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Foreword 

The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation's land, air, and 
water resources.  Under a mandate of national environmental laws, the Agency strives to formulate and implement 
actions leading to a compatible balance between human activities and the ability of natural systems to support and 
nurture life. To meet this mandate, EPA's research program is providing data and technical support for solving 
environmental problems today and building a science knowledge base necessary to manage our ecological resources 
wisely, understand how pollutants affect our health, and prevent or reduce environmental risks in the future. 

The National Risk Management Research Laboratory (NRMRL) is the Agency's center for investigation of 
technological and management approaches for preventing and reducing risks from pollution that threaten human 
health and the environment.  The focus of the Laboratory's research program is on methods and their cost-
effectiveness for prevention and control of pollution to air, land, water, and subsurface resources; protection of water 
quality in public water systems; remediation of contaminated sites, sediments and ground water; prevention and 
control of indoor air pollution; and restoration of ecosystems.  NRMRL collaborates with both public and private 
sector partners to foster technologies that reduce the cost of compliance and to anticipate emerging problems.  
NRMRL's research provides solutions to environmental problems by: developing and promoting technologies that 
protect and improve the environment; advancing scientific and engineering information to support regulatory and 
policy decisions; and providing the technical support and information transfer to ensure implementation of 
environmental regulations and strategies at the national, state, and community levels. 

This document has been produced as part of the Laboratory's strategic long-term research plan.  It is made available 
by EPA's Office of Research and Development to assist the user community and to link researchers with their clients. 

      Sally  Gutierrez,  Director.

      National Risk Management Research Laboratory 
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Abstract 

To minimize impacts of urban nonpoint source pollution and associated costs of control (storage and treatment) 
associated with wet-weather flows (WWFs), stormwater runoff volumes and pollutant loads must be reduced.  A 
number of control strategies, so-called “best management practices” (BMPs) are being used to mitigate runoff 
volumes and associated nonpoint source (diffuse) pollution due to WWFs.  They include ponds, bioretention facilities, 
infiltration trenches, grass swales, filter strips, dry wells, and cisterns.  Another control option is popularly termed 
“low impact development” (LID) – or hydrologic source control – and strives to retain a site’s pre-development 
hydrologic regime, reducing WWF and the associated nonpoint source pollution and treatment needs.   

Methods are needed to evaluate these BMPs, their effectiveness in attenuating flow and pollutants, and to optimize 
their cost/performance since most models only partially simulate BMP processes. Enhanced simulation capabilities 
will help planners derive the least-cost combination for effectively treating WWFs.  There is a confusing array of 
options for analyzing hydrologic regimes and planning for LID.  Integrating available BMP and LID processes into 
one model is highly desirable.   

Described in this report is a methodology that integrates simulation (“what–if” analysis) and optimization (“what’s– 
best” analysis) for evaluating which of the myriad of alternative wet-weather controls deserves the title of “best.”  The 
optimization analysis integrates process simulation, cost-effectiveness analysis, performance specification, and 
optimization methods to find this “best” solution.  All of these analyses are performed using a spreadsheet platform.  
Following a general review of optimization methods and previous applications to wet-weather control optimization, a 
series of spreadsheet based tools are described.  Use of these spreadsheets allows for an improved method for spatial 
analysis and therefore, to a more accurate representation of land use.  A spreadsheet-based method for analyzing 
precipitation records to partition them into storm events or to develop intensity-duration-frequency curves is presented, 
along with simple methods for estimating infiltration and performing flow routing.  Influent pollutant loads may be 
described simply as event mean concentrations (EMCs).  A spreadsheet version of the STORM model for continuous 
simulations is presented, followed by an update on the cost of wet-weather controls.  A primer on optimization 
methods describes the ease of using these techniques in a spreadsheet environment and the application of these tools 
to optimize storm sewer design is discussed.  At the conclusion, an integrated stormwater management optimization 
model that combines land use optimization and a storage-release system is outlined. 

The effort documented in this report is linked to a parallel effort at Oregon State University titled: BMP Modeling 
Concepts and Simulation.  This work analyzes several current modeling methods to evaluate BMP performance with 
the intention of facilitating integration of improved BMP modeling methods into the EPA’s Storm Water 
Management Model (SWMM).  Several other models are examined as part of this study.  Options for enhancement of 
SWMM’s LID simulation capabilities are also presented. Two extensive case studies in Portland, Oregon help to 
clarify current SWMM capabilities and needs for enhancement. 
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Chapter 1 Introduction 

The Needs 
Urban stormwater runoff causes many environmental problems, including flooding, soil erosion, and pollutant 
discharge to receiving waters.  A wide variety of urban wet-weather control (WWC) alternatives have been applied to 
abate stormwater-induced water quantity and quality problems.  However, the technical performance and/or economic 
optimization of these controls have not been studied because of  their complexity.  In recent years, more distributed 
approaches or on-site urban WWCs, e.g., low impact development (LID) and parcel-level best management practices 
(BMPs), have been promoted as urban stormwater management choices besides traditional off-site stormwater 
storage-release systems.  The potential cost of these stormwater controls can be very large and every effort needs to 
be made to select the most cost-effective and sustainable long-term solutions.  These approaches need to be analyzed 
using improved process simulation and optimization models to determine the best mix of traditional downstream 
controls and the more recently espoused upstream or source controls.  The wide variety of upstream and downstream 
WWCs makes the optimization problem complex.   

Statement of Task 
This report is part of a larger project titled “Optimization of Urban Sewer Systems during Wet-weather Periods” 
(EPA Contract No. 68-C-01-020) to the University of Colorado (CU), with a subcontract to Oregon State University 
(OSU) that deals with the related issues of simulation and optimization of wet-weather controls.  The subcontract to 
OSU focuses on simulation of the hydrology, hydraulics, and water quality aspects of urban wet-weather flows with 
emphasis on simulating the performance of wet-weather controls (WWCs).  They review and compare existing 
simulators and specifically suggest how the EPA SWMM can be used for this purpose.  Simulators allow the analyst 
to find out “what-if” and see the outcomes of inputting various scenarios into the simulator.  The OSU effort presents 
a current summary of how simulations can be done using existing software on a variety of platforms.  The results of 
the OSU effort are contained in Huber, Clannon, and Stouder (2004).  The University of Colorado contract deals with 
the more general question of “what’s best,” i.e., what combination of control variables achieves a stated objective at 
the least life-cycle cost.  To accomplish this objective, it is necessary to directly link the simulation model to 
optimization models with associated cost functions and a metric of performance.  It is easiest to interface simulation 
and optimization if a common computational platform is used.  In this project, spreadsheets have been selected since 
they are widely used by stormwater professionals and they offer the most flexibility.   

Traditionally, wet-weather controls (WWCs) were applied at a centralized, downstream location.  Accordingly, 
process modeling was set up to track the movement of water and associated pollutants to the point at which control 
was first exercised. For example, SWMM (as SWMM version 4.4h [Huber 2004]) is set up so that the water moves 
from the Rainfall-Runoff Block to the Transport Block (with or without Extran), and finally to the Storage/Treatment 
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Block where control may occur.  Current thinking is that control can occur anywhere in the system, not just at a 
downstream, centralized, location.  LID concepts embody this change in attitude. Therefore, control can be exercised 
in the Rainfall-Runoff Block of SWMM, as well as at downstream locations.  From a more fundamental viewpoint, a 
wet-weather system is a linkage of control volumes in series and/or in parallel.  Water and pollutants are routed 
through each control volume, and this process can be manipulated, at a cost, to achieve some desired objective.  The 
new SWMM 5.0 released in 2004 takes this more fundamental approach to the modeling problem, and this approach 
is adopted in this report. 

Three key factors are important to optimize wet-weather control (WWC) system performance: (1) knowing the costs 
of control alternatives, (2) knowing how well the control alternatives perform, and (3) being able to consider all viable 
alternatives. The cost should consider all life-cycle costs of capital and O&M investments, including costs of land for 
each of the viable control alternatives. Evaluation of performance involves the use of computer models/tools and/or 
empirical relationships derived from operational data for a quantitative estimate of the amount of pollution removed.  
The full analysis of all viable alternatives is essentially a cost-effectiveness analysis that integrates cost and 
performance data of all controls (source, in-system and off-system) and treatment alternatives.  It ensures that the 
least-cost combination of alternatives is identified for a given level of pollution control (such as that needed for a 
specific level of receiving water quality improvement or a given reduction of pollutant loadings discharged to 
receiving waters), and that additional investment is not justified for the amount of environmental improvement gained 
by additional wet-weather controls (WWCs). 

Descriptively, the wet-weather optimization problem can be expressed as follows: 

Minimize: Life cycle costs for the controls 

Subject to satisfying the following constraints: 
A. Production Function: Process constraints that describe the relationships between inputs and 
outputs. 
B. Performance Standard: Minimum required level of pollution control. 

Methods for determining life cycle costs were presented in an earlier EPA report (Heaney et al. 2002).  The 
performance standard is a pre-specified effluent quality for a single design event or the total over multiple events.  In 
this report, the performance is specified in terms of a minimum percent removal of one or more pollutants measured 
in terms of concentration, flow volume, or load.  This methodology is introduced in the following section. 

Research Objectives 
This research project has been performed for two primary objectives: 

1.	 to develop methods to evaluate urban WWC systems to optimize their performance during wet-weather 
periods in terms of cost effectiveness; and 

2.	 to develop modeling formulations for BMP/LID alternatives that can be incorporated into the optimization 
model. 

The developed urban WWC optimization models are decision-aiding tools for analyzing cost-effective solutions to 
abate contamination from urban wet-weather flows.  This includes developing modeling formulations for alternatives 
that can be used later by EPA when developing more refined optimization models. 

Organization of the Report 
The general research framework and hierarchical approach to optimizing urban WWCs are presented in Chapter 2.  A 
case study of land use and spatial analysis is summarized in Chapter 3 and methods of long-term precipitation data 
analysis are presented in Chapter 4.  Depression storage and infiltration modeling is described in Chapter 5.  Flow 
routing techniques for WWC optimization are presented in Chapter 6.  Pollutant characterization with site-specific 
data is described in Chapter 7, and then a spreadsheet-based continuous rainfall-runoff and storage-release model is 
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presented in Chapter 8. Cost analysis for urban WWCs is described in Chapter 9.  A primer on optimization is 
presented in Chapter 10. A storm sewer design optimization model is presented in Chapter 11 and an optimization 
model for storage-based urban WWCs is presented in Chapter 12.  An integrated approach for optimizing overall 
urban WWC strategies, including distributed on-site controls and centralized off-site systems, is presented in Chapter 
13 using developed spreadsheets models.  Finally, a summary and conclusions are presented in Chapters 14. 
Examples of functional spatial analysis are presented in the Appendix. 
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Chapter 2 Optimization Approach for Urban WWCs 

Introduction 
Historically, people have developed villages and towns to attain a safer and more convenient life.  About seven 
percent of the land in the United States is classified as urban, but 74 percent of the people live in this area (Ferguson 
1998). Urban development and its associated impact on stormwater management is one of the field’s most important 
contemporary issues.  After urbanization, stormwater runoff quantity and quality changed dramatically.  The 
increased impervious areas associated with urbanization result in higher peak flow, increased total runoff volume, and 
more polluted discharge.  A variety of technical approaches have been applied to reduce these impacts of urbanization 
and protect our environment.  Modern technologies of systems analysis and optimization have been applied to water 
resources and stormwater management applications.  In this chapter, existing efforts in the field of urban stormwater 
management are summarized, and then a hierarchical approach of this research project is presented. 

Urban Stormwater Management 
Urbanization trends and impacts 
Urban land development means the conversion of natural land into the improved area that can support a desired urban 
activity (Dion 1993).  It includes the development of transportation, water supply, wastewater, and stormwater 
drainage. The general approaches to urban development have changed in recent decades.  People want a more 
isolated private life, and this is forcing the shift of new urban development approaches (Kunstler 1996).  The most 
significant trends of contemporary urbanization are related to automobiles.  In general, recent urban development 
needs more land and has a higher automobile dependence.  Urban areas are using land four to eight times faster than 
the population growth rate in the United States (Heaney 2000).  Goldstein (1997) estimates that about 25 percent or 
more of newly developed urban land is devoted to transportation-related activities.  Southworth and Ben-Joseph 
(1995) argue that streets virtually dictate a dispersed, disconnected community pattern in order to provide automobile 
access. Automobile-related activities have profoundly affected urban development from the early 20th century.  
Between 1915 and 1994, while the population of the United States grew by a factor of 2.6 – from 100 million to 261 
million, the number of automobiles grew by a factor of 80 – from 2.5 million to 200 million (Tetra Tech 1996; 
Heaney 2000).  The number of vehicles and vehicle miles traveled (VMT) per capita have been increasing at a steady 
rate. Automobiles require a huge volume of transportation infrastructure – the network of streets, highways, 
connections or approaches, driveways and garages, and parking lots or garage buildings.  Automobiles also generate 
hydrocarbons, oil, metals, and other pollutants in the air and on the urban surface.  They are accumulated and released 
between rainfall events. Transportation-related infrastructure development also results in high energy consumption. 

For stormwater management, the main shift due to urbanization might be the shift of land surface conditions due to 
urban development. Loose natural surface soil covered by vegetation has been changed to impermeable surface 
materials or very dense soil with much smaller vegetative cover.  The impervious area increases and rainfall 
abstraction capability decreases.  Initial depression storage, infiltration, and evapotranspiration decrease significantly 
after urban land development (WEF-ASCE 1998), causing the peak and volume of runoff  to increase.  Runoff travel 
time decreases because of smoother surfaces and sewer system development.  Flow velocity during storms and the 
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stream’s annual flow also increase; however, base flow and groundwater levels decrease.  As a result, the frequency 
of runoff events and flooding increases due to urban development expanding the floodplain. 

Imperviousness could be the most important indicator of urbanization (Schueler 1994; Arnold and Gibbons 1996; 
WEF-ASCE 1998).  The impervious surfaces from transportation systems are the biggest portion of the entire 
impervious area (City of Olympia 1994; Schueler 1994), comprising 63 to 70 percent of total impervious surface in 
11 residential, multifamily, and commercial areas (City of Olympia 1994).  Urban impervious surfaces affect urban 
hydrologic processes significantly by preventing on-site rainwater from being absorbed and stored in the soil. 

Urban rainfall washes off oils, litter, sediment, fertilizers, and chemicals from pervious and impervious surfaces.  
Ferguson (1998) states that about 70 percent of the water pollution in the United States comes from nonpoint sources 
(NPS); the excess sediment, oils, and chemicals that runoff carries from eroding soil, parking lots, and intensely 
maintained lawn areas.  Lawns cover a larger area than any one agricultural crop in the United States, and many are 
maintained with large amounts of herbicides, pesticides, and fertilizers (Bormann et al. 1993).  Most automobile-
related infrastructures generate organic compounds, foreign chemicals, metals, and salts making it the biggest source 
of pollutants in urban areas, after soil and stream bank erosion (Ferguson 1998). 

Water quality is affected by two phases of urbanization (Schueler 1992).  During the construction phase, soil erosion 
and sediment transport are the main problems.  After the development phase, accumulated and washed off deposits 
mainly from impervious surfaces become the main problem. The higher loadings can cause turbid water, nutrient 
enrichment, bacterial contamination, organic material loads, toxic compounds, temperature increases, and debris 
(WEF-ASCE 1998), resulting in harmful effects on stream ecology and habitats. 

Urban stormwater quantity and quality controls 
Wet-weather controls (WWCs) defined 
Pollutant and hydraulic loadings from stormwater runoff are a significant component of the residual wet-weather 
problems in urban areas.  During the past 30 years, a variety of  BMPs (U.S. terminology) or Sustainable Urban 
Drainage Systems (SUDS) (U.K. terminology) have been deployed to reduce these impacts.  The term LID,has also 
gained in popularity after implementation in Prince Georges County, Maryland (2000) and surrounding areas.  None 
of these terms accurately describes the wet-weather flow processes in a more generic manner.  The phrase, wet-
weather controls (WWCs), will be used to describe individual control units.  These units control the quantity and/or 
the quality of the wet-weather flows.  In the most general case, control of wet-weather flows can be included 
anywhere in the system by manipulating, at a cost, the flow and storage processes.  If the results of the optimization 
indicate that a WWC is the “best,” then it will have merited the designation that it is indeed a BMP.     

Urban WWC approaches 
Historically, excess runoff drainage and flood control have been the main targets of stormwater management.    
Usually, 5- to 10-year return period minor storms are used for designing drainage systems and 50- to 100-year major 
storms are used for designing flood control facilities.  However, the most frequent and highly contaminated urban 
runoff might be contributed by two-year or less return period micro storms (Guo and Urbonas 1996; Pitt 1999).  Guo 
and Urbonas (1996) show that nearly 95 percent of runoff-producing events may be smaller than a two-year storm as 
demonstrated by the runoff event distribution for Denver, Colorado.  Small but frequent rainfall-runoff events need to 
be evaluated for studying stormwater quality management practices. 

One of the most effective quality controls is reducing the runoff peak and volume (ASCE-WEF 1992).  Source 
controls may be the best way to prevent pollution, but can be difficult to implement.  The basic concept of BMPs is to 
maximize on-site infiltration and to minimize runoff discharge.  Drained stormwater from impervious to pervious 
areas can be filtered and infiltrated using swales and filter strips.  Longer flow travel time on pervious surfaces results 
in higher pollutant removal by sedimentation and transformation.  Porous pavement (Niemczynowicz 1990) and 
parking blocks (Pratt 1990) have excellent potential to support stormwater control practices.  Infiltration devices, 
either above-ground infiltration basins or buried infiltration trenches, are effective stormwater control devices (ASCE­
WEF 1992), but their effectiveness depends on the site-specific properties of soil and groundwater.  Detention and 
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retention basins can be used for stormwater quantity and quality controls, even though their primary application has 
been for quantity-based drainage controls (ASCE-WEF 1992).  The best way to solve urban runoff problems is to 
control them as close to the source as possible (Dunne and Leopold 1978; ASCE-WEF 1992).  General design 
strategies for distributed WWCs are summarized as follows: 

•	 Maximize on-site depression storage and infiltration and minimize runoff discharge. 
•	 Minimize directly connected impervious area (DCIA). 
•	 Maximize flow paths and time of concentration. 
•	 Control micro storms while maintaining traditional drainage and flood control functions. 
•	 Reduce the quantity of runoff to control water quality problems. 
•	 Increase visibility of the hydrologic cycle in urban environs for aesthetic benefits and an identifiable urban 

ecology, e.g., water fountains, urban streams, and water falls. 
•	 A maintainable and sustainable system without sacrificing large amounts of usable space. 

Systems Analysis and Optimization 
Operations research in general 
The complexity of many real problems has led to a long history of applying systems analysis and economic 
optimization techniques to aid in decision making.  Popular contemporary texts on operations research (OR) include 
the classic text by Hillier and Lieberman (2000) and a book by Rardin (2000).  These texts emphasize understanding 
optimization concepts and algorithms.  During the past several years, texts have emerged that emphasize problem 
formulation using spreadsheet-based software to do optimization (classical and metaheuristic), risk analysis using 
@Risk or Crystal Ball, and risk optimization using Risk Optimizer or OptQuest linked to Crystal Ball.  Ragsdale 
(2000) and Winston and Albright (2001) are examples of this kind of text.  State-of-the-art software comes with these 
books.  Edgar et al. (2001) describes a variety of classical and metaheuristic optimization methods with applications 
to chemical processes.  Optimization problems range from operation of existing systems to design of new systems.  
Classical optimization techniques have been applied to these problems, with varying degrees of success.  A common 
problem of classical optimization techniques is the inability to incorporate realistic representations of the physical 
system.  Hazelrigg (1996) defines systems engineering as “the treatment of engineering design as a decision-making 
process.” The conclusion from these works is that the methods of systems analysis are powerful tools to aid in the 
design, generation, and selection of engineering alternatives to complex problems. 

Modern heuristic search techniques such as genetic algorithms are not as restrictive in problem formulation as the 
classical approaches.  Heuristic methods may be applied to optimization problems that exhibit characteristics that are 
incompatible with traditional optimization methods.  A meta-heuristic (MH) is a “master strategy” used to guide other 
heuristics and generate solutions beyond local optima (Glover and Laguna 1997).  Meta-heuristic search techniques 
are commonly divided into population-based methods and methods that utilize adaptive memory, though this 
distinction may be blurred under close scrutiny (Glover and Laguna 1997).  Genetic algorithms and scatter search are 
examples of population-based methods, and tabu search is an example of a method that uses adaptive memory 
(Glover and Laguna 1997). 

Four common forms of meta-heuristic optimization techniques are genetic algorithms (GA), tabu search (TS), 
simulated annealing (SA) and scatter search (SS).  Of these, GA is the most common.  GAs are based on an 
evolutionary metaphor, where the goal is to carry positive traits of solution sets (populations) forward, mixing 
portions of solutions in a semi-random fashion.  TS methods are derived from techniques based in artificial 
intelligence, using adaptive and short-term memory to move from one solution to another.  SA algorithms use a 
physical metaphor, that of metal crystallizing as it cools.  Crystals form by forming low-energy molecular structure, 
and SA techniques exploit mathematical representations of this process.  SS is an early technique, predating other 
meta-heuristics, and a constrained random search is used to improve solution performance as measured by an 
objective function. 

Conceptually, all of these techniques may be linked to process simulators, and it is likely that they will perform 
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reasonably well.  MH performance is dependent on the process simulator as well as the optimization algorithm.  
Therefore, performance of the optimization algorithm is tied to the performance of the simulator. 

Operations research in urban WWCs 
The general gravity storm sewer design problem weighs the costs of excavation against pipe diameter costs (Mays 
and Tung 1992, Miles and Heaney 1988).  Smaller diameter pipes are cheaper per linear foot, but require greater 
energy to transmit a given flow rate than larger and more expensive pipes.  The energy used in storm sewers is 
gravitational; therefore the increased gravitational energy needed for smaller pipes is incorporated in the system by 
using steeper slopes than those needed for larger pipes.  Steeper slopes require greater excavation volumes.  Thus, the 
tradeoff between pipe size and slope is fundamental to developing a least cost sewer design (Mays and Tung 1992). 

Researchers using dynamic programming (DP) techniques have had some success in optimizing storm sewer design 
problems (Robinson and Labadie 1981; Mays and Tung 1992 and 1996).  Dynamic programming is an optimization 
method that breaks down a complex problem with many decision variables into a series of separate, but interrelated, 
single-decision subproblems (Mays and Tung 1992 and 1996).  Dynamic programming requires significant 
computational resources, and suffers from the “curse of dimensionality”, the rapid growth of computational 
requirements with small growth in problem size (Mays and Tung 1992).  Discrete differential dynamic programming 
(DDDP) was developed to relax some of the computational requirements of DP.  However, DDDP techniques suffer 
in that they are dependent on an initial trial solution, and may converge to a local optimum instead of a global 
optimum (Mays and Tung 1992). 

Mays and Tung (1992) developed a DDDP solution for a small (three pipes and four manholes) storm sewer.  The 
solution for this small problem requires significant computational development.  Expanding this to a larger system 
with a finer solution grid would require significant computational resources, as well as a complex problem 
formulation.  Another common criticism of DP techniques is that the formulations tend to be problem specific, and 
are therefore difficult to program in a general code.  Specific problems tend to require specific computer codes.  
Robinson and Labadie (1981) describe CSUDP-SEWER, a generalized DP code for storm sewer design.  This 
approach requires more computational resources than problem-specific DP codes, and suffers from the other limiting 
aspects of DP. 

Miles and Heaney (1988) demonstrated the weaknesses of DDDP approaches to storm sewer optimization.  A case 
study originally formulated by Yen et al. (1976) using a DDDP approach, and later revisited by Robinson and Labadie 
(1981) using the general DDDP code CSUDP-SEWER, was used to show how simplifications used in the DDDP led 
to infeasible and sub-optimal solutions. The two DDDP solutions used a simplified velocity calculation to verify that 
a solution did not exceed a maximum allowable pipe velocity.  However, Miles and Heaney (1988) showed that a 
more accurate velocity estimation revealed that both the Yen et al. (1976) and the Robinson and Labadie (1981) 
solutions violated the maximum velocity constraint.  The Miles and Heaney (1988) approach was simply a 
spreadsheet trial and error solution method modeled after a design template used for hand calculations.  However, the 
spreadsheet used a more accurate calculation of velocity.  This trial and error formulation is perfectly suited for 
adaptation to an intelligent search technique like genetic algorithms.  For these reasons, there has been interest in 
using heuristic search techniques for complex water resources problems such as the storm sewer design problem.  A 
heuristic algorithm is defined by Reeves (1993) as “a technique which seeks good (i.e., near-optimal) solutions of an 
optimization problem at a reasonable computational cost without being able to guarantee optimality.”   

Jacobs et al. (1997) define a reliability and cost trade-off curve for a stormwater drainage system.  A multi-objective 
mixed integer optimization model is used.  A Monte Carlo (MC) analysis based on fitted rainfall distributions is used 
to generate the statistical parameters of a hyetograph.  These storm events are in turn used to determine the hydraulic 
performance of the system using the kinematic wave formulations of overland and channel flow.  The optimization 
model is only solved  relatively few times (compared to a meta-heuristic).  In the example solution, the reliability and 
cost trade-off curve is defined by only eight least-cost solutions at various levels of probability of failure (Jacobs et al. 
1997).  However large the population of “elite” solutions, it is evident that the use of a set of solutions is valuable in 
evaluating various measures of fitness.  Stinson et al. (2000) summarized efforts to optimize real-time control of 
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combined sewerage systems in Quebec City, Canada and near Paris, France.  Nicklow and Hellman (2000) show how 
the hydraulic design of highway drainage inlet systems can be optimized by linking a hydraulic simulator to a genetic 
algorithm.  Heaney et al. (2000 and 2002) show how the storm sewer design problem can be optimized using a MH.  
Wright et al. (2001) showed how risk optimization techniques can be used to address a sanitary sewer overflow 
problem in Vallejo, California. 

Optimization techniques are also useful in calibrating a simulation model to find the “best fit” between the simulated 
and measured values.  This problem is often called the parameter estimation problem.  Much work has been done on 
the parameter estimation problem for calibrating surface and groundwater models in hydrology.  The parameter 
estimation problem can be represented as one of minimizing the total error by varying model parameters over 
reasonable ranges. The typical output of interest in urban wet-weather controls is a hydrograph or pollutograph.  For 
example, Hamid (1995) used the SCS method and SWMM parameters to calibrate models for the Kings Creek dataset 
for South Florida.  For the SCS method, the curve number can be used for calibration.  Using SWMM, the catchment 
width is a popular choice for calibration.  Mohan (1997) shows how a GA can be used to find the parameters of the 
Muskingum Method.  One difficulty with parameter estimation is that the parameters of “best fit” may not be 
plausible from a physical point of view.  For example, the calibrated catchment width is much different from the 
actual width. Another problem is that a large, if not infinite, number of solutions exists when many parameters can be 
used for calibration. 

Early Work on Multiple Levels of SWMM and STORM 
The initial motivation for developing the EPA SWMM was to evaluate combined sewer overflow (CSO) problems.  
The original SWMM was set up to evaluate a single storm event.  However, it soon became evident that simpler 
evaluation models were needed that could evaluate the integrated performance of the wet-weather system over 
multiple events.  The STORM model was developed to address this need.  Also, simple versions of SWMM (Levels I 
and II) were developed to support wet-weather evaluations including areawide wastewater planning, popularly called 
the “208” planning.  These models relied on graphical solution techniques.  The database for these simpler models 
was created by running more complex computer simulation models, typically SWMM and STORM.  Huber and 
Dickinson (1988) mention four simulation modeling levels associated with SWMM: 

• Level I - Screening Models, e.g., Heaney, et al. (1976), and Heaney and Nix (1977) 
• Level II - Planning Models (e.g., Medina, et al. 1981a, b, c) 
• Level III - Design Models (SWMM) 
• Level IV - Operational Models (SWMM with Extran; calibration against measured data). 

The approach presented in this report draws on this earlier taxonomy. The major technological change since the 
1970’s when these ideas were originally developed is the switch from mainframe computers to PCs.  A major domain 
shift in recent years is from total reliance on large, centralized control systems to better integration of decentralized 
controls into the overall wet-weather management system.  Computationally, it is now possible to directly link 
process simulators and optimizers within a spreadsheet (SS) platform.  Also, many of the numerical computations that 
couldn’t be solved without simulators such as SWMM can now be solved on a spreadsheet. 

Wet-weather Optimization Framework 
Progress has been made in successfully applying optimization methods to urban WWC problems.  In previous efforts, 
the optimization process was divided into two main steps.  First, a process simulator such as STORM or SWMM was 
run numerous times to define the production function, i.e., the locus of technologically efficient combinations of n 
inputs, x = (x1, x2, ..., xn), and m outputs, y = (y1, y2, ..., ym). Because of the limitations of optimization techniques and 
the complexity of the process simulations, the most complete functional relationships that could be analyzed consisted 
of problems with a single output, y, and two inputs, or y = f(x1, x2).  An illustrative production function is shown in 
Figure 2-1. 
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 (a) response surface 	 (b) contour plot 

Figure 2-1 Production function of output, y, as a function of two inputs, x1 and x2. 

This optimization was then done for each individual control, and then the controls were linked in series and parallel in 
order to find the best overall solution. In summary, the steps in the traditional optimization process are as follows: 

Step 1. Set up and run a process simulator such as STORM or SWMM numerous times to generate a database of 
observations, [y, x1, x2].  Ideally, the process simulation model should be calibrated using local data.  In the earlier 
work, it was relatively difficult to run these simulations.  Thus, only a limited number of m simulations were run.  As 
computers have become much faster, it is now possible to run many more simulations and reduce, or even eliminate, 
the work in Step 2. 

Step 2. Using a variety of data mining techniques, find a functional relationship for y = f(x1, x2). The result may be 
one of the following: 

•	 A single analytical equation. 
•	 A numerical solution using splines that allows the user to approximate y for any assumed values of x1 and x2 

within the range of the database. Using this approach, the original database from m simulations is now 
approximated by a much larger number of n realizations. 

•	 The original database, [y, x1, x2], may be used if sufficient simulations have been done to define the response 
surface. This total enumeration approach may be preferable if the simulation run times are short. 

Step 3. Estimate the cost of this control as a function of x1 and x2 using historical data on comparable systems and/or 
engineering estimates based on process costing approaches.  The result of the cost analysis is another database, [C, x1, 
x2]. 

Step 4. Using a variety of data mining techniques, find a functional relationship for C = g(x1, x2). The result may be 
one of the following: 

•	 A single analytical equation. 
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•	 A numerical solution using splines that allows the user to approximate C for any assumed values of x1 and x2 
within the range of the database. 

•	 The original database, [C, x1, x2], may be used if sufficient cost simulations have been done to define the cost 
response surface. This total enumeration approach may be preferable if process costing simulation run times 
are short. Automated costing software is rarely available so this option is seldom used. 

Step 5. Find the least cost solution for various values of the output, y, using optimization procedures and derive a 
performance database of [C, y] pairs.  Traditional choices for optimization are as follows: 

•	 If single analytical expressions are available for the production function, y = f(x1, x2) and the cost function, C 
= g(x1, x2), then the optimal solution for C = h(y) can be derived analytically in the form of a single equation.  
This option is the most elegant but is seldom accurate due to the difficulty in finding a single analytical 
expression for the production function. 

•	 If a numerical expression for the production function is available, enumerate sufficient realizations of the 
production function and then calculate the associated cost to generate a [C, y] database.  Fit a function to this 
database to find the final answer. 

Much of the research in optimizing WWC problems was done in the 1970’s and early 1980’s.  These methods proved 
to be very helpful in doing national assessments and in finding more cost-effective solutions to wet-weather problems.   

Computational Considerations 
During the past 20 years, the personal computer (PC) revolution has significantly changed the way professionals 
evaluate problems.  Spreadsheets (SSs) have become ubiquitous and are the standard computing tool.  These SSs are 
excellent for doing “what-if” analysis wherein many scenarios can be run by changing one or two variables at a time.  
Optimizers are also built into SSs allowing users to determine “what’s best.”  Recent advances in optimization 
methods have added very powerful metaheuristic (MH) search procedures so that “what’s best” can be determined for 
virtually any problem that is set up on a SS for doing “what-if” analysis.  These advanced optimization techniques can 
be added to the standard SS Solvers. This report describes these newer optimization techniques and how they can be 
used to solve WWC problems. 

Recall that the initial step in contemporary WWC analysis is to run a process simulator such as STORM or SWMM in 
order to generate the [y, x1, x2] database.  STORM and SWMM are legacy Fortran programs that were developed in 
the 1970s. STORM has not been updated and is not widely available.  SWMM is still widely used and has been  
totally rewritten.  The primary input for STORM was long time series of hourly precipitation data.  The actual 
calculations of performance are relatively straightforward.  SWMM includes extensive use of numerical methods to 
solve the more complex hydraulic problems such as estimating backwater curves.  The other major thrust of this 
research is to see which components of STORM and SWMM can be programmed on a SS.  If the simulation can be 
done directly on a SS, then it is simple to invoke the built-in optimizer and solve the WWC problem directly.  If the 
simulation cannot be done on a SS, then it is necessary to write an interface between the SS and process simulator.  
This can be done if the simulation software is of recent vintage, e.g., EPANET for evaluating water distribution 
systems (Lippai et al. 1999).  However, it is difficult to do for legacy software such as STORM and SWMM.  Thus, a 
major effort in this research was devoted to incorporating the functionality of SWMM and STORM into a SS 
environment so that it would be directly available to the dominant class of users who routinely work in this 
environment.  The major paradigm shift of this approach is that, instead of arbitrarily selecting a uniform grid of input 
variables to test, the optimizer is used to direct the selection of the simulation runs in order to find the optimal 
solution in the most direct manner.  Also, the decision space of the problem is no longer restricted to simple three 
dimensional representations, i.e., y = f(x1, x2), but is now able to find optimal solutions for many decision variables. 

SS Simulation Options and Hierarchical Approach for Optimization 
Optimization-simulation methodology 
The traditional formulation for a constrained optimization problem is as follows: 
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Max. or min.  Z = f (x) 

Subject to g(x) ≤, =,or ≥ b      Equation  2-1  

x ≥ 0 

The constraint set, g(x) ≤ = ≥ b , includes the process characterization relationships and performance criteria.  If 
classical programming techniques are used, then the objective function and the constraint set must be well behaved in 
the mathematical sense, meaning that the relationships are linear, nonlinear but convex, etc.  If the problem can be 
formulated as a coupled system, the optimization methods work quite well and the optimal solution can be found 
quickly.  However, if the objective function and/or the constraint set violate the conditions for solving a classical 
optimization problem, then the more flexible evolutionary solvers (ESs) need to be used.  Some expertise is needed to 
properly match the simulator and the optimizer.  For example, logical statements in the simulator may disallow the 
use of classical optimization methods. 

The newer paradigm is to decouple the optimization model and the process simulator as shown in Figure 2-2.  The 
fundamental paradigm shift from the classical to newer approaches is to view the problem as one of linking an 
optimizer to a simulator so that the optimizer drives the simulator.  A key computational question is how to write an 
interface program that links the optimizer and the simulator.  If the simulator is in a spreadsheet, it is very simple to 
link the optimizer and no interface program is needed. 

OPTIMIZATION 

Classical or metaheuristic 
optimization algorithm 

processes a new input vector of 
design parameters based on 
costs and performance of 

previous solutions. 

PROCESS SIMULATION 

A new input vector of decision 
variables is received from the 
optimizer and the performance 

is estimated based on the 
process simulation. 

New decision 
values from the 

optimizer. 

Performance of 
state variables 

based on 

Figure 2-2 Decoupled optimization-simulation model (after Wright et al. 2001). 

Hierarchical process simulators and SS optimization options 
A hierarchy of spreadsheet-based process simulators has been developed as shown in Table 2-1. The user can select 
from this menu and combine the components as they see fit to do a simulation.  Details of these methods are described 
in subsequent sections. 

The standard Solver in Excel has the following two choices for doing optimization: 

• Default is Generalized Reduced Gradient (GRG) nonlinear programming. 
• Linear model option can be chosen if linearity assumptions are satisfied. 

The Excel Premium Solver (http://www.solver.com) offers three choices for doing the optimization: 

• Linear and quadratic programming 
• GRG nonlinear programming 
• Evolutionary programming 

The evolutionary programming option is a metaheuristic that employs sophisticated search techniques to find a good, 
and perhaps, an optimal solution.  Strategic considerations for selecting among these options will be presented in 
Chapter 10. 
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Table 2-1 Options in urban wet weather simulator. 

Land Use Weighted average of land uses from references 
GIS-based functional spatial analysis 
Single intensity-duration-frequency (IDF) design storm 

Rainfall Input Storm event time series 
Measured time series 
Disaggregated time seriese 

Depression Storage Fixed DS and infiltration rate 
(DS) and Infiltration Fixed DS with Horton's infiltration method 

Evapotranspiration 
(ET) 

Averaged monthly ET data 
Measured daily ET data 
Measured hourly ET data 
Rational Method (Single event, Peak only) 

Flow Routing Indirect using Rational Method 
Continuous rainfall-runoff & storage-release simulation 
Annual total pollutant load 

Pollutant Inputs Fixed event mean concentration (EMC) 
Measured or assumed pollutographs 

Pollutant Treatment Plug-flow model with assumed reaction rate 
Plug-flow model with site-specific reaction rate 

Summary and Conclusions 
This chapter summarized urban development trends, urbanization impacts on stormwater management, and systems 
analysis and optimization in water resources engineering.  Automobile-dependent modern urbanism has become the 
most significant trend of urbanization during the past decades.  A hierarchical approach of process simulation and 
optimization for analyzing urban WWCs was schematically presented in this chapter.  Detailed descriptions of each 
option will be followed in the rest of this report. 
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