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Abstract: Nonpoint source pollution control requires the implementation of best management préBhties at various locations in

a watershed. One important aspect of the watershed strategy is to find the optimal placement and design of BMPs so that their combine
effect is most cost-effective. An innovative method is presented for optimizing the placement and configurations of BMPs at the watershec
scale. Heuristic optimization techniques are coupled with a watershed model, which is the agricultural Nonpoint Source Pollution model
(AnnAGNPS in this case, and BMP simulation module to find a least cost set of solutions that meet the pollutant load reduction
requirements. An impoundment module imbedded in AnnAGNPS, and modified to address the sediment accumulation and resuspensic
effect, is used to provide the means of evaluating the long-term performance of detention ponds. A scatter search algorithm is applied t
finding the least cost solution. The optimization framework developed herein provides a tool for stormwater management practitioners tc
examine and analyze the treatment efficiencies of stormwater control alternatives and to determine a robust and cost-effective design
stormwater treatment systems.
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Introduction signed and implemented at the local or “on-site” level based on
the so-called “performance based” criteria, and not at the re-
To mitigate nonpoint source pollution caused by stormwater run- gional or watershed level in a comprehensive and systematic
off, various regulations require the use of stormwater control sys- manner. In other words, the controls are applied individually,
tems or best management practi@@MPs). These systems can be  without considering the overall combined or synergetic treatment
expensive and have for years represented a significant public in-effect of all controls within the watershed or area of interest. The
vestment. Since the stormwater regulations enacted in the latedisadvantage of the “on-site,” rather than watershed level, ap-
1980s and early 1990s, runoff water quality control has attracted proach is its inherent inability of comparing alternative BMP
more public attention due to increased awareness and understandslacements and obtaining the most cost-effective stormwater con-
ing of the seriousness of nonpoint source pollutidPS. The trol system design for the watershed as a whole.
need for water quality controls or BMPs will keep increasing with For the implementation of stormwater controls, it has been
the implementation of more stringent regulations, e.g., the propa-recognized that effective stormwater management is often
gation of total maximum daily loadTMDL) program and the  achieved from a synergetic, management system approach, as op-
establishment of the final rules for Phase Il of the National Pol- posed to focusing on individual practices. However, even though
lutant Discharge Elimination Program for stormwater. Best man- the concept is available and accepted, there is a lack of applicable
agement practices implementation will represent a significant and practical methodologies, or tools, to assist and fulfill its
public and private expenditure for many years to come. implementation. Considering that enormous public investment
Remedies for NPS pollution are very complicated because of may be needed for NPS pollution control, it is therefore even
its diffuse and time-varying characteristics. As a result, NPS pol- necessary to develop a systematic approach for the stormwater
lution control presents a formidable challenge to policy makers. control systems planning and design at the watershed level, which
Presently, most, if not all, stormwater controls have been de- could lead to significant cost savings. Motivated by such consid-
erations, the study presented herein develops and demonstrates a
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tinuous watershed simulation model annualized agricultural non- Labadie(1997 presented a multiobjective GA to generating non-

point source(ANNAGNPS with the scatter search optimization dominated solutions for system cost and detention effect for a

algorithm; and(2) demonstrate the impact of considering sedi- watershed-level detention system.

ment resuspension in “long-term” evaluation of stormwater Scatter search is another meta-heuristic search technique that

ponds on optimization results. has been explored and used in optimizing complex systems
(Glover et al. 2000m and has attracted more attention in recent
years. Scatter search shares some commonalties with GAs, al-

Literature Review though it also has a number of quite distinct features. Both scatter
search and GA are “population based” approaches, and both in-

As early as 1976, Loucks pointed out that “developing manage- corporate the idea of combining existing elements. On thg other
ment plans of river basin systems is an art. There is no single bestand, GA approaches are predicated on the idea of choosing par-
way to do it, there only exists some good approaches for specific€Nts randomly to produce offspring, and further introduce ran-
problems. System analysis approach is an effective way for find- domlzathn to determine which components of the parents should
ing, if not the best solution, at least for eliminating from further P& combined. By contrast, the scatter search approach does not
consideration the bad solution§oucks 1976. Research efforts emphasize rgndomlzanon, part|cylarly in the sense of being |r_1d|f-
have been made to solve stormwater management problems b)tgrent to ch0|ces among alter.natlves. Instead, the appro_alch. is de-
using optimization techniques, even though it was considered dif- Signed to incorporate strategic responses, both deterministic and
ficult due to the complexity of environmental problems, espe- probabilistic, that a_ccount for evaluation h|§tory. Sca}tter searc.h
cially when using classical optimization techniques because of focuses on generating relevant outcomes without losing the abil-
their inability to handle complicated, i.e., nonlinear, discrete, en- ity t0 produce diverse solutions, as a result of the way the gen-
vironmental systems. In most of the studies that applied classical€ration process is implementédaguna and Marti 2002
optimization techniqueé<ao and Tsai 1997; Behera et al. 1999 I_3e_cau_se of the aforementioned feature of _scatter search,_ for
significant simplifications were necessarily made for problem for- OPtimization problems that need a computationally expensive
mulation because of the complexity of stormwater management@valuator, it is expected that scatter search can find the near-
systems and limitations on the use of optimization methods. In OPtimal solution in a more efficient way, and therefore serves as a
these cases, even though the optimal solutions found were mathPetter optimization engine. Scatter Search has been applied to
ematically feasible, their practical usage in the real world was OPtimization problems of complex systerf@lover et al. 2000g
usually questionable. In recent years, the development of modernHowever, scatter search is not as widely used in th_e literature as
meta-heuristic search techniques, such as genetic algorithms an@AS When applied to the stormwater management field. The only
scatter search, has attracted much attention from researcherBUblished example of applying scatter search in the water re-
wanting to address the real world planning/design issues. TheSources field was one that addresses the classic optlmlzatlon
meta-heuristic techniques are much less restrictive in pr0b|emproblem—New York Qty water supply tunnéﬂYCWSD design
formulation, and are therefore better suited for tackling complex (Laguna 1998 In this study, the commercially available soft-
systems. One major drawback of these new techniques is the deWare:OptQuestwas used to solve the NYCWST problem, and it
mand of extensive computing time. However, due to the rapid S reported that t_hé_)thuestmodel con3|stentl_y finds the best
development of computer power and speed, this weakness peSolution known within 10,000 calls to the functlo_n evaluator, and
comes less of a hinderance. compares well with the 18,053 function evaluations that the ge-
Genetic Algorithms(GAs) are the most commonly used tech- netic_ algprithm employed to find the same solution, as presented
niques for optimal stormwater management planning at the PY Lippai and Heaney1996.
present time. Basically, GAs are stochastic search procedures that
use probabilistic rather than deterministic search rules and areQptimization Model
based on the “survival of the fittest” principle. The objective
function magnitude, instead of derivative information, is used di-
rectly in the search, therefore allowing GAs to be applied to non-
convex, highly nonlinear, and complex probleni&oldberg Potential BMP sites are assumed to be preselected based on an
1989. Several applications of GA to controlling nonpoint source inventory of NPS critical pollution source areas and other factors
pollution have been found in the literature. For example, Dorn such as land availability, geographical conditions, and site-
et al. (1995 developed a GA based search method for determin- specific legal, jurisdictional considerations. As a general rule, if
ing a cost-effective configuration of wet detention basin systems feasible, potential BMP sites considered “critical2.g., areas
in response to a prescribed land use plan to provide a desiredwith high unit area NPS pollution loadingshould first be se-
system-wide or watershed level of total suspended solid removallected before noncritical areas for BMP implementation. This se-
for a design storm event. This method was extended by Harrell lection process allows the elimination of any obviously infeasible
(1998 to incorporate long-term removal efficiency of pollutants solutions and provides a good starting point for the optimization
using the Driscoll sedimentation model, which is also called the process. Preferably, the selected potential sites should cover a
environmental protection agendPA) model (USEPA 1986. range of spatial scales, i.e. on-site, subregional, and regiBital
The EPA model uses a statistical and probabilistic approach pre-1), in order to preserve the highest possibility for obtaining the
sented in the form of a series of dimensionless curves for estimat-most cost-effective BMP placement scheme at the watershed
ing the long-term average sediment removal efficiency of wet scale(Zhen and Yu 2001
detention ponds. Lippai and Hean€¥996 and Heaney et al.
(1999 presented a GA-based method for the optimization of
urban storm sewer design. Otero et@lQ95 applied GA to de-
termining minimum stormwater detention storage volume and op- Based on the preselected potential sites, the optimization problem
timal operating rules for managing freshwater runoff. Yeh and can then be formulated as follows. For each preselected lodation

Premises

Generic Problem Formulation
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ous simulation of the detention pond pollutant removal process
was performed by the impoundment routine embedded in
ANnAGNPS.

It should be noted that the objective functiérost function
and the water quality constraint are discrete and nonlinear, and
the tractable mathematical formulations and their derivatives are
difficult to define. In order to solve such a complex problem and
to find the optimal or near optimal solution, a meta-heuristic op-
timization technique—scatter search, is selected and applied.

(a)on-site BMPs

) sub-regional (¢) regional BMPs
BMPs

Fig. 1. Schematic diagram showing spatial arrangement of best man- Optimization Algorithm—Scatter Search
agement practices afa) on-site, (b) subregional, andc) regional
levels

Scatter Search, from the standpoint of meta-heuristic classifica-
tion, may be viewed as an evolutiongigr also called population
based algorithm that constructs solutions by combining others.
One of the main aspects of scatter search is the manner in which
the decision variable vectoBMP;) for locationi represents the it combines solutions, and undertakes to exploit these combina-
existence and configuration of the BMP. As the existence of a tions. Scatter search operates on a set of solutions, the reference
detention pond can only be represented or described by a discreteset, by combining these solutions to create new ones. The refer-
variable, the optimization of stormwater control systems naturally ence set is updated based on rules regarding the solution quality
falls into the category of a combinatorial or a discrete problem. and diversity. The way scatter search combines solutions and up-

Mathematically, a generic BMP placement optimization model dates the set of reference solutions used for combination sets this
can be expressed as: methodology apart from other population-based approaches. Un-
Objective: like a “population” in genetic algorithms, the reference set of
solutions in scatter search tends to be small. This is needed be-
cause the combination process in scatter search considers at least
all pairs of solutions in the reference set. Typically, the reference
set has 20 or less solutions. In general, if the reference set consists
of b solutions, the procedure examines approximateli-{3
X (b/2) combinations of four different typesGlover et al.
20003.

The principles of the scatter search methodology are summa-
rized as follows(Glover and Laguna 2000bUseful information
about the form(or location of optimal solutions is typically con-

Minimize >, C(d;) (1)
i=1

Subject to:
LyesLmax, (k=1,...m) (2)

deS (i=1,...n) ©)

where C(d;) =average annual cost, including construction and
maintenance cost;=decision variables vector for pre-selected

locationi=1, ... h; n=total number of potential BMP sitd;, tained in a suitably diverse collection of elite solutions. When
=*“long-term” average annual pollutant load at a reference point solutions are combined as a strategy for exploiting such informa-
k=1, ... m with the implementation of BMPsn= total number tion, it is important to provide mechanisms capable of construct-

ing combinations that extrapolate beyond the regions spanned by
load allowed for the reference poikt and $=feasible range of  the solutions considered. Similarly, it is also important to incor-
BMPs at location. porate heuristic processes to map combined solutions into new
In this work, selected decision variables are the detention-time solutions. The purpose of these combination mechanisms is to
for a user-specified design storm and the depth of a pond. Detenincorporate both diversity and quality. Taking account of multiple
tion time is discretized between zero and a maximum value at asolutions simultaneously, as a foundation for creating combina-
constant increment. A zero valued detention time indicates thattions, enhances the opportunity to exploit information contained

of reference point; L mgxmaximum average annual pollutant

the pond does not exist.

The cost function calculates the “long-term” average annual
cost of BMPs, including both initial construction cost and annual
operation and maintenan¢®&M) cost over the planning time

in the union of elite solutions.

As a search strategy, scatter search has shown the capability to
yield promising outcomes for solving combinatorial and nonlinear
optimization problemgGlover et al. 2000g Although conver-

period. The construction cost is distributed evenly over each yeargence to global or even local optimum is not guaranteed, scatter
of the project life of a BMP in order to amortize the cost. search performs the heuristic search process in an effective and
In the water quality constraint, the right-hand-side of B2}, efficient way, requiring relatively fewer calls to the evaluation
L max,, is determined by the user based on existing regulations function to find the near optimal solution. This is significantly
such as local runoff control ordinances or other watershed pollu- advantageous for complex systems, which need considerable
tion control regulations such as a TMDL allocation, or on values amounts of computer run time to evaluate one alternative solu-
suggested by previous studies regarding the watershed in question. The problem of stormwater control system design is usually
tion. The left-hand-side of Eq2), (L,), or the annual pollutant ~ formulated as a discrete integer nonlinear optimization problem,
loads at a designated checkpoint, indicates the pollutant removaMWhich can be effectively solved by the scatter search algorithm.
effectiveness of the potential BMP implementation. It is com-
puted by a watershed model that has the capability of incorporat-
ing the “long-term” continuous simulation of the performance of
stormwater ponds placed in the watershed. In this study, a distrib-A seamless optimization framework integrating the system evalu-
uted watershed model AnnAGNPS was employed to simulate theator and the optimizer was developed to solve the above-
pollutant load generation and transport in the watershed. Continu-formulated problem. The structure of the optimization framework

Optimization Framework

JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT © ASCE / JULY/AUGUST 2004 / 341



START

Initialization run of AnnAGNPS ggLaer
Pwpare reeded irfommation for tarsformation R, Optimizer - OCL
of OCL decision varisbls to inpat pammeter Gererate new sets of decision variahles
of AmAGNPS for a specific watershed.

=

Evaluaibr - Impound ment routine embedded in AnnAGNPS

Perform “long-term” continuous sirulation 1o calculate the value of
the cost function and the LHS of the load reduction requitement.

\

Optimizer - OCL
Received the irformation from evaluator,
ragaswe the merit of the solution, and update

the search pincess accardingly.

Near optimal solution fomd?

Yes

( Ouiput Good Sohutions )

Fig. 2. Conceptual design of optimization framework

is illustrated in Fig. 2, which consists of three functional compo- tinuous daily basis. The constitueritanoff and pollutantsorigi-
nents:(1) initialization run of ANNAGNPS(2) system evaluator,  nated within a cell are either deposited in the stream channel

and (3) optimizer. system or transported out of the watershed. Pollutants can be
o identified at their sources and tracked as they move through the
Initialization Run of ANNAGNPS stream system. This leads to the distinctive feature of the source

The purpose of the initialization run of AnnAGNPS is to generate accounting function of AnnAGNPS. Annual AGNPS generates
the design runoff volume for a user-specified design storm at eachoytput information on the contribution of runoff and pollutant

pre-selected BMP site in the test watershed. The runoff volume is joading from each cell to any user-selected location. This infor-
required in order to transform the decision variables, which are mation is used to identify critical areas, which contribute signifi-

the detention time for a designated design storm and the pond.ant amount of pollutant, sediment or nutrients, to any designated
depth, into the required input parameters for running the im- |j.otion for instance. the watershed outlet

poundment subroutine of AnnAGNPS.

Impoundment Simulation Routine The original impoundment
routine (noted as IRLin AnnAGNPS was based on the “surface
loading” concept with the assumption of ideal performance for
the pond. Sediment resuspension was not considered in this case.

System Evaluator
The mission of the system evaluator is to measure the merits of
the decision vector, or solution, generated by the optimizer and to

provide feedback information to the optimizer. The system evalu- . W - . :

ator consists of two components: a BMP performance evaluator tOAccordmg fo the “surface loading” concept, it can be derived
assess water quantity and quality control effectiveness, and a'at for the same pond storage volume, the lower the depth and
BMP cost function to calculate the total expected cost for various the larger the surface area, the greater the pollutant removal effi-
planned stormwater control options. The AnnAGNPS model with C'€NCY:

the embedded impoundment routine is employed as the BMP per- The original impoundment routine cannot simulate sediment
formance evaluator. accumulation and resuspension processes, which are believed to

have a significant impact on stormwater pond performance. As

Watershed Simulation Model—AnnAGNPSThe AnnAGNPS  such, an improved version of the impoundment modotted as
model, developed by U.S. Department of AgriculttéSDA), IR2) was developed, which takes into account the sediment accu-
Agricultural Research Service, and Natural Resources Conservanulation and resuspension proceé&@hen 2002 The sediment
tion Service scientists and engineers, is a batch process, distribaccumulation effect is simulated by modifying the pond geomet-
uted parameter, continuous-simulation surface runoff computerric parameter according to the amount of sediment trapped in the
model for estimating nonpoint source pollutant logd&SNPS pond. For sediment resuspension, a simplified zero-dimensional
2001). The model simulates surface runoff, and generation and formulation relating the magnitude of sediment resuspension to
transport of sediment, nutrients, and pesticides. Pollutant loadingsthe inflow rate was developed. With application of IR-2 in the
are generated from land areas, which are treated as cells or subeptimization model, the pond depth is treated as a decision vari-
watersheds, and routed through stream channel systems on a corable, ranging from 2 to 3.5 m.

342 / JOURNAL OF WATER RESOURCES PLANNING AND MANAGEMENT © ASCE / JULY/AUGUST 2004



Table 1. Selected Construction and Annual Maintenance Cost Func- work is usually significantly greater than the other repairs, and

tions for Stormwater Ponds that the annual maintenance cost is less than 1% of the initial
Construction cost  Annual maintenance cost construction cost, it was assumed that the annual repair cost
(Crep is 0.2% of the construction cost.

Best management

practice Cost(®  Vsunit Construction cost%) The annual average cost for accumulated sediment removal
Dry ponds C=74N2"% 13 <1 (Csed for a dry pond was determined based on the assumptions as
Wet ponds c=185/270 3 3-6 follows: (1) the accumulated sediment needs to be removed when
Note: Source: USEPAL999. it occupies 1/4 of the original storage volum¥(~V/4), and

(2) the average annual cost for sediment remo@l.§ is calcu-
lated as (7.4Y2/3)/Ngeq, WhereV .= accumulated sediment vol-
Inherently, without considering sediment accumulation and re- Ume when sediment is cleaned out, which is assumed to be 1/4 of

suspension, the original impoundment routine tends to overesti-V: @nd Nseg=number of years when the removal of sediment is
mate sediment trap efficiency over a long-term period, especially "eeded. ) ) )
for periods with high intensity storm events and after the sedi-  1he one-time sediment removal cost is calculated by using the
ment accumulation depth reaches a significant level. To examinedry pond construction cost function (7Mgg), since both of the
the sensitivity of the optimization results to the effect of sediment activities mainly involve soil excavation, and this method is vali-
accumulation and resuspension, both impoundment routines, IR19ated using local dateZhen 2002 Finally, the total annual life
and IR2, were applied, and the optimization results compared. ~Cycle cost function is formulated as

i o ) Cost=construction cost Cgpt Ceeq
Cost Functions Cost estimation is an essential part of a cost-

effectiveness evaluation of stormwater control systems in real- =(7.4W°78/50+ (7.4 78 x0.2%
world applications. In this study, the concept of the annual life-

cycle cost is employed to formulate the cost functions. The life- +(7.4N o) Ngeq

cycle costs of a stormwater control facility include the initial 0.7

capital costs and the present value of the annual O&M costs that =0.022¢ (7.4

incurred over time, less the present value of the salvage value at
the end of the service life. The annual life-cycle cost is the annual
construction cost, which is calculated as the initial capital cost o i
divided by the length of service life, plus the annual O&M cost, OPtimizer—OptQuest Callable Library

and less the annual salvage value. In the cost formulations, the® commercially available progran®ptQuest Callable Library
present value was not computed due to the consideration of cur-OCL) was adopted as the optimizer to perform the optimization

rently low interest rates, and also because all BMP placementS€2arch process. The OCL is a general-purpose optimizer that em-
alternatives are compared on the same basis. Neglecting thé?loys the scatter search framework to obtain high quality solu-

present value does not significantly affect the optimization results. ions for optimization problems defined in complex settifigs-
In addition, land cost was not included in the cost estimation 9una 1998 The OCL consists of a set of 23 functio(@ptTek
because it varies dramatically from location to location. However, SYStems, Inc. 2001among which the “parameter setting” func-
it should be noted that land costs could represent a significanttion group may be used to construct a suitable search strategy for
portion of the total initial cost, particularly in highly developed & SPecific problem. Another important OCL feature is the dynamic
urban areas. Therefore, it could possibly influence the optimiza- "eduirement handling method. Like other meta-heuristics, scatter
tion results. search does not explicitly incorporate requiremefrenlinear

The initial capital cost, namely construction cost associated constraints into the formulation; instead they are handled by
with a stormwater pond, is usually calculated as a function of the USiNg penalty functions. In OCL, a dynamic penalty function is
pond storage volumeW), and annual O&M costs is often esti- adopted to penallzeT thg requirement V|0Iat|9n cprrespondlng to
mated as a percentage of the construction €tahle 1. Regard- the degree of t_he wolayon, as well as_the violation hl_story. For
ing service life, stormwater ponds are considered as long-term&X@mple, requirement-infeasible solutions are penalized more
facilities. The USEPA1993 estimated a service life of 50 years heavily when no requirement-feasible solution has been found
for both dry and wet stormwater ponds. In this study, the length of during the search than when one is already availdtaguna and
an extended dry pond service life was assumed to be 50 yearsMarti 2002.
and the salvage value assumed to be zero.

Based on the above information and assumptions, a cost func-
tion was formulated to estimate the annual life-cycle cost, which Hypothetical Case Study
included the construction and the O&M costs for extended dry
ponds. The construction cost function for dry pond presented in The optimization scheme developed herein was applied to solve a
Table 1 was employed. The maintenance cost was estimated dyhypothetical case. The study area is a 1,172-ha watershed. The
namically based on the amount of sediment accumulated in thedominant land uses of the hypothetical watershed are grazed pas-
pond over time. The USEPAL999 reported that maintenance ture and forest. The study area is covered by one single loamy
activities for detention ponds typically would include removal of texture soil type. The statistics of the precipitation data are: an-
accumulated sediment, repair of control structure, as well as re-nual average precipitatien1,084 mm(42.7 in); rainfall depth of
pair of embankment and side slopes. Among the above activities,the 1-year, 24-h storm56 mm(2.2 in), and rainfall depth of the
removal of sediment is important for keeping the pond operating 10-year, 24-h storm 122 mm(4.8 in). The temporal rainfall dis-
efficiently over period of time. No specific information on repair tribution is the Soil Conservation Service Type-Il distribution.
cost for the control structure, embankment, and side slopes wasAnnAGNPS was used to simulate the watershed hydrology and
found. Considering the fact that the scale of sediment removal NPS pollutant loading generation, and to provide results for the

+ (74N 8 Ngeq (4)

sed
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14
minimize >, Cp(Tqi,H) ®)
=

subject to

~  Cell bound
E ooy SS load at outlet w/BMPs
< ritical area =<ADF (6)
}, Strearms SS load at outlet w/o BMPs
4 Onsite BMP whereT4;=design storm detention time of the pond at location
é :’:f’ei";:d'gm (i=1,...,14); H,=depth of the pond at location (i

gon =1,...,14);C,=cost function to calculate the total cost of the

pond, including construction and maintenance costs; and ADF
=allowed discharge fraction of the existing load. In the optimi-
zation model, the decision variablése., design storm detention
time and pond depth for the 14 potential pondse represented
by an array of 28 elements, which can be illustrated as
X . X . 3 (ledeZ!"'le14!H11H21"'1H14)'
identification of the critical areas. The study area was delineated  For the 10 on-site pondsi €1...10), the decision variable-
into 155 cells with an average cell size of 7.56 ha. Each cell was design storm detention timeT;) ranged from 0 to 72 h with a
assumed to be homogeneous in terms of soil type and land coverg4-h increment. For the three subregional ponids1(1,12,13),
The geographic information system tool package—AnnAGNPS Td; ranged between 0 and 48 h, with a 3-h increment. For the
Input Data Preparation ModehIDPM) (Darden et al. 200lwas regional pond (= 14), T4; ranged between 0 and 12 h, with a 1-h
used to calculate the drainage area; average land slope; averaggcrement. The reason for using different incrementsTgf is
elevation; overland flow length and slope; shallow concentrated pecause, for ponds at different spatial levels, the effect of the
flow length and slope; concentrated flow length and slope; and thesame increments of designed detention time on the system cost as
length slope factor for each cell. The reach length and reach slopewell as the pollutant load reduction are dramatically different due
were also generated by applying AIDPM. Three years of synthetic to significant differences of the drainage area at different spatial
climate data were used in the watershed hydrology and waterlevels. In order to reduce the gap caused by decision variables of
quality simulations. Suspended sediment was selected as the componds at a higher spatial level, and not to sacrifice the search
cerned pollutant. efficiency at the same time, finer increments were used for ponds
at the higher spatial level. The depth of the ponds ranged between
2.0 and 3.5 m with a 0.5-m increment.

Fig. 3. Study area: critical areas and potential best management
practices locations

Selection of Potential Best Management Practices
Locations

Based on the watershed simulation results, ten subwatershedso ptimization Results

were identified as critical aredshown in Fig. 3, which have unit The optimization framework was then applied to the hypothetical
area sediment loads ranging from 0.542 to 0.994 t/ha/year and arecase to determine the near optimal placement and configurations
greater than the average value of 0.379 t/ha/year for the entireof stormwater ponds under certain water quality constraints,
watershed. Logically, “critical areas” should be the priority areas which were indicated by the ADF of the existing sediment load.
for installing NPS control practices or BMPs. Therefore, ten po- From a series of runs under various ADF values, it was observed
tential on-site(Nos. 1-10 BMP sites were selected to control the that the search process rapidly converges to near optimal solu-
critical areas. In addition to the ten on-site locations, three subre-tions (since scatter search is a heuristic method, the optimum is
gional sites(Nos. 11-13, and one regiona{No. 14 site were not guarantegdand usually within 10,000 iterations for the case
selected to serve as alternative BMP sitese Fig. 3. study presented. The average computation time is about 18 h on a
Pentium 866-MHz microprocessor with 128 MB random access
memory(RAM) and PC133 MHz SDRAM. Figs.(4 and b show

the search process and convergence under water quality constraint
In the hypothetical case study, dry extended detention ponds wereof an ADF of 0.65. Fig. 4 presents the costs of all feasible
assumed as the selected BMP type at all the potential sites. Thesolutions, including the near optimal solutions, identified by the
detention time for a user specified design stqanl-year, 24-h searching process. Among all the feasible solutions in Fig), 4
storm in this caseand the average pond depth are the two pa- many of them provide excessive treatment than required, resulting
rameters that were optimized by the optimization model as the in higher costs. In Fig. @), only the feasible solutions that just
decision variables. These two parameters are considered to be theneet the constraint of ADF0.65 were presented. One can ob-
most important design parameters that contribute to the perfor-serve in Fig. 4b) that different solutions, though providing the
mance of a detention pon@hen 2002. Other less important ~ same sediment removal efficiencies, require dramatically different
independent design features were either estimated based on theosts, ranging from approximately $45,000 to $18,216, the latter
current knowledge of pond design practi¢&sahre and Urbonas  being the optimal or near optimal cost. This observation illus-
1990; Schueler and Claytor 2000r assumed for the sake of trated the significant cost-saving potential by using optimization
simplicity. The pond length to width ratio was taken to be 3:1. A techniques. Fig. 5 shows the costs of the near optimal solutions
bed slope of 0.015 was used. The pond sidewalls were assumed téound for various ADFs, and Fig. 6 depicts the optimal stormwa-
be vertical. For the hypothetical watershed, suspended €38d ter pond placements, i.e., the optimal design detention fine
was the target pollutant, and the evaluation reference location wasrelative to upper limitT} , for various ADF values. The design
the watershed outlet. The optimization formulation for this case is detention timeT4 of each potential pond was normalized by the
described mathematically as upper bound valud? to give a better picture showing the se-

Optimization Model Formulation
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quence of preference of each pond rather than presenting the val- When IR-1(i.e., not considering accumulation and resuspen-
ues of the design detention time themselves. As described beforesion) is applied, according to the “surface loading” concept, it
=72 for on-site pondsi&1,2,3...,10), T =48 for subre- can be derived that, for the same pond storage volume, the lower
gional ponds i(=11,12,13), andl; =12 for the regional pond the depth and the larger the surface area, the greater the removal
(i=14). efficiency. Experiment results using the hypothetical case de-

Fig. 5 shows the tradeoff relationshi{pareto frontier curve scribed above showed that the optimal pond depth tended to con-
between cost and water quality goal or the ADF. It can be ob- verge to the lower boun m) when IR-1 was used. Whereas
served that the tradeoff curve has a steeper slope at the lower andR-2 simulates the sediment accumulation and resuspension effect
of the ADF. This means the sensitivity of the cost to the ADF is on pond performance, it therefore has the capability of recogniz-
higher for the higher water quality goéllower ADF). In other ing an optimal depth that takes into account the negative effect of
words, the same amount of ADF variation at the lower ADF val- a shallow depth on sediment trap efficiency due to resuspension.
ues causes a greater cost variation. For example, increasing ADRt is anticipated when sediment resuspension becomes more pro-
from 0.3 to 0.35 reduces the cost by about $11,000, while increas-nounced as inflow rate or/and sediment accumulation depth in-
ing ADF from 0.7 to 0.75 only reduces it by $3,500. In Fig. 6, it crease, a deeper pond depth would be more preferable. For ex-
appears that the optimal solution tends to prefer ponds at theample, as shown in Fig. 7, by increasing the resuspension
higher spatial level to meet required water quality goals. In other coefficient fromK,=1.0x10"° to K, =1.0x10 *, and fromK,
words, when the water quality requirement increa@edF de- =2.0x10 °to 2.0x 10" * (kg/m®) for clay and silt, respectively,
creasel ponds are selected in a preference sequence of regionalfo represent a higher sediment resuspension rate, the optimal so-
subregional, and on site. The results generated by the optimizadutions for ADF=0.45 changed dramatically. Not only were more
tion model are consistent with what is expected considering the ponds and longer detention times required in the optimal solution,
economy of scale. but also the optimal depth of the regional pofio. 14 was
increased to 3.5 m. It illustrated that a deeper pond depth is pre-
ferred as the sediment resuspension effect becomes more pro-
nounced.

Fig. 8 shows the optimal or near optimal solution of stormwa-
As an essential component of the evaluator in the optimization ter pond system at various ADFs, which were obtained as the
framework, the impoundment routine estimates the sediment re-impoundment routine IR-{without considering the sediment re-
moval effectiveness of detention ponds. It is anticipated that sedi- suspension effegtvas employed. As depicted similarly in Fig. 6,
ment resuspension affects significantly the performance of storm-ponds are preferably selected in the sequence of regional, subre-
water ponds. In order to examine the impact of considering gional, and onsite to obtain the optimal costs, similar to what is
sediment accumulation and resuspension on optimization resultspbserved in Fig. 8. Comparing the optimal solutions shown in
the optimal solutions generated with and without considering Fig. 6, which were generated by using IR-2 with considering
sediment resuspension, by using IR-2 and IR-1 respectively, were

Impact of Considering Sediment Resuspension
on Optimization Results

compared.
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Fig. 6. Optimal stormwater pond placements, i.e., design detention
time relative to upper limit, for various allowable discharge fraction
values, using IR-2

Fig. 5. Optimal cost for various allowable discharge fraction of
existing sediment loadusing IR-2
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resuspension effect, and those shown in Fig. 8 using IR-1, for the
same ADF, longer design detention time and/or more ponds are

required when using IR-2. Also, the lower the ADF, the more

pronounced the differences are. This is because the smaller siz
sediment particles, such as clay, are more difficult to remove and

more likely to resuspend. At lower ADFs, smaller size sediment
particles take a greater portion of the total sediment removed
therefore the sediment resuspension effect has greater impact
the optimization results. This finding suggests that, without con-

sidering the sediment resuspension effect, the control system
would likely be underdesigned, especially when the sediment re-

moval requirement is high, for which a greater amount of finer
particles needs to be trapped.

Summary and Conclusions

An optimization framework coupling with a watershed simulation
model (AnnAGNPS and an optimization moddkcatter seargh
was successfully developed. The significance of the optimization
framework developed lies with its capability of efficiently identi-
fying the optimal stormwater pond implementation plan based on

long-term evaluation in the context of a watershed. The scatter

search optimization tool was proven to be a superior optimization
algorithm for computing time-intensive complex systems. The
optimization scheme was used to develop the tradé@#reto

frontier) curve of the optimal stormwater pond system cost for
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Fig. 8. Optimal stormwater pond placements as normalized deten-
tion time, i.e., design detention time relative to its upper limit, for
various allowable discharge fraction values, using IR-1

e

various water quality goals. In general, the sensitivity of the sys-
tem cost to changes in water quality goals is more significant
when the water quality requirements are higher. Additionally, by
analyzing the optimal pond design strategies for a hypothetical
case, it was observed that when the water quality goal becomes
higher, ponds are selected, in order of preference, according to the
sequence of regional, subregional, and on site, as long as spaces
are available for pond construction at all the potential sites. This
finding challenged the current “on-site,” performance-based ap-
proach for stormwater treatment system design, and demonstrated
the superiority and cost saving potential of the holistic watershed
approach.

This study also investigated how the optimization results are
affected by different impoundment routines with and without con-
sidering sediment resuspension. In general, the results indicated
that without considering the sediment resuspension effect, the
control system would likely be underdesigned; especially when
the water quality requirement is high, which means a larger
amount of finer particles needs to be removed. More importantly,
the distinction of considering sediment resuspension in the im-
poundment routine lies in that it potentially lends the optimization
framework the capability of identifying an optimal pond depth,
which would balance the preference for smaller depth because of
the “surface loading” theory and the preference for larger depth
due to the resuspension effect. Yet, it is also recognized that the

c;full extent of the sediment resuspension effect on the optimal

rélesign configuration might be influenced by many case specific

factors such as sediment accumulation depth, storm intensity, and
resuspension coefficient¥(), etc., and therefore can only be
examined and discussed on a case-by-case basis.

The optimization framework developed herein provides a plat-
form and tool to help users examine and analyze the treatment
efficiencies of a spectrum of stormwater control alternatives, un-
derstand the factors affecting the performance of stormwater
BMPs, and more importantly facilitate a robust and cost-effective
design of stormwater treatment systems.

On the technological side, the results herein have illustrated
the importance of including the sediment accumulation and resus-
pension effect into the BMP implementation strategies. Best man-
agement practices performance is significantly affected by the
amount of sediment accumulation. Since, in general, BMPs such
as ponds are not serviced or cleaned out frequently, a conservative
strategy may be the inclusion of expected loss of pond storage
volume and depth due to sedimentation when designing a deten-
tion pond, as indicated by the optimal solutions when sediment
accumulation and resuspension were taken into account.
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