factors or
for which the effect is non-linear. According to Figure 2.7a, the Min Infiltration Rate is the most
influential parameters on the simulated total runoff of both SWMM and SWMM-LITE
simulations. Results also suggests that the Min Infiltration Rate has more interaction and possesses
a non-linear relation with the estimated runoff for both models. For SWMM, the second influential
parameter is Width, followed by Zero Impervious. Zero Impervious was a parameter that was
adjusted for the case study SWMM-LITE (LPM and CP) simulations that resulted in lower
observed difference between SWMM and SWMM-LITE compared to default parameters (Figure
2.2). Other studies have shown sensitivity of SWMM to Width (Wang et al. 2017). For SWMM-
LITE, sensitivity of Min Infiltration Rate was followed by N Impervious and Decay Constant. In
general, sensitivity of parameters for the estimation of total volume are similar between SWMM

and SWMM-LITE, with a few exceptions. For example, Width and Zero Impervious were found
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to be a highly sensitive parameter for total volume estimates in SWMM, while they did not appear

as sensitive for SWMM-LITE (Figure 2.7a).
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Figure 2.7: Morris sensitivity analysis for (a) total runoff, (b) infiltration, and (c¢) and evaporation
where dark blue shows sensitivity of noted parameter for SWMM-LITE and light blue for SWMM.

Other sensitivity analyses on SWMM have shown variable sensitivity of SWMM
parameters. A sensitivity analysis was performed by Barco et al. (2008) in a large urban
subcatchment in Southern California. Four parameters were considered for sensitivity analysis;
imperviousness and depression storage were the most sensitive parameters affecting total runoff
and peak flow, while subcatchment width and Manning’s N were less sensitive. In another study
by Ballinas-Gonzélez et al. (2016), the Manning coefficient of the impervious surface (N-
Impervious), which was the most sensitive to changes, followed by the Max Infiltration Rate were
found to be the more sensitive parameters in the estimation of total runoff. In another study, in a

small subcatchment adjacent to a highway, the multiparameter sensitivity analysis effectively
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identified 15 sensitive parameters in SWMM that had a significant influence on inflow discharge.
Wang et al. (2017) found that infiltration parameters (represented by curve number in this study),
Width, and surface roughness, which is related to Manning’s coefficient (N-impervious or N-
pervious), were found to be the most sensitive parameters. Wide variation in parameter sensitivity
has been shown in these studies, indicating that study area infrastructure and land use
characteristics may have a large impact on sensitivity of parameters. In addition, the studies had
different objectives that may impact variability of parameter sensitivity.

Max Infiltration Rate and N-Pervious are most influential parameters on the simulated
infiltration of both SWMM and SWMM-LITE (Figure 2.7b). For the estimation of evaporation,
N-Impervious is a highly sensitive parameter for both SWMM and SWMM-LITE, followed by D-
store Impervious (Figure 2.7c). Modification of N-Impervious and D-store Impervious for
SWMM-LITE (LPM and CP) also resulted in closer estimates between SWMM and SWMM-LITE
(Figure 2.2). Parameter sensitivity for the estimation of infiltration is very similar between SWMM
and SWMM-LITE (Figure 2.7b) and is consistent with the comparison of estimates from the two
models (Figure 2.6). Like total runoff estimation, sensitivity to parameters is mostly consistent
between SWMM and SWMM-LITE for estimation of evaporation (Figure 2.7c). Exceptions are
that Impervious is more sensitive for the estimation of infiltration in SWMM compared to SWMM-
LITE and Width appears as a more sensitive parameter for the estimation of evaporation for
SWMM-LITE compared to SWMM (Figure 2.7¢c).

2.4: Conclusions

SWMM-LITE was developed as a methodology to create simplified models to estimate

hydrologic parameters associated with storm events to make comparisons between scenarios of

SCM addition, informing planning level decisions. SWMM-LITE was demonstrated to provide
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comparable outputs to a SWMM model with complex subcatchment delineation and complete
hydraulic and infrastructure data, as well as to the SWC model via an application of a case study
in Fort Collins. Estimates of average annual hydrologic performance of scenarios of SCM addition
over a 30 y study period showed less than 0.1% difference for SWMM and SWMM-LITE, which
is less than the continuity error for each individual model run. Differences were higher between
SWC outputs and SWMM, which were up to 3.8%.

Probabilistic approaches were employed for sensitivity analysis. The sensitivities of
parameters for SWMM and SWMM-LITE outputs were very consistent. The most influential
parameters for estimation of runoff volume were minimum infiltration rate and Manning’s N for
impervious area. While SWC provides reasonable estimates for hydrologic outputs, it is more
suitable for small scale or site studies. The SWMM-LITE model dramatically reduces the burden
of a user to develop a SWMM model without sacrificing accuracy of hydrologic outputs, i.e.,
annual runoff, evaporation, and infiltration.

Future work may be considered to verify the use of SWMM-LITE for additional climate
regimes, however, based on the methodology for estimating runoff within SWMM and the minimal
error demonstrated in this study, it seems unlikely that a substantial difference would be observed
for wetter climates. SWMM-LITE enables municipal scale analysis to compare the performance
of SCMs and to inform planning level decisions. Future work will apply SWMM-LITE to a web-
based tool that informs decisions on extent and the type of SCMs to achieve goals based on

hydrologic performance, lifecycle costs, and co-benefits.
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CHAPTER 3. DEVELOPMENT OF A METHODOLOGY TO INCORPORATE AND
REPRESENT STORMWATER CONTROL MEASURES (SCMS) FOR MUNICIPAL SCALE

ANALYSIS?

3.1: Introduction

Stormwater control measures (SCMs) are used to manage and reduce the impacts of
urbanization by capturing, storing, infiltrating, treating, or conveying stormwater runoff. These
practices include a wide range of technologies, from distributed green infrastructure practices
such as bioretention, green roofs, permeable pavement, infiltration trenches, and vegetated
disconnection, to more conventional gray infrastructure practices such as detention basins, wet
ponds, storage vaults, and conveyance systems. SCMs are commonly implemented to reduce
runoff volume, attenuate peak flows, increase infiltration, improve water quality, and mitigate
the downstream hydrologic impacts associated with increased impervious area (Dietz 2007
Ahiablame et al. 2012; Fletcher et al. 2015; Li et al. 2019). In addition to these primary
stormwater functions, many SCMs, particularly green stormwater infrastructure practices, can
provide broader environmental, social, and economic co-benefits, including improved aesthetics,
reduced urban heat island effects, enhanced habitat, groundwater recharge, public awareness, and
potential property value benefits (Bell et al. 2019; Choi et al. 2021; Rainey et al. 2022; Wang, M.
et al. 2023).

Stormwater infrastructure planning has increasingly emphasized the implementation of
green infrastructure practices because of their potential to restore elements of the pre-

development water balance while also providing multiple community benefits (Fletcher et al.

2 This chapter includes methodology published in Arabi et al. (2025), originally published in Environmental
Modeling and Software. The author contributed to the methodology and manuscript preparation.
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2015; USEPA 2014; Bell et al. 2019). However, SCMs are not simply “green” or “gray,” but
instead operate along a green-gray continuum that includes distributed vegetated systems,
infiltration-based practices, storage systems, conventional conveyance, and hybrid combinations
of these approaches (Bell et al. 2019; Krieger and Grubert 2021; Tansar et al. 2024). This creates
a challenge for municipal decision-makers because a general preference for “more green
infrastructure” does not, by itself, identify which SCMs should be implemented, where they
should be located, how much impervious area they should treat, what hydrologic or water quality
benefit they will provide, or what capital and long-term maintenance costs they will require.
Likewise, gray infrastructure cannot be dismissed as obsolete or unnecessary because pipes,
culverts, detention facilities, and storage systems remain essential components of urban drainage
systems. The planning challenge is therefore not simply to replace gray infrastructure with green
infrastructure, but to evaluate tradeoffs among green, gray, and hybrid green-gray strategies in
terms of hydrologic performance, water quality, life-cycle cost, maintenance burden, and co-
benefits (Alves et al. 2018a; Bell et al. 2019; Krieger and Grubert 2021).

Despite the need for this type of tradeoff analysis, identifying and characterizing the
performance and cost of SCMs at a municipal scale remains difficult. Detailed SCM design
typically requires site-specific information, including tributary drainage area, imperviousness,
available surface footprint, available storage depth, native soil infiltration capacity, groundwater
separation, utility conflicts, overflow location, media depth, media type, vegetation type,
maintenance access, and discharge constraints. These details are necessary for final engineering
design and construction, but they are often unavailable during early planning or screening-level
analysis. In addition, stormwater modeling software often requires numerous inputs,

assumptions, and model configurations that can be tedious for decision-makers and, in some
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cases, difficult even for experienced practitioners to apply consistently across large study areas
(Jayasooriya and Ng, 2014; Rossman and Simon, 2022; Dell et al., 2021; Mohammad Zadeh et
al., 2024). At the municipal scale, decision-makers commonly need to compare broad
deployment strategies before individual project sites have been selected or designed. Requiring
full site design information at this stage can prevent communities from evaluating the potential
benefits, costs, and tradeoffs of SCM implementation.

Existing tools often address only part of this decision problem. Some tools focus
primarily on hydrologic response, while others emphasize cost estimation, optimization, siting,
or co-benefit evaluation. Many of these tools are useful for specific applications but may be
limited by site-scale assumptions, narrow technology menus, extensive data requirements, lack
of integrated cost or co-benefit analysis, or complexity that limits their use by municipal planners
and decision-makers (Jayasooriya and Ng 2014; Morales-Torres et al. 2016; Rossman and
Bernagros 2019; Schifman et al. 2018). This creates a need for a simplified but effective
approach that allows SCMs to be represented consistently in a planning-level framework while
still connecting technology selection to hydrologic performance, water quality, life-cycle cost,
and co-benefits.

To address this gap, an approach was developed to help represent SCMs using
standardized technology units that can be defined at a planning level. A technology unit may
represent a single SCM technology, such as one rain garden, detention basin, or storage tank, or a
unit area of an area-based practice, such as general disconnection, green roof or permeable
pavement. Rather than requiring the user to design each SCM in detail, the methodology allows
users to specify general deployment assumptions, such as the technology type, the percentage of

impervious area desired to be captured, the design runoff capture depth, and selected design
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characteristics that affect hydrologic performance, cost, or co-benefit credit. This approach
allows SCMs to be incorporated into a municipal-scale model in a way that is consistent with
planning-level information availability while still preserving key distinctions among SCM types,
configurations, and expected performance.

This chapter builds on the simplified hydrologic modeling framework SWMM-LITE
developed in Chapter 2. SWMM-LITE can provide planning-level estimates of runoff,
infiltration, and evaporation with substantially reduced input-data and computational
requirements compared to a fully developed SWMM model. That simplified hydrologic
framework provides the first step toward municipal-scale scenario analysis: a model that can
rapidly estimate hydrologic response across large study areas. The next step, addressed in this
chapter, is to develop a method for rapidly adding SCMs to that simplified model so their
hydrologic performance, lifecycle cost, and co-benefits can be evaluated consistently across
alternative planning scenarios. This linkage is crucial to support municipal-scale decisions about
the type, extent, and combination of green, gray, and hybrid stormwater infrastructure practices.

The purpose of this chapter is to describe the methodology developed to represent SCMs
within a decision-making framework tool for municipal-scale planning applications. The chapter
first describes the various SCM technologies available to be deployed and the rationale for
selecting them. It then introduces the technology-unit framework and explains how SCMs are
deployed within a study area based on treated impervious area, capture volume, and user-defined
parameters. The chapter also describes how SCM characteristics influence hydrologic
simulation, lifecycle cost estimation, and co-benefit evaluation. By providing a simplified but
meaningful method for representing SCMs, this methodology enables early-stage planning

decisions without requiring detailed site design or complex model entries. In doing so, it creates
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the bridge between the simplified hydrologic model described in Chapter 2 and the integrated
web-based decision support tool described in Chapter 4.
3.2: Stormwater Technologies

Stormwater control measures include a diverse set of structural and nonstructural practices
that vary by primary hydrologic function, treatment mechanism, spatial scale, drainage
configuration, and maintenance requirements. These practices may reduce runoff through
infiltration, evapotranspiration, storage, detention, filtration, reuse, source control, or
disconnection of impervious areas, and they are often classified and even named differently
across design manuals, modeling tools, and regulatory programs (Fletcher et al. 2015;
Jayasooriya and Ng 2014; Li et al. 2019; USEPA 2025; MHFD 2024).

For the approach ten technologies were selected to provide a broad scope of stormwater
controls. This is greater than the seven provided in the National Stormwater Calculator (Rossman
and Bernagros, 2019). The ten technologies include seven volume-based practices: rain gardens,
sand filters, infiltration trenches, dry detention basins, wet ponds, rainwater harvesting, and
storage tanks/tunnels. The remaining three technologies are area-based technologies: vegetated
buffers, green roofs, and permeable pavement.

A summary of each technology and the parameters required are presented in the
supplemental material. To account for the variation of design of technologies, there is an added
ability to select variable sizes (small, medium, large) and add or remove different components
(e.g., vegetation, underdrain, impermeable liner) that are relevant to each technology. With this
added flexibility, while there are only ten technology categories, the various design variability
allows for thousands of different combinations of technologies that should be able to be modified

to represent most stormwater control measures within different communities.
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3.3: Technology-Unit Deployment Framework

The developed methodology first requires that any study area or area where stormwater
technologies are to be evaluated must first be divided into their pervious and impervious
counterparts. The pervious area is generally considered to be seperate pervious area (SPA)
meaning that it does not interact with the impervious area. Likewise the impervious area is
considered directly connected impervious area (DCIA), impervious area that is assumed to
discharge directly into the storm sewer system without interaction with any pervious area.
Partitioning urban areas into impervious and pervious components can improve planning-level
hydrologic representation (Earles et al, 2010; Guo et al, 2010; Lee et al. 2012). The area is then
parameterized to accurately define the hydrologic response including amount of runoff,
infiltration, and evaporation (Dell et al, 2021). An example of this configuration is shown in

Figure 3.1.

Stu_dy Area Pervious Area
e (Climate
Land Use Type
Imperviousness
Technology

Impervious Area

Figure 3.1: Demonstration of how the study area is partitioned into a pervious and impervious unit
so that technologies can be implemented to evaluate hydrologic performance

Stormwater control measures or technologies are then deployed through a concept of
technological units. A technological unit represents a single technology (i.e., one rain garden,
extended detention basin, or storage tank) or a unit area of a technology (i.e., 1 sq. foot of green

roof or permeable pavement). The method involves estimating the volume of stormwater or
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impervious area that a single unit could effectively treat (Figure 3.2). This requires a collection
of assumptions regarding the different types of technology as well as the definition of key

technology parameters.

Surface Area

I Ponding Depth

Filter Depth

Figure 3.2: Example of technology unit that includes various assumptions and parameter
specification to identify the total volume or impervious area that could be managed with a single
unit.

A user is then responsible for defining the total amount of stormwater area to be treated
by the technology by providing an impervious area desired to be captured by the technology and,
in volumetric estimations, the total depth targeted to be capture. The method then determines
how many or how much of that technological unit is needed to provide the desired amount of
capture. Users can specify a percent of DCIA that is treated by any number of selected
technologies, total not to exceed 100% of the DCIA.

Each technology unit has an associated volume or area available to capture. As the user
defines the total volume or area desired to be captured, the number of technology units will be
added until the total volume or area is captured. Technologies are be represented in the model by
removing the amount of impervious area that is specified to be captured, captured impervious
area (CIA), from DCIA and then removing the amount of area (if any) required to implement the
technology from either the SPA or from the total amount of impervious area that is to be treated,

whatever the user specifies. The amount of area needed for treatment will be dependent on the
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type of technology and the amount or number of the technology units required to provide the
necessary capture volume or area (i.e., surface area for all of the rain gardens required to capture
the total volume, or total area of permeable pavement required to capture runoff from the DCIA).

All areas associated with the technology (what is treated and what is required to perform
treatment) will be represented as subcatchments in SWMM and routed to a subcatchment
containing a SWMM low-impact development (LID) technology that will simulate the
performance of the technology. For the analysis, it is assumed that any technology is treating an
impervious surface with similar parameters (i.e., land use type, soil type, etc.) as the entire basin
or sub-unit selected. Figure 3.3 shows a breakdown of how the methodology generally

implements stormwater technologies.

Impervious Area

[l Pervious Area

I Q | :
Pervious Area B 1mpervious Area

[ Captured Impervious Area

i Stormwater Technology

Figure 3.3: Example of how the methodology distributes the study area between SPA, DCIA, and
CIA which flows to a technology unit whose surface area is taken from either the CIA or the SPA.

Technologies are deployed based on an estimation of the necessary volume needed to be
captured or based on the amount of area for which stormwater should be captured as described
below. Volume based deployment is necessary for technologies that are designed and installed to
capture a specific volume received from the captured impervious area. For these technologies,
even though design approaches may vary, the methodology for sizing the technology is generally

based on using a design storm depth (e.g., 1-inch of rainfall) (MHFD, 2024b). Area-based
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technologies are limited based on physical or practical constraints (e.g., unable to route water to
practice). This means that even though the technology may be able to hold large volumes of
water, to provide adequate treatment or to provide longevity of performance, the area
contributing to the technology is constrained (e.g., permeable pavements).
3.3.1: Volume-based Deployment

The volume-based deployment method involves calculating the volume needed to be
treated by the technology. For each technology to apply to the study area, a percent of directly

connected impervious area to capture is defined, and this value can be used to calculate the total

impervious area to be captured (TIAC) (Equation 3.1 Equation 3.1)

TIAT = Total Area * % Impervious = % DCIA Captured  Equation 3.1
Next a watershed depth to design for must be defined. This depth can vary based on local design
criteria and/or local climate (e.g., in Colorado the design depth is 0.5, however for other
locations it could be as low as 0.25” or as high as several inches). Total volume to be captured is
then calculated using Equation 3.2, by multiplying area by the watershed depth and applying

necessary unit conversions.

Design Depth (in)
12

Total Volume (ft3) = TIAT (ft?) * Equation 3.2

Each volume-based technology will have an associated volume capacity to treat per unit. By
dividing the total volume needed to be treated by the capacity the technology can treat per unit,

the number of units needed to treat the user-specified volume is calculated using Equation 3.3.

Equation 3.3

, Volume Capacity Required
Number of Technolgies = Roundup [ prery " ]

Volume per Technology
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After determining the number needed, the total area required to provide that treatment is
also calculated by multiplying the surface area of each unit by the number of units required.
Then both the area treated, and area needed to provide treatment will be placed into a new
pervious-impervious pair with the pervious component containing specified stormwater
technology.

3.3.2: Area-based Deployment

The area-based deployment method involves calculating the area needed to be treated by
technology based on similar inputs as the volume-based technologies, with some slight
variations. Like volume-based technologies an area-based technology is selected to apply to the
study area and then the percentage of impervious area to capture is specified and TIAC is
calculated using Equation 3.1. Each area-based technology will either completely replace the
TIAC or have an associated capture ratio, as defined by Equation 3.4. Capture ratio is a common
stormwater parameter that is specified for technologies such as permeable pavements. The
concept of the capture ratio is that, to ensure technology performance, the ratio of tributary
impervious area to technology area must be limited (MHFD, 2024b). Various design manuals
limit the capture ratio of technologies like permeable pavements to ensure that the pavement

does not become overloaded with sediment and clogs.

Area of Technology

Capture Ratio = * 100 (%) Equation 3.4

Total Impervious Area Captured
Total area of technology required is calculated by multiplying the user-specified TIAC by
the specified capture ratio. The area is defaulted to come from the SPA for disconnection or from

the CIA for green roofs and permeable pavement.
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3.4: Technology Units and Deployment

Each of the ten technologies has various parameters that can be identified and modified
for deployment in the methodology. Table 3.1 provides a summary for each of the ten
technologies available to use with the methodology. The table provides a description, simple
schematic and number of parameters that can be edited for each technology. Parameters for the
different technologies can impact the hydrologic performance, cost estimation, or co-benefit
assessment. Commonly referenced U.S. stormwater design manuals and guidance sources
include national guidance such as EPA’s National Menu of Best Management Practices, which
EPA describes as a representative, not all-inclusive, menu of BMPs for MS4 programs (USEPA
2025); regional criteria such as the Mile High Flood District Urban Storm Drainage Criteria
Manual, including Volume 1 for management, hydrology, and hydraulics and Volume 3 for
stormwater quality and BMPs (MHFD 2024a; MHFD 2024b); and state or regional design
manuals from Maryland, New York, Minnesota, Washington, North Carolina, and California,
(MDE 2009; NYSDEC 2015; MPCA 2025; Washington State Department of Ecology 2024;
NCDEQ 2020; CASQA 2025). Collectively, these manuals illustrate the diversity of SCM design
approaches used in practice, including runoff reduction, water quality capture, infiltration,
filtration, detention, retention, source control, green infrastructure, and long-term maintenance
requirements. Due to the diversity of design it was important to identify critical parameters that
could allow for a representative SCM within CLASIC. A full description of each technology and

all the parameters are provided in the supplementary material.
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Table 3.1: Summary of the technologies available for modeling. Each technology includes a
description, schematic and number of parameters that can be edited for that technology.

Technology

Description

Schematic

# of
Parameters

Rain Garden

Sand Filter

Infiltration
Trench

Detention
Basin

Wet Pond

Stormwater
Harvesting

Storage Vault

A shallow basin that captures
runoff and allows vegetation and
media to provide treatment
through filtration.

A shallow basin that captures
runoff and uses layers of sand to
provide filtration treatment.

A trench filled with stone or
gravel with an open bottom to
allow for infiltration. The surface
of an infiltration trench can be
exposed or covered with similar
material as the surrounding
surface.

A typically dry basin that captures
runoff and contains an outlet
structure to control the release of
runoff.

A basin that contains a permanent
pool of water, captures additional
runoff and contains an outlet
structure to control the release of
runoff.

A barrel or cistern that collects
rainwater for the purpose of reuse
for irrigation or other non-potable
use.

A vault or tunnel that captures and
collects runoff underground until
it can be drained or pumped.
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Filter Madia Dzpth

Storage Depth

Ponding Depth

Depth of Trench

Basin Depth

Bottom Surface Area

Top Suimu Aiea

Basin DEpth{
Permanent Poal oepm~|:

Heignt of Tank

Storage Vault

17

11

11
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A pavement system that contains a
porous load bearing surface with
an aggregate storage layer below
for capturing runoff. Permeable
pavement is generally an area-
based practice that can also
capture a volume of runoff.

Permeable

Pavement N

Provided by directing impervious
area to grass buffers or swales and

Disconnection allowing water to infiltrate
providing general volume
reduction.

Panding Depeh I

A rooftop with waterproofing that
is partially or completely covered ——
with growing media that captures -
runoff. -

Green Roof 13

Each technology has a number of parameters that can be edited. First, within the
selections of each technology is a general technology class. This class helps define the general
size or material type of the technology and will almost always have a significant impact on both
the cost and hydrologic performance of the technology. There are additional parameters that are
also available to edit such as seepage rate (the rate water is allowed to infiltrate out of the
technology) and ponding depth (the depth of water allowed to collect within the storage layer of
the technology). Many of these parameters have an impact on the hydrologic performance of
technology and are editable based on sensitivity to the hydrologic performance (Fassman-Beck
and Saleh, 2021). There are additional parameters that do not impact hydrologic performance but
have a significant impact on cost, such as the presence or absence of a forebay, vegetation type

and irrigation needs. Finally, there are parameters that are included to help qualitatively
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distinguish the potential for different technologies to increase their co-benefit score. These
include items like vegetation diversity and selection of technology placement.

Overall, each technology has a number of parameters that can impact the general function
of the technology, and ultimate representation of the technology. The goal of the methodology is
to allow a user or decision maker to be able to modify those technologies to see the benefits and
costs of those different strategies and design characteristics. For a complete breakdown of each
technology and the parameters available to edit see the supplementary material.

3.5: Hydrologic Integration with SWMM-LITE

This methodology was developed to support a planning-level scoping tool capable of
evaluating multiple combinations of stormwater technologies across large study areas. By
representing SCMs in a consistent and scalable manner, the approach allows users to compare
how alternative technology portfolios may restore elements of the pre-development hydrologic
regime, reduce runoff volumes, increase infiltration, and improve water quality through pollutant
load reduction. Hydrologic performance is evaluated based on the amount of water that becomes
runoff, infiltrates, evaporates, or flows through technologies. By comparing the hydrologic
outputs for various combinations of stormwater technologies a user can determine which
combination of technologies will meet any runoff reduction targets or pollutant removal.

Hydrologic outputs are generated from the US Environmental Protection Agency
Stormwater Management Model (SWMM) for hydrologic assessment (Rossman and Simon,
2022). SWMM requires several inputs to conduct estimates of runoff and performance of
stormwater infrastructure technologies. The methodology relies on a simplified version of
SWMM, SWMM-LITE to provide hydrologic assessment (Dell et al, 2021). Using SWMM-

LITE allows for study areas to be defaulted as to political boundaries instead of hydrologic
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boundaries given the general approach of dividing the study area into is pervious impervious
pairs. Additionally, conveyance systems and storage units are removed and dummy pipes are
used as the mechanism to route water. Including the drainage network does not change the water
balance (e.g., how much water becomes runoff, infiltrates, or evaporates) because volumes are
generally conserved throughout the routing process. A drainage network does allow SWMM to
provide more accurate estimates concerning the timing of water delivery as well as internal
system flooding. SWMM-LITE dramatically reduces the burden of a user to develop a SWMM
model, but at the expense of understanding the timing of the delivery of water. Thus, outputs
correlated to the timing of delivery such as peak flows and internal system flooding are not
accurate from the simplified version, however, outputs concerning the general hydrology and
water balance are preserved (Dell et al. 2021, Mohammad Zadeh et al. 2024).

Using SWMM-LITE, the amount of precipitation that becomes runoff, infiltration, and
evaporation can be determined. By adding in various stormwater technologies, the water balance
can be shifted to increase both infiltration and evaporation. Additionally, there is an amount of
runoff that flows through the technology. Runoff that flows through many SCMs often
undergoes pollutant removal (Kong et al. 2021; Bell et al. 2016; Bell et al. 2019). As a result of
how the technologies are separated from the rest of the study area, the runoff which flows
through technology can be quantified. This allows for estimates of stormwater quality in terms of
loads as the amount of runoff can be combined with effluent concentrations leaving the
technology. Water quality parameter included are total suspended solids (TSS), total phosphorus
(TP), total nitrogen (TN) and fecal indicator bacteria (FIB). Stormwater pollutants loads are
determined by the volume of water that becomes runoff and the wash-off concentration from

various land uses and the stormwater effluent from technologies. As water flows through
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technologies, the pollutant concentrations may change in the effluent. Stormwater effluent
concentrations for technologies were extracted from the International Stormwater BMP database
(Clary et al. 2020), which contains statistical summaries of performances for various
technologies (Table 3.2). If effluent water quality was not available in the International
Stormwater BMP database, then it is assumed that the wash-off concentration remains the same
as what was estimated as runoff for the study area based on land use.

Table 3.2: SCM effluent concentrations for various pollutants

Technology Total Total Total Fecal C?liform
Category Sl.lspended Phosphorus Nitrogen Units
Solids (mg/L) (mg/L) (mg/L) (CFU/100mL)
Rain Garden 10 0.24 1.04 400
Sand Filter 9 0.09 1.05 400
Infiltration Trench 9 0.09 1.05 400
Detention Basin 24.3 0.19 1.19 640
Wet Pond 12 0.1 1.31 1200
Stormwater Harvesting - - - -
Storage Vault - - - -
Permeable Pavement 26 0.11 2.36 -
Disconnection 19 0.17 1.13 -
Green Roof 10 0.24 1.04 400

Stormwater quality load estimates are calculated by first determining an assumed wash-off
concentration of pollutants (Cpoltutant) using a weighted average of land use types (LU) of the
study area and then using Equation 3.5. Land use wash off concentrations were obtained from

the National Stormwater Quality Database (NSQD) (Pitt et. al. 2004).

_ wDev.High Int. .
WaShOff Cpollutant - ZLU:Dev.Open Cpollutant,LU * %LU  Equation 3.5

Washoff concentration was used to estimate pollutant loads (Loadpoitant) by multiplying by a
corresponding water volume shown in Equation 3.6. All runoff that does not flow through a

technology or overflows the technology is multiplied by the wash-off concentration to provide a
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pollutant load. All runoff that flows through the technology (Runoffrecn) is multiplied by the
technology effluent concentration (Cpoltutant, Tech). Any water that infiltrates or evaporates does not
contribute to the pollutant load calculations. By summing up the loads of both stormwater runoff
and flow through all different stormwater technologies, total pollutant loads (Loadpoliutant) Were
calculated.
Equation 3.6
N M
Loadyoiutant = Z (Cpollutant,LU * Runoffw) + Z (Coottutant,Tech * RUNOS frech)
52 Tech=1

Combining hydrologic and water quality parameters was the first step for allowing
comparison of various SCMs. Quantifying the pollutant removal performance of stormwater
technologies is challenging and simple methods have been difficult to develop and adopt (Dell,
2016). The methodology relies on national datasets and user inputs to develop representative
technologies and then models those technologies using SWMM-LITE. The hydrologic and water
quality outputs are collected and then summarized for comparison.
3.6: Life Cycle Costs and Regional Cost Adjustment

To enhance municipal planning and budgeting for stormwater management, the
methodology for technology deployment includes a comprehensive Life Cycle Cost (LCC)
framework. The ultimate goal of this methodology is to help municipalities plan, budget and
understand tradeoffs in implementing varying scenarios of SCM selection. Accounting for total
life costs of stormwater infrastructures enables the municipalities to create budgets that represent
the potential municipal expenditures overtime. The LCC calculates costs of construction
(capital), maintenance, and rehabilitation costs overtime. Capital costs are defined broadly,
encompassing all necessary expenditures for project construction and installation. These costs

include labor, equipment, material costs, additional contractor markups, such as overhead and
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profit, associated with activities such as mobilization/demobilization, and site work. Notably, the
LCC adheres to National Institute of Standards and Technology (NIST, 1996) guidance by
excluding professional fees and land purchase costs, considered "sunk costs," from its
calculations. Engineering and contingency costs, however, are factored into the total construction
costs at a rate of 20%. Rehabilitation costs include a subset of the initial capital costs that are
necessary to replace after a specified design life for each SCM technology type. Despite
considerable research into the capital costs of SCMs, there remains a significant gap in available
data on operations and maintenance costs (Clary and Piza 2017; WRF 2018). The LCC
framework bridges this gap highlighting how maintenance decisions impact total lifecycle costs.
To develop cost estimates, the methodology employs a detailed line-item build up to develop
construction, replacement/rehabilitation, operation and maintenance costs for the SCMs included
in the tool.

This approach led to costs for the variations of SCMs for characteristics influenced by
user-specified design parameters such as size, pavement or vegetation type, the presences of
underdrains and liners, and other design parameters specific to each technology. The design
parameters vary, depending on the technology, typically include both surface area and capture
volume. Other parameters such as media depth, vegetation, pavement type, and the use of
underdrains or liners are technology specific and influence cost of construction and maintenance.
The supplementary material describes these parameters and how they are used to inform the line-
item cost build up for each technology. An example of the items included in the unit cost build

for rain gardens is provided in Table 3.3.
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Table 3.3: Items included in the rain garden construction cost build up

Cost Item Units Small Medium Large
Clearing & grubbing SF X X X
Excavation & backfill CY X

Haul/Dispose of Excavated Material CY X X X
Sand/peat mixture CY X X X
Gravel CY X X X
Mulch CY X X X
Plants or Plugs SF X X X
Upland Seeding and Mulching ACRE X X X
Turf grass from sod SF X X X
Trees LS X X X

Outlet structure (small & medium) LS X X
Outlet structure (large) LS X

4" perforate PVC pipe & fittings LF X X
6" perforate PVC pipe & fittings LF X
4" PVC pipe & fittings for risers LF X X X
Geotextile SF X X X
Concrete perimeter walls CY X X X
PVC Liner SF X X X

6" HDPE LF X X
12" HDPE LF X
Irrigation System SF X X X
Mobilization % X X X
Demolition % X X X
Engineering % X X X
Contingency % X X X

The line-item cost built up utilized national average values from the Department of
Transportation bid tabs throughout the United States (USDOT, 2018) to provide costs, which can
be adjusted based on the study location using regional cost centers (BLS, 2018) or based on user
knowledge. The approach enables selection of key parameters that affect size of the stormwater
control measures, inclusion of various components and intended or budgeted maintenance

possibilities for each SCM technology, such as compliance inspections, trash removal, and
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landscaping costs (e.g., weeding or mowing) which directly increase or decrease future costs of

the asset. An example of the final cost build ups for small rain gardens is provided in Figure 3.4.

Dezign Parameters Uzer Supplied Values
Swrface Area (5f) 100
Ponding Depth (in) 6
Filter Media Depth (in) 18
Storage Layer Depth (in) 12
Muich Deprth (in) 3
Length of Underdrain Pipe (ft) 15
Numiber of Risers 1
_drea of geotextile or liner () 220
Coast Details Capital Costs Rehahbilitation Costs
Uzer- Uszer-
Quantity Supplie Quantity Supplie

Cost Item IJnit  Unit Cost | (Equations) d Coat (Equations) d Coat
Clearing & grubbing SF S o1s GO o0 s so NGO 00 s 89
Excavation & backfill = 1 acre zite CY § 31.05 11 5 345 7 5 230
HaulDizpoze of Ex Material CY § 10,00 11 5 111 7 5 74
Sand/peat mixture CY § 63,25 & 5 351 & £ 351
Cravel cys = = s s s -
Mulch CY § 9.58 1 5 g 2 5 1%
Plantz or Plugs SF § 15.05 1040 £ 1,505 100 5 1,505
Upland Seeding and Mulching WCR 5 14,278.00 0.002 5 33 0002 5 33
Turf grazz from =od SF § 1.08 100 5 103 100 5 108
Treez (medium) # 5 335.00 1 5 335 1 £ 335
Qutlet structure (zmall & medium) # 5 3,700.00 1 3 3700 5 -
Outlet structure (large) # 5 430000 0 5 - 1 S 4300
4" perforate PVC pipe & fittings LF § 21260 13 5 335 5 -
6" perforate PVC pipe & fittings LF § 39.20 0 5 - 5 -
4" PVC pipe & fittings for rizers LF § 1160 4 5 74 5 -
Geotextile SF § 7.20 220 5 1,584 5 -
Concrete perimeter walls CY § 404,00 1 5 593 5 -
PVC Liner SF § 215 220 5 473 5 -
6" HDPE LF § 6.90 30 5 345 5 -
11" HDPE LF § 18.85 0 5 - 5 -
Irrigation System 5Y § 11.60 11 5 1440 11 5 140
Mohbilization t ] 7 5 758 7 5 503
Demolition £ ] 5 5 341 5 £ 339
Engineering £ ] 10 5 1082 10 5 718
Contingeney U4 10 £ 1082 10 £ 713

Total: 5 14,186 5 9,483

Figure 3.4: Example cost build up for small rain gardens

Maintenance activities vary significantly based on user-preferences. The type and
frequency of each maintenance activity is based on recommendations found in a review of more
than 20 maintenance manuals from municipalities and agencies across the United States. The

user selects the frequency of these activities to account for regional variation in climate. For
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example, mowing or weeding is necessary throughout the year in warm weather regions but is
not necessary throughout the year in regions that experience vegetation dormancy.

The general LCC method includes a study period (length of life expected for the SCM),
initial and periodic capital, operation, and maintenance costs, an applicable discount rate, and
price inflation factors to calculate the present value (PV) of an investment. The LCC method
does not include monetary co-benefit value or return on investment of SCMs. The PV is
computed (Equation 3.7) following the standard formula used in infrastructure and feasibility

level planning (NIST 1996; USEPA 2000).

(147r)Y

RC _
PV = Co + [Z§=O + 211;:0:1 v ] Equation 3.7

(1+7r)Y
where PV is the present value of the life cycle costs, Y is the number of years in the LCC
analysis period, Co is the initial construction cost at y = 0, MC is the maintenance cost that occurs
annually, RC is the rehabilitation cost that occurs with the frequency specified as “years to
rehabilitation” (1) based on estimated life span of the technology, and r reflects the discount rate.
When combining with the predicted water quality improvements provided by different
technologies, the LCC provides unit costs in dollars per pound removed for stormwater
pollutants (i.e., TSS, TN, TP, and FIB). This may be of interest if a particular pollutant is the
main target to reduce, such as phosphorus in freshwater or nitrogen in more saline waters. A full
detailed literature review and further description of the cost methodology can be found in Water
Research Foundation [WRF], 2021.
3.7: Co-Benefit Assessment
SCMs provide benefits more than stormwater control to the community, including
environmental, social, and economic benefits. These additional benefits are called co-benefits

(Alves et al., 2018a, b). Typically, green stormwater infrastructure (GSI) provides more co-
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benefits than traditional gray infrastructure. The co-benefits of green infrastructures play an
essential role in sustainable urban development (USEPA, 2014). For instance, while green roofs
help to reduce runoff volume, they offer other benefits, such as building energy efficiency,
carbon sequestration, and aesthetic quality enhancement ). Furthermore, adding urban green
spaces and trees to the cities increases property value, provides recreational opportunities and
health benefits by encouraging physical activities and improving air quality (USEPA, 2023b,
Ward et al., 2008; Choi et al., 2021; Berland et. al. 2017; Wang et al., 2023a).

Based on the extensive literature review conducted, a methodology for estimating
performance scores for scenarios in each of the three co-benefit categories (economic, social, and
environmental. Approaches were developed from the peer reviewed literature and other accepted
co-benefit analysis tools Table 3.4. Estimation of scores for each indicator is based on
technology user selections for scenario and outputs as summarized in Table 3.4. A more detailed
approach for estimating each indicator is described in the supplementary material.

Table 3.4: Summary of Approach to Estimate Co-Benefit Indicators

Co-Benefit Indicator Approach Parameters

Economic Co-Benefits:

SCM area (acre) only when
Directly correlated to area of added ~ vegetated is selected and

Property Values green space! technology is added to captured
pervious
Ozone, PM10, nitrogen dioxide,
sulfur dioxide, and carbon monoxide
removal by each herbaceous plants Diverse Vegetated SCM area
Costs from Illness and trees is estimated®. Pollutant (acre); Number of trees added;

removal is used in conjunction with ~ Area of Green Roof
cost of illness treatment associated
with each pollutant®.

Avoided Costs from Combined Average annual precipitation that

5
Sewer Treatment Runoff volume becomes runoff (in/yr)
Poj[entlal Impacts from to Runoff volume Average annual prec1p1tat10n that
nuisance floods becomes runoff (in/yr)

Energy savings associated with

areen roof* Green roof area (acre)

Building Energy Efficiency
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Avoided Water Treatment

Employment Opportunity

Volume of stormwater harvested and
used

Annual maintenance per technology
added

Stormwater usage rate (gal/day)

Annual maintenance per
technology added (hr/yr)

Social Co-Benefits:

Health Impacts from Air
Quality

Mental Health

Thermal Comfort

Increased Supply from
Harvested Stormwater

Public Awareness of
Stormwater and Water Systems

Potential Avoided Social Strain
Associated with Nuisance
Flooding

Ozone, PM10, nitrogen dioxide,
sulfur dioxide, and carbon monoxide
removal by each herbaceous plants
and trees is estimated?. Reduction of
these pollutants is related to
decreased cases of illness>.

Directly correlated to area of added
green space’

Percent reduction of urban heat
i1sland effect is estimated based on
vegetation and soil®.

Volume of stormwater harvested and
used

Density of SCMs added is correlated
to public visibility and educational
opportunities®

Runoff volume

Diverse Vegetated SCM area
(acre); Number of trees added;
Area of Green Roof

SCM area (acre) only when
vegetated is selected and
technology is added to captured
pervious

SCM area (acre) only when
vegetated is selected and
technology is added to captured
pervious

Stormwater usage rate (gal/day)

Number of SCMs / project area
(acre)

Average annual precipitation that
becomes runoff (in/yr)

Environmental Co-Benefits:

Ecosystem Services

Groundwater Flow

Carbon Sequestration

Pollinator support score based on
percentage flowering vegetation®

Biodiversity score based on plant
coverage and number of species
planted?

Green corridor support score based
on presence of grass area’

Infiltration volume

Carbon sequestered estimated based
on addition of herbaceous plants,
soil, and trees’.

Vegetation selection - % of
Flowering Vegetation (0 or
>50%)

Vegetation selection of Diverse
and # of species (2, 3-9, >10)

Technology selection of large
EDB gets credit, all others do not

Average annual precipitation that
infiltrates (in/yr)

Diverse Vegetated SCM area
(acre); Number of trees added;
Area of Green Roof

1 - Ward et al. (2008); Lutzenhiser and Netusil (2001); Shultz and Schmitz (2008)

2 - Nowak et al. (2002); Jones et al. (2012)
3 - Nowak et al. (2014)

4 - Doshi et al.(2005)

5 - Jones et al. (2012)

6 - Li (2016); Oke (1987)

7 - Getter et al. (2009); Jo and McPherson (1995)
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3.8: Longmont Demonstration of Methodology

To test the methodology developed to estimate technologies, a comparison was
completed with actual municipal data. For this comparison, the two primary technologies used
by the City of Longmont were summarized, rain gardens and detention basins. The following
discusses how the two technologies were implemented with representative technologies using the
methodology.
3.8.1: Longmont Technology Summary

The City of Longmont uses approximately seven different technology types throughout
the city including detention basins, rain gardens, disconnection, grass swales, sand filters,
permeable pavements and manufactured treatment devices (MTDs). Of the seven different
technology types, all but one type, MTDs cannot directly be implemented using the proposed
methodology. The two most common technologies were implemented, detention basins and rain
gardens. Currently in the City of Longmont there are approximately 22 rain gardens and 108
detention basins treating a total 25.6 and 897.4 impervious acres of tributary area respectively.
The City of Longmont includes approximately 6,382 acres of impervious acres over the total
16,795 acres within its jurisdiction. This means that approximately 14.47% of the impervious
area within Longmont is treated by either a rain garden or detention basin.
3.8.2: Implementation of Technology

The technologies were added using the rain garden and detention basin technology units.
For rain gardens a medium sized rain garden (average area 1,000 sq ft) was selected with a 12
inch ponding depth and 18 inch filter media depth. These are typical values from the USDCM
design criteria for ponding depth and filter media depth. Additionally, since most of Longmont is

Type C soils, a seepage rate of 0.5 in/hr was assumed. Finally, a drain time of 12 hours was used,
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which is also the standard drain down time specified in the USDCM. The rain garden was
applied to 0.4% of the total impervious area which translated to 25.53 impervious acres
(compared to the actual 25.6 impervious acres assumed to be treated). A capture depth was set to
0.5 inches which is also the standard 80™ percentile event, which is the regulatory water quality
event for Colorado. According to these initial parameters the methodology assumed 29
technologies would be needed to provide that level of treatment, compared to the actual 22
technologies provided. By increasing the ponding depth to 16 inches instead of 12 inches and the
filter media depth to 24 inches instead of 18 inches, the total number of technologies could be
reduced to 22 instead of 29.

For detention, at first a medium detention basin was selected. Detention basins do not
have as much flexibility for representation within the methodology. For the small, medium, and
large representation, many of the sizing parameters were defaulted. This allowed for consistent
cost build-ups based on the size of the detention basin. When selecting a detention basin class
(small, medium, large) the following parameters are defaulted, basin depth, basin volume,
bottom surface area, top surface area, length to width ratio, and side slopes. This assumed the
standard prismatic shape of typical basins. In Longmont, most detention basins include forebays
and trickle channels, however micropools are not always included. Multiple classes of detention
basins could have been selected where some had micropools and others didn’t however, for this
exercise, micropools were left out of the analysis as they only impact cost and not hydraulic
performance.

The detention basins were set up to capture 14.07% of the impervious area for §97.96
impervious acres compared to the actual 897.44 impervious acres. Like with the rain gardens, the

capture depth was also set to 0.5 inches. Using the medium detention basin class this required 17
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detention basins, however for Longmont this treatment is provided using 108 detention basins.
For that reason instead of a medium class that captured 100,000 cubic feet, a small detention
basin was used that only captures 12,500 cubic feet. This estimated the total number of
technologies to be 131 which is closer to the 108 actual.
3.8.3: Comparing Actual to Representation

When comparing the actual technologies used by the City of Longmont to the
representative model it was found that the methodology was able to closely match the actual with
very little modification. By simply knowing the basic design standards, number of technologies
and tributary area to those technologies a realistic representation could be determined. Table 3.5
provides a summary comparing the actual technologies with the representative technologies for
the methodology. If additional time was taken or more information was known, it would be
possible to further modify some of the technologies to even more closely match the actual.

Table 3.5: Comparison of actual technology information compared to representative technologies
used with the methodology

Rain . Detention Detention
Rain Garden . .
Parameters Garden Representation Basin Basin
Actual P Actual Representation
Impervious Acres Captured 2560 7553 297 298
(acres) ) )
Volume (Z‘th?t?apmred 46,437 46,400 1,628,854 1,637,500
Number of Technologies 22 29 108 131
Average Volume/Technology 1347 1.600 13.961 12.500
(cu. ft.) ’ ’ ’ ’
Average Area/Technology 3988 1.000 43.873 7500
(sq. ft.) ’ ’ ’ ’

Many of the parameters closely matched the average values with the representation
except for average area of technology. The representative rain garden area and volume were -

69.9% and 18.7% different (respectively) from the mean technology parameters. The
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representative detention basin area and volume were -82.9% and 10.5% different (respectively)
from the mean technology parameters. Hypothesis testing was completed to determine if the
representation of the technology for key parameters of unit technology volume and surface area
could be a plausible population mean based on Longmont data. For the hypothesis testing,
Longmont technologies were used as samples to provide a sample mean, x and sample standard
deviation, s for the parameters. A t-test was completed for each of the parameters.

Table 3.6 shows the results of that hypothesis testing. Based on the results of the
hypothesis testing there was not enough evidence to conclude that the mean volume for rain
gardens, the mean area for rain gardens, and the mean volume for detention basins is different
from the representative parameters. However, the test was able to suggest that 7,500 sq. ft. is not
a plausible population mean for detention basin areas based on City of Longmont technologies.
This is believed to primarily be a result of the City of Longmont data. For technology area, the
total technology area included area used primarily for flood control if flood control was also
provided. If the technology area only included the area used for water quality, then it is predicted
that the average area per technology would be significantly closer to the representation estimate.
Among technologies however, there is naturally high variability in implementation. The benefit
of the methodology is to be able to come up with a realistic representation of the technology to

represent all of those technologies for high level decision making and long-term urban planning.
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Table 3.6: Hypothesis testing results comparing representative technology parameters to Longmont
technology data

Hypothesis Testing Rain Garden  Detention Basin  Rain Garden Detention Basin
Parameters Volume (cf) Volume (cf) Area (sf) Area (sf)
H, n=1,600 u= 12,500 u = 1,000 p=7500
Ha u# 1,600 u# 12,500 u# 1,000 n# 7,500
X 1,347 13,961 3,289 43,873
s 1,994 16,664 6,144 98,845
n 19 86 17 53
t-stat -0.552 0.813 1.536 2.679
p-value 58.8% 41.8% 14.4% 1.0%
alpha 5.0% 5.0% 5.0% 5.0%
Result Fail to reject Fail to reject Fail to reject Reject

Figure 3.5 shows a comparison of the volume and technology area compared to the
average technology volume and area as well as to the representative technology volume and area.
The figure shows two important factors. The first is that the average technology volume is very
comparable to the average representative technology volume. The second observation is that
there is a significant amount of variability among SCMs, even SCMs of the same overall type.
Despite this variability the provided methodology was able to employ a simplistic and functional
estimate to create a representative technology that could be used to estimate the hydrologic
performance, cost, and co-benefits of these technologies. The results of this analysis will be

discussed further in Chapter 4.
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City of Longmont technologies include 22 rain gardens and 108 extended detention basins

Figure 3.5: Summary of the comparison of technologies for the City of Longmont compared to the
representative technology used for the methodology. Technology volumes and technology surface
areas were compared. Volumetric comparisons demonstrated strong correlation, however the area
comparisons showed that Longmont applications had higher areas than the representative
technologies.
3.9: Limitations

While the proposed methodology provides strong representation of technologies, it is

important to remember that this methodology is appropriate for planning-level analysis rather

than site-level design. The methodology developed in this chapter is for municipal-scale
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planning and screen and cannot be used as a replacement for engineering design. The technology
unit framework provides a consistent way to deploy numerous technologies across a broad area,
because of the deployment however, a lot of variability between technologies must be simplified
or ignored. Specifically site-specific design considerations, such as available footprint, grading,
utility conflicts, groundwater levels, native soils, overflow location, maintenance access, and
flood control hydraulic discharge constraints, must still be evaluated during final design.

The method also relies on simplified assumptions regarding SCM placement, capture
volume, and technology configuration. SCM implementation is often constrained by space
availability and is impacted by land ownership, right-of-way availability, local design standards,
existing drainage patterns, and site feasibility. These constraints are only partially represented in
the planning-level approach. As a result, the methodology is best used to compare broad SCM
deployment scenarios rather than to identify final project locations or construction-ready designs.

Hydrologic and water quality results should also be interpreted as planning-level
estimates. The SWMM-LITE framework is designed to estimate runoff, infiltration, and
evaporation efficiently at municipal scales, but it does not represent detailed hydraulic routing,
internal storm sewer capacity, localized flooding, or peak flow rates and timing as a fully
developed SWMM model (Dell et al. 2021; Mohammad Zadeh et al. 2024). Similarly, pollutant
load reductions are based on representative runoff volumes, land-use-based wash-off
concentrations, and technology-specific effluent assumptions from the International BMP
Database (Clary et al 2020). These estimates are useful for comparing technology performance
across a variety of scenarios, but they should not be interpreted as a substitute for site

monitoring.
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Life-cycle cost and co-benefit estimates are also subject to uncertainty. Cost estimates are
developed from representative technology configurations, regional cost factors, and assumed
maintenance and rehabilitation activities; therefore, they are appropriate for feasibility-level
comparison as well as for a general municipal budget application, however they are not
appropriate for bid-level construction estimating. Co-benefit estimates provide a comparative
indication of social, economic, and environmental outcomes, but many co-benefits are difficult
to quantify consistently across communities and are not monetized within this methodology.
Additionally co-benefits largely are impacted by site placement so the co-benefits estimated in
this methodology is largely used as indicators for what is available or potential to achieve but
still would require additional design and planning to ultimately achieve. However, there is also a
reality that even more co-benefits could be achieved than demonstrated in this tool as site design
elements are implemented. Despite these limitations, the approach provides a practical
framework for comparing SCM portfolios at the municipal scale and for linking technology
deployment to hydrologic performance, water quality, life-cycle cost, and co-benefit outcomes.
3.10: Conclusions

The goal of this chapter was to develop a methodology for representing stormwater
control measures within a municipal-scale planning framework without requiring detailed site
design information for each individual facility. The methodology developed uses standardized
technology units to allow for simple user-defined SCM deployment into model-ready
representations. Each technology unit represents a discrete SCM facility or a unit area of an area-
based practice. By defining SCMs through treated impervious area, design capture depth,
technology size, and selected design characteristics, the methodology provides a consistent

approach for evaluating alternative SCM portfolios across large study areas.
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The technology-unit framework connects SCM deployment directly to hydrologic
performance, water quality, life-cycle cost, and co-benefit assessment. Hydrologic effects are
evaluated through SWMM-LITE. Water quality effects are estimated by combining runoff
volumes with land-use-based wash-off concentrations and technology-specific effluent
concentrations. Life-cycle costs are estimated using construction, maintenance, and rehabilitation
cost components that vary by technology type, size, and user-selected design parameters. Co-
benefits are evaluated through economic, social, and environmental indicators that respond to
technology characteristics and modeled outputs. Together, these components allow SCM
scenarios to be compared using multiple decision criteria rather than hydrologic performance
alone.

The methodology was demonstrated through an application for the City of Longmont
showing that representative technology units can approximate existing municipal SCM
implementation using limited planning-level information. The representative rain garden and
detention basin units closely matched the estimated treated impervious area and capture volume
of the actual municipal inventory, although individual technology surface areas varied because
existing facilities include site-specific geometry and likely include additional areas associated
with flood control or other design functions. This result supports the intended use of the
methodology as a planning-level representation of SCM implementation. Overall, the
methodology provides the necessary link between the simplified hydrologic modeling framework

developed in Chapter 2 and the integrated CLASIC decision-support tool described in Chapter 4.
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CHAPTER 4. DEVELOPMENT OF A WEB-BASED TOOL FOR MUNICIPAL SCALE
ANALYSIS OF STORMWATER INFRASTRUCTURE INCLUDING HY DROLOGIC

PERFORMANCE, LIFECYCLE COSTS, AND CO-BENEFITS?

4.1: Introduction

Rapid urbanization has altered the natural hydrological processes and caused water
quality degradation (Hibbs & Sharp, 2012; Hogan & Walbridge, 2007). Increasing stormwater
runoff due to growing population, changing the land use and land cover, and climate change has
resulted in many challenges, such as flooding, property damages, surface water and groundwater
contamination, aquatic habitat devastation, and erosion of stream banks (Hellman et al., 2018;
Simpson et al., 2022; Wang et al., 2013; Wang et al., 2022). Stormwater Control Measures
(SCMs) are intended to collect and convey stormwater, provide storage capacity and detention
volume to prevent combined sewer overflows and downstream flooding, and improve
stormwater quality (Ahiablame et al., 2012; Dietz, 2007; Fletcher et al., 2015; Leisenring et al.
2014; Poresky et al., 2011) .

Stormwater Control Measures (SCMs), are a broader definition for stormwater practices
that includes both green and grey infrastructure. Traditional gray stormwater infrastructure often
struggle to handle many of the issues of urbanization (USEPA, 2021). These single-purpose
systems include pipes, curbs, gutters, and sometimes simple detention to collect the stormwater
runoff, convey it through pipes and discharge it into water bodies or wastewater treatment
facilities. Conversely, Green Stormwater Infrastructure (GSIs), such as green roofs, rain gardens,

and porous pavement, are intended to decrease the stormwater runoff at its origin and filter the

3 This chapter is adapted from Arabi et al. (2025), originally published in Environmental Modeling and Software.
The author contributed to the model development and manuscript preparation.
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pollutants by infiltrating the water (USEPA, 2024a). Beyond influencing stormwater quantity
and quality, SCMs, specifically green stormwater infrastructures (GSI), provide social,
economic, and environmental benefits (co-benefits), such as enhancing urban aesthetics,
improving air quality and mental well-being, and increasing property values (Choi et al., 2021;
Ewane et al., 2023; Rainey et al., 2022; Spahr et al., 2020; Wang et al., 2023). Both green and
gray systems have positive and negative externalities throughout their lifetime.

SCMs, however, are not defined as a binary of grey or green infrastructure but are on a
continuum of green and gray (Bell et al., 2019). Selecting SCMs therefore is often not as simple
as picking a green infrastructure and then implementing it in the development. Understanding
and quantifying the costs and benefits of these systems is an essential step for any investment in
either. Life Cycle Cost Assessment (LCCA) and Life Cycle Assessment (LCA) are helpful tools
to assess the economic and environmental impacts of the infrastructures over their lifetime
(Norris, 2001). Many studies have used these methods in addition to hydrologic models to
evaluate and compare gray and green infrastructures’ challenges and benefits (e.g., De Sousa et
al., 2012; Dos Santos et al., 2021; Nordman et al., 2018). LCCA can be selected over LCA to
focus on estimating the cost-effectiveness of different investment scenarios in monetary units,
which directly impacts municipal budgeting, utility fee setting and management, and capital
expenditure planning (CLASIC, 2020; Norris, 2001).

Various tools are available to build a hydrologic model and assess LCCA and/or LCA.
Models such as EPA SWMM (Rossman and Simon, 2022), RECARGA (Severson & Atchison,
2004), and P8 Urban catchment model (Walker, 1990) can predict the stormwater runoff quantity
and quality with and without green infrastructures. WERF BMP and LID Whole Life Cycle Cost

Modeling Tools (WERF, 2009) and GI Valuation Toolkit (Ashton et al., 2011) are examples of
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the models that only address the economics of Gls. Furthermore, some tools such as EPA
National Stormwater Calculator (Rossman & Bernagros, 2019), Center for Neighborhood
Technology National Green Values Calculator (CNT, 2022), System for Urban Stormwater
Treatment and Analysis Integration (SUSTAIN) (Lee et al., 2012), and Low-Impact
Development Rapid Assessment (LIDRA) (Montalto et al. 2007) can evaluate the stormwater
quantity and quality and systems costs and benefits (Bernagros et al., 2021; Jayasooriya & Ng,
2014). I-Tree Eco, has the capacity to assess ecosystem services and structural characteristics of
the urban or rural trees and forests which can have a significant stormwater benefit and general
environmental benefits (I-Tree Eco, 2021; Van Oijstaeijen et al., 2020).

E2STORMED is another decision support tool that enables users to compare different
scenarios based on financial, energy, environmental, and social criteria (Morales-Torres et al.,
2016). This tool, which is mainly developed with data from Mediterranean cities and
international guidelines, utilizes TR-55 (USDA, 1986), which is applicable in small urbanizing
watersheds, to assess annual runoff volume. However, the users can replace the estimated value
using a more rigorous rainfall-runoff tool like SWMM. Furthermore, to simplify the process,
E2STORMED provides a qualitative (rather than a quantitative) evaluation of water quality and
ecosystem services benefits (e.g., increased property values, habitat and biodiversity provision,
air quality improvement). Yet, quantitative values from other tools can be added to the model
(Morales-Torres et al., 2016). Another decision support tool has been recently developed, the
integrated decision support tool (i-DST). The i-DST is a planning-level stormwater decision-
support tool developed to compare green, gray, and hybrid stormwater control measure scenarios
by integrating hydrologic and water quality performance, life-cycle cost, and benefit assessment

to evaluate tradeoffs among alternative SCM portfolios (Gallo et al. 2020).
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Although various tools are available to help decision-makers and stakeholders, they have
some limitations. Not all of the mentioned tools can address all social, economic, and
environmental impacts of the green and gray infrastructures, their life cycle costs, and co-
benefits. Thus, based on the need of a project, a decision-maker may have to use a combination
of tools together to reach their goal. There are also other challenges with the existing tools. Some
tools offer only limited types of GSI practices (e.g., RECARGA and P8). Complex models, such
as SWMM, SUSTAIN, and i-DST, require extensive input data that is often hard to find,
especially for a large-scale study area. On the other hand, some models, such as the EPA
stormwater calculator, RECARGA, and P8, cannot be used for a large-scale study area, and their
applicability is only restricted to the site or neighborhood scale (Dell et al., 2021; Jayasooriya &
Ng, 2014; Kumar et al., 2021; Shahed Behrouz et al., 2020). Another issue with some models is
their requirement for a specific operating system or software (e.g., SWMM and RECARGA are
Windows-based tools; SUSTAIN requires ESRI’s ArcGIS 9.3 with the Spatial Analyst extension
and Microsoft Excel). Thus, web-based tools with computationally scalable cloud computing and
geospatial components can be a better choice to avoid this limitation.

There is a need for an easily accessible stormwater planning and management tool that
integrates hydrologic performance with a Triple Bottom Line (TBL) assessment, life cycle costs,
and co-benefits at any scale (neighborhood to municipal). Hence, the main goal of this study is to
develop a cloud-based software, called CLASIC, Community-enabled Lifecycle Analysis for
Stormwater Infrastructure Costs tool (CLASIC, 2020) which can complete hydrologic analysis,
compute life cycle costs (LCC), and perform TBL assessment for the planning of stormwater

systems, including SCMs at municipal scales. Specifically, the objectives are:
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a) Develop a computationally efficient and effective municipal scale hydrologic and water
quality modeling tool with the capacity to use nationally available land cover, climate,
and soils data.

b) Support decision-makers in scoping projects beyond the capital investment and include
operational and rehabilitation costs through the use of national cost information and life
cycle cost estimates for various stormwater technologies.

c) Develop modeling capacities to characterize co-benefits of SCMs using the triple bottom
line approach for comparison of various stormwater scenarios.

CLASIC provides a comprehensive planning-level framework for evaluating stormwater
control measure scenarios across small to large municipal scales. The tool builds on SWMM-
LITE, a simplified SWMM-based hydrologic modeling approach that estimates planning-
relevant water balance components, including runoff, infiltration, and evaporation, with reduced
input data requirements and shorter processing times (Dell et al. 2021). Within this framework,
CLASIC supports evaluation of ten widely used green, gray, and hybrid stormwater technologies
and based on several categories, including hydrologic performance, water quality improvement,
life-cycle cost, and triple-bottom-line co-benefits. In addition, the tool allows users to assess
future planning scenarios, including changes in land use, increased impervious area, and climate
conditions.

4.2: CLASIC Functionality

CLASIC is a comprehensive cloud computing web tool that has been developed to help
municipalities assess the life-cycle cost, hydrologic and water quality performance, and co-
benefits of various gray, green and hybrid stormwater control measures (SCMs) under alternative

scenarios for comparison of results to a baseline scenario. SCMs that can be explicitly modeled
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in CLASIC include Extended Detention Basin, Green Roof, Infiltration Trench, Permeable
Pavement, Rain Garden/Bioretention, Rooftop Disconnection, Sand Filter, Storage Vault/Tunnel,
Stormwater Harvesting, and Wet Pond (CLASIC, 2020). The framework and interface of
CLASIC have been streamlined to be accessible to a large range of users, from small
municipalities or community groups to large municipalities. It was designed with flexibility to
enable analyses with limited access to stormwater data or area-specific data while also providing
advanced analyses for users with access to extensive supplemental data sets.

CLASIC guides users through four steps (Figure 4.1) to construct a project for scenario
evaluation. The tool populates the required input parameters with default values that are
automatically derived from national datasets and industry standards and allows users to replace
populated default parameter values with their own data as available. CLASIC calculates life-
cycle cost through a robust unit cost build-up for the SCMs including capital, maintenance and
rehabilitation costs. Hydrologic performance is assessed using a modified model in the EPA
Storm Water Management Model (SWMM) and national databases are utilized to evaluate the
pollutant loads in the stormwater runoff as well as stormwater treated by SCMs. A multi-criteria
decision analysis (MCDA) provides a co-benefit analysis to allow decision-makers to factor in

ancillary benefits (environmental, economic, and social) of various SCMs.
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Figure 4.1: The steps toward building a project in the CLASIC tool

4.2.1: Cloud Deployment

The CLASIC tool's core simulations are coded in Python, with a user interface built using
HTML and JavaScript. The CLASIC tool operates on the eRAMS cloud computing platform,
providing a web-based analytics environment with extensive capabilities for data analysis,
geospatial processing, and modeling accessible via desktop or mobile web browsers. The
environment Resources Assessment and Management System (eRAMS) cloud computing
platform software (CLASIC, 2024) has powerful cloud-based capabilities (Figure 4.2) that can
be used to build computationally scalable and platform-independent tools accessible through web
browsers on desktop or mobile devices. CLASIC features a user-friendly interface built with
React/Redux for the front end, accompanied by a robust Python/Django backend. CLASIC
primarily leverages a suite of open-source geospatial libraries, such as MapServer, Shapely,
Geopandas, NumPy, Raster]O, GDAL, and Rasterstats, to perform advanced geospatial analysis.
Furthermore, the development and deployment process is streamlined using Jenkins, an
automation server that facilitates continuous integration and delivery. An advantage of the
deployment of analysis tools in ERAMS is integration with the web-based eRAMS GIS, which

enables access to geoprocessing, mapping, and visualization tools (Catena, 2024). In the eRAMS
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platform, data and scenario information are processed through the Cloud Services Integration
Platform (CSIP) (David et al., 2014; Lloyd et al., 2013; Lloyd et al., 2015), leveraging cloud
infrastructure for efficient modeling and environmental simulations with Representational State

Transfer (RESTful) web services (Pautasso & Wilde, 2010).
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Figure 4.2: Diagram of CLASIC services using the web-based eRAMs platform, CLASIC relies on
the combination of several sub-tools, data libraries, and code bases, all deployed in user-friendly,
web-based interface.

4.2.2: Spatial Discretization Scheme

CLASIC begins by defining a project area or study area. A project area in the CLASIC
tool can range from neighborhood scale to large municipal scale areas. The area’s boundary can
be defined utilizing built-in features that allow for creating a custom boundary or selecting from
predefined political or hydrologic boundaries, including city limits and 12-digit Hydrologic Unit

Code (HUC) watersheds. The area can then be further discretized into subunits, utilizing Census
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Tracts, Block Groups, or Blocks for more detailed analysis. Additionally, CLASIC allows for the
integration of a user-specified layer for the project area with single or multiple subunits, offering
flexibility to integrate precise geographic data tailored to individual project requirements.

After defining the subunit boundaries, CLASIC follows a spatial discretization scheme to
model the hydrological responses (i.e., runoff, infiltration, and evaporation) of the project area
and the hydrologic and water quality performance of SCMs in different scenarios (Dell et al.,
2021; Mohammed Zadeh et al., 2024). First, each subunit is divided into directly connected
impervious areas (DCIA) and separate pervious areas (SPA) for hydrologic modeling in SWMM,
based on the subunit's area and its percent of imperviousness. If an SCM is used in a scenario,
the area of the DCIA that should be treated by the SCM is a model parameter. This area will be
taken out from DCIA and becomes the unconnected impervious area (UIA). The area allocated
for the placement of the SCM (represented by the receiving previous area (RPA)) is taken out

either from the SPA or UIA and will be a standalone unit in SWMM (Figure 4.3).

Spatial discretization
in CLASIC

' Outlet

Subcatchment

Figure 4.3: Spatial discretization scheme in the CLASIC tool for a subcatchment.

For the functionality of the CLASIC user, much of this process is occurring in the

backend of the tool. All a user is required to provide is the area, percent impervious, and, if using
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a SCM, how much of the DCIA will be treated (defaulted at 10%), and where the area for the
SCM should come from, either from the SPA or the UIA (defaulted as the SPA for most
technologies). The area discretization occurs for the project area as a whole, or for each
individual sub-unit, if sub-units are used.
4.3: Input Datasets

Incorporating input parameters is essential for building a model and exploring alternative
scenarios within the CLASIC tool. While some parameters are applied to the entire study area
(e.g., climate data), others can be defined for each subunit based on its unique characteristics,
including area size, percentage of imperviousness, soil type, surface slope, overland flow length,
and land use/land cover. To reduce the challenges associated with data collection and
preparation, CLASIC automatically populates the required input parameters as default
parameters for regions within the United States utilizing available national databases. These
databases are either external resources that are accessed through the web or internal resources
that are embedded in the tool (Figure 4.2). Furthermore, the tool is adaptable to be used outside
the U.S., provided the required input data is available.
4.3.1: Climate

Acquiring spatial relevant rainfall and climate data is often a limiting factor for many
municipal decision makers (Chambers et al., 2026). CLASIC can retrieve the historical climate
data from nearby climate stations using the Better Assessment Science Integrating Point and
Non-point Sources (BASINS) meteorological data (USEPA 2023a). Meteorological data is
available throughout the continental U.S. ensuring that users have access to local climate data
and often including several years and even decades of local climate data. Hourly precipitation

time series using rainfall volume in inches and monthly average evaporation in inches per day
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populate the model for hydrologic assessments based on the user-selected station. Evaporation
data is summarized and applied in the hydrologic model on an average of inches per day on a
monthly basis. A time series of historical precipitation data can also be uploaded into the tool by
the user if available. Additionally, the user has the ability to export the existing precipitation data
and augment with additional data if available and then re-upload into the tool.
4.3.2: Land Use and Land Cover

Land use/Land cover directly impacts the hydrology and stormwater quality. As areas
become more developed, the increase in impervious surfaces such as asphalt and concrete
prevents the natural infiltration of water into the soil, leading to greater volumes of runoff. This
runoff collects various pollutants from diverse urban land uses (e.g. residential, commercial,
industrial, and transportation infrastructures). To characterize land use categories in the study
area, CLASIC uses the National Land Cover Database (NLCD) that provides a comprehensive
land cover raster dataset at 30-m resolution across the entire United States (USGS, 2018). NLCD
categorizes land use into various classifications, such as developed-open, developed-low
intensity, developed-medium intensity, and developed-high intensity. CLASIC employs a raster
calculator to accurately determine the proportion of each subunit's area that falls under specific
land use categories by overlaying the subunit boundaries onto the NLCD raster layer and
computing the percentage of each land use category within each subunit (Sharvelle et al., 2017).

The NLCD database also provides information about the impervious area in the region,
which is a primary driver of hydrologic processes (Barco et al., 2008; Gamerith et al., 2013;
Guanipa et al., 2019; Hidayat and Soekarno, 2020; Mahammad Zadeh et al., 2024). CLASIC
estimates the imperviousness of each subunit using an area-weighted average of the percentage

of imperviousness from the NLCD imperviousness raster layer processed through eRAMS.
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While these values are provided to the user as inputs, there is also the option for the user to
modify these on additional information or to provide their own imperviousness or land cover
data into the tool.
4.3.3: Overland Flow Length

In addition to land cover, an important parameter for hydrologic modeling is overland
flow length (Dell et al., 2021). Overland flow length is the longest distance runoff would travel
as sheet flow before it becomes concentrated or channelized flow. For CLASIC, this parameter is
correlated to land cover type as determined by NLCD characterization. An overall value of
overland flow length is assumed as a default value for each land use type (Table 4.1), and based
on an area-weighted average method, an average overland flow length for the subunit can be
calculated. The general assumption for assigning overland flow length values is that the more
urbanized you are the less length runoff is allowed to travel before being intercepted by a curb or
other conveyance element that would naturally channelize the flow. The individual NLCD
correlation of flow lengths by land cover type are editable by the user, which would update any
overall area weighted averages. Additionally, the average overland flow length for each sub-unit
are also directly editable by the user.

Table 4.1: Overland flow length default values on NLCD classification.

NLCD Land Use Category Overland Flow Length

Developed - Open 200
Developed - Low Intensity 150
Developed - Medium Intensity 100
Developed - High Intensity 50
Other 200
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4.3.4: Soil and Infiltration Parameters

Soil type is directly related to infiltration capacity through parameters such as hydraulic
conductivity, suction head, moisture deficit, and Horton infiltration rates. Slope primarily affects
the timing and rate of overland flow and as such, influences the partitioning of rainfall into
infiltration, surface storage, and runoff (USDA NRCS 1986; Rossman and Huber 2016; Rossman
and Simon 2022). The slope and infiltration parameters are both estimated based on soil type and
digital elevation maps from USGS. Using the national SSURGO/STATSGO database (USGS,
2023). The dominant soil type is determined, and the slope and hydrologic soil class are
characterized. Hydrologic soil class is used to set default values for infiltration parameters.

Infiltration is predicted using Horton’s Infiltration Method. The parameters for Horton
Infiltration method are maximum infiltration, minimum infiltration, decay constant, and dry time
(Horton, 1940). For each soil hydrologic class Horton’s parameters are evaluated and set as the
default values and any other type of soil is reported as “other” category (Table 4.2). Default
values for Horton infiltration parameters were set to values from MHFD, 2024. All the
parameters related to the soil type and infiltration parameters can be modified for each subunit.

Table 4.2: Infiltration parameters for Horton Infiltration Method based on hydrologic soil type.

Soil Maximlfm Minimu.m Decay D.ry
Type Inﬁltr.atlon Inﬁltr.atlon Rate Time
Rate (in/hr) Rate (in/hr)  (1/hr) (Days)
A 5 1 2.5 7
B 4.5 0.6 6.5 7
C 3 0.5 6.5 7
D 3 0.5 6.5 7
Other 0.5 0.5 6.5 7
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4.3.5: Water Quality and Pollutant Concentrations

Urban runoff contamination is linked to land use patterns in cities (Zhou et al., 2021).
CLASIC considers four major chemical and biological sources of pollutants for urban
stormwater runoff, including total nitrogen (TN), total phosphorous (TP), total suspended solids
(TSS), and fecal indicator bacteria (FIB). Pollutant concentrations based on land use types for
these four constituents were extracted from The National Stormwater Quality Database (NSQD),
which is a site-level urban stormwater runoff characterization database (Pitt et al., 2004). The
NSQD is an online tool that can be queried for water quality data based on land use, state, and
EPA Rain Zone, along with several other criteria. Using the NSQD database, the median
pollutant concentration in surface runoff for each NSQD land use type is collected (Table 4).

Table 4.3: Median pollutant concentrations in surface runoff for each NSQD category

Total Total Total Inﬁiecc:tlor
Land Use Suspended  Phosphorus Nitrogen .
Solids (mg/L)  (mg/L) (mg/L) Bacteria
(CFU/100mL)

Commercial 52 0.11 2.1 3300
Freeway 75 0.26 1.6 2000
Industrial 73 0.23 1.7 2400
Institutional 67 0.14 2.5 3400
Open 45 0.19 2.1 2000
Residential 57 0.3 3 8090
Other 59 0.24 2.4 3550

The NSQD specifies land use by type (e.g., commercial, industrial, institutional,
residential, open space, and highway); however, as previously discussed, the CLASIC
framework characterizes land use within the project area using the National Land Cover
Database (NLCD) classifications. This necessitates a translation of NSQD data into NLCD land
use/land cover categories to ensure compatibility and relevance. The methodology for this

translation process will be detailed in the subsequent sections.
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Some of the SCMs are designed to improve water quality, typically focusing on treating,
storing, and infiltrating runoff to reduce pollutants before they enter water bodies. As runoff
water flows through these technologies, the pollutant concentrations may change in the effluent.
In the CLASIC tool, stormwater effluent concentrations for technologies were extracted from the
International Stormwater BMP Database (Clary et al., 2020), which contains statistical
summaries of performances for various technologies (Table 4.4). If effluent water quality was
not available in the International Stormwater BMP database, then it is assumed that the
concentration remains the same as what was estimated for the surface runoff in the subunit.
Technology effluent concentrations are also available for modification by the user.

Table 4.4: SCM systems effluent concentrations from the International Stormwater BMP Database

Total Total Total Fecal Coliform
SCM Category Suspended Phosphorus Nitrogen Units
Solids (mg/L) (mg/L) (mg/L) (CFU/100mL)
Rain Garden 10 0.24 1.04 400
Sand Filter 9 0.09 1.05 400
Infiltration Trench 9 0.09 1.05 400
Detention Basin 24.3 0.19 1.19 640
Wet Pond 12 0.1 1.31 1200
Permeable Pavement 26 0.11 2.36 NA
Disconnection 19 0.17 1.13 NA
Green Roof 10 0.24 1.04 400

4.4: CLASIC Computing Services

CLASIC computing services include geospatial and modeling services. The geospatial services
support geoprocessing, raster calculator, catchment processing, and mapping services. The
modeling services support analyzing scenario output from four different planning aspects,
including hydrology, stormwater quality, co-benefits (social, environmental, and economic), and

life cycle costs.
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4.4.1: Hydrologic Model

CLASIC a modified version of the EPA's Stormwater Management Model (SWMM) to
conduct hydrologic analysis, SWMM-LITE. CLASIC does not include detailed drainage network
information to reduce the runtime and burden on the user to collect data and build the model (cite
(Dell et al., 2021; Mohammed Zaleh et al., 2024). Instead, it uses SWMM’s dummy conduits for
routing while preserving the overall average annual water balance accuracy (Dell et al., 2021).
Previous studies also showed that CLASIC maintains the accuracy of total flow at the catchment
outlet for temporal scales larger than the time of concentration (Mohammed Zaleh et al., 2024).

CLASIC runs SWMM for each year of precipitation separately to improve processing
time and enable summarizing outputs on an annual timescale. For each year simulated, CLASIC
generates a SWMM output file containing hydrologic outputs like infiltration, evaporation, and
runoff. These annual output files are then post-processed to extract the final CLASIC hydrologic
outputs which then serve as inputs to the water quality and co-benefits analyses.

A core component of CLASIC’s hydrologic simulation is estimating the number of SCMs
required in the scenarios. The SCM systems can be categorized based on their operational focus
into two main types: volume-based and area-based systems. Volume-based SCMs are designed
to manage a specific quantity of stormwater, emphasizing the mitigation of runoff by capturing
and treating a specific design storm depth (e.g., 1 inch of rainfall). On the other hand, area-based
systems target runoff from specific surface areas, aiming to treat and manage water flow across
these zones. Area-based technologies are limited based on physical or practical constraints (e.g.,
unable to route water to practice). This means that although these technologies have the potential
to manage large volumes of water, their efficiency and durability are often restricted by the

extent of the area that contributes runoff to the system.
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In the CLASIC tool, SCM systems are implemented as 'technological units,' which can
represent either an individual volume-based system (e.g., one rain garden) or a unit area of an
area-based system (e.g., one sq. foot of permeable pavement). This approach allows CLASIC to
assess how much volume of stormwater or impervious surface area can be managed effectively
by a single SCM unit and then determine the number of units needed to capture the desired
volume or area. See Chapter 3 and the supplementary material for a detailed description of how
technology units are deployed within CLASIC. Users are able to define and add technologies to
individual sub-units, as well as to the project area as whole. After users have defined and added
their desired technologies, these technologies are added into the hydrologic model using the LID
features of SWMM (Dell et al., 2021; Rossman and Simon, 2022). SWMM-LITE is then able to
quantify the amount of runoff that is routed to the technologies, and the subsequent water
balance of how much water is infiltrated or evaporated, the amount that overflows the
technology and does not receive any treatment, and the amount that is routed through the
technology. This allows for a detailed hydrologic budget to be established based on each
individual sub-unit and any applied technologies.

4.4.2: Water Quality

CLASIC estimates TSS, TP, TN, and FIB loads in stormwater runoff for the project area.
The pollutant load (L) is the product of pollutant concentration (C) and runoff volume (R). The
surface runoff from each subunit i (R;) is defined as any stormwater runoff that flows over the
subunit land that is either not captured by the SCM or overflows the systems and contains the
wash-off pollutant concentrations derived from land use categories (C%). On the other hand, the
SCM system effluent (Rs) is any runoff that flows through and drains out from the SCM and

contains treated pollutant concentration based on SCM system types (C?) (Table 4.4). Equation
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4.1 demonstrates how CLASIC calculates the load for pollutant type p (L,) in the project area

with K subunits and .S stormwater control measures within each subunit:

Lp CW X R; +Z 125 S pSl X R Equation 4.1

where CT,; can be derived from Table 4.4 for pollutant p, and SCM s in each subunit i, and C",;

is calculated as a weighted average of the pollutant concentrations based on NLCD type:

Aul

Cz‘)”i = Yu=u CW X —x 100 Equation 4.2

where U denotes all the NLCD land use categories within subunit i, C",,, is the concentration of
pollutant type p generated from land use category u, and A, is the area of subunit i that is
covered by land use category u.

As discussed earlier, the pollutant concentration from each land use type in urban surface
runoff can be derived from the NSQD database, while CLASIC uses NLCD land use/land cover
categories. To obtain C",, from the NSQD data from Table 4.3, a synthesis of 30 U.S. cities was
conducted where the city’s local land use classification was first categorized into the NSQD
categories. Cities were selected with varying sizes and three cities were selected in each of the

ten USEPA regions (USEPA, 2024b) (Figure 4.4).
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EPA Region City State Population Scale
Boston MA 685094 Medium
R1 Worcester MA 185677 Small
Providence RI 180393 small
New York NY 8550405 Large
R2 Newark NJ 285154 small
Buffalo NY 258612 small
Philadelphia PA 1581000 large
R3 Chesapeake VA 225050 small
Baltimore MD 619493 Medium
Atlanta AL 486290 Medium
R4 Louisville KY 602011 medium
Savanah GA 146444 Small
Cincinnati OH 301301 small
RS Chicago IL 2716000 Large
Minneapolis MI 422331 Medium
Austin 1P 950715 Medium
R6 Dallas TX 1341000 Large
San Antonio TX 1493000 LArge
Des Moines 1A 217521 Small
R7 St Louise MO 318069 Small
Omaha NE 466893 Small
Fort Collins Cco 165080 Small
R8 Denver co 619968 Medium
Salt lake city uT 200544 Small
Los Angeles CA 4000000 Large
R9 Phoenix AZ 1626000 Large
San Francisco CA 884363 Medium
Boise ID 226570 Small
R 10 Seattle WA 724745 Medium
Portland OR 647805 Medium
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Figure 4.4: 30 U.S. cities that were selected to classify stormwater pollutant concentrations based on

land use and translate to NLCD land cover definitions

After simplifying each of the city’s land use classifications to NSQD categories, the land

use categories from NLCD data were extracted, and for each city, the percent breakdown of each

NLCD category was determined (i.e., the percent of NSQD categories within each NLCD

category was found). Then, the cities were characterized by size with small cities having a

population less than 500,000, mid-size cities population ranging from 500,000 — 1,000,000, and

large cities having a population more than 1,000,000. The average percent of NSQD category for

each NLCD category was determined and normalized for each small, medium, and large city

(Figure 4.5).
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Figure 4.5: The cities that are used to classify stormwater pollutant concentrations based on land use.

A variance analysis was performed to evaluate the statistical variations in NSQD land use
type compositions across different NLCD categories, including open, low intensity, medium
intensity, and high intensity areas. The analysis revealed statistically significant differences in
the compositions of the city sizes within each NLCD land use category (with a significance level
of p <0.05). Therefore, varying compositions of NSQD land use classifications are applied to
estimate water quality for each NLCD land use category in CLASIC. By combining the NSQD
land classification composition with the median concentrations of pollutants, estimated pollutant
concentrations for each NLCD category («) and each pollutant type p C"),, was determined for

each city size (Table 4.5).
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Table 4.5: Wash-off pollutant concentrations calculated for NLCD categories and city sizes.

City size NLCD Category C"1ss,u C"1ru CV1Nu CriB,u
(u) (mg/L) (mg/L) (mg/L) (CFU/100mL)
Developed-Open 56 0.23 2.3 4400
Developed-Low Int. 60 0.25 2.4 5200
Small Developed-Medium 61 0.23 2.4 5000
Developed-High 63 0.2 2.1 3600
Other 58.58 0.24 241 5437
Developed-Open 56 0.26 2.6 6000
Developed-Low Int. 57 0.28 2.7 7000
Medium Developed-Medium 59 0.24 2.5 5800
Developed-High 62 0.2 2.1 3900
Other 58.58 0.24 241 5437
Developed-Open 56 0.25 2.5 5300
Developed-Low Int. 58 0.27 2.6 6000
Large Developed-Medium 59 0.26 2.6 6400
Developed-High 62 0.23 2.2 4600
Other 58.58 0.24 241 5437

4.4.3: Life Cycle Cost (LCC) Analysis

CLASIC offers a comprehensive Life Cycle Cost (LCC) framework to enhance
municipal planning and budgeting for stormwater management. The LCC is intended to help
municipalities plan, budget and understand tradeoffs in implementing varying scenarios of SCM
selection to achieve requirements under water quality regulations. One of the key innovations of
CLASIC is the coupling of cost and performance of stormwater infrastructure scenarios and
making explicit the importance of maintenance and rehabilitation on total lifetime costs.
Accounting for total life costs of stormwater infrastructures enables the municipalities to create
budgets that represent the potential municipal expenditures overtime. Chapter 3 and the
supplementary material describe how life cycle costs were generated for the different SCM

types. Each SCM has various parameters used to inform the line-item cost build up for each
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technology. There are some technologies that included parameters to be used for hydrologic
assessment (e.g. ponding depth of rain gardens), that were not considered as part of the unit build
up cost approach for the SCM. This is because varying the ponding depth by an inch for the unit
technology, could result in +/- 10% difference in the number of rain gardens predicted, however
the cost to excavate and/or supply an extra inch of media is within the general uncertainty of the
unit cost build up approach.

Within CLASIC, the LCC method includes a study period (length of life expected for the
SCM), initial and periodic capital, operation, and maintenance costs, an applicable discount rate,
and price inflation factors to calculate the present value (PV) of an investment. The length of life
expected for SCMs can be modified and adjusted based on different SCM types and the study
can begin at different stages of the life cycle if for instance a user wanted to evaluate the cost to
maintain and rehabilitate existing SCMs, but not the construction costs. The LCC method does
not include monetary co-benefit value or return on investment of SCMs. Instead, the co-benefits
of the SCMs are evaluated qualitatively as discussed in the next section. The PV is computed
using Equation 3.7 (above) and includes construction, maintenance, and rehabilitation costs.

In addition to PV costs of the LCC, CLASIC also considers the annualized cost of each
different technology combinations, allowing users to compare the potential annual cost
differences, especially when there are significant variations in initial investment or maintenance
expenses between scenarios, or when the study periods are different. Annual costs were

determined using Equation 4.3.

Equation 4.3

AC = LCC X (—”(“”Y)

1+r)¥
where AC is the annualized cost, Y is the number of years in the study period, and r is the

discount rate.
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As part of the cost comparison between scenarios, The LCC provides unit costs in dollars
per pound removed for stormwater pollutants (i.e., TSS, TN, TP, and FIB). The performance in
pounds of pollutant reduced is compared to the annualized costs and displayed as “average
annual $/Ib removed.” This may be of interest if a particular pollutant is the main target to
reduce, such as phosphorus in freshwater or nitrogen in more saline waters. Scenario selection
can be developed to find the lowest cost of removal for one constituent as compared to other
scenarios. A full detailed literature review and further description of the cost methodology can be
found in Water Research Foundation [WRF], 2021. For a more detailed discussion of how the
LCC was quantified for the different technologies please see Section 3.6 above.

4.4.4: Co-Benefits

Green stormwater infrastructure (GSI) can provide additional benefits to the community
beyond stormwater control, including environmental, social, and economic benefits. These
benefits are in addition to the primary benefits of runoff and pollution reduction and are called
co-benefits (Alves et al., 2018b). Different SCMs provide different levels of co-benefits which
often helps define the level of green or grey the practice may be. Often co-benefits are a function
of green space, infiltration, or diversity and quantity of vegetation. Section 3.7 discusses how co-
benefits were assessed for the various technology types based on the design parameters of the
technology itself as well as some of the hydrologic modeling results. After quantifying the co-
benefits provided by various technologies, it is still necessary to provide decision makers with a
way to digest the many parameters and information provided.

Multi-Criteria Decision Analysis (MCDA) is a valuable approach for decision-making
based on alternative scenarios considering co-benefits. It enables decision-makers to explore the

trade-offs between different options by considering a variety of criteria, including essential
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indicators, to evaluate each option's environmental, social, and economic impacts on the
community (Alves et al., 2018a). Furthermore, this method incorporates multiple perspectives
with varying priorities into the decision-making process by applying different importance factors
to the indicators (Riabacke et al., 2012).

The methodology allows for the application of weighted average MCDA method to help
urban planners and decision-makers evaluate and compare alternative investment scenarios,
considering not only the primary goal of adding green infrastructures but also their broader
benefits for communities and the environment. There are many indicators to evaluate the co-
benefits of green infrastructures. Within the CLASIC tool sixteen key indicators have been
identified from the literature encompassing environmental (three), social (six), and economic
(seven) dimensions. Table 3.4 (above) shows the selected indicators with a brief description of
their application within the tool. CLASIC also allows users to turn on and off different indicators
based on preference as well as scale up or down the importance factor of each of these
technologies. For each scenario, a TBL score ranges from 0 to 15 and is calculated based on the

categories of co-benefits (Equation 4.4):

TBL = Zle{En,So,Ec} M, Equation 4.4
where M, represents the MCDA score for the TBL category | € {En, So, Ec}. For every TBL
category (i.e., environmental (En), social (So), and economic (Ec)), the total MCDA score (M)

ranges from 0 to 5 and is evaluated on the weighted average of its indicators (Equation 4.5):

n
_ Yg=1agXmMgq

M Equation 4.5

n
q=1%q
where a, represents the weight of the indicator g and m,, indicates the score value of indicator q

in the scenario and ranges from 0 to 5. The weights of each indicator can be from 1 to 4 based on
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its importance for the study, and any indicator that is not applicable can be removed from the
analysis. The CLASIC tool evaluates co-benefit MCDA scores for each scenario relative to the
performance indicators that are quantified for all scenarios. Figure 4.6 shows an example of how

CLASIC allows users to modify the inclusion and weight of each of the co-benefit indicators

based on what is relevant to the individual user.
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Figure 4.6: Example from the CLASIC dashboard illustrating how a user can modify the weight
and consideration of the different co-benefit indicators.

4.5: Scenario Analysis

The primary benefit of the CLASIC tool is the functionality and simplicity it employs to
allow users to rapidly assess and answer questions regarding their stormwater management
strategies. Through scenario analysis users can answer any variety of questions they have
regarding their project area. Users create new scenarios that are initially copies of the original
baseline scenario, however, once created the user can make modifications to any of the
parameters within that scenario. Also, once a new scenario is created users can either duplicate

the baseline scenarios or make copies of their new scenarios for more rapid scenario

development. With the development of scenarios, comparison between different technologies,
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land use changes, and climate can be accomplished very quickly and with little additional
information needed.
4.5.1: Land Use Changes

Urbanization is expected to continue in coming decades, with the United Nations
projecting that the global urban population will increase from 55% of the world population in
2018 to 68% by 2050, while U.S.-based analyses project continued expansion of urban land area
through 2060 (United Nations, 2019; Nowak and Greenfield, 2018; The World Bank, 2023).
With these anticipated changes, many decision makers must consider how land use changes will
impact receiving water bodies, treatment capacities of combined sewers, and overall flood risk.
The CLASIC tool allows users to modify the project land use data to demonstrate added
imperviousness as well as variable land use to account for the increase in urbanization.

Land use can be modified in a number of ways within CLASIC. First, a user can increase
or decrease the overall imperviousness of any project area or individual subunit. Additionally,
users are able to modify the breakdown between NLCD categories of developed — open,
developed — low, developed — medium, developed — high, or other. Often case, as municipalities
expand it is area designated as “other” that was formally undeveloped but now becoming
developed. Additionally, there is a trend of densifying urban areas, where large single-family lots
are being torn down, and high-density multi-family is taking its place. In these scenarios it may
be the developed — low areas are becoming developed — medium, or high. Finally, within the
scenario analysis, users can modify wash off pollutants based on the different land uses if there is

an anticipated change in future data.
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4.5.2: Climate Change

CLASIC enables the evaluation of changes in hydrologic outcome and overall SCM
performance under various climate scenarios. Climate can be modified through comparing
changes in 30-year monthly average precipitation and evaporation between a current and future
year. The downscaled Multivariate Adaptive Constructed Analogs (MACA) datasets are used to
project future changes in climate variables (Abatzoglou & Brown, 2012). The MACA dataset
includes twenty models, which are downscaled for the continental United States (CONUS) at the
grid size of 4 km (1/24 degree) under the Representative Concentration Pathways (i.e., RCP 4.5
and RCP 8.5.) Five future climate change scenarios (Table 4.6) were selected in CLASIC to
capture a range with different temperature and precipitation conditions, including the wettest
projection, driest projection, hottest projection, the least warm projection, and one projection that
reflected a middle of these ranges. The details about these models and their application are
described in Joyce et al. (2020). The output of the different climate models results in scaling of
both precipitation and evaporation parameters on a monthly level based on what is predicted by
the model. Climate may also be changed using a uniform percentage change or variable
percentage change in precipitation and/or evaporation across all months for the model period

(e.g., -10% change in precipitation, and +10% change in evaporation).
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Table 4.6: Available future climate change scenarios within CLASIC

Climate
Condition RCP 4.5 RCP 8.5 Model Agency
HadGEM2- HadGEM2-
Hot ES365 ES365 Met Office Hadley Center, UK
Warm MRI-CGCM3  MRI-CGCM3  Meteorological Research Institute, Japan
Wet CNRM-CMS5 CNRM-CMS5 National Center of Meteorological Research,
France
IPSL-CM5A-  IPSL-CM5A- . . .
Dry MR MR Institute Pierre Simon Laplace, France
Middle NorESM1-M NorESM1-M Norwegian Climate Center, Norway

4.5.3: Technology Deployment

Finally, within CLASIC, users can develop scenarios by adding different combinations of
SCM technologies to a selected project area. Each scenario can be defined by the type of
technology implemented, the amount of impervious area treated, and selected design parameters
that influence performance, cost, and co-benefit outcomes. For each technology, users can
modify planning-level assumptions such as the design capture depth, technology size, storage
depth, media depth, vegetation type, underdrain configuration, and other technology-specific
characteristics. By changing these inputs across scenarios, CLASIC allows users to compare how
different technology portfolios affect runoff volume, infiltration, evaporation, pollutant
reduction, life-cycle cost, and co-benefit indicators. This scenario-based structure enables
municipalities to evaluate a range of potential stormwater infrastructure strategies before
individual sites have been selected or detailed engineering design has been completed.
4.6: Outputs of CLASIC

CLASIC summarizes model results and scenario comparisons in a way that helps users

interpret preliminary screening analyses and evaluate the planning questions represented by each
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scenario. During stakeholder engagement activities, the CLASIC development team worked with
potential users to identify the types of outputs that would be most useful for municipal
stormwater planning (WRF 2018 and WRF, 2021). Workshops using example outputs revealed
two important themes. First, users preferred relative comparisons over absolute values because
absolute outputs can imply a level of precision that may not be appropriate for planning-level
analysis. Relative estimates, by contrast, allow users to compare the direction and magnitude of
differences more readily among scenarios. Second, users requested a primary dashboard that
summarizes results across major evaluation categories, including hydrologic performance, water
quality, life-cycle cost, and co-benefits. In response, CLASIC presents a summary dashboard that
allows users to compare up to three selected scenarios side by side. Users can then navigate to
detailed result tabs to review hydrologic and water quality outputs, cost estimates, and co-benefit
indicators in greater detail. This structure allows CLASIC to function both as a high-level
screening tool for decision-makers and as a more detailed exploratory tool for technical users
evaluating tradeoffs among stormwater infrastructure alternatives. CLASIC outputs are
described below. CLASIC provides outputs in four pages that can be navigated by the user
including Summary, Cost, Co-Benefit, and Hydrologic and Water Quality pages. At the top of
each page a user can select to display Scenario summaries and a generic hydrologic output.
4.6.1: Summary Page

The Summary Page provides a high-level comparison of selected scenarios across the
primary CLASIC output categories. This page is intended to help users quickly interpret the
overall performance of each scenario by displaying hydrologic response, life-cycle cost, co-

benefit scores, and runoff reduction relative to the baseline condition. By presenting these
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outputs together, the Summary Page allows users to compare tradeoffs among scenarios before
reviewing more detailed results in the individual output tabs.
Scenario Details: Summary of the key parameters for the scenario including the total
impervious percentage, number of technologies used, total volume captured, and total technology
area.
Hydrologic Data: Average annual runoff, infiltration, and evaporation are estimated based on
the climate data selected by the user. If a time period of less than 5 years was selected for climate
data, graphics show results for each year. If a time period of more than 5 years was selected for
climate data, box plots are shown where boxes represent the 25th percentile confidence interval.
Lifecycle Cost Analysis: This graphic estimates present value cost over the user specified study
period. Construction, maintenance, and rehabilitation costs are reported separately.
Co-Benefit Analysis: A score is estimated based on indicators for each social, economic, and
environmental categories based on multi-criteria decision analysis. Scores can range from 0 — 5,
where 5 is the highest possible score. Note that scenarios are compared to each other and all
scenarios included in your analysis are compared against each other (not only the three shown on
this page).
Hydrologic Performance: The average percentage change in runoff volume from the baseline is
estimated based on the climate data selected.
4.6.2: Cost Page

The Cost Page provides a more detailed summary of the life-cycle cost results for each
selected scenario. Costs are reported over the user-defined study period and are separated into

construction, maintenance, and rehabilitation components. This allows users to evaluate not only
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the total present value cost of each scenario, but also how costs are distributed over time and
which cost categories contribute most to long-term stormwater infrastructure investment.
Hydrologic Data: Average annual runoff, infiltration, and evaporation are estimated based on
the climate data selected by the user. If a time period of less than 5 years was selected for climate
data, graphics show results for each year. If a time period of more than 5 years was selected for
climate data, box plots are shown where boxes represent the 25th percentile confidence interval.
Lifecycle Cost Analysis: This graphic estimates present value cost over the user specified study
period. Construction, maintenance, and rehabilitation costs are reported separately.
Average Annual Cost Over Design Life: Present value cost is averaged annually over user
specified study period.
Time Series of Costs: Annual costs are estimated over the user-specified study period.
4.6.3: Co-Benefits Page

The Co-Benefits Page summarizes the estimated social, economic, and environmental
benefits associated with each scenario. Co-benefit scores are calculated using a multi-criteria
decision analysis approach and are intended to provide relative comparisons among scenarios
rather than absolute estimates of realized benefits. This page allows users to compare total co-
benefit scores as well as individual indicators within each category, helping identify which
scenarios may provide broader community value beyond hydrologic and water quality
performance.
Hydrologic Data: Average annual runoff, infiltration, and evaporation are estimated based on
the climate data selected by the user. If a time period of less than 5 years was selected for climate
data, graphics show results for each year. If a time period of more than 5 years was selected for

climate data, box plots are shown where boxes represent the 25th percentile confidence interval.
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Score for individual indicators in Social, Environmental, and Economic Categories (5 is
best*): A score is estimated based on indicators for each social, economic, and environmental
categories based on multi-criteria decision analysis. Scores can range from 0 — 5, where 5 is the
highest possible score. Note that scenarios are compared to each other and all scenarios included
in your analysis are compared against each other (not only the three shown on this page).
Total Co-Benefits Score (maximum is 15): The score of each social, economic, and
environmental categories are displayed stacked to demonstrate overall score for co-benefits. Note
that scenarios are compared to each other and all scenarios included in your analysis are
compared against each other (not only the three shown on this page).
Score for individual indicators in Social, Environmental, and Economic Categories (5 is
best*): The score for each indicator that contributes to social, economic, and environmental
category performance is reported. Select which category you would like to view (social,
economic, or environmental). A score of 5 does not indicate that the scenario performs at the
maximum potential for an indicator, but rather that it performs best compared to other scenarios.
4.6.4: Hydrologic & Water Quality Page

The Hydrologic and Water Quality Page provides detailed results describing how each
scenario affects runoff, infiltration, evapotranspiration, harvested water, and pollutant loading.
Users can compare changes in hydrologic volumes and contaminant loads relative to the baseline
scenario, including total suspended solids, total nitrogen, total phosphorus, and fecal indicator
bacteria. This page also reports metrics such as nutrient load reduction cost and the allocation of
precipitation among runoff, infiltration, evapotranspiration, and harvesting, allowing users to

evaluate both water quantity and water quality outcomes for each scenario.
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Hydrologic Data: Average annual runoff, infiltration, and evaporation are estimated based on
the climate data selected by the user. If a time period of less than 5 years was selected for climate
data, graphics show results for each year. If a time period of more than 5 years was selected for
climate data, box plots are shown where boxes represent the 25th percentile confidence interval.
Percentage Change in Volumes from Baseline Scenario (+ indicates increase from baseline,
- indicates decrease from baseline): Select runoff, infiltration, or evaporation to view the
average percentage change in volume from the baseline, estimated based on the climate data
selected.
Percentage Change in Contaminant Load from Baseline Scenario (+ indicates increase
from baseline, - indicates decrease from baseline): The average percentage change in load
from baseline of each total suspended solids (TSS), total nitrogen (TN), total phosphorus (TP),
and fecal indicator bacteria (FIB) is estimated.
Annual Cost of Nutrient Load Reduction: Average annual cost per lb of nitrogen and
phosphorus reduced by the scenario is estimated.
Allocation Between Runoff, Infiltrated, Evapotranspired, and Harvested Volume: The
percentage of precipitation that ends up as runoff, infiltrated, evapostranspired, or harvested is
estimated.
4.7: Conclusion

This chapter described the development and functionality of CLASIC as an integrated
web-based decision-support tool for municipal-scale stormwater infrastructure planning.
CLASIC brings together the simplified hydrologic modeling framework described in Chapter 2
and the SCM representation methodology described in Chapter 3 within a user-accessible cloud-

based platform. The tool allows users to define a project area, obtain default model inputs from
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national datasets, modify assumptions where local information is available, build alternative
infrastructure scenarios, run hydrologic and water quality simulations, estimate life-cycle costs,
evaluate co-benefits, and compare results across scenarios.

A central contribution of CLASIC is its ability to evaluate stormwater infrastructure
alternatives within a single workflow. Rather than requiring separate tools for hydrology,
pollutant reduction, cost estimation, and co-benefit analysis, CLASIC integrates these
components so that users can evaluate tradeoffs among green, gray, and hybrid stormwater
control measure strategies. Hydrologic outputs provide estimates of runoff, infiltration,
evaporation, and SCM treated volume. Water quality outputs estimate pollutant loads and
reductions for key stormwater constituents. Life-cycle cost outputs make construction,
maintenance, and rehabilitation costs visible over the user-defined study period. Co-benefit
outputs provide a relative comparison of social, economic, and environmental benefits using a
multi-criteria decision analysis framework.

CLASIC was developed to support users with various levels of technical expertise and
data availability. National datasets and default parameters allow users to perform screening-level
analyses where local data are limited, while editable model assumptions allow more advanced
users to incorporate local information and refine scenario inputs. This flexibility is important for
municipal stormwater programs because planning decisions often must be made before detailed
site design, monitoring data, or full drainage infrastructure models are available. By presenting
results through summary dashboards and detailed output pages, CLASIC provides both high-
level comparisons for decision-makers and more detailed outputs for technical users.

The CLASIC framework is intended for planning-level analysis and should not be

interpreted as a replacement for final engineering design, site-specific hydrologic and hydraulic
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modeling, construction cost estimating, or regulatory compliance analysis. However, it provides
a practical way to compare alternative stormwater management portfolios early in the planning
process and to identify scenarios that warrant more detailed investigation. In this way, CLASIC
helps bridge the gap between conceptual stormwater planning and detailed design by allowing
municipalities to evaluate how different combinations of SCMs may affect runoff reduction,
pollutant loading, long-term costs, and broader community benefits.

Chapter 5 builds on this tool-development framework by applying CLASIC to a real
municipal stormwater planning context. The Longmont, Colorado application demonstrates how
CLASIC can be used to develop and compare use-case scenarios involving existing stormwater
infrastructure, additional SCM implementation, land-use change, and future climate conditions.
This municipal application provides an opportunity to evaluate the practical value of CLASIC
for supporting planning-level decisions and illustrates how the tool can help communities
understand the hydrologic, water quality, cost, and co-benefit implications of alternative

stormwater infrastructure strategies.
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CHAPTER 5. APPLICATION OF CLASIC TO THE CITY OF LONGMONT, COLORADO

5.1: Introduction

The City of Longmont, Colorado, provides a useful case study for evaluating the
application of CLASIC to municipal stormwater planning because it represents a growing Front
Range community with established stormwater infrastructure, ongoing development, flood risk,
and evolving water quality requirements. Longmont is located in northern Colorado in both
Boulder and Weld Counties and encompasses approximately 30 square miles with more than
99,000 residents (City of Longmont, 2026). The city is located within the St. Vrain Creek
watershed, and St. Vrain Creek is the primary receiving water through the community. St. Vrain
Creek begins at the confluence of the North and South St. Vrain Creeks near Lyons, flows
through Longmont, and joins the South Platte River. Left Hand Creek and Boulder Creek also
flow into St. Vrain Creek through the regional drainage network.

Stormwater management in Longmont has historically focused on flood control, drainage
conveyance, and protection of public infrastructure. This emphasis is consistent with many
Colorado Front Range communities, where short-duration, high-intensity rainfall events with
large mountainous tributary areas create significant flood hazards. Longmont’s flood risk
exposed by the September 2013 flood, which severely affected the city, particularly along the St.
Vrain Creek corridor. In response, the City initiated the Resilient St. Vrain project, a multi-year
effort to restore the St. Vrain Greenway and improve the St. Vrain Creek channel to protect
people, property, and infrastructure from future flood risk.

Longmont’s local storm drainage criteria also reflect this historical emphasis on flood

control and drainage design. The current Longmont Storm Drainage Criteria Manual was drafted
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in 1984, and the City has identified the manual as outdated and difficult to implement. The City
is currently updating the manual to incorporate updated design philosophy for drainage,
floodplain management, and stormwater quality, including updated hydrologic datasets, newer
tools and processes developed by the Mile High Flood District, and City-specific modifications
to the currently adopted stormwater quality criteria.

In addition to flood control and detention requirements, Longmont operates a Municipal
Separate Storm Sewer System (MS4) that conveys stormwater runoff from streets, inlets, grates,
and other drainage infrastructure to the rivers, creeks, and streams that run through the city.
Colorado’s MS4 program, administered by the Colorado Department of Public Health and
Environment (CDPHE) regulates stormwater discharges from qualifying municipalities to state
waters and requires the implementation of control measures to prevent pollutants in stormwater
runoff from contaminating MS4s. In Longmont, permanent stormwater control features are
managed by the Stormwater Quality Program, which verifies design, construction, and long-term
operation and maintenance requirements.

Longmont’s stormwater program provides a practical example of the transition occurring
in many municipalities. Earlier stormwater programs focused on conveyance, detention, and
flood control. More recent regulations have added water quality treatment and pollutant
reduction responsibilities. The current planning need is broader than simply sizing facilities to
meet water quality capture requirements or reducing minor and major storm discharge rates.
Municipal stormwater programs increasingly need to evaluate how combinations of green, gray,
and hybrid stormwater control measures can manage runoff across a range of events, reduce
pollutant loads, provide long-term value, and support broader community goals (Bell et al., 2019;

Gallo et al., 2020; Krieger and Grubert, 2021; Arabi et al., 2025).
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The purpose of this chapter is to demonstrate how CLASIC can be applied to a real
municipal stormwater program. Longmont is used as a case study to evaluate how the tool can
represent existing and potential stormwater control measure implementation, compare alternative
infrastructure scenarios, and estimate hydrologic performance, water quality outcomes, life-cycle
costs, and co-benefits. This application is intended to show how CLASIC can support planning-
level decisions by translating complex stormwater management questions into scenario-based
comparisons that are useful for municipal staff, decision-makers, and other stakeholders. In
doing so, this chapter connects the hydrologic modeling framework developed in Chapter 2, the
SCM representation methodology developed in Chapter 3, and the integrated CLASIC decision-
support framework described in Chapter 4.

There are four different scenario categories explored through the case study to answer the
following questions:

1) What is the impact that urbanization has had on regarding runoff contributed by

Longmont to the St. Vrain watershed? What is the mitigation achieved by current
SCMs, specifically extended detention basins and rain gardens on the impact of
urbanization?

2) What is the impact of the city owned right of way on the St. Vrain watershed? What
would be an approximate cost to implement various SCM technologies to mitigate
this impact?

3) What is the anticipated impact that future climate conditions could have on the
hydrologic response? How do current practices prepare for these future climate
change scenarios? Which technologies have the best performance in future climate

change scenarios?
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4) Should Longmont consider use of the new internal water storage zone advocated by
the Mile High Flood District? What is the potential benefit that can be achieved by
this design change?
The goal of this chapter is to demonstrate real world applications for the CLASIC tool
through answering the above listed questions.
5.2: Project Definition

The City of Longmont is approximately 30 sq. miles, or 26.24 sq. miles according to the
2020 census data. The city is partitioned into approximately six sub-watersheds that are all
tributary to the St. Vrain Creek. The St. Vrain Creek flows through the center of Longmont and
receives flow from thousands of outfalls that collect stormwater from the various streets and
parking lots within the City. Longmont continues to grow and develop and redevelop. Most of
the City is zoned for residential use composed of mostly single-family homes, but is gradually
transitioning to more dense multi-family development. Envision Longmont is the City of
Longmont’s adopted Multimodal and Comprehensive Plan, approved on June 28, 2016, to guide
long-range land use, transportation, infrastructure, sustainability, resilience, and community
development decisions. The plan integrates the Longmont Area Comprehensive Plan and
Multimodal Transportation Plan and provides policy guidance for future growth, redevelopment,
public investment, and coordination with other City plans and regional partners (City of
Longmont 2016). Figure 5.1 shows the existing land use within Longmont according to the
council approved comprehensive plan. The comprehensive plan extends beyond current city
boundaries and into future areas that could be annexed and then developed. This plan helps to
guide and develop growth in the City of Longmont and can be used to identify future urban land

uses. As Longmont intends to develop, the use of CLASIC can help identify best practices to
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help manage this future development while assessing the current impacts of urbanization on the
St. Vrain.

Longmont, Colorado is located in Boulder and Weld Counties. The city encompasses
approximately 30 square miles, although the 2020 U.S. Census reports a land area of
approximately 26.24 square miles, reflecting how Longmont is continuing to grow. Longmont is
divided into several urban sub-watersheds that ultimately drain to St. Vrain Creek, which flows
through the center of the city and serves as the primary receiving water for much of the
municipal stormwater system. Runoff from streets, parking lots, rooftops, and other developed
surfaces is conveyed through the city’s storm sewer network and discharged to St. Vrain Creek
and its tributaries through numerous outfalls.

Longmont continues to experience growth, redevelopment, and land-use transition. Much
of the developed area is composed of residential land uses, historically dominated by single-
family neighborhoods, although future growth is expected to include additional infill,
redevelopment, and higher-density multifamily development. Envision Longmont is the City’s
adopted Multimodal and Comprehensive Plan, approved on June 28, 2016, to guide long-range
decisions related to land use, transportation, infrastructure, sustainability, resilience, and
community development. The plan integrates the Longmont Area Comprehensive Plan and
Multimodal Transportation Plan and provides policy guidance for future growth, redevelopment,
public investment, and coordination with other City plans and regional partners (City of
Longmont 2016). The plan also emphasizes sustainable and resilient growth, including compact
development patterns, reinvestment in existing infrastructure, protection of natural resources, and

planning for future flood risk.
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Figure 5.1 shows the land use framework for Longmont based on the council-approved
comprehensive plan. Because the comprehensive plan extends beyond the current city boundary
into areas that may be annexed and developed in the future, it provides a useful basis for
evaluating future urban growth scenarios. In this context, CLASIC can be used to assess how
existing and future development may affect runoff, pollutant loading, and stormwater
infrastructure needs. By comparing alternative SCM scenarios, CLASIC provides a planning-
level framework for identifying strategies that can help manage the impacts of urbanization on
St. Vrain Creek while supporting Longmont’s broader goals for growth, resilience, and
infrastructure planning. The remaining sections walk through the development of a CLASIC

project to support the Longmont analysis.
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Figure 5.1: Envision Longmont land use map
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5.2.1: Project Area

The first step of setting up a CLASIC project includes defining the project area. For this
application a known boundaries layer was used that incorporated the Longmont municipal
boundary. Figure 5.2 shows the extent of the City of Longmont as identified by the known

boundary in the CLASIC tool. The project area includes 16,795 acres at 38% imperviousness.

For this analysis, a single sub-unit was selected.
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Figure 5.2: Defining project area step of the CLASIC tool

5.2.2: Climate Data

Next users must specify or upload climate data including precipitation and evaporation.
CLASIC can retrieve the historical climate data from nearby climate stations using the Better
Assessment Science Integrating Point and Non-point Sources (BASINS) meteorological data
(USEPA 2023a). For precipitation, there was a nearby gauge from Greely UNC — C0053553. It
included data from 1967 to 2006. For the analysis period, a start year of 1990 to end year of 2005
was selected. Evaporation data was collected from a Longmont evaporation station. Climate data

is displayed in Figure 5.3.
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Figure 5.3: Climate data collected and used within the CLASIC tool

5.2.3: Model Datasets

CLASIC uses national datasets to populate all of the necessary parameters needed to run
they hydrologic model. Chapter 4 discusses the various datasets that are used to populate the
necessary parameters for the model. Table 5.1 summarizes the key parameters that were
populated from CLASIC. For the baseline scenario, no technologies or modification to the study
area was made.

Table 5.1: Summary of the subunit parameters for the Longmont project area

Area (ac) Impervious (%) Slope (%) Flow Length (ft) Nféfﬁui‘“l
16,795 38 1.0 135.5 C

Open (%) Low (%) Medium (%) High (%) Other (%)
5 31 42 6 16
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5.3: Scenario Development

Scenario development was used to evaluate how CLASIC can support municipal-scale
stormwater planning for the City of Longmont. The scenarios were organized around four
planning questions that reflect practical decisions facing the City: the hydrologic impact of
urbanization, the mitigation provided by existing stormwater control measures, the potential
benefit and cost of treating public right-of-way runoff, the resilience of current and alternative
technologies under future climate conditions, and the potential benefit of revised design
assumptions such as the internal water storage zone recommended by the Mile High Flood
District (MHFD, 2024b). These scenario groups were intended to demonstrate the flexibility of
CLASIC as a planning-level tool by evaluating changes in land use, technology implementation,
technology design assumptions, and climate conditions within a consistent modeling framework.

The baseline scenario represented current Longmont land use and imperviousness
without additional stormwater technologies applied in CLASIC. This scenario provided the
reference condition for comparing changes in runoff, infiltration, evaporation, pollutant loading,
life-cycle cost, and co-benefits. Additional scenarios were then created by modifying one or
more key assumptions, including land use, imperviousness, stormwater technology type, treated
impervious area, capture depth, and climate inputs. This approach allowed each scenario group
to isolate a specific planning question while maintaining consistency in the overall project area,
model datasets, climate period, and default hydrologic assumptions. Because the purpose of the
analysis was screening-level comparison rather than final design, the scenarios were not intended
to identify exact project locations or construction-ready SCM details. Instead, the scenarios
provide a framework for estimating the relative magnitude of hydrologic, water quality, cost, and

co-benefit outcomes associated with alternative stormwater management strategies.
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5.3.1: Urbanization and Existing SCM Benefits

The first scenario group was developed to evaluate the hydrologic impact of urbanization
in Longmont and the degree to which existing stormwater control measures mitigate that impact.
The Baseline scenario represented current land use and imperviousness without SCM
implementation. An “Undeveloped” scenario was created to approximate pre-development
hydrologic conditions by reducing imperviousness to 5% and assigning water quality parameters
to a non-urban land use category. This scenario was used as a comparison to estimate the change
in runoff, infiltration, evaporation, and pollutant loading associated with urbanization provided
by SCMs.

The “RG-EDB Actual” scenario represented existing SCM implementation using the two
most common technology types in the City’s inventory that can be directly represented in the
CLASIC methodology: rain gardens and extended detention basins (EDBs) (also called detention
basins). Longmont’s current SCM inventory includes several types of practices, including
detention basins, rain gardens, disconnection, grass swales, sand filters, permeable pavements,
and manufactured treatment devices. This scenario focused on rain gardens and EDBs as the
primary existing technologies. Based on the City’s inventory, approximately 22 rain gardens and
108 EDBs were represented, treating approximately 25.6 and 897.4 impervious acres,
respectively. With approximately 6,382 impervious acres in the Longmont project area, these
technologies represent treatment for approximately 14.47% of the City’s impervious area. A
water quality capture depth of 0.5 in. was applied for technology sizing and comparison (see
section 3.8 for further information regarding the City of Longmont’s current SCM inventory and

representation within CLASIC).
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5.3.2: Right-of-Way Retrofit

The second scenario group evaluated the potential stormwater impact of City-owned
right-of-way and the approximate cost of implementing SCMs to mitigate that impact. Public
right-of-way is an important stormwater management opportunity because streets, sidewalks,
driveways, curb and gutter, and other paved surfaces often contribute directly connected
impervious area to the storm sewer system. In this analysis, a screening-level assumption was
used that approximately one third of Longmont’s impervious area is associated with City-owned
right-of-way. This assumption is intended to support planning-level comparison and should be
refined in future work using local GIS layers for right-of-way boundaries, roadway pavement,
sidewalks, trails, and other publicly owned impervious surfaces.

The Baseline scenario from the first scenario group was used as the current condition. A
“ROW Removed” scenario was then created by reducing the impervious area by 33% to
approximate the hydrologic response that would occur if right-of-way imperviousness were not
present. This scenario does not represent a realistic management alternative because the right-of-
way cannot be removed from the urban landscape. Instead, it was used to estimate the
approximate contribution of public right-of-way imperviousness to runoff generation, infiltration
reduction, evaporation change, and pollutant loading.

Additional ROW retrofit scenarios can then be developed by applying SCM technologies
to the estimated right-of-way impervious area. Each technology scenario was sized to treat the
same assumed right-of-way impervious area so that hydrologic performance, pollutant reduction,
life-cycle cost, and co-benefits can be compared consistently. This scenario group is intended to
help Longmont evaluate the relative performance and approximate cost of different retrofit

strategies for managing runoff from public impervious areas. For this scenario, the ROW was
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assumed to be treated by a rain garden scenario, an EDB scenario, and a storage vault scenario.
This covered a range of green to grey technologies.
5.3.3: Climate Resilience

The third scenario group evaluated how future climate conditions may affect Longmont’s
hydrologic response and how different SCM strategies may perform under those future
conditions. CLASIC allows climate inputs to be modified by applying projected changes in
precipitation and evaporation, allowing users to compare current and future climate scenarios
(see section 4.5.2). In this analysis, climate scenarios were used to test whether the hydrologic
benefits provided by existing SCMs remain effective under changed precipitation and
evaporation conditions and whether alternative technology portfolios provide greater resilience.

The Baseline scenario represented current land use and current climate conditions
without SCM implementation. The “Baseline Climate” scenario used the same land use
condition but modified climate inputs to represent future conditions. Climate change was applied
by adjusting the precipitation and evaporation using the Middle (NorESM1-M) projection at a
4.5 RCP (Joyce et al., 2020). Comparing these two scenarios isolates the effect of climate change
on the current urbanized landscape. Technology scenarios were implemented, including “Storage
Vault Climate”, “RG Only Climate”, and “EDB Only Climate”. These technology scenarios
were implemented for the same ROW impervious area from the previous scenarios. Technology
scenarios were included to compare how alternative SCM deployments perform under the same
future climate condition.
5.3.4: Internal Water Storage Zone (IWSZ) Design

The fourth scenario group evaluated whether Longmont should consider use of the

internal water storage zone (IWSZ) design approach described by the Mile High Flood District
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for applicable infiltration and filtration SCMs (MHFD, 2024b). The internal water storage zone
is a design modification that increases subsurface storage below the underdrain outlet, allowing
captured runoff to remain in the SCM longer and potentially increasing infiltration and
evapotranspiration before discharge. An IWSZ can be created in rain garden systems using
partial infiltration systems by adding a 90-degree elbow to the underdrain outlet to raise the
elevation of the outlet and increase contact time with the media and infiltration into the subgrade
(Brown et al 2009). Because this design change modifies how water is stored and released within
the technology, it can affect hydrologic performance without necessarily changing the total
treated impervious area or having any major cost implications.

For this analysis, internal storage zone scenarios were developed by comparing otherwise
identical SCM deployment scenarios with and without the internal storage zone. The treated
impervious area, capture depth, and general technology footprint remained the same so that the
effect of the design modification can be isolated. This comparison is especially useful for rain
garden practices where underdrain configuration and subsurface storage assumptions can
influence the distribution of captured runoff between infiltration, evaporation, and discharge.

The purpose of this scenario group is not to determine whether every future SCM in
Longmont should include an internal storage zone. Rather, it provides a planning-level estimate
of the potential hydrologic benefit associated with adopting that design approach. This scenario
demonstrates how CLASIC can be used not only to compare different SCM technology types,
but also to evaluate how changes in design assumptions may affect municipal-scale stormwater
outcomes. For this scenario group, three different configurations of rain gardens were deployed,

all treating the existing ROW. The first technology did not have an offset in the underdrain, the
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second technology included a 6 inch offset, and the final technology included a 12 inch offset of
the underdrain.
5.4: Results

The CLASIC scenarios were evaluated to compare hydrologic performance, water quality
response, life-cycle cost, and co-benefit outcomes for the City of Longmont. Results are
organized around the four scenario groups described above. These scenario groups were
intended to demonstrate how CLASIC can be used to evaluate practical municipal stormwater
questions using a consistent planning-level framework. All scenarios were hydrologically
assessed using 15 years of rainfall data and all cost evaluations were evaluated on a 30 year
horizon.
5.4.1: Urbanization and Existing SCM Benefits

The first scenario group evaluated how urbanization has altered the hydrologic response
of Longmont and how much mitigation is provided by existing rain gardens and extended
detention basins. Figure 5.4 shows the hydrologic summary for the fifteen years of continuous
simulation completed for the scenarios. Under the baseline scenario, the Longmont project area
received an average annual precipitation depth of approximately 13.5 inches. Of this total,
approximately 4.1 inches became runoff, while approximately 8.3 inches infiltrated, with the rest
lost through evaporation. These results indicate that, despite substantial urban development, a
large portion of the annual water balance is still associated with infiltration because Longmont

retains a large amount of pervious area within the project boundary.
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Figure 5.4: CLASIC output of the hydrologic summaries of the Baseline scenario (a), the
Undeveloped scenario (b), and the RG-EDB Actual scenario (c).

The undeveloped scenario provided a comparison condition for estimating the hydrologic
impact of urbanization. In this scenario, imperviousness was reduced to 5%, and the land use
water quality parameters were modified to represent non-urban conditions. On an average annual
basis, approximately 4.4% of precipitation became runoff in the undeveloped scenario, compared
with approximately 30.4% in the baseline scenario. This comparison demonstrates the magnitude
of hydrologic impact associated with urbanization in Longmont. The increase in impervious
cover substantially increased runoff generation and reduced the fraction of precipitation that was
able to infiltrate or otherwise remain within the local water balance.

The RG-EDB Actual scenario was used to evaluate the hydrologic benefit provided by
existing rain gardens and extended detention basins. These existing SCMs were found to treat
approximately 14.47% of the City’s total impervious area, with most of the area treated
associated with extended detention basins. The results showed that existing rain gardens and
detention basins provide measurable stormwater management benefits, but the overall change in
the municipal-scale annual water balance was relatively small with only 1.6% reduction in
annual runoff volume. This result is expected because the existing SCMs treat only a portion of

the total impervious area, and because extended detention basins primarily provide detention and
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controlled release rather runoff reduction. Benefits are primarily experienced in pollutant
removal where TSS is reduced by 7.95, TN reduced by 6.8%, TP reduced by 3.7% and FIB
reduced by 10.8%. These benefits are achieved as water is routed through the facility and the
effluent concentration is then adjusted to mimic what is expected based on performance
monitoring from International BMP Database (Clary et al., 2020). Therefore, while existing
SCMs contribute to runoff management and pollutant reduction, they do not fully offset the

hydrologic changes associated with urbanization Figure 5.5.
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Figure 5.5: Left panel shows the hydrologic impacts achieved by existing SCMs in Longmont by
comparing the RG-EDB Actual scenario to the Baseline scenario. The right panel shows the
pollutant reduction achieved by the existing SCMs.

Cost results for the RG-EDB actual scenario show that long-term expenses are driven by
both routine annual maintenance and periodic rehabilitation while the initial construction costs
are significant, it is assumed that for the existing SCMs this has already been expended. Figure
5.6 shows the average annualized cost of construction, maintenance and rehabilitation over a 30-
year analysis period. Annualized construction costs are estimated at $323,000 for all existing

SCMs, $769,000 a year for maintenance costs, and approximately $16,000 per year of
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rehabilitation costs, assuming rehabilitation is required for the rain gardens in year 25. For
comparison, the entire City of Longmont Storm Drainage operating budget is approximately
$9M. If the City would take on full ownership of all private EDBs and RGs, the City would
expect to expend approximately $785,000 a year in maintenance and rehabilitation.

Average Annual Cost for Study Period of 30 years
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Figure 5.6: Average annual costs for RG-EDB Actual scenario looking at annualized costs for the
existing RGs and EDBs within the City of Longmont.

If multiple SCM technologies are implemented within a single scenario, CLASIC allows
users to drill down into more detailed summaries breaking down costs by technologies. Of the
$769,000 annual average maintenance cost, $745,000 was specified as maintenance for the
EDBs, and $24,000 was specified as maintenance costs for the rain garden. When dividing by
the CLASIC assumed 131 EDBs and 29 rain gardens it was found that the average cost per SCM
was approximately $6,000 per year for EDBs, and approximately $800 a year for rain gardens.

Figure 5.7 contains a time series of costs which indicates that the largest expenditures
occur during initial construction and later rehabilitation events, while annual operation and
maintenance costs continue throughout the analysis period. For rain gardens, rehabilitation costs
occur later in the study period based on the assumed design life, although this timing could be

modified by users based on local inspection data, design life assumptions, or maintenance
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practices. These results demonstrate how CLASIC can be used to estimate not only total life-
cycle cost, but also the timing and distribution of expected expenditures. Technologies could also
be added based on time period of installation in order to set the year of first rehabilitation to

occur sooner and then subsequent rehabilitation would occur based on the design life.

Time Series of Costs

Figure 5.7: CLASIC output showing timeseries of the RG-EDB Actual scenario costs showing when
the anticipated expenditures occur.

5.4.2: Right-of-Way Retrofit

The second scenario group evaluated the stormwater contribution of impervious surfaces
within City-owned right-of-way and the potential benefit of implementing different SCMs to
manage this runoff. The ROW Removed scenario was used as a screening-level comparison to
estimate the hydrologic impact of public impervious surfaces. Removing the assumed right-of-
way impervious area resulted in a substantial reduction in runoff volume and pollutant loading.
Because pollutant loads are calculated from runoff volume and pollutant concentrations, the
reduction in runoff translated directly into reduced contaminant loads for total suspended solids,
total nitrogen, total phosphorus, and fecal indicator bacteria.

The ROW treatment scenarios evaluated how different SCM technologies could mitigate
the urbanization impact by capturing the ROW and directing to the different SCM types while
comparing back to the ROW Removed scenario. Rain gardens provided the greatest hydrologic

benefit among the evaluated retrofit technologies because they provided the largest increased
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infiltration resulting in a reduced runoff volume. Extended detention basins provided less runoff
volume reduction but still contributed water quality benefits through capture, detention, and
treatment. Storage vaults provided storage and controlled release but did not provide any
infiltration benefits. Figure 5.8 shows the hydrologic summary for three of the scenarios ROW-
Removed, ROW RG-Only, and ROW EDB-Only. ROW Storage Vault-Only was not displayed

since it did not show any change from Baseline hydrologically.

B4 Hydrologic Data
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Figure 5.8: CLASIC output of the hydrologic summaries of the ROW Removed scenario (a), the
ROW RG-Only scenario (b), and the ROW EDB-Only (c).

The ROW Removed scenario demonstrated a significant decrease in runoff compared to
baseline at approximately 32.5% reduction. This 32.5% almost matches the reduction seen by
removing 33% of the impervious area. Treating the ROW with Storage Vaults had no impact on
the hydrologic response as storage vaults do not typically provide any measurable pollutant
removal and do not allow for infiltration. Treating the ROW with rain gardens produced a
reduction of 12.4% compared to baseline. This reduction was accomplished by increasing both
the infiltration and evaporation reductions. Infiltration reduction was provided as runoff was
able to infiltrate through the bottom of the rain gardens. Additionally, some runoff was captured
in the media of the rain garden and then allowed to evaporate resulting in increased evaporation
as well. EDBs reduced the runoff by 3.3% on average after being implemented to capture 33%

of the impervious area.
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Percentage Change in Volumes from Baseline Scenario (+ indicates increase from baseline, - indicates decrease from baseline)
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Figure 5.9: CLASIC output of hydrologic changes compared to baseline of the ROW Removed
scenario (a), the ROW RG-Only scenario (b), and the ROW EDB-Only scenario.

Water quality results followed hydrologic trends. The ROW Removed scenario yielded
the largest pollutant load reduction because it represented a complete reduction in impervious
area and therefore a reduction in runoff. The study looked at which technologies could most
closely mimic the ROW Removed scenario at least in treatment if not in volume. Among the
implemented SCM scenarios, rain gardens generally provided greater pollutant load reduction
across all pollutant categories primarily because of their stronger runoff reduction response, but
in the case of TSS, with a removal of 27.5% this was also likely due to the efficient treatment
that filtering practices have over sedimentation practices like EDBs. Pollutant reduction varied
by constituent, with total phosphorus showing less reduction than some other pollutants. This
result is consistent with the known challenge of phosphorus removal even in rain garden and
other filtration systems, because of higher levels of dissolved phosphorus and potential
phosphorus source within rain gardens that can leach (Jay et al., 2017; Hurley et al., 2017).

Figure 5.10 provides a comparison of water quality results for the ROW technology scenarios.
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Figure 5.10: Comparison of the water quality reduction compared to baseline for the ROW
Removed, ROW RG-Only and ROW EDB-Only scenarios.

The co-benefit results showed that the rain garden scenario had the highest overall co-
benefit score among the ROW retrofit alternatives. This reflects the additional social,
environmental, and economic benefits associated with vegetated SCMs, including increased
green space, potential heat mitigation, habitat value, and aesthetic benefits. Extended detention
basins also provided co-benefits, but these were more limited by technology configuration and
land use assumptions. Storage vaults provided lower co-benefit scores because they are primarily
gray infrastructure practices and do not create the same visible or vegetated community benefits.
Co-benefits are impacted by design configuration of the technologies themselves as well as the
hydrologic outcomes. There were a number of design parameters, such as vegetation type that
were kept simple for this analysis that resulted in a weaker co-benefits score. Figure 5.11 shows
the co-benefit dashboard results. The total score for ROW RG-only scenario was 4.26 compared

to the score for the EDB scenario of 3.72 and Storage Vault scenario of 0.85.
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Figure 5.11: CLASIC outputs of the co-benefits dashboard showing the comparison of the MCDA
results of the co-benefit indicators for ROW Storage Vaults-Only (a), ROW RG-Only (b), and
ROW EDB-only (c) scenarios

Figure 5.12 displays CLASIC lifecycle cost results. The results showed that extended
detention basins ($68,174,000) were generally less expensive than rain gardens ($223,362,00)
and storage vaults ($564,695,000) when considering a 30 year study period. This would be the
cost to deploy these technologies to capture 33% of the total impervious area of Longmont. The
average annual cost for the EDB, RG, and storage vault scenarios were approximately $2.27M,
$7.45M, and $18.82M. For the City to treat all of the city owned ROW with rain gardens would
almost double the stormwater budget. In the case of storage vaults, $17.32M of the $18.82M is
all construction costs, so maintaining these facilities are actually comparable or even less than
the other technologies long-term. Comparing cost to other co-benefits and hydrologic
performance highlights an important planning tradeoff: the technology with the lowest cost may

not provide the greatest hydrologic benefit or the highest co-benefit score.
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Figure 5.12: CLASIC output of the lifecycle cost analysis dashboard showing the total present value
of the lifecycle analysis and the average annual cost over design life (30 years) for ROW Storage
Vaults-Only (a), ROW RG-Only (b), and ROW EDB-only (c) scenarios

5.4.3: Climate Resilience

The third scenario group evaluated the potential effect of future climate conditions on
Longmont’s hydrologic response and the relative performance of SCM strategies under those
conditions. The future climate scenario used the Middle climate projection with the RCP 4.5
pathway. Compared with the historical climate baseline, the future climate scenario increased
average annual precipitation by approximately 7.4%. However, the hydrologic response was not
proportional across all water balance components. Runoff increased by approximately 9.3%,
infiltration by 7.8%, while evaporation increased by only approximately 1.7%. This indicates
that increased precipitation under the selected future climate scenario produces a
disproportionate increase in runoff from the urbanized landscape. Figure 5.13 shows a
comparison of the Baseline scenario using historic climate and the Baseline scenario using the

future climate data.
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Figure 5.13: Comparison of baseline scenario using historical climate data compared to future
climate data

The technology scenarios were used to evaluate whether SCM implementation could
reduce the impact of future climate conditions. The baseline future climate scenario experienced
a 9.3% increase in runoff relative to the historical baseline. The rain garden climate scenario
experienced a slightly lower increase in runoff, approximately 8.8%, while the extended
detention basin scenario increased by approximately 9.1%. The storage vault scenario showed a
runoff increase similar to the baseline climate scenario. These results, as shown in Figure 5.14,
indicate that infiltration-based practices such as rain gardens may provide somewhat greater
resilience to increased precipitation than detention or storage-based gray infrastructure, although
none of the evaluated technology scenarios fully eliminated the hydrologic effect of the future

climate condition.
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Figure 5.14: Comparison of runoff difference from baseline comparing similar scenarios for rain
gardens, extended detention basins, and storage vaults, where climate was the only parameter that
changed.

The climate resilience analysis demonstrates the importance of evaluating SCM
performance under future conditions rather than assuming that current design approaches will
provide the same relative benefit as climate conditions change. The results suggest that increases
in precipitation may increase runoff and pollutant loads even where SCMs are implemented.
Therefore, climate change may require either greater levels of SCM implementation, different
technology combinations, or design modifications that increase retention, infiltration, and
evapotranspiration. CLASIC provides a practical method for screening these alternatives before
more detailed climate-adaptive design analyses are completed.

5.4.4: Internal Water Storage Zone Design

The fourth scenario group evaluated the potential benefit of incorporating an internal
water storage zone into rain garden design. An internal water storage zone is created when the
invert elevation of the underdrain is raised above the bottom of the storage layer causing a zone

that can only drain through infiltration into the native soils. Three rain garden configurations
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were compared: rain gardens without an underdrain offset, rain gardens with a 6-inch underdrain
offset, and rain gardens with a 12-inch underdrain offset. The purpose of this comparison was to
isolate the effect of the internal water storage zone while keeping the treated impervious area,
general footprint, and technology type consistent.

The results showed that the internal water storage zone produced some changes in annual
hydrologic volume when evaluated at the municipal scale. Increasing the underdrain offset
increased storage time and allowed more captured runoff to infiltrate or evaporate before
discharge, but the total annual water balance response was not dramatically different among the
three rain garden configurations (Figure 5.15). This indicates that the IWSZ may be most
important for smaller and more frequent storm events. While the overall annual hydrologic
balance may not be significantly impacted, if these small frequent storms can be better managed
it could lead to improved stream health (Bledsoe, 2002, Burns et al., 2012).

(®)

(a) (©

Figure 5.15: Hydrologic outcome for the three primary scenarios where rain gardens were applied
to the ROW. Panel a includes RGs without an offset, panel b includes RGs with a 6 inch offset, and
panel c includes RGs with a 12 inch offset

Water quality results showed a clearer benefit when providing the IWSZ. Total
phosphorus showed the greatest sensitivity to the internal storage zone, with larger offsets
producing greater pollutant reduction. Total suspended solids, total nitrogen, and fecal indicator
bacteria also improved, although the magnitude of improvement was smaller. This suggests that

the internal water storage zone may provide meaningful water quality benefits by increasing
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contact time, storage, and infiltration opportunity within the rain garden media and subgrade.
Therefore, while the IWSZ may not substantially change municipal-scale runoff volume, it may
still be valuable as a design modification for improving water quality treatment. Table 5.2
provides a summary of the percent change of various indicators compared to the Baseline

scenario.

Table 5.2: Key indicators for the three primary scenarios in CLASIS to evaluate the effectiveness
an internal water storage zone

Key Rain Garden w/o Rain Garden w/ 6" Rain Garden w/ 12"

Indicators Offset Offset Offset

Runoff -12.4% -17.4% -20.1%
Infiltration 4.9% 7.4% 8.7%
Evaporation 7.2% 7.2% 7.2%

TSS -27.5% -28.3% -28.8%

TN -22.6% -24.8% -26.0%

TP -12.4% -17.4% -20.1%

FIB -29.1% -29.5% -29.7%

5.5: Discussion

The Longmont application demonstrates the value of using CLASIC as a municipal-scale
screening tool for comparing stormwater management strategies across multiple planning
objectives. The urbanization scenario showed that development has substantially altered
Longmont’s annual hydrologic response by increasing the proportion of precipitation that
becomes runoff. Existing rain gardens and extended detention basins provide benefits, but
because they treat only a portion of the City’s total impervious area, they do not fully offset the
increase in runoff caused by urbanization. The analysis also demonstrated that the benefit
achieved by these technologies can vary significantly and that while 14.47% of the project area

was treated it only resulted in a reduction of 1.6% of the runoff. This distinction is important for
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municipal planning because it shows that compliance-based implementation of individual SCMs
may not be sufficient to restore broader watershed-scale hydrologic conditions.

The right-of-way analysis illustrates how CLASIC can be used to evaluate wholistically
what hydrologic benefits and co-benefits can be achieved by different technologies as well as the
cost of those technologies to implement. Public right-of-way is a major opportunity for
stormwater retrofit because it contains directly connected impervious surfaces that often drain to
the storm sewer system. The ROW Removed scenario demonstrated the approximate magnitude
of stormwater impacts is associated with this impervious area, while the technology scenarios
showed how different SCM technologies could mitigate those impacts. Rain gardens provided
greater runoff reductions and co-benefit scores, while extended detention basins generally had
lower costs. Storage vaults provided a gray infrastructure comparison but had fewer co-benefits
and higher capital costs. Storage vaults typically become a feasible technology in denser urban
environments where the cost of land is significant and can drive up the costs of other surface-
based practices. Overall, these results demonstrate how CLASIC can help municipalities
evaluate tradeoffs among cost, performance, and broader community value.

The climate resilience scenarios further demonstrate the importance of scenario-based
planning. The selected future climate condition increased precipitation by 7.4%, but runoff
increased by 9.3%, indicating that urbanized areas may experience amplified hydrologic impacts
from changes in precipitation. The rain garden scenario performed better than extended detention
basins and storage vaults under future climate conditions, suggesting that infiltration-based
technologies may provide additional resilience. However, the differences among technology
scenarios were relatively small compared with the overall increase caused by climate change.

This suggests that future climate adaptation may require a combination of increased SCM
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implementation, improved design standards, and continued evaluation of stormwater
infrastructure performance under changing precipitation patterns.

Finally, the internal water storage zone analysis shows how CLASIC can also be used to
evaluate design-level assumptions at a planning scale. The IWSZ did not produce a large change
in annual runoff volume, but it did improve water quality outcomes, particularly for total
phosphorus. This result suggests that some design modifications may be most valuable for
improving treatment efficiency rather than changing the overall water balance. For Longmont,
this type of analysis could support future consideration of revised rain garden design standards,
particularly where water quality performance is a primary objective.

Overall, the Longmont case study shows that CLASIC is most useful for early-stage
screening and scenario comparison. The results should not be interpreted as final design
recommendations or site-specific engineering conclusions. The analysis relies on simplified
hydrology, representative SCM technology units, generalized pollutant concentrations, and
planning-level cost estimates. However, these assumptions are consistent with the intended use
of CLASIC: to help municipalities compare alternatives, identify promising strategies, and
prioritize scenarios that warrant more detailed investigation.

5.6: Conclusions

This chapter applied CLASIC to the City of Longmont, Colorado, to demonstrate how
the tool can support real-world municipal stormwater planning. The analysis used a single
municipal-scale project area and evaluated four groups of scenarios addressing urbanization
impacts, existing SCM benefits, right-of-way retrofit alternatives, future climate resilience, and

internal water storage zone design. Together, these scenarios demonstrate how CLASIC can
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translate complex stormwater planning questions into a consistent set of hydrologic, water
quality, life-cycle cost, and co-benefit outputs.

The urbanization analysis showed that development has substantially increased runoff
from Longmont compared with an undeveloped condition. Existing rain gardens and extended
detention basins provide measurable mitigation, but their effect on the total municipal water
balance is limited because they treat only a portion of the City’s impervious area. The right-of-
way technology analysis showed that public impervious areas contribute substantially to runoff
and pollutant loading and that SCM retrofits in these areas could provide meaningful benefits.
Rain gardens provided stronger runoff reduction and higher co-benefit scores, while extended
detention basins provided a lower-cost alternative.

The climate resilience analysis showed that future climate conditions may increase runoff
more than the corresponding increase in precipitation, indicating that stormwater impacts may be
amplified in urban areas. Infiltration-based practices performed somewhat better than detention
or storage-based practices under the selected future climate scenario, although no single
technology fully eliminated the increase in runoff. The internal water storage zone analysis
showed that design modifications may provide water quality benefits even when annual volume
changes are modest, particularly for phosphorus reduction.

The Longmont application demonstrates that CLASIC can support municipal decision-
making by allowing users to compare stormwater infrastructure alternatives before site-level
design information is available. The tool provides a practical framework for evaluating how
SCM type, treatment extent, design assumptions, land use, and climate conditions influence
stormwater outcomes. While the results are planning-level estimates, they provide useful insight

into the relative benefits, costs, and tradeoffs of alternative stormwater strategies. In this way, the

128



Longmont case study connects the SWMM-LITE modeling framework, the SCM technology-
unit methodology, and the CLASIC web-based tool into a practical application for municipal

stormwater planning.
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CHAPTER 6. CLOSING REMARKS AND THE PATH FORWARD FOR IMPROVED

STORMWATER MANAGEMENT

This dissertation developed and applied a municipal-scale stormwater planning
framework centered on the Community-enabled Lifecycle Analysis of Stormwater Infrastructure
Costs (CLASIC) tool. The research addressed the need for stormwater decision-support tools that
can evaluate green, gray, and hybrid stormwater control measure scenarios using hydrologic
performance, water quality, life-cycle cost, and co-benefit outcomes. The work produced three
connected methodological contributions: SWMM-LITE, a simplified hydrologic modeling
approach; a technology-unit framework for representing SCMs without requiring detailed site
design information; and the CLASIC web-based tool for integrated scenario analysis. These
components were then applied to the City of Longmont, Colorado, to demonstrate how CLASIC
can support real municipal planning questions.

6.1: Key Findings

The first major finding is that a simplified SWMM-based model can estimate planning-
relevant hydrologic outputs with substantially reduced input data requirements. SWMM-LITE
was developed by simplifying subcatchment representation and removing hydraulic routing
components that are necessary for detailed flood analysis but not always required for estimating
annual runoff, infiltration, and evaporation. In the case study, SWMM-LITE produced annual
average runoff, infiltration, and evaporation estimates that were within £0.1% of a detailed
SWMM model over a 30-year continuous simulation period. Design storm comparisons also
showed strong agreement, with SWMM-LITE differing from SWMM by less than £2.5% for the

evaluated 2-year, 10-year, and 100-year storms. These results indicate that SWMM-LITE can
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provide reliable planning-level water balance estimates while reducing the data and
computational burden associated with full hydraulic model development.

The second major finding is that SCMs can be represented at the municipal scale using
standardized technology units. Detailed SCM design requires information such as tributary area,
available footprint, storage depth, soil infiltration capacity, outlet controls, utility conflicts, and
maintenance access. This data is often unavailable during early planning. The technology-unit
methodology allows SCMs to be represented using planning-level inputs, including technology
type, treated impervious area, design capture depth, technology size, and selected design
characteristics. This approach allows users to rapidly evaluate alternative SCM portfolios across
large study areas without requiring site-specific designs for each individual facility.

The third major finding is that technology-unit deployment can connect SCM
implementation to an integrated decision framework. The methodology developed in Chapter 3
links SCM deployment to hydrologic performance through SWMM-LITE, water quality
outcomes through runoff volume and pollutant concentration estimates, life-cycle cost through
construction, maintenance, and rehabilitation cost components, and co-benefits through social,
environmental, and economic indicators. The Longmont demonstration of the technology-unit
methodology showed that representative rain garden and detention basin units closely matched
estimated treated impervious area and capture volume from the existing municipal SCMs,
however, there were still difference especially in overall area. This supports the use of the
method for planning-level evaluation while also reinforcing that it is not a substitute for final
engineering design.

The fourth major finding is that CLASIC provides a practical web-based framework for

integrated stormwater scenario analysis. CLASIC brings together national datasets, editable local
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assumptions, SWMM-LITE hydrology, water quality calculations, life-cycle cost analysis, co-
benefit assessment, scenario development, and output visualization within a single workflow.
This integration is important because municipalities often need to compare infrastructure
alternatives before detailed design information is available. CLASIC allows users to evaluate the
direction and relative magnitude of changes across scenarios, compare tradeoffs among green,
gray, and hybrid infrastructure portfolios, and identify alternatives that warrant further analysis.

The fifth major finding is that the Longmont application demonstrated the value of
CLASIC for real municipal planning. The Longmont case study evaluated four groups of
scenarios: urbanization and existing SCM benefits, public right-of-way retrofit opportunities,
climate resilience, and internal water storage zone design. The urbanization analysis showed that
existing rain gardens and extended detention basins provide measurable benefits, but because
they treat only a portion of Longmont’s impervious area, they do not fully offset the hydrologic
changes caused by urbanization. The analysis showed that approximately 14.47% of Longmont’s
impervious area is treated by rain gardens and extended detention basins, yet the resulting runoff
reduction at the municipal scale was approximately 1.6%. This finding highlights the difference
between meeting project-level stormwater requirements and restoring broader watershed-scale
hydrologic conditions.

The right-of-way retrofit analysis showed that treating or conceptually removing right-of-
way imperviousness can produce meaningful reductions in runoff and pollutant loading. Among
the evaluated retrofit technologies, rain gardens provided stronger runoff reduction and higher
co-benefit scores, extended detention basins generally had lower costs, and storage vaults

provided a gray-infrastructure comparison with fewer co-benefits and higher capital costs. This
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illustrates the type of tradeoff that CLASIC is intended to support: the lowest-cost strategy may
not provide the greatest hydrologic benefit or the highest community co-benefit value.

The climate resilience analysis showed that future climate conditions can increase runoff
more than the corresponding increase in precipitation. For the selected future climate scenario,
precipitation increased by approximately 7.4%, while runoff increased by approximately 9.3%.
Rain garden scenarios performed somewhat better than extended detention basin and storage
vault scenarios under future climate assumptions, suggesting that infiltration-based practices may
provide additional resilience. However, the differences among SCM scenarios were relatively
small compared with the overall increase in runoff caused by the climate change assumption.
This indicates that climate adaptation may require not only changes in technology selection, but
also greater implementation extent, updated design criteria, and continued evaluation of
stormwater performance under future precipitation conditions.

The internal water storage zone analysis showed that design modifications can be
evaluated at a planning scale using CLASIC. Increasing the underdrain offset in rain gardens
produced modest changes in annual hydrologic volume but improved water quality outcomes,
particularly for total phosphorus. For Longmont, this type of analysis can support future
consideration of revised design standards where water quality is a primary objective.

6.2: Scope of Future Work

While CLASIC helped to advance stormwater management and decision making, there is
still additional future work to be completed. One area of future work is identifying if there could
be a representation of hydraulic routing and peak flow response. SWMM-LITE is intentionally
focused on planning-level water balance outputs such as runoff, infiltration, and evaporation.

This makes the model efficient and useful for scenario screening, but it limits its ability to
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evaluate detailed hydraulic performance such as internal flooding, conveyance capacity, or event
frequency. Future development could explore optional simplified routing modules, representative
conveyance pathways, or hybrid workflows that allow selected hydraulic features to be added
when they are important for specific planning questions. This would help bridge the gap between
planning-level screening and more detailed engineering analysis.

Additionally, as new technologies continue to develop and existing technologies change
and are improved, it will be important to regularly improve the SCM technology library and the
flexibility of technology representation. The current technology-unit framework supports a
practical set of commonly used SCMs, but additional practices could be added, including
manufactured treatment devices, enhanced swales, tree trenches, stream restoration practices, and
underground infiltration galleries. Future work could also allow users to more easily customize
technology geometry, outlet configuration, maintenance assumptions, media composition,
vegetation type, and treatment mechanisms. This would help communities better represent local
design practices while preserving the simplified planning-level workflow.

Cost estimation is another area that can continue to be updated and expanded. CLASIC
currently provides planning-level cost estimates based on representative construction,
maintenance, and rehabilitation components. Future work should continue to update cost
libraries with recent bid data, regional cost indices, utility-specific maintenance records, inflation
adjustments, and observed rehabilitation costs. The ability to modify cost assumptions as better
local data become available is particularly important because stormwater costs vary substantially
by region, site constraints, land cost, labor availability, procurement methods, and maintenance

practices. Co-benefits remain important for evaluating the broader value of green and hybrid
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infrastructure. This is another area that, as additional supportive tools are developed, could lead
to better estimation of co-benefit indicators.

With the scenario comparison capabilities of CLASIC the final area of further study
would be the implementation of optimization of SCM technologies. CLASIC currently supports
scenario comparison, but future development could include optimization methods that identify
combinations of technologies that meet user-defined goals at minimum cost or maximum benefit.
Optimization could also consider constraints such as land availability, right-of-way suitability,
hydrologic soil group, slope, land use, redevelopment potential, and maintenance capacity. This
would improve the tool’s ability to move from scenario comparison toward decision support for
capital improvement planning.

All future work should continue to evaluate CLASIC in partnership with municipal users.
Because the tool is intended for practical stormwater planning, continued engagement with
stormwater utilities, planners, engineers, maintenance staff, and decision-makers is essential.
Additional case studies in communities with different regulatory drivers, data availability,
watershed conditions, and infrastructure priorities would help refine the tool and demonstrate its
broader applicability. These applications should include feedback on usability, result
interpretation, output visualization, data needs, and how CLASIC results can be incorporated
into stormwater master planning, capital improvement planning, integrated planning, and public
communication.

6.3: Final Conclusion

Municipal stormwater programs face the difficult task of managing urban runoff,

protecting receiving waters, maintaining aging infrastructure, meeting regulatory requirements,

and planning for future land use and climate conditions. At the same time, communities are
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increasingly interested in infrastructure strategies that provide broader social, environmental, and
economic benefits. Existing stormwater modeling tools provide substantial value for detailed
design and site-level analysis, but many are difficult to apply for municipal-scale screening
because they require extensive data, technical expertise, computational effort, or separate
workflows for hydrology, water quality, cost, and co-benefits.

The work presented in this dissertation supports a more integrated approach to
stormwater infrastructure planning. By reducing data requirements, simplifying scenario
development, and combining multiple evaluation criteria into a single framework, CLASIC helps
municipalities move beyond isolated performance metrics and toward more comprehensive
infrastructure decision-making. The tool provides a practical way to compare green, gray, and
hybrid SCM portfolios, understand tradeoffs among competing objectives, and support planning
decisions that improve runoff management, pollutant reduction, long-term cost awareness, and
community benefit. In doing so, this research contributes to the development of stormwater

planning methods that are more accessible, scalable, and useful for municipal decision-makers.
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