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ABSTRACT

The Low Impact Development (LID) approach to stormwater management is rapidly becoming the
required replacement for the traditional approach of development design, solely for peak runoff
attenuation. Stormwater Control Measures (SCMs) used in LID designs are some combination of physical
structures and /or agronomic practices designed to capture runoff, remove pollutants, promote
groundwater recharge, and protect receiving streams from channel degradation. The LID approach has
been studied and documented in many journals and design manuals, but we know of no comprehensive
study that combines the engineering (hydrologic performance requirements) and social aspects
(complementary requirements) of the approach. SCMs have historically been designed by engineers
solely to meet performance requirements for runoff volume, peak runoff rate, and water quality impact,
but engineering designs seldom take into account the equally critical complementary design
requirements such as aesthetics, social impacts, and safety concerns. On the other hand, plans
developed by landscape architects and other designers too often focus on complementary
requirements—emphasizing aesthetic features, spaces for social activities, and creating sanctuary for
wildlife—without adequately taking into account engineering hydrologic performance requirements. The
lack of understanding in the relationship between the engineering and social aspects can result in
inappropriate selection of the SCM, resulting in the ultimate failure of the design to achieve its goals.
This study produced a flexible logical framework to reflect a wide range of possible complementary
goals. The framework includes a detailed description of all necessary inputs for a complementary score,
a definition of the flow of logic, logic rules used in the decision process, some description of inputs
needed for the hydrologic calculations, and a rough cost estimate. The logical framework will allow the
selection of the “best” SCM(s), defined as meeting the hydrologic performance requirements while
yielding the highest possible score for site-specific complementary requirements. The tool is intended to
be used at the early stage of design process to help designers —stormwater engineers and landscape
architects—obtain initial estimates of dimensions of the possible SCMs suitable for the design.
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1. BACKGROUND AND INTRODUCTION

A low impact development (LID) approach for stormwater management is strongly recommended to
replace the traditional approach of designing solely for peak runoff attenuation (Dietz, 2007; Dietz,
2008; Coffman, 2002; Roy et al., 2008). A Stormwater Control Measures (SCM) is the basic building block
for implementation of LID, comprised of a physical structure or practice designed to capture runoff,
remove pollutants, and promote groundwater recharge and protect receiving streams. The main goal of
LID is to mimic the pre-development hydrology by mainly infiltrating, filtering, storing / reusing, and
evapotranspiring runoff near its source, focusing on treating runoff onsite through the use of small- and
medium-scale practices distributed throughout the site. SCMs therefore play a significant role in
minimizing the hydrologic and water quality environmental impacts caused by stormwater runoff,
especially on urbanized or urbanizing land areas.

Urbanization alters the watershed hydrology, primarily through increases in impervious surfaces. This
results in less area for water to infiltrate into the soil, which generates more runoff. The increase in
impervious area also increases peak runoff rate and runoff velocity, which cause stream flooding, stream
erosion, and water quality degradation (Leopold, 1968). Urban runoff can change stream chemistry by
increasing levels of contaminants and nutrients such as nitrogen and phosphorous, and can change the
morphology of the streams by increasing incoming sediment (Gregory et al., 1992; Walsh et al., 2005).
The changes in stream morphology can harm stream ecosystems, which can indirectly affect human
health and quality of life (Pavlowsky, 2004; Paul and Meyer, 2001; Gaffield et al., 2003). This adverse
effect of urbanization is exacerbated by the traditional approach in managing the urban runoff.

The damaging effects of the traditional stormwater management approach have been well documented
(Holman-Dodds et al., 2003; Roy et al., 2008). Contrary to the LID approach, this ‘old’ approach conveys
runoff off of the site as quickly as possible, detaining it to the minimum degree required by ordinance,
then discharging it directly to the receiving waters. The goal of this old approach is to design an
inexpensive drainage system to avoid flooding. Designs following this approach rely heavily on
centralized structural practices such as stormwater drains, big pipes, and large detention basins at the
site boundary. Since the large volume and high flow rate of runoff is transported to the stream
untreated, it is not surprising that urban runoff is alleged to be the leading cause of impairment in
streams (Klein, 1979).

LID is a relatively new concept in stormwater management, so is constantly evolving and is the subject
of ongoing research, which may be a primary reason for hesitation in adopting the SCMs (USEPA, 2000).
Research shows promising results on the effectiveness of SCMs, but some unexpected results have
raised concerns with respect to effectiveness of the practices, winter performance, cost, maintenance,
safety, and community acceptance (Dietz, 2007). As this list of concerns demonstrates, success of an LID
design depends on the SCMs meeting not only the required hydrologic performance requirements, but
also non-engineering requirements related to aesthetic, social, and community impacts. We are calling
these “complementary requirements”, and they are just as critical to the ultimate success of a design as
are the engineering requirements.



The LID approach has been studied and documented in scientific journals and design manuals, but we
know of no comprehensive study that combines the engineering (hydrologic performance requirements)
and social aspects (complementary requirements) of the approach. Some studies focus heavily on the
complementary social aspect, emphasizing such goals as providing aesthetic features, forming spaces for
social activities, and creating sanctuary for wildlife. These studies generally discuss SCMs that are
associated with vegetation and pervious surfaces such as wetlands, vegetated swales, permeable
pavements, rain gardens, and bioretention SCMs, or SCMs that are very visible but may have limited
hydrologic impact (e.g., rain barrels, green roofs). Unfortunately, these studies often focus too heavily
on the aesthetics and public perception while lacking detail on the technical aspects associated with
engineering sizing and design, which may lead to flooding, scouring, and structural failure. On the other
hand, other studies focus heavily on the engineering design, emphasizing hydrologic analysis, soil
analysis, and sizing calculations. Although these studies offer design guidance to ensure achieving the
required runoff reduction, they often underemphasize the social aspects of the LID approach. LID
approach has brought stormwater infrastructures to be a part of the public domain, thus requiring that
they perform hydrologically, socially, and aesthetically as an integral part of the visible built
environment. Therefore, the lack of understanding in the relationship between the engineering and
social aspects can result in selecting an inappropriate SCM, resulting in the ultimate failure of the SCM
and perhaps the full LID design to achieve its total set of goals.

Each project has its unique combination of technical and social conditions that will dictate the best-fit
specific SCMs. For example, a development that houses primarily young families may want to avoid
SCMs that incorporate open water, such as constructed wetlands and detention basins. In that case, the
main criteria for choosing SCMs for that area may include child safety, traffic calming, and aesthetic
appeal. On the other extreme, the best SCM for an industrial area may be an extended detention pond,
treatment wetland, or subsurface infiltration bed. For ultra urban areas where space is very limited, the
best SCMs may be porous pavement, cistern, green roofs, and planter boxes. In every case these SCMs
would need to first be compared on the basis of how well they meet the site complementary
requirements, ranking them based on their physical characteristics and ability to provide services
important to the design. Once the rank is established based on complementary aspects, the overall
design layout of SCMs must be further checked using Runoff Reduction Assessment Tool (RRAT) to
ensure that it meets the hydrologic performance requirements.



2. OBJECTIVE

The objective of this study is to more fully integrate the hydrologic performance and complementary
requirements of the LID approach. Using a decision matrix tool, this study aims to help designers (such
as engineers and landscape architects) and end users select the best SCMs for their project, where the
best SCM is defined as meeting the site hydrologic performance requirements while providing the
highest possible complementary requirement score. While initial scores are provided for many of the
ranking processes, the objective is not to provide a full set of scores. The objective is rather to provide
the required framework for analysis, allowing each designer to define their own ranking scores to fit
their needs.



3. METHODS

3.1 Literature Review

The first step in developing the framework was to perform a literature review of design manuals and
scientific journals to gather detailed information on the SCMs of interest in the study. The information
includes SCM performance, site suitability for each SCM, limits to SCM application, and
benefits/constraints offered by the SCMs as shown in Table 1 for the single example of permeable
pavement. This complete literature review yielded an SCM “database” that not only describes the SCM,
but that also defines the inputs required to estimate its hydrologic performance as well as its
complementary requirement score.

Completion of this review included detailed examination of 20 manuals and 55 additional publications.
This resulted in a large cloud of relevant information, but left a strong need for a structure to bring all of
the data together. Some of the design manuals made a preliminary effort at the sort of integration
desired by this project (WVDEP, 2012; SEMCOG, 2008), but only on a cursory level listing preferred
measures for a very limited set of land uses. In contrast, the goal of this tool is to provide a very flexible
mechanism to reflect a wide range of possible complementary goals.

Table 1: Information collected from literature review (e.g., permeable pavement SCM)

Permeable Pavement

Performance Maximum Setback Distance
Runoff  Runoff TSS TP TN G.W Property Building Private  Public water Septic
vol. peak Recharge line foundation well supply well system
rate drainfield
High High/  High High/ Mod i N/A N/A N/A N/A N/A
High
Mod Mod

Requirements

CDA Slope HSG Infil. Water table Distance to Planting  Maintenance Sunlight
rate dist. bedrock soil d.

N/A  0%or - >0.2iph  2'is ok 2'is ok 1-3’ Vacuum, clean deposited N/A

low >4 feet is >4 feet is soil on pavement, clean

slope recommended = recommende drainage inlets to subsurface

d bed twice a year.
Application Cost
Residential Commercial Ultra Industrial Retrofit Hwy/road Hotspot Construction Maintenance
urban

High High High Low High Low With liner  Mod High

Benefits/ constraints

Winter Aesthetic Wildlife  Recreational Edu. Cooling  Traffic Open Safety Rainwater
performance Opportunity  Opp. effect calming water reuse
Mod Mod Low High Med No High No High No



3.2. Conceptual Model

The general approach of the framework is as shown in Figure 1. The critical mechanism for this approach
hinges on the definition of a series of physical Characteristics, such as “perennial vegetation”, “open
water”, or “paved high traffic surfaces”. These Characteristics are sorted by which most adequately
meet the Design Goals associated with the desired Objective. That list of sorted Characteristics is then
compared to the ability of each SCM to provide one or more of those Characteristics, allowing for a

sorting of all SCMs.

In creating a site design, the designer defines the desired Objective or Objectives and associated Design
Goals for each, and the tool sorts all available SCMs based on their applicability in meeting the Design
Goals. The designer uses this list in selecting SCMs for the design, then the Runoff Reduction Assessment
Tool (RRAT) tests that design to determine if it meets the Hydrology requirements. If not, the planner
may redo the design, perhaps selecting somewhat less desirable SCMs that might better meet the
Hydrologic requirements. Once a design meets the Hydrologic requirement, the planner might try
additional designs to see if some alternative hydrologically-adequate design can yield a higher overall
design complementary score.

It should be noted that the hydrologic performance requirement is about the design’s success or failure
to meet local stormwater regulations. A design’s inability to meet hydrologic requirements may violate
legal requirements and prove to be very costly. On the other hand, the complementary performance
requirement is not based on any stormwater regulation. Therefore, this requirement is not rated on its
passing of any specific benchmark, but more on a relative ranking and how to achieve the highest
possible score for the project.

Objective ] Design : Characteristics 3 SCMs
I} 0-DG DG-C_, CSCM

* . Rank of SCMs
Complementary performance requirement

e T e T T . i
: Location —> Site —> Runoff volume | : :
| iti |

: Conditions ! : : selected :
| B <—|:—> SCM (s) :
: *Hydrologic performance requirement et : : :
| I *Goal |
S S

Figure 1: Conceptual model



3.3. Complementary Requirements

The ranking of each SCM is determined by the weighted complementary score, with a higher weighted
score suggesting higher suitability of the SCM for the project. The scoring process starts by defining an
Objective for the whole design or some part of the design, assigning to that Objective one or more
important Design Goals, and giving a score ranging from 0-4 for the relative importance of each Design
Goal in meeting that Objective. For example, if the Objective is to have “commercial office space”,
“vehicle parking” would likely to be one of the main Design Goals, so the designer might well assign that
Goal a score of 4 to indicate that parking is very important. The Design Goal scores assigned to the more
aesthetic goals vary depending on the type of commercial use envisioned, so the method provides the
flexibility to define any number of Objectives and Design Goals necessary for a specific design. This
score is designated as the Objective — Design Goal (O-DG) score (Appendix A).

The next score in the process defines for the Design Goal how important each Characteristic is in
meeting the Goal, and is designated as the Design Goal — Characteristic (DG-C) score (see Appendix B).
Unlike the O-DG score above that ranged from 0-4, this ranges from negative four (-4) to four (4) and
negative ninety nine (-99). The negative values allow us to indicate that a specific physical Characteristic
may actually have a negative impact on achieving our Goal. A value of DG-C = 0 means that the
Characteristic has no positive nor negative impact on achieving the goal, while DG-C = -4 indicates a
strong negative impact and DG-C = 4 indicates a strong positive impact. The unique values of DG-C =-99
is an indicator that this particular physical Characteristic will make it almost impossible to achieve our
goal. In our example of the office space above, the “open water” Characteristic does nothing to help
meet the “vehicle parking” Design Goal so is given a score of 0, while the “paved high traffic surfaces”
Characteristic does an excellent job of this, so is given a 4. An example of the use of negative DG-C might
be for a Goal such as “nursery play area”. In that case, for safety reasons we might use DG-C = -99 for
the “open water” Characteristic, meaning that we will simply not be able to use any SCM with the “open
water” Characteristic. A score of DG-C = -4 would allow the SCMs with “open water” to be listed, but
would seriously degrade their ranking. The use of these negative DG-C scores is described in more detail
below when examining these scores more closely.

The O-DG score is then multiplied by the DG-C score, these are added for all DG-C combinations, and
then normalized by dividing the sum by the number of Design Goals. This yields a list of Characteristics
sorted by how important they are to the Design Goals defining the Objective, so can be thought of as
calculated temporary Objective —Characteristic (O-C) scores.

The Final score is a 0-4 indication of how well each SCM provides the desired list of Characteristics, or a
Characteristic — SCM (C-SCM) score (see Appendix C). In our example, a “bioretention cell” SCM does not
provide a “paved high traffic surface” so would be given a score of C-SCM = 0, while a “permeable
medium-traffic pavement” might be given a C-SCM = 2 or C-SCM = 3, and a “paved high-traffic surface”
would be given a C-SCM = 4, but would obviously need to be used in conjunction with some other SCM
(perhaps “subterranean infiltration”) to meet runoff reduction requirements. The earlier O-C score is
then multiplied by the C-SCM score and these are summed for all Characteristics to yield the final
Objective — SCM score (O-SCM), which is what we really need in order to determine the value of any
SCM in meeting our Objective Design Goals.



Mathematically, this can be expressed as the following:

B ~ _ (20 - DG DG — €}
0—SCM = Z [c SCM < N )]

Equation 1
where:

—  Npg: the number of scored (value different from 0) Design Goals in the Objective. Dividing O-C by
this number is important for project with multiple Objectives. Without this division, the more
Design Goals an Objective has, the bigger the complementary score, resulting in an exagerated
overall complementary score, as described later.

— O-SCM: the resulting Objective — SCM score

— The C subscript on the summation sign indicates we are summing over all Characteristics, and all
other terms are as defined in the text above. The steps through this process are described more
completely below.

What follows is a simplified example displaying how the framework works for a simple example of a
Residential area with a single design Objective and three related Design Goals. Table 2 displays the
Objective and the three Design Goals, along with selected O-DG scores. It then applies the process for
just three of the many possible Characteristics, displaying the DG-C scores as well. Table 3 then shows
how two of the many possible SCMs would be sorted based on the C-SCM scores assigned to them.

Table 2: Example of O-DG and DG-C scores for residential Objective

Objective O-DG Design goals DG-C Characteristics

Turf
Perennials

Residential 4 Corridor-human

Tall grasses
Turf
Perennials

3 Corridor- wildlife

Tall grasses
Turf
Perennials

4 Traffic calming

N N O W W N O O b

Tall grasses

Using part of equation 1, the total O.C scores can be calculated as follows:

<ZC{0 — DG DG — C})]
Npg

0—-SCM = Z[C—SCM*
c

-  Turf :[(4*4) + (3*%2) + (4*0)]/3=7.3



— Perennials :[(4*0) + (3*3) + (4*2)] /3=5.6
— Tall grasses :[(4*0) + (3*3) + (4*2)] /3=5.6

Table 3: Example of O-SCM scores

O-CScore  Characteristics C-SCM SCMs O-SCM TOTAL O-SCM
score score score

7.3 Turf 4 Bioretention- turf 7.3%4=29.2

5.6 Perennials 0 5.6*0=0 292

5.6 Tall grasses 0 5.6*0=0

7.3 Turf 0 Rain garden-low 7.3*0=0

5.6 Perennials 4 vegetation 5.6*4=224 336

5.6 Tall grasses 2 4.6%¥2=11.2

7.3 Turf 0 Filter strip - good 7.3*0=0

5.6 Perennials 0 5.6*0=0 22.4

5.6 Tall grasses 4 5.6%4=22.4

Based on the assigned scores in tables 2 & 3, the SCM “Rain garden with low vegetation” has the highest
complementary score and therefore is the most recommended SCM for this particular example,
followed by “Bioretention with low vegetation” and “Vegetated filter strip”.

As described mathematically above, the rank of SCMs for a particular Objective is based on the SCM’s
ability to satisfy the complementary performance requirements, quantified in the form of scores.
Ideally, the scores would be assigned by committees of designers, but the scores are currently assigned
based on the author’s subjective judgment for the following reasons: first, the objective of this project
is to develop a framework, not to specify the “correct” scores; second, users can modify the scores to
match their preferences; third, users can add Objectives, Design Goals, and SCMs, which also require
assigning new scores. What follows is a description of the admittedly subjective analyses used in
defining those scores. The purpose of this is not to defend the current score selection, but rather to
describe the thought processes used in determining those scores.

3.3.1. Objectives, Design Goals, Characteristics, and SCMs Scoring

3.3.1.1. Objective — Design Goals (O-DG score)
The complementary score is first determined by a set of Design Goals for our specific Objective. The
term Design Goal in this study refers to the complementary goals that are associated with the SCMs in



the LID system, which can be different from the goal of the entire plan. For example, “building” is
certainly an ultimate goal of the design, but may not be part of the LID Design Goals for a residential
project because the user does not want to tie their building in with any SCM. As another example,
“parking” may be intentionally excluded from the LID Design Goals for a parking garage because the user
does not want to use the parking surface as a part of the SCM design. Otherwise, the parking area can
be used to infiltrate runoff, perhaps with interlocking permeable pavement.

A default Design Goals score list for each Objective is provided in the database (see Appendix A), but
users are allowed to define new Objectives and to override the Design Goal scoring for the new
Objective based on their preferences. Scores from 0-4 are assigned to each Design Goal selected for the
Objective, based on the importance of each. There is no restriction on the number of Design Goals for
an Objective or on the scores given to each. For example, a single Objective could have six Design Goals,
and four of those could be given a score of 4 (see example in table 5), two Goals could be given a score
of 2, and the remaining one could be given a score of 1. The list of current Objectives and Design Goals
are listed in Table 4 below. New Objective and Design Goals can also be added to the list as desired.

Table 4 : List of Objective and Design Goals

Objective Design goals
Residential Water Supply
Institutional Government building Cooling effect
(police/fire station) Corridor
Primary/secondary school Human
Higher education Vehicle
Offices Wildlife
Recreational Parks Aesthetic appeal
Commercial Shops, banks Attract wildlife
Industrial Factories Birds
Agriculture Farmland Squirrels and chipmunk
Butterflies

Traffic calming
Recreational opportunities
Social gathering
Privacy/Boundary

Parking

Building

Child-friendly

Regulatory requirement

Green appeal



3.3.1.2. Design Goals — Characteristics (DG-C score)

As described earlier, the purpose of any design is to fulfill particular client goals, but the relative
importance of those goals can vary greatly between designs. For example, a design for high-density
housing will likely give much greater importance to the presence of green public space than will the
design for an industrial park.

Table 5: Example of assigned value for Objective — Design Goal (score O-DG) for two Objectives

Objective: Factory Objective: Single Family Housing
Score Design goals Score Design goals
4 Water Supply 3 Water Supply
4 Cooling effect 4 Cooling effect
Corridor Corridor
1 - Human 4 - Human
4 - Vehicle 3 - Wildlife
2 Aesthetic appeal 4 Aesthetic appeal
4 Parking Attract wildlife
4 Building 4 - Birds
2 - Squirrels and chipmunk
4 - Butterflies
3 Traffic calming
4 Privacy/Boundary
4 Child-friendly
4 Regulatory requirement

Which of these design goals can be met by using a specific SCM? Since an SCM may have many
components, it can help meet multiple goals. An example of this is the bioretention SCM, where
perennials offer aesthetic appeal, trees offer shade and cooling, and shrubs provide privacy. It is too
difficult to map all SCM possibilities to the multitude of possible desired Design Goals, so this is done by
adding an additional layer of abstraction we are calling Characteristics. The concept here is that it is not
the SCM itself providing the desired benefit, but rather the individual or combined physical

III

Characteristics of that SCM. For example, if “aesthetic appeal” is a highly-desired Design Goal, it is not
the bioretention SCM per se that provides it, but rather the perennial plantings within that SCM. Other
SCMs may provide the same benefit to a greater or lesser degree depending on how well they provide
the “perennial planting” Characteristic. In this approach, it is the Characteristic (e.g., the perennials,
trees, and shrubs in the bioretention example) that we can pinpoint as meeting the desired Design Goals
(e.g., aesthetics, cooling effect, and privacy). The current lists of Design Goals and Characteristics are

shown in table 6 below.
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Table 6: List of listed Design Goals and Characteristics

Design goals

Water Supply
Cooling effect
Corridor
- Human
- Vehicle
- Wildlife
Aesthetic appeal
Attract wildlife
- Birds
- Squirrels and chipmunk
- Butterflies
Traffic calming
Recreational opportunities
Social gathering
Privacy/Boundary
Parking
Building
Child-friendly
Regulatory requirement

Characteristics

Vegetation

Public space

Traffic surface

Water

No additional surface

Turf

Perennials

Tall grasses

Low shrubs/bushes
Small decorative tree
Evergreen tree
Canopy tree
Wetland plants

Not vegetated
Vegetated

High - concrete/asphalt
Medium - pavers
Medium - gravel
Light traffic surface
Grass-based

Open constant depth
Open fluctuating

Enclosed

Minimize area of practice Shelter

Green appeal Green innovation

The link between Design Goals and Characteristics of SCMs is currently focused on urban settings. We
are limiting ourselves to this because current stormwater regulation only affect Municipal Separate
Stormwater Systems (MS4s), which generally coincide with urban areas, but the approach could be
expanded to other SCMs. Table 9 shows some examples of commonly desired Design Goals and
describes why and how certain Characteristics can help meet those goals.

As described above, the DG-C scores can range from -4 => 4. Scores of -1 to -4 are assigned to indicate
that the Characteristic negatively affects achievement of the specific Design Goal. For example, tall
grasses are not preferred for the “Wildlife Corridor” Design Goal, so a score of -3 is assigned to that
characteristic. Negative scores diminish the value of specific Characteristics, so SCMs with those
Characteristics get reduced complementary scores. Scores of -1 to -4 do not rule out SCM containing
those Characteristics from the recommended list, because the same Characteristics may be important
for achieving other Design Goals. For example, the score DG-C = -2 is assigned to the “perennials”
Characteristic for the “traffic calming” Design Goal as shown in Table 7. Table 8 shows that because of
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the negative score, “Rain garden with low vegetation” no longer gets the highest complementary score
as it was before in table 3.

Table 7: Example of DG-C with a negative score

Objective O-DG score Design goals D-CG score Characteristics
Residential 4 Corridor-human 4 Turf
0 Perennials
0 Tall grasses
3 Corridor- wildlife 2 Turf
3 Perennials
3 Tall grasses
4 Traffic calming 0 Turf
-2 Perennials
2 Tall grasses

Using part of equation 1, the total O-C scores can be calculated as follows:
-  Turf :[(4*4) + (3*%2) + (4*0)]/3=7.3
— Perennials : [(4*0) + (3*3) + (4*-2)]1 /3 =0.33
— Tall grasses :[(4*0) + (3*3) + (4*2)] /3=5.6

Table 8: Example of O-SCM scores

O-CScore  Characteristics C-SCM score SCMs O-SCM score TOTAL O-SCM score
7.3 Turf 4 Bioretention- 7.3%4=29.2 29.2
0.33 Perennials 0 turf 0.33*0=0
5.6 Tall grasses 0 5.6*0=0
7.3 Turf 0 Rain garden- 7.3*0=0 12.5
0.33 Perennials 4 low vegetation 0.33*4 =

1.32
5.6 Tall grasses 2 4.6%2=11.2
7.3 Turf 0 Filter strip - 7.3*0=0 224
0.33 Perennials 0 good 0.33*0=0
5.6 Tall grasses 4 5.6*4=22.4

As also mentioned briefly above, a score of DG-C = -99 is assigned to “unallowable” Characteristics that
will make it almost impossible to achieve a specific Design Goal, which then eliminates all SCMs
expressing those Characteristics. This score therefore disregards the importance of those Characteristics
for other Design Goals. For instance, to meet the “child friendly” Design Goal that would be critically
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important for a “child-care facility” Objective, the “open water” Characteristic is given DG-C = -99. The

n o u

negative score completely eliminates the “dry detention basin”, “wet pond”, and “constructed wetland”
from the list of recommended SCMs, though the “open water” Characteristic might have also been high-

scoring in meeting the “aesthetic” Design Goal of the facility.

The following table and section describe the justification of the scoring in detail, including why selected
Design Goals are included. However, the list is not meant to be exhaustive. Instead, it is meant to
provide structure and to describe the underlying reasoning so that users can add more Design Goals as
needed for their projects. The assigned scores are based on the author’s interpretation of studies in the
literature (see references) available at the time of this writing. Therefore, the scores are subject to
change as additional evidence arises. It should be noted that users should treat this section as guidance
only, as many factors such as maintenance, placement, orientation, and selection of the each
characteristic can affect its successfulness in meeting the Design Goals. Therefore, local design
standards should be consulted in addition to this tool.

Table 9: Summary of the justification of how Characteristics can meet Design Goals

Design goal Characteristics of Justification / Reasoning
importance
Water supply Open water Inexpensive storage option but may not be as efficient due

to losses from infiltration and evaporation.
Enclosed water storage Can be built under or above the ground, which limits
losses and provides easy accessibility for pumping.
Cooling Effect Vegetation - canopy tree  Can absorb up to 90% of solar radiation, leading to
evaporation and transpiration of water from the leaves

(Heisler, 1986).

Vegetative-cover roof

Acts as an insulator for the building, which decreases
energy demand for cooling and heating.

Human Open-paved surfaces Provide space and surface for human to walk and bike on
Corridor Turf

Canopy trees Form space underneath for people to walk and bike.
Vehicle High traffic surface Forms outdoor linear passage for motorized vehicle that
corridor Medium traffic surface links at least two destinations.
Wildlife Native trees Can host many wildlife species and are less likely to be
corridor obstructed by landscape barriers that disrupt the function

Non-native trees

of the corridor, such as solid fences, trenches, and steep
slopes (Williams, 1998).
Can serve as corridor for small animal such as rabbit and

Tall grasses birds, but can be disconnected by landscape barriers (Hilty
Perennials et al, 2006).
Turf Provide a little benefit as a corridor.
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Table 9. Continued.

Design goal Characteristics of Justification / Reasoning
importance
Aesthetic All vegetation except turf  Dynamic change in leaves texture, organic shape of the
appeal trunk, and delicate gradient of green, blue, and yellow
colors offered by trees dampens the flat color, rigid
shape, and static objects of built environment (Appleyard
and Craik, 1978).
Turf Provide little benefit in offering aesthetic
Pervious pavement Its color, texture, and pattern enhance aesthetic in urban
area (Tennis et al., 2004).
Open water Provide texture, sparkles, and ripples that enrich the
aesthetic of a landscape (Kaplan, 1977).
Traffic Trees Provide vertical elements that can be used to create the
calming Shelter sense of closeness which helps indicate the driver’s speed
in relation to surrounding objects, leading to lower overall
traffic speed (Godley et al. 2004, de Waard et al, 2004,
Lewis-Evans and Charlton 2006).
Medium and light traffic ~ Optical measures such as paving colors and textures that
surface differ from the common surface can influence the drivers’
sense of speed (Vanderbilt, 2008)
Privacy/ Evergreen trees Have screening capability, mainly by blocking view and
boundary Shrubs noise (Reethof and Heisler, 1976).
Shelter
Perennials & grasses View is not completely blocked, but can define space.
Recreational Public space Physical form of public space is defined more broadly than
Opp. &Social simply a green nature space; it also includes plazas,
Gathering pedestrian promenades, town squares, and other public

Green appeal

Regulatory
requirements

Green innovation

Vegetation
Public space - vegetated
Open water

spaces that can hold social, cultural, and political
interactions (Thompson, 2002).

Can open opportunity to receive Innovation in Design
credit for the LEED certification.

Some areas regulate the amount of open space (Irwin and
Bockstael, 2004; City of Carlsbad, CA. 2006). Open space in
this case is defined as any land or water that is not
developed for urbanized uses.

Water Supply

Rainwater harvesting has been gathering interest in the United States. In regions with medium to high
annual average precipitation such as in the Southeast, in addition to reducing runoff the driving factors
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include concerns about the possibility of longer drought periods, increased water demand, and
increased awareness of protecting water supply (Jones and Hunt, 2010). Conserving water may not
currently present a clear economic benefit in these generally humid regions, where the cost of tap water
can be less than half a cent per gallon (KUB, 2013; Hathaway, 2014). In contrast, in arid regions where
water scarcity and resulting high cost is a major problem, water supply may be the most important
Design Goal for almost any landuse Objective. Harvesting rainwater may also be the only solution for
stormwater volume reduction in ultra urban areas where space is limited and infiltration SCMs are not
feasible.

Capturing stormwater has been a long tradition since the ancient world, where water supply
infrastructure was uncommon (AbdelKhaleq and Ahmed, 2007). Collected water was reused for human
consumption, livestock, agriculture, and other purposes. In urban areas, capturing rainwater may
actually be simpler than in ancient times, since impermeable surfaces such as roads, driveways and
rooftops are more dominant and generate more runoff. In the U.S. and other developed areas, captured
rainwater can generally be reused for flushing toilets, irrigating plants, and other purposes that do not
require potable water.

Water from impermeable surfaces is collected and can be stored in open or enclosed storage. Open
water catchments involved contours, slope, and berms to concentrate runoff. Open water is an
inexpensive storage option but may not be as efficient due to losses from infiltration and evaporation.
Moreover, the location of open water is usually at the lowest point in the area, often far from facilities
that can utilize the water. Enclosed water storage can be built under or above the ground, which limits
losses and provides easy accessibility for pumping. Therefore, for its ability to provide water supply, DG-
C = 4 is assigned to the Characteristic of “enclosed water storage”, DG-C = 2 for “open water with
constant depth”, and DG-C = 1 is for “water with fluctuating depth”.

Cooling Effect

The so-called “heat island” effect is a common phenomenon in urban environments. As impermeable
surfaces replace vegetated surfaces the area becomes warmer, generating 1.8-5.4°F higher
temperatures compared to the surrounding rural area (Akbari, 2005). On a hot sunny summer day, the
surface temperature of roofs and pavements can be 50-90°F higher than the air (Berdahl and Bretz,
1997). This urban phenomenon can directly affect urban dwellers by increasing demand for air
conditioning and the resulting higher electrical use in summertime, leading to higher costs. From a more
global perspective, an increase in energy demand leads to increased fossil fuel consumption, resulting in
higher greenhouse gas emissions and air pollutants such as sulfur dioxide (SO2), nitrogen dioxides (NOx),
carbon monoxide (CO), mercury (Hg), and particulate matter (PM). Air pollution and excessive heat may
also affect human health and increase mortality (Katsouyanni et al, 1993). High surface temperature can
also heat urban runoff and increase the temperature of the receiving river, which may damage many
aquatic species in this ecosystem (EPA, 2013).

Some Characteristics of SCMs offer a cooling effect. Trees lower surface and air temperature by shading
surface, minimizing solar radiation that reaches the surface. Trees can also absorb up to 90% of solar
radiation, leading to evaporation and transpiration of water from the leaves, thus cooling the air
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(Heisler, 1986). Other vegetative covers can also provide cooling through similar effects. In addition, if
the vegetation covers a roof it acts as an insulator for the building, decreasing energy demand for
cooling and heating. Based on the above reasoning, the Characteristics of “evergreen trees”, “canopy
trees”, and “shelter” are given DG-C = 4 for their ability to provide a cooling effect. A medium score of
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DG-C = 3 is assigned to the “small decorative tree”. Score of DG-C = 2 is assigned to “lawn”, “perennials”,

Ill

“tall grasses”, and “open water with constant depth”. A low score of DG-C = 1 is given to all “open

water” Characteristics.

Human Corridor

A human corridor for this project is defined as an outdoor linear passage for pedestrians and cyclists
that connects neighborhoods and community facilities. The main purpose of the corridor is to facilitate
movement, to create fluidity, to enhance cultural cohesion, and to support recreation in a community,
consequently encouraging outdoor physical activities (Miller et al, 1998). The corridor can be wide to act
as a promenade, or narrow like a greenway to provide a path between multiple gathering areas. The
human corridor Characteristic is more likely to be a top priority for areas where large numbers of people
move from area to area, as in an educational institution, camp, or other recreational land use. This
Characteristic is less likely to be a priority for industrial and commercial land uses, except perhaps for
high-end commercial land uses where movement across a “campus” is a desired Design Goal.

The scoring for how well an SCM Characteristic can meet the “human corridor” Design Goal depends on
its potential for providing space and surface for human to walk and bike on. Therefore, DG-C = 4 is
assigned to the Characteristics containing open-paved surfaces. A score of DG-C = 2 is assigned to the
Characteristics that provide tree canopy, since space can be formed underneath that canopy. It should
be noted that surface and space only may create a human corridor, but will not necessarily provide an
enjoyable corridor experience. That would be provided by other Characteristics such as trees and other
vegetation that might help meet a separate “aesthetic” Design Goal.

Vehicle Corridor

Vehicle corridor for this project is defined as an outdoor linear motorized vehicle passage linking at least
two destinations. Although a vehicle corridor is required in almost every project, it is more likely to be a
top priority for areas that have high vehicle traffic, such as commercial, institutional, and industrial land
uses. Characteristics of various SCMs can enhance vehicle corridors, depending on the type of vehicle
and traffic load passing through it. An SCM with the Characteristic “High traffic surface” such as
conventional asphalt is likely the only choice for heavy trucks traffic for industrial land use. The
Characteristic “Medium traffic surface” such as pervious interlocking paver is given score DG-C = 2 for
its limited ability to serve as car and passenger light truck traffic commonly found in institutional and
commercial land uses. As described above, note again that this only needs to be included as a Design
Goal if there is a desire to tie this area into the LID system.

Wildlife Corridor

Land conversion for human use generally results in extensive conversion of natural areas into the built
environment such as housing and roads, resulting in wildlife habitat loss and fragmentation. While
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preserved nature area can help alleviate the problem of declining habitat, these area are generally too
small and too isolated for long term survival of many species (Williams, 1998). A wildlife corridor--
defined as a biological linkage between habitat patches--is one way to prevent the isolation and
fragmentation of wildlife habitat. The main purpose of the wildlife corridor is to facilitate movement of
flora and fauna between two or more patches and to improve accessibility to habitat areas. Such
connectivity can maintain diversity and gene flow, therefore minimizing the chance of local extinction
and increasing species richness.

Such corridors can be several kilometers wide in large natural areas to facilitate big mammal migration,
or only several meters wide such as vegetated linear strips on an individual lot for small mammals and
migratory birds. Corridors can also be flexible in length and shape, but the location must be suitable for
habitat movement (Mwalyosi, 1991). Some landscape elements can serve as corridors, such as
fencerows, windbreaks, ditches, and vegetated right-of-ways (Hilty et al, 2006). Some SCMs have
Characteristics that enhance the connectivity if they are vegetated and connected to other corridors or
natural areas such as urban parks and forests. For master planning projects, the planners need to do
ecological analysis and protect sensitive areas as much as possible. For individual lots, each lot acts as a
piece of a puzzle, so ecological analysis needs to include the entire neighborhood.

The score for how well the SCM Characteristic provides wildlife corridor is exclusively assigned for
“vegetation”, since it is the key physical element for a corridor. Native trees are the best as a corridor
because wildlife evolved with them and have been using native plants communities as their habitat.
Therefore, DG-C = 4 is given to Characteristics containing trees because they can host many wildlife
species and are less likely to be obstructed by landscape barriers that disrupt the function of the
corridor, such as solid fences, trenches, and steep slopes (Williams, 1998). The Characteristics “turf”,
“tall grasses”, and “perennials” are given DG-C = 1 because they provide little benefit as a corridor and
can be disconnected by landscape barriers. Based on those Characteristics, “bioretention”, “managed
vegetated area”, and “constructed wetland” SCMs—which are commonly rich in plant diversity--have

high potential for a wildlife corridor.

Aesthetic Appeal

Aesthetic appeal refers to the feeling of pleasure obtained from looking at something (Matravers, 2003).
Visual pleasure gratifies human senses and becomes a basic judgment of labeling an object as beautiful
or artistic. Although not a basic survival need, aesthetic is one of the growth needs based on Maslow’s
hierarchy of needs (Martin and Loomis, 2007). Aesthetic appeal is subjective, but there appear to be
some almost universal common threads, and many researchers have tried to extract those common
elements to form some principles (Matravers, 2003; Tsugawa, 1969). Spirn (1988) includes contrast,
unity, rhythm, and form in the aesthetic elements of city and nature.

Aesthetic appeal can be found anywhere; in nature, inside buildings, and in art pieces. However, for this
project the focus is on the outdoor aesthetic. Aesthetics is most likely to be a high priority for residential
and recreational land uses with frequent outdoor activities. It usually is at most a medium priority for
institutional and commercial land uses, because users occupy the area for short periods and most
activities occur indoors. However, it can be a priority for high end commercial areas where the outdoor
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aesthetic is used to attract certain target audience. For industrial land uses, aesthetic appeal is likely to
be low priority because the focus is on indoor activities and on functionality to maximize profits.

Some Characteristics of SCMs can offer outdoor aesthetic. Vegetation provides aesthetic value through
its line, shape, pattern, structure, color, leaf and bark texture and pattern, changing color of leaves and
flowers, and additional characteristics such as movement and silhouette (Appleyard, 1978; Nelson,
1976). Appleyard (1978) through his study describes that dynamic change in leaves texture, organic
shape of the trunk, and delicate gradient of green, blue, and yellow colors offered by trees dampens the
flat color, rigid shape, and static objects of the built environment. In addition to the continuous motion
of vegetation by wind, vegetation also offers seasonal aesthetic “movement”. Small trees such as cherry
and redbud provide flowers in the spring, perennials show their colorful flowers from late spring to early
fall, grasses and canopy trees show their foliage color in fall, and some trees show their bark and fruit as
winter interests. Therefore, a score of DG-C = 4 is assigned to all vegetation Characteristics except “turf”.
A score of DG-C = 1 is given to turf for its limited benefit in offering aesthetic.

Other than vegetation, the characteristics of pervious surfaces and open water can also offer aesthetic
value. Many pervious pavements provide color, texture, and pattern properties that can enhance the
aesthetic appeal of urban areas. Pervious concrete and asphalt, despite the color similarity to the
traditional ones, have a coarser character that many find aesthetically more pleasing than the smoother
texture of non-porous surface (Tennis et al., 2004). Therefore, a score of DG-C = 2 is assigned to all types
of pervious pavement. Water in the form of ponds and fountains provides aesthetic value through color,
movement, and reflection, which can attract and grab people’s attention (Hubbard and Hubbard, 1917).
Some researchers confirm the attractiveness of reflective water and observe the changing image it can
offer, reflecting sky, trees, people, and buildings (Booth, 1990; Nasar and Li, 2004; and Miller, 1998).
Furthermore, the water itself has texture, sparkles, and ripples that enrich the aesthetic of a landscape
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(Kaplan, 1977). For those reasons, the Characteristic “pond with constant water level” is given score of
DG-C = 4, while Characteristics with fluctuating water levels are given a score of DG-C = 2. Note that
open water is unfortunately also ideal mosquito breeding environment. Therefore, efforts need to be
taken to maintain the benefits of this Characteristic without its negatives include using mosquito-
specific bacteria, larvivorous fish (such as Gambusia affinis), selected vegetation, steep basin sides,

fluctuation of water levels, and sparsely spacing vegetation (Knight et al, 2003).

Attract Wildlife

Wildlife offers ecological and psychological benefits. Many birds feed on unwanted pests and
caterpillars, bats and wildlife control mosquitoes, and ladybugs can control aphids (Hunter, 2002). This
biological control eliminates the need for chemical substances to control unwanted species. Birds,
butterflies, bees, and bats are also pollinators, which provide substantial benefits in productivity of
natural ecosystems (Pimentel et al, 1997). Attracting wildlife is also a way to provide a critical oasis for
wildlife conservation, hence preventing habitat fragmentation. Wildlife offers entertainment,
movement, beauty, and science lessons, therefore its presence can also affect human’s mental health. A
study by Pretty and Barlett (2005) reports that in medical environments, wildlife can provide a pleasant
distraction and reduce the need for painkilling drugs for patients.
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The key to attracting wildlife is plant variety and use of native plants. The greater the diversity of native
plants the greater the variety of attracted wildlife, which can form a small food chain system. In
contrast, many non-native and monoculture are more likely to attract pests, so thus often rely on
pesticides, fertilizers, and herbicides (Hunter, 2002). Native plants have shared an evolutionary history
with the wildlife, so can generally give better support to wildlife’s well-being than can non-native plants.

The ability of each Characteristic of SCMs to attract wildlife is determined based upon whether it can
provide food and/or shelter for wildlife, which in turn depends on which species is of most interest.
Woody plants produce fleshy fruits available in summer, fall, and some in winter. These are valuable for
birds, deer, raccoon, squirrel, and other small mammals. Evergreen and tall canopy trees such as oaks
and hickory produce nuts that are important food for squirrel and chipmunks. Some weeds and grasses
produce seeds that are staples for birds and small mammals. Vegetation itself is a major diet element
for grazing mammals and some birds. Nectar-rich plants are important for hummingbirds and butterflies
(Livingston, 2004). Shelter refers to all forms of protection that help animal stay alive. Consequently, it
means place for sleeping, living, and hiding from predator and inclement weather, which often involved
plants. Tall woody plants provide shelter for many birds and squirrels. Some evergreen trees and shrubs
provide enduring shelter both in summer and winter for rabbits and ruffed grouse. Tall grasses and
perennials offer seasonal shelter for small birds, rodents, and rabbits. Wetland environment is favorable
for ducks, geese, marshbirds, muskrats, reptiles, and amphibians (Martin et al, 1961).

The default Wildlife Design Goal only includes birds, butterfly, and squirrel as wildlife to be attracted,
because they are commonly desired on one’s property. However, users may certainly create Design
Goals that include attracting other types of wildlife. All types of vegetation Characteristics are assigned
score of DG-C = 4 for their high attractiveness to birds. Characteristics with trees are given score of DG-C
=4 due to attractiveness to squirrels and chipmunks. Characteristics including perennials are given score
of DG-C = 4 for attracting butterflies.

Traffic Calming

Vehicular traffic can impact the quality of life in almost any residential neighborhood. Traffic speed is a
strong negative when associated with biking, walking, and other outdoor physical activities (Timperio et
al, 2004; Gielen et al, 2004). Thus, in areas where traffic and pedestrian use interact, high-speed traffic
generally decreases pedestrian use, reducing physical activity.

Traffic calming has been a subject of research study in many areas, as road traffic injuries increased
worldwide. Some common tools to reduce traffic speed include stop signs, speed bumps, speed limit
signs, and speed cameras. In the United States, wide roads and low-mowed wide open grassy roadsides
for driver visibility was once thought as highway safety features. Instead, a study by Forman and
McDonald (2007) found that the perceived road width is a main causal factor for high traffic speed. A
wide road and excellent forward visibility encourage the driver to go fast. On the other hand, having a
“sense of boundary” helps indicate the driver’s speed in relation to surrounding objects, leading to
lower overall traffic speed (Godley et al. 2004, de Waard et al, 2004, Lewis-Evans and Charlton 2006).
Lower traffic speed is important not only in reducing the likelihood and severity of accidents, but also in
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encouraging thru traffic to find other faster routes, thus reducing the volume of vehicle traffic in
residential areas.

Some Characteristics of SCMs can be used as tools to address traffic speed. Vertical elements such as tall
woody vegetation, walls, or buildings close to both sides of the road can be used to create the sense of
enclosure. Forman and Mc.Donald (2007) highlights the importance of oak trees on both sides of the
road along with lower dense woody cover on roadside ditches in Europe in reducing traffic speed.
Optical measures such as paving colors and textures that differ from the common surface can also be
exploited to influence the drivers’ sense of speed (Vanderbilt, 2008). In addition, increased roughness
from textured surface produces an acoustic mechanism alerting drivers to their high speed (Kennedy et
al, 2005). Therefore, to quantify the ability of the Characteristics to provide traffic calming, the highest
score of DG-C = 4 is assigned to Characteristics including trees, shelter, and pervious surfaces, and a
score of DG-C = 2 is assigned to Characteristics including low vegetation.

Recreational Opportunities

Recreation--defined as activities engaged during leisure time--is a basic human need, especially in urban
areas where space for this is limited (Randall, 1951). People living in urban areas face more
psychologically-demanding lifestyles, hence they usually have worse average mental health than those
living in rural areas, which can also lead to physical problems (Moughtin, 2009). SCMs have the
opportunity to “piggy-back” stormwater management with this Design Goal by utilizing nature as a tool.
The ability of nature to provide recreational opportunity therefore has therapeutic effect for mental
health and have been studied extensively (Moughtin, 2009; Ulrich, 1986; Kaplan, 1977). Kaplan (1977)
theorizes that fascination with nature gives people a feeling of escape from routine life, which make
them feel more whole and content.

Many Characteristics of SCMs can contribute to providing recreational opportunity. To what degree this
is true depends on how well the Characteristic provides opportunity for leisure activities. Outdoor open
space allows young children to move freely while facilitating play-based learning activities (Maynard and
Waters, 2007). Canopy trees create shaded space for picnicking, sleeping, reading, and social play. The
tree itself is often utilized by children for playing, climbing, and hiding (Appleyard, 1978). Grass lawn has
positive correlation with sleeping, playing, reading, and eating (Smardon, 1988). Shrubs are used for
providing shelter, and perennials provide colors and shapes. Vegetation also demonstrates regularity
through life cycle and seasonal changes that provide a sense of wonder and that opens up recreational
and educational opportunity for children and adults. (Moughtin, 2009). Furthermore, even activities
such as planting, watering, weeding, and cultivating the vegetation itself is a form of recreation
(Appleyard, 1978). Fjgrtoft and Sageie (2001) reports that children who play in the natural landscape
tend to have better health, motor skills, balance, coordination, and creativity. Having experience with
nature from an early age is vital for effective environmental education, since it develops sense of
stewardship of the environment.

Vegetation also has perceptual attributes that contribute to recreational opportunities. It undoubtedly
offers visual pleasure as previously discussed. In addition, fragrance from trees such as pine and
eucalyptus, from shrubs such as lilac and viburnum, from perennials such as roses and lavender, and
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from most herbs are found to be attractive and stimulating (Appleyard, 1978). The sounds from
vegetation (such as creaking branches and whisking leaves) are found to be pleasing urban sounds
(Southworth, 1969).

Although not as effective as vegetation, other Characteristics of SCMs may also offer some recreational
opportunities. Open-paved surface can provide space for leisure activities, especially for activities like
biking and skateboarding that require a hard surface. Many also found that the properties of water in
ponds, falls, and fountains are appealing (Booth, 1990; Miller, 1998; Kaplan, 1977). Therefore, a score of
DG-C =4 is assigned to the Characteristics that include vegetation and constant-level open water.

Social Gathering

Social interaction is a form of recreation that may affect the overall wellness of urban dwellers. In the
book Health and Therapeutic Environment, Moughtin (2009) describes that emotional behavior, which
affects feeling and many parts of bodily function, is shaped by social interaction. Public space is the main
Characteristic of SCMs that can facilitate social interaction. The need for natural public space in a
neighborhood has been documented by several researchers (Howard, 2003; Perry, 1929; Wu and
Plantinga, 2003). In fact, people are willing to pay premium prices for property in neighborhoods that
maintain such space (Bowman and Thompson, 2009). Furthermore, the role of public space goes beyond
providing individual pleasure. Its vital role in the urban setting is to facilitate the expression of diversity
(Thompson, 2002). Amin (2008) describes the role of public space in “shaping public behavior or indeed
even a sense of the commons.” Therefore, the physical form of public space is defined more broadly
than simply a green natural space; it also includes plazas, pedestrian promenades, town squares, and
other public spaces that can hold social, cultural, and political interactions. Accordingly, the space
should be seen as flexible outdoor space that allows broad range of different activities, including sports,
street performance, and even religious functions. It should also serve as a multifunctional venue,
perhaps as an outdoor classroom, outdoor movie theater, farmers market, concert hall, or festival
platform.

Urban public space is more likely to be seen as essential for residential neighborhoods, recreational, and
educational land uses. It should also become primarily important component in master planning for civic
formation. The best Characteristics of SCMs that can provide space for urban activities include turf and
open-paved surfaces, hence Characteristics including those have an assigned score of DG-C = 4. On the
contrary, shrubs take up the space needed for activity, so are negatively correlated to most leisure
activities.

Privacy/Boundary

In an urban area, where use density is much higher than that of rural area, it is often a necessity to
separate or buffer relatively incompatible land uses such as industrial areas and residential
developments. This is important both in terms of visual aspects and noise (Reethof and Heisler, 1976). In
addition, it is also sometimes desirable to visually screen one residential property from another. Dense
shrubs and evergreen trees with thick understory can provide such screening (Reethof and Heisler,
1976; Appleyard, 1978; Brush et al, 1979). In some cases, privacy control is a matter of psychological
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boundary. In this case, the view does not need to be completely blocked, but the space boundary needs
to be clearly defined. Perennials, tall grasses, and large canopy trees can serve such purpose.

The assigned score for how well the Characteristics can serve as privacy/boundary depends on how well
it can screen visibility. The screening capability is influenced mostly by the height of the undergrowth,
the density of foliage, and the presence of foliage in winter. Therefore, Characteristics including
evergreen trees and shrubs are assigned the score of DG-C = 4. Characteristics with perennials or tall
grasses are assigned score of DG-C = 3 for their potential to screen some of the view. On the other hand,
Characteristics with tall canopy trees are given a score of DG-C = 2 because they provide relatively little
screening effect.

Parking

Having extensive parking space is one of the most important Design Goals for almost all land uses that
have high traffic volume, including government buildings, educational institutions, commercial office
parks, and industrial sites. Traditional development often simply allocated as much space as possible for
paved parking lots without consideration for runoff reduction. If there is no desire to include parking
areas as part of the LID design, that can still be the case. On the other hand, if it is desired to include
parking in the LID design, that can fall under this project approach. Some SCMs implemented and tested
to address both parking and runoff issues include designing paved surfaces in conjunction with
vegetated SCMs such as bioretention and vegetated swale (Rushton, 2001; Dietz, 2007), while other
solutions include subterranean infiltration through either porous pavements or infiltration vaults. This
becomes especially critical in ultra-urban areas, where density and intensity are critical and space is so
limited that one of the primary design concerns is that SCM does not encroach on parking space.

There are several Characteristics of SCMs that can provide parking space area. All pervious pavements
can both provide parking surface and allow water to infiltrate into soil layers below it, so a score of DG-C
=4 is assigned to those Characteristics.

Building

Construction of a building is often the most important design goal for land uses that host mainly indoor
activities. Those land uses include educational institutions, commercial facilities, and industrial sites. As
a Design Goal, building may not be listed as the top priority when space is not a limiting issue. In that
case, sufficient space for the building is assumed, so it is not includes in the LID design and the focus is
on the other LID Design Goals. However, building will be the top LID priority for a project that has
limited space or has premium-price land. Some examples are downtown office buildings, parking
garages, and hotels. There are limited solutions to reducing runoff volume when the building footprint
consumes most of the property area. Using the building component itself in the form of green roof is
option that may require high installation and maintenance cost. Other options include rainwater
harvesting and reuse or underground detention, which provides storage for runoff while still allowing
the space above it for building. In order to reflect this, those Characteristics are given relatively high DG-
C scores.
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Child-Friendly

Any land use commonly associated with children must put child safety at or near the top of their Design
Goal list. This would include especially land uses that are associated with primary school, daycare, and
other facilities dealing specifically with small children, but should also include residential areas that are
likely to house young families, and light commercial areas that include restaurants and other stores
likely to host many children. Fortunately, most Characteristics of most SCMs are child-friendly, and can
in fact often host educational and recreational activities for children. The few SCM Characteristics that
can pose potential harm for children are ones that have substantial elevation changes or open water.
Therefore, any kind of basin, pond, wetland, berm, and steep vegetated swales are not recommended
for this concern. This is reflected in negative DG-C scores for those Characteristics, as described in
earlier examples.

Regulatory Requirements

Care of natural resources and concern for the environment has led to the emergence of regulatory
requirements including mandates governing impervious surface, tree preservation, and open space.
Impervious surface regulation is directly connected to reducing runoff volume and improving water
quality. Some cities such as Olympia, Washington and Austin, Texas implement this regulation in their
zoning ordinance (Arnold and Gibbons, 1996). In other cities such as Franklin TN, the amount of
impervious surface determines the amount of stormwater fee that property owners pay, where larger
impervious surface corresponds to higher monthly fees. AlImost all SCMs can, by definition, reduce the
amount of impervious surface. Those that do not affect the amount of impervious surface include
capture/reuse and underground SCMs. However, each SCM gives different water quality and quantity
credits associated with reduction of stormwater fees.

Tree preservation regulations have several objectives: to enhance historical and aesthetic of an area, to
increase health by cooling and cleansing the air, to reduce energy cost, and to protect and enhance
water quality and ecosystem (City of San Antonio, TX, 2010). The policy includes preservation of existing
trees, planting new trees, and increasing final tree canopy coverage. In San Antonio, the requirement for
percentage of canopy cover depends on the land use. When the requirement is not satisfied, new
planting, additional preservation effort, or payment to mitigation fund is required. SCMs that have trees
in their Characteristics can contribute to the fulfillment of the tree preservation requirement. All kinds
of trees can provide some kind of canopy, hence the score of DG-C = 4.

The amount of open space is also regulated in some areas (City of Carlsbad, CA. 2006). Open space in
this case is defined as any land or water that is not developed for urbanized use. The purpose of the
regulation is to preserve natural resources, to manage production of resources, to provide outdoor
recreation, provide aesthetic, and for public health and safety. The protection of open space is assisted
by some federal environmental regulations such as National Environmental Policy Act (NEPA) and
Endangered Species Act (City of Carlsbad, CA. 2006). Characteristics of SCMs that can satisfy the open
space requirements include those with vegetation, vegetated public space, and open water, to which
the score of DG-C =4 is given. Open space is best achieved in the master plan level.
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Minimize area of practice

Minimum area of practice can be a significant design requirement for ultra urban areas. FHWA (2000)
characterizes ultra urban as areas with impervious surface greater than 50%, high density of people,
high ratio of building to the total area, and where the right-of-way is often the only available space for
placing SCMs. Those areas commonly pose significant concerns in stormwater management. High
population density is often associated with high amounts of waste products, which tend to pollute
receiving streams and clog stormwater infrastructures. High density of impervious surface produces high
runoff volume and runoff peak flow rate, which disrupts aquatic life and change the morphology of
receiving streams. High density of traffic from people visiting businesses and offices --that also define
ultra urban area-- are associated with high automobile usage. Consequently, pollutants associated with
roadway such as lead from auto exhaust, zinc from auto body rust, copper from brake lining wear,
cadmium from tire wear, manganese from moving engine parts, and petroleum from hydraulic fluids,
lead to high pollutant loadings in stormwater runoff. Higher people density in ultra-urban areas also
means higher amount of pets and pathogenic animal waste that is ready to be flushed off during storm
events (FHWA, 2000). On top of that, the opportunity to direct runoff to pervious space to infiltrate and
filter polluted stormwater runoff is very limited.

Limited space leads to premium cost per area, which leads to minimum area of SCM as a design goal.
Therefore, “no additional surface area” is given score of DG-C = 4. Locating SCM underground or on
rooftop may be an option, but will require more complex excavation technique and structural
calculation. In addition, underground SCMs may need to yield to existing underground utilities. Those
pipes and conduits are often buried in the ultra urban right-of-way, which often is the only space
available for SCMs. Underground SCMs can also pose maintenance issues that need to be addressed by
substantial planning. A Green roof is also suitable for ultra-urban area, especially since there are often
many big buildings with flat roofs. Rooftop SCMs minimize runoff volume while still allow existing
activities underneath. Similarly, porous pavement can provide surface for activities while also controlling
stormwater.

Green Appeal

Green certification has become a desirable achievement for some property owners. The most common
green certification rating system in the U.S. is Leadership in Energy and Environmental Design (LEED),
administered by the United States Green Building Council (USGBC). The main goal for the LEED
certification is to maximize efficiency of resources, including construction material, energy, water, and
infrastructure (Retzlaff, 2009). LEED projects are thoughtfully designed to utilize nature for passive
heating and cooling and to use local recycled non-toxic material, hence creating a better environment.
Despite their commonly higher initial cost, LEED certified projects are energy efficient and low
maintenance. Moreover, projects that are LEED certified are seen as “appealing and positive”, which is
likely to increase their property value (Fuerst, 2011). SCMs can contribute to the achievement of the
certification. All of the SCMs can be used to obtain credit for the Stormwater Management criteria in
LEED certification (USGBC, 2014). Vegetation-based SCMs can also be used to receive credit for Heat
Island Reduction and native habitat restoration criteria. Water storage can be used to gain Outdoor and
Indoor Water Use Reduction credit.
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Green appeal is chosen to be one of the Design Goals in this project because it may be important for
some project owners to make a “green” statement. It has been found that environmental issues are a
primary public agenda (Moulden and Carson, 1991). This growing environmental concern can be linked
to how people see green products as attractive (Martin and Simintiras, 1995). To some extent, all SCMs
are “green products” that are designed to protect the environment. However, some SCMs are more
“green appealing” than the others. Those are SCMs that are considered rare, and that usually require
innovation and high technology, which unfortunately come with high upfront investment because of
their association with high-efficiency equipment, premium materials, and construction experts. In spite
of that, those SCMs can provide opportunities to receive Innovation in Design credit for the LEED
certification. Admittedly, seeing vegetation on ground level may seem ordinary, but seeing a vegetated
roof, permeable pavement, or cistern is seen as appealingly “green”. For that reason, innovation, an
SCM Characteristic providing such benefit is assigned a score of DG-C = 4.

3.3.1.3 Characteristics — SCMs

Scores are also assigned to show how well an SCM can provide the desired Characteristics (C-SCM
score). Just like the Design Goal - Characteristic score (DG-C), each SCM is also mapped to all possible
Characteristics. One SCM may provide several Characteristics. Examples in table 5 show that perennials,
tall grasses, and shrubs are the main Characteristics associated with a “low vegetation bioretention cell”.
The main Characteristics for a “green roof” SCM are “vegetation” and “shelter”, because a green roof
provides three dimensional space that can be used as a shelter.

There is also a specific combination of Characteristics that defines a specific SCM option within a
broader SCM description. For instance, a “bioretention cell” SCM may be designed with turf, low
vegetation, or larger trees. The options will likely provide very similar hydrologic response, but the
resulting complementary scores would be different. For example, the “bioretention with turf” SCM
option has different Characteristics from the “bioretention with trees and some understory” SCM
option. In this case, those bioretention alternatives are considered as different SCMs because they have
different complementary scores, but hydrologically behave the same (see Table 10).

There are also SCMs that have the same combination of Characteristics but with different quantity of
cover. For instance, the SCMs “managed vegetated area” and “infiltration area” may be designed for fair
or good forest, or with fair coverage or good coverage of turf. In this case, each Characteristic is
assigned different complementary scores. As an example, canopy tree is assigned a score of C-SCM =4
for good forest and C-SCM = 2 for fair forest as shown in Table 10. This is different than the SCM options
described above, as in these cases the SCM is not only different in terms of complementary score, but
also in hydrologic performance.

Table 10 shows that the maximum total C-SCM score for vegetation is C-SCM = 8. As an example, the
“bioretention” SCM with low vegetation has perennials, tall grasses, bushes, and wetland plants as
Characteristics; each one of them has score of C-SCM = 2. Another example is the “managed vegetated
area” SCM with good forest. This has evergreen and canopy tree as Characteristics, and each has a
score of C-SCM = 4. This maximum limit of a combined C-SCM = 8 is used to avoid double counting and
total score distortion. Some SCMs have total scores less than 8, in this case giving less credit to SCMs
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with monoculture like for “bioretention” with turf and to an SCM that has less-than-ideal condition, such

as “managed vegetated area” with poor forest.

Table 10: Example of SCMs and their Characteristics

Characteristics

Vegetation

Public
space
Open-
paved
surface

Water

No
additional
surface
Shelter
Green
innovation

Turf

Perennials

Tall grasses

Low shrubs/bushes
Small/decorative
tree

Evergreen tree
Canopy tree
Wetland plants
Not vegetated
Vegetated

High traffic surface
(concrete/asphalt)
Med. traffic surface
Pavers

Gravel

Light traffic surface
Grass-based

Open constant
depth

Open fluctuating
Enclosed

Turf

O O O O &

A O O O O

Bioretention

Low Trees &

veg.

O N NN O

OO O N O O

some
understory
0

N O NN O

O O N N O

Managed vegetated area

Forest,
good

o O O ©o o

o O O &~ &

Forest, poor

o O O ©o o

O O O NN

Green

roof

O O NN NN

OO O O o o

Table 11 lists all the default SCMs used for this project, which match with the SCMs selected for the first
edition of Tennessee Permanent Stormwater Management and Design Guidance Manual. As previously

mentioned, users are allowed to add more SCMs as desired.
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Table 11: Default SCMs

SCMs
Filtration and Dry detention
settling
Wet pond
Constructed wetland

Dry pond
Extended detention basin

Vegetated swale

Managed vegetated area

Vegetated filter strip (grass strip)

Bioretention (general, w/underdrain, and w/
underdrain and liner)

Vegetated swales
Water quality swale
Forest, fair

Forest, good
Grassland

Turf, good

Turf, fair

Good

Fair

Poor

Turf

Low vegetation
Trees & some understory

Infiltration )
Low vegetation
Trees & some understory
Rain gardens (general & w/underdrain )
Urban bioretention (general, w/underdrain, and  Curb extension
w/ underdrain and liner) Planter box
Infiltration areas Forest, fair
Forest, poor
Grassland
Turf, fair
Turf, good
Permeable pavement
Green roofs
Underground infiltration system
Capture reuse Rain barrels and cisterns Rain barrels
Cistern
Others Manufactured treatment devices

Impervious (all kind)

3.3.1.4 Cost Estimation
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Cost estimation is an important factor in selecting SCM, but is not strongly emphasized in this study
because it can lessen the importance of meeting the highest possible complementary score. However,
the cost may become important decision factor if there are several SCMs with fairly similar
complementary scores. Thus, a cost estimation is included in this study.

Summarizing and estimating the cost of SCMs has become a research subject for many researchers
(MPCA, 2011; Hathaway and Hunt, 2007; MDE, 2011). However, there is no single study that covers the
cost of every SCM listed in this study. Since costs vary among sites and time, it may not be fair to
compare the costs of SCMs that come from multiple studies. Nonetheless, default costs are assigned to
SCMs, but users are encouraged to update them to match the most recent cost data available. To
anticipate various types of available cost and cost unit information, the tool provides several possible
inputs as follow:

Fixed construction cost

Cost of site discovery, surveying, design, permitting, and others that are not associated
with area of SCM.
— Construction cost/ area
This cost includes labor, material, and overhead cost per area of SCM.
— Construction cost/ volume
This cost includes labor, material, and overhead cost per volume of runoff treated.
— Fixed annual maintenance cost
— Annual maintenance cost/area
— Annual maintenance cost/volume
— Annual maintenance cost/installation cost
This ratio is used in some studies to estimate annual maintenance cost.
— SCM life
Information about the SCM life is needed to get the annual cost. The annual cost assumes
no time value of money. Generally, a lifespan of 20 years is listed as the default.

3.4. Hydrologic Performance Requirements

Water quality degradation has led to the emergence of federal and state government regulations.
Although the Clean Water Act (CWA) has been successful in improving the nation’s water quality, about
40% of water bodies nationwide are still degrading or degraded and fall below the water quality
standard (U.S. EPA, 2000). The main cause of this impairment is polluted runoff from stormwater in
urban/suburban areas. EPA supports CWA’s goal through its Phase |l Stormwater Program by requiring
all municipal separate storm sewer systems (MS4s) to comply with National Pollutant Discharge
Elimination System (NPDES) permits in preserving, improving and protecting the nation’s water
resources.

The Tennessee Department of Environmental and Conservation (TDEC) implements EPA’s interpretation
of the CWA through the Tennessee Water Quality Control Act. Under that act, the Tennessee
Stormwater General Permit requirements enforce a 1-inch runoff reduction on-site for every rainfall
event and a minimum 80% of contaminants removal from the portion of the first inch that cannot be
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infiltrated (TDEC, 2014). The first inch concept is critical for water quality because the majority of runoff
contaminants are carried in the first flush of rainfall events. Among those pollutants are drip losses from
leaking automobiles, nutrients from lawns, and heavy metals from roofing materials (Gobel et al, 2007).
Since contaminants tend to bind to particulates, Total Suspended Solids (TSS) can be used as a
manifestation surrogate, which means that the removal of TSS results in removal of most contaminant.
In situations where the designer can prove that due to special circumstances the site is unable to meet
those requirements, off-site mitigation or payment into a stormwater fund will be the last resort (TDEC,
2010). Those requirements are called the “hydrologic performance requirement” in this project.

The SCMs that are ranked highly based on their complementary performance requirements need to be
tested to ensure that they meet the hydrologic requirements. The test will be done using the
calculations from the SMART Runoff Reduction Assessment Tool (RRAT), which can be downloaded at
tnpermanentsormwater.org. The tool is developed to help meet the Tennessee Stormwater General
Permit Requirement (TSGPS), with the goal of minimum 1-inch runoff reduction on-site for every rainfall
event and 80% of the TSS removal. The runoff reduction can be done using infiltration or rainwater
harvesting/reuse techniques. TSS removal can be done using additional techniques such as filtering
using plant and soil as media, or by settling or filtering using an engineer-specified proprietary device.
The tool also makes sure that any storage needs to be emptied by 72 hours to prepare the SCM for the
next rain event. For normal vegetation-based SCMs, the total ponding time should be less than 24 hours
to ensure the vegetation’s survival.

3.4.1. RRAT Fundamental Approach

The RRAT offers unlimited flexibility for designers to route runoff from impervious areas to SCMs or
offsite. This flexibility allows multiple SCMs to be used in one project while the tool tracks the first inch
of rainfall and 80% TSS removal. Basically, the entire site is divided into design elements that are
designed and arranged to drain or direct runoff to meet the target requirements. Below are basic inputs
required in the RRAT:

Project location

The location is used to determine representative rainfall depth which varies from 1.3” for Johnson City
to 1.9” for Memphis. The representative rain depth is defined using the 95" percentile of event
precipitation, while the hyetograph is determined using the median duration for that event and a Type Il
storm distribution. The 95" and below percentile consists primarily of small to medium rain events.
Therefore, the RRAT is not intended to be used to design channel and flood protection.

Target requirements

Runoff reduction credit can be given by some local jurisdictions as an incentive to adopt the following
projects: redevelopment, brownfield, high density, vertical density, and mixed use. If that is the case, it
is so indicated using this input.

Design elements
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The combination of design elements affects the runoff flow in the site. Each design element consists of

the following factors:

Base SCM/Management

An SCM is an element’s defined set of materials and layout designed according to engineering
specifications. An SCM can consist of several layers of materials such as in bioretention and
permeable pavement. The materials may include soil, gravel, vegetation, liners, and underdrain,
all of which control the degree of infiltration and treatment. Management refers to the cover
type of the element that does not have engineering specification. Examples include forest, turf,
and impervious surface. Various possible SCM/management are stored in the RRAT database,
but users with high access level are allowed to add to the default list. The rank of recommended
SCM based on complementary score is used to decide which SCM to be selected.

Discharges to design element number

This number shows where surface runoff from each design element is routed, with the number
”0” used if the discharge goes offsite. The RRAT also allows subsurface runoff through an
underdrain to be routed to different design element.

Area

Area for each design element plays an important role in the SCM configuration. Surface area
determines how much runoff can infiltrate, therefore can directly affect the hydrologic design.
Area is also used to calculate the overall complementary score and rough cost estimation.
Special conditions

Some conditions dictate whether some stormwater management techniques are suitable for
certain areas on the site. Hotspots are areas that produce highly contaminated runoff far
beyond pollutant concentration commonly found in stormwater system (USEPA, 2012). Any
runoff passing this area must have 80% TSS removal before it leaves the site, therefore filtering
SCMs or utilization of filtering devices can be options to treat the contaminated water. Karst
feature is a special landscape that is formed as result of dissolving action of carbonic acid
solution on soluble bedrock such as limestone, dolomite, marble, and gypsum (Zhou and Beck,
2011). Special attention given to karst geology is not merely for avoiding its subsidence, but also
for its risk of groundwater contamination and its benefits to many habitats. In the RRAT, runoff
from other elements may not be directed onto karst areas. Contaminated soil, which often
called brownfield, is contaminated area due to activities on pre-existing land use. Infiltration
SCMs are to be avoided for those areas to avoid groundwater contamination.

Soil texture

Soil texture is a main factor in controlling infiltration rate. The RRAT offers fine classification that
reflects various possible soil types.

Depth to restrictive layer

A subsurface restrictive layer near the surface may control the infiltration rate by significantly
blocking the downward movement of runoff such as bedrock, frozen layer, and cemented layers
(USDA, 2010).
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4. COMBINING COMPLEMENTARY AND HYDROLOGIC PERFORMANCE

To meet the objective of integrating the hydrologic performance and complementary requirements of

the LID approach, the framework of this study has been implemented in the RRAT and becomes an

extension of the program (Figure 2). The extension gives the following factors for each design element:

Objective

The Objective may be specified as the general land use for the site (i.e., light commercial), but
because it refers to one or more specific design elements is more likely to be more specific, as in
“parking area”. Some Objectives and their associated Design Goals are stored in the RRAT
database, but users are allowed to add to or modify those. Each design element is assigned an
Objective; therefore there can be multiple Objectives in a design. This option is especially useful
for designing a master plan for a mixed use development.

Select SCM

This part consists of a list of recommended SCMs based on the Objective. Each listed SCM is
followed by its complementary score and estimated annual cost, with the list ranked by
decreasing complementary score. Given the rank of recommended SCMs, the user may then
select the SCM that best meets their requirements and cost limitations. Other selection factors
may include the available space for the SCM, maintenance effort, and construction cost. The
tool will provide users with a ranked list of SCMs, but only the user can make the subjective
weighting judgment to select the best SCM for their situation. As an example, a green roof may
offer the highest complementary score but may not be the best for a retrofit housing project
that has a steep hipped roof.

Lacation Pollutant removal OK? [] [ GREEN | RAeq. volume red depth, in. [ 1.00 Req pollutant portion remaved, % [ 800 Overall complementary score
Wolume red. OK? | GREEN | Met volume red. depth, in. 1.37 Partion pollutant remaoved, % 100 Total annual cost, US$A
Torget requirements frane] ] Flow paths 0K | [ Gheen Mt wunof vol, ft3 [ 7B00_] Portion poll remove by reduction, % [ 53.0
Net runcff depth. in. [ 00520 et pallutant vol released, it 0 |
Mum design elements Total surface area, i2 Imp treat ratio (1) | 5.24 Met hatspat vol released, ft3 1]
Design elements
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[ 0 1338 none_ > loam ] B impervioushimpervious ~|[...values| 3. Road & parking lat apartment 7] SCMs| 400 502

g ) 1015 none Y| loam ¥ Bl impervioushimpervious | 7...values apartment i SCMs 0.0 2

1] 1] 000! nohe >l loam ¥ {5 07. permeable pavementipemeable pavement > ]...values 3. Parking lot apartment ~ SCMs 2.0 263

1 0 1083 none_ > loam ] B managed vegetated aieas\grassland *|[(..values| 3. Grassland apartment 7] SCMs| 447 53

2 a 1089 none ™| loam B [ 05. managed vegetated areasbturl, good i ...values: 3. Lawn apartment hd SCMs| 9.3 53

3 0 30491 nohe > ..yloam v {5 05, managed vegetated areashturl, good > ]...values 4. Lawn apartment i SChs 39.3 83

Original version Extension

Figure 2: RRAT interface

Up to this point, users need to have a preliminary design that shows the path of runoff from impervious

area to the selected SCMs until it goes offsite. If the first SCM on the complementary list does not meet

the hydrologic requirement because of limited space and other reasons, the next SCM or combination of

some SCMs should be considered. This iterative design process should be continued until the highest
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possible overall complementary score is achieved. A single overall complementary score for the entire
design is also calculated once the area for each design element is known. The score is also calculated in
the RRAT so the designer can compare which combinations best meet the complementary requirement.
The overall design score calculation is done using the following formula:

(fa; * 0 — SCM;)

n
Overall Complementary Score =

i=1
Equation 2
Where:

— O-SCM: Objective— SCM score

— n: Number of SCMs

— fa: Fraction of total area
Figure 3 shows an example of comparison between two combinations of SCMs. If the complementary
score for bioretention is 30, asphalt is 10, and permeable pavement is 25, the overall complementary
score for scenario 1 is 14. The score goes up to 20 by converting half of the asphalt surface to permeable
pavement. The higher score is caused by permeable pavement’s higher complementary score compare
to asphalt’s. The same equation is used to calculate overall cost.

Scenario 1 Scenario 2

Asphalt

Asphalt

Permeable pavement

fa: 0.8
fa: 0.4

Bioretention Bioretention

fa: 0.2 fa: 0.2

Figure 3: Example of overall complementary score calculation
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5. CASE STUDIES

This section illustrates the thinking process for selecting SCM. Several projects with various scales,
locations, and land uses are selected and used as examples of how existing projects can meet the 1-inch
runoff reduction and 80-percent pollutant removal requirements. The purpose of this section is to show
how the tool can be used not only for a simple housing with a single Objective, but also for more
complex project with multiple soil types and Objectives. Some scenarios are explored to show various
SCM combinations in meeting the complementary and hydrologic performance requirements.

5.1 Low density residential

A house in a low density neighborhood in Knoxville, Tennessee is going to be expanded along with the
addition of impervious area to accommodate more cars. Since the project must meet the new
Tennessee stormwater requirements, the designer needs to decide which SCMs are going to be used for
the project. The default set of Design Goals for the residential Objective are as follows:

Table 12: Default design goals for residential Objective

Design goals O-DG Score
Water Supply 3
Cooling effect 4
Corridor
- Human 2
- Wildlife
Aesthetic appeal 4
Attract wildlife
- Birds 4
- Squirrels and chipmunk 2
- Butterflies 4
Traffic calming 4
Privacy/Boundary 4
Child-friendly 4
Regulatory requirement 4

Based on these Design Goals, the ranked SCM list is shown in Figure 4. In order to get the highest
possible complementary score, the first two SCMs on the list are selected for scenario 1 and become
inputs to the RRAT as shown in Figure 6. Although providing a very high complementary score, this
design (figure 5) fails to meet the hydrologic requirement, as indicated by the red light. Using this
design, only 66% of pollutant from the runoff reduction volume is removed. The user therefore needs to
choose the next SCM on the list or use combination of several SCMs.

Figures 7 and 8 show different runoff routing on the site. In this scenario, part of the managed
vegetated area is converted to an infiltration area to accept runoff from the shed, the back portion of
the roof, and part of the driveway. The green indicator lights show that this design succesfully meets the
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hydologic performance requirement while still providing the highest possible complementary score.
Note that the overall complementary score for those two designs are the same, but the estimated
overall annual cost are different (5870 vs $1200). The cost estimation may be used to decide which
combination of SCMs is to be used.

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

Figure 4: List of recommended SCMs based for default residential Objective
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Figure 5: Design scenario 1 for low residential project

Laozation Pallutant removal OK? RED Req. wvolume red depth, in. 1.00 Req pollutant portion removed, % [ a0.0 Overall complementary score
Yolume red. OK? GREEM Met wolume red. depth, in. 1.18 Portion pollutant remaved, 75.9 Total annual cost, US$Anr
Tanget requirements Flow paths OK? GREEM Met mnoff o, fit3 363 Portion pall. remave by reduction, % [ BR.G
Met runoff depth, in. 0267 Met pollutant wol released. i3 215 TH_INFIL_OUTPUT_OBJ_PTR l:l
Murn design elements Total surface area, it2 Imp treat ratio [<:11]  6.69 Met hatspat wol released, it3 1]
Dezign elements
Design  Discharges : Depth surf Element ; Annual
elemeat # to design Area, ft2 ciﬁg;:t:iloaLs Sail p.tol Baze SCM / management SCM Dedsllagsr;r?lljg:nt Objective S;Ighc‘:‘t ggg}pe cost,
+ | - | element # restrictive, values USg/r
1 [ 1000 nane | silt loam v B.60 Imnperious Nimperyious | .. wvalues Fioof front ~ residential |[7].. SCMs b33 37h
2 5 3200 none | silk loam T E.ED Impervious impervious i 7. walues Roof back [ rezidential -{[7]..5CMs 5,305 120
3 5 800.0 nane | silt loam v B.60 Imnperious Nimperyious | .. wvalues Shed ~[] residential w|[7]..5CMs b33 0.0
4 B 2000 none | silk loam T E.ED Impervious impervious [ 7. valuez[ Impervious front > rezidential -{[7]..5CMs 5,305 a0
] 4 3700 nane | silt loam v B.60 Imnperious Nimperyious [, values| Impervious back  >|[] residential w|[7]..5CMs b33 139
B 0 1600 none | silk loam T E.ED 0B, infilration areas\forest, good [land. cap. cond.) i 7. walues “r'ard front [ rezidential -{[7]..5CMs 293 416
7 0 4000 nane | it loam ¥ B.60 05. managed vegetated areastforest, good [land. cap. cond.] | .. values “rard back -] residential w|[7]..SCMs 9.3 48.0

Figure 6: RRAT interface for design scenario 1
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Figure 7: Design scenario 2 for low residential project

Lacation Fallutant removal QK7

Walume red. OK?
Flow paths OK?

Target requirements
Mum design elements Total surface area, #2 [ 16300

GREEM Feq. wolume red depth, in. 1.00
GREEN Met volurne red. depth, in. 1.29

Met runoff depth, in. 0157

Imp treat ratio [=:1) 3.45

Req pollutant portion remaved,
Partian pallutant rermaved,
GREEM Met runoff vol, i3 213 Portion poll. remaove by reduction, %
Met pollutant vol releazed, it3

Met hotzpot wal released, ft3

& e

a0.0

86.3

80.3

122

Owerall complementam score

34

Tatal annual cost, WS 1200

TH_INFIL_OUTPUT_DBJ_PTR [ ]

Design elements

Design  Discharges : Depth suf Element q Annal
element #  todesign  Area, fit2 Ciﬁsﬁilis Soil to Baze SCH / management SCM Dejg;:é?{g:m Objective Sselgh":,lt Egg:i cogt,
+ | element # restrictive, values US$Ar
1 [+ 1000 none ¥ il loam E.60 imperyiouEsimperious ~|[ 7...values Roof front - residential [ 7]...5CMs 533 il
2 o] 3200 none ¥l gl loam T E.E0 Imperviouzsimpervious [ 7...values Fioof back b regidential [ ]...5Chs 5,33 120
3 a8 800.0 rnone ¥l sl loam T E.E0 Impervious\impervioLs [ 7...values Shed bt residential [ ...5CHMs 5,353 300
4 5] 2000 none ¥ il loam ¥ E.E0 Impervioushimperviols [ 1..values|  Impervious front = residential [ ]...5CMs 5,33 75.0
] 2 3700 none ¥l gl loam E.60 imperyiouEsimperious ~[7..valuez| Impervioug back = regidential [ 7]...5Chs 533 139
5] a 1600 rnone ¥l il loam T E.E0 0B. infiltration areazhforest, good [land. cap. cond.] [ 7]...values “r'ard front bt regidential [ ]...5Chs 893 416
7 a 2500 none ¥ sl loam ¥ E.E0 05, managed vegetated areas\forest, good [land. cap. cond.] > ]...values “ard back ] residential [ ]...5CMs 893 300
a u] 1500 rnone ™| silk loam 6.G0 (0B, infiltration areaziforest, good (land. cap. cond.] | .. values “V'ard back bt residential hd .. SChs 887 390

Figure 8: RRAT interface for design scenario 2
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5.2 High density residential

A house is located in a high density neighborhood near the University of Tennessee, Knoxville. The site is
dominated by impervious surface from the roof and hardscape. Because of premium land value in this
area, utilizing the space as much as possible for the building and parking is the main goal of the design.
Because of the space limitation, an SCM that does not take up active space is preferred. Since the user
has specific Design Goals different from the default in the database for the High Density Residential
Objective, a new set of Design Goals is defined as shown in Table 13.

Table 13: New set of design goals is made for high density residential projects

Design goals O-DG Score
Cooling effect 4
Attract wildlife - Birds 2
Traffic calming 4
Parking 4
Building 4
4

Minimize area of practices

Based on those design goals, the recommended SCM for this project is shown in Figure 9.

Annual | .
# SCh Mame:Option Total score cost, [
LIS
1 10. green rooftgreen roof h8.7 201
2 (&, infiltration areaghforest, good [land. cap. cond.]:kixed 520 e
3 05. managed vegetated areazhforest, good [land. cap. cond.):Mixed 520 14.4
4 [E. infiltration areaz\forest, good [land. cap. cond. |:Evergreen a0, 7 M2
5 [E. infiltration areazforest, good [land. cap. cond. |:Deciduous A0.7 32
G 5. managed veaetated areazhforest, good [land. cap. cond.):Evergreen a0, 7 14.4
i 5. managed vegetated areazhforest, good [land. cap. cond. ) Deciduous Ay 14.4
a .. tiontwrban bioretention with underdrain and liner Trees & some undershary 1.3 4540
9 ... bioretentionurban bioretention with underdrain: Trees & some underztom 41.3 4300
10 4. bioretentionsurban bioretention: Trees & some understary 1.3 2910
11 4. bioretention'rain garden with underdrain: Trees & some understary 41.3 2260
12 4. bioretention'rain garden: Trees & some understary 1.3 1250
13 ...oretentionhbioretention with underdrain and liner: Trees & some underston 41.3 1720
14 4. bioretentionbiaretention with underdrain: Trees & zome understary 41.3 1810
15 4. bioretentiontbioretention: Trees & zome understor 4.3 1450
16 (3. vegetated swaletwater quality swale: Trees & zome understom 41.3 1450
17 DE. infilration areazforezt, fairkised 287 240
18 05. managed vegetated areashforest, fairkMized 8.7 10.8
19 [E. infiltration areagz\forest, fai Evergreen 38.0 240
20 &, infiltration areas\forest, fairDecidous 8.0 240 -

Figure 9: List of recommended SCMs based on high density residential Objective

The green roof is expected to be on the top list of the recommended SCM because its fulfillment of the
following design goals: cooling effect, building, and minimize area of practices. It is also reasonable to
have forest as infiltration areas on the top list because it offers cooling effect, traffic calming, and
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wildlife attraction. Table 14 shows the Characteristics of the green roof SCM that meet the desired
Design Goals.

Table 14: Green roof characteristics and their matching design goals

Green roof Characteristics
Characteristics C-SCM Design Goal: Cooling effect DG-C
Score Score
Vegetation Turf 1 Vegetation Turf 2
Perennials 2 Perennials 2
Grasses 2 Grasses 2
No add. surface area 4 Shelter 4
Shelter 4
Innovation 4 Design Goal: Attract wildlife - birds
Vegetation Turf 1
Perennials
Grasses 4
Design Goal: Cooling effect
Vegetation Perennials
Grasses
Shelter 4
Design Goal: Privacy/ Boundary
Vegetation Perennials 3
Grasses 3
Design Goal: Building
Shelter 4
Design Goal: Minimize area of practice
No additional surface area 4

5.2.1. High Density Residential with Negative Score

As described above, in some situations certain Characteristics are avoided for safety reasons or to avoid
high maintenance costs. In that case, a score of DG-C = -9 can be assigned for those Characteristics. This
step will eliminate all SCMs that contain those Characteristics from the recommended SCM list. As an
example, let’s say that the “perennials” Characteristic is unwanted for this high density residential
project because the owner considers it as high maintenance. The first step to eliminate all of SCMs that
contains perennial is by creating a new Design Goal called “low maintenance” that has a score of DG-C =
Characteristic (Table 15). The new Design Goal is added to the current
list of Design Goals for this Objective as found in Table 13, and that new set can be saved as a new

I”

-99 assigned to the “perennia

Objective. Based on the new set of Goals, the ranked SCM list for this project is shown in Figure 10.
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Table 15: Set of design goals for high density residential Objective (table 14) with low maintenance
Design Goal addition

Design goal “Low maintenance” Objective: Residential low maintenance
. DG-C . O-DG
Characteristics Design goals
score Score
Vegetation - Perennials -99 Cooling effect 4
Attract wildlife 2
Traffic calming 4
Parking 4
Building 4
Minimize area of practices 4
Low maintenance 4

Figure 10 shows that green roof, because of perennial as one of its characteristic, is no longer found in
the list. Furthermore, all SCMs with understory that are on the top 15 in Figure 9 are now replaced by
SCMs that have no perennials.

SCM zelection information

Annual | .

f# SCh Mame:Option Total score cost, [
IS E A

1 0B, infiltration areazforest, good [land. cap. cond.]:Mized 44.E 32

2 5. managed vegetated areazhforest, good [land. cap. cond. ) Miked 14 5 14.4

3 (5. infiltration areaz\forest, good [land. cap. cond. :Ewerngreen 434 2

4 [E. infiltration areaz\forest, good [land. cap. cond. ) Deciduous 43.4 A2

5 5. managed wegetated areaszhforest, good [land. cap. cond.):Evergreen 43.4 14.4

G 5. managed vegetated areazhfarest, good [land. cap. cond. ) D eciduaus 434 14.4

v 0E. infiltration areashforest, fairMixed 331 240

a 5. managed vegetated areashforest, fairkdised 331 108 |

9 [E. infiltration areaz\forest, fairEvergreen J2E 240

10 [0E. infilration areazforest, fairDecidous J2E 240

11 5. managed veaetated areazhforest, fairEverareen J26 10.8

12 5. managed vegetated areazhforest, fair D eciduous J26 10.8

13 7. permeable pavementhpermeable pavement: Grazs-baszed 320 240

14 7. permeable pavementpermeable paverment: Gravel-bazed 274 240

15 7. permeable pavement.,permeable pavement: Favers 274 450

Figure 10: List of recommended SCMs based on design goals described in table 15

5.2.2. High Density Residential with Multiple Objectives

In some situations, different SCM Characteristics may be preferred for various elements in a project. In
that case, multiple Objectives can be created to get different ranked lists of recommended SCMs. As an
example, high visibility is desired for the front side of this high density residential. To achieve this goal,
all tall vegetation needs to be excluded from the option by assigning a DG-C = -99 score for those
Characteristics, as shown in Table 16. That new Design Goal can be saved and perhaps called something
like “visibility”, and this Design Goal is then added to the set in table 13 and is saved as a new Objective
called “residential front”. Using the new Obijective, the ranked list of recommended SCMs is shown in
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Figure 11, which includes only SCMs that do not block the view to the front part of the house. High

visibility is not a requirement for the back side of the house, so the Design Goals in Table 13 are more

appropriate for that area.

Using the runoff flow paths shown in Figure 12 and the two lists of recommended SCMs shown in Figure

9 for the back and Figure 11 for the front part of the house, the RRAT input interfaces are shown in

Figures 13 to 15.

Table 16: Creating a new Objective for different part of high density residential project

Design goal “Visibility” Objective: Residential front
. DG-C . O-DG
Characteristics Design goals
score Score
Vegetation — Low shrubs -99 Cooling effect 4
Vegetation — Small decorative trees -99 Attract wildlife - Birds 2
Vegetation — Evergreen trees -99 Traffic calming 4
Vegetation — Canopy trees -99 Parking 4
Building 4
Minimize area of practices 4
Visibility 4

SCM selection information
Annual
# SCh Mame:0phion Total zscore cost,
S E A

1 10. areen roafhagreen roof a3 2

2 7. permeable pavement\permeable pavement: Grazs-bazed J2.0 240
3 7. permeable pavement permeable pavement: Gravel-bazed 274 240
4 7. permeable pavementhpermeable pavement: Pavers 274 450
5 [E. infiltration areashgrazzland 206 216
= 5. managed veqetated areazharazzland 206 720
¥ 03, vegetated swalehvegetated swale 16.6 216
g 12, stormwater treatment wetlandswetland BE=80%:General 13.7 1140
9 12, stormwater treatment wetlands\wetland BE=70%:General 13.7 1140
10 12, stormiwater treatment wetlandswetland RE=E0%: General 13.7 1140
11 12, stormwater treatment wetlands'wetland RE=50%: General 13.7 1140
12 09, filter stripgrazs stip, good 13.7 132
13 09, filter stripharass ztip, fair 10.3 108
14 IMpEriouz imperious 914 45.0
15 13, manufactured # proprietary treatment devicesstreatment device BE= 80 914 1370
16 13. manufactured # proprietary treatment devicesitreatment device RE= 70 914 1370
17 13, manufactured # proprigtary treatment devicesstreatment device BE= B0 914 1370
18 13, manufactured # proprietary treatment devicestreatment device BE= 50 914 1370

Figure 11: List of recommended SCMs based on design goals described in table 16
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Figure 12: Runoff flow path inside the site
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Lacation Pallutant remasal OK? GREEM Req. wolume red depth, in. 1.00 Req pallutant partion removed, % 80.0 Overall complementany scone 35
Wolume red. OK? GREEM Met volume red. depth, in. 1.43 Portion pollutant removed, % EEE] Total annual cost, S $r 3000
Target requirermants Flaw paths OK? GREEN Mt runaff wal, (t3 1419 Fartion pall. remoyve by reduction, 3 982
Met mnoff depth, in. 0.0235 Met pollutant vaol releazed, it3 250 |:|
Mum design elements [ & | Tatal surface area, it2 [ 75860 Imp treat ratio (611 213 Met hatspat val releazed, ft3 1]
Design elements ]
Design  Dhscharges : Depth surf Element . Annual
element #  todesign  Area, ft2 ciﬁg;:t:iloaLs Soil o Basze SCM / management SCM D e;lgn glet!'nent Objective S;lceﬁt nggnrlz cozt,
+ | - | element# restrictive, values SSENpLan LIS 4§/
1 5 1200 norne vl sitloam *]  E.BD [ 10. areen roaftareen roof []...values Roof [frant] wl[1  clinch front »I[7.. SCMs[  B0.3 201
2 B 1200 none ¥ silt loam ¥ EED [ 10. green roofugreen roof |[7...values Roof [back) [ clnch back [T, SCMs 87 an1
3 6 930.0 nore ¥l sitloam *]  EBD [ imperioushimpervioLs wl[]..values| Existing Hardscape *i[ 1 clinch back >l 7. SCMs|  10.7 349
4 5 2600 none ¥ silt loam ¥ EED [ 07, permeable pavement'pemeable pavement |[7...values Diriveway [ clinch front =[], SCMs 274 SRS
5 i 956.0 nore ¥l sitloam *]  EBD [ 0E. infiltration areasharassland []...values “ard [frant] i1  clinch front  »|[7.. SCMs| 206 172
E 0 700.0 rone ¥ silt loam ¥ EED [ (0B, infilration areazforest, good (land. cap. cond.] [ 7. values ‘ard [back) [ clnch back [ 7], SChs 520 182
Figure 13: High density residential - scenario 1
Location Pallutant removal OK? YELLDWS Req. wolume red depth, in. 1.00 Req pollutant partion removed, % a0.0 Overall complementary score 16
“Yolume red. OK? GREEM Met volume red. depth, in. 1.19 Portion pollutant removed, & 985 Total annual cost, LIS $dr mﬁ-
T arget requirements Flaw paths OK? GREEM Wt runoff wal, (t3 1E5 Fartion pall. remove by reduction, = 734
Met runoff depth, in. 0.260 Met pollutant vol released, ft3 877 |:|
Mum designelements [ & | Total surface area, 2 [ 75860 Imp treat ratio (<11 416 Met hatspat vl releazed, ft3 0
Design elements |
Design  Dizcharges . Depth zurf Element ] Annual
element #  todesign  Area, ft2 csoﬁsﬁili s Sail to Base SCM / management SCh Deds;gsr;:iallj?irg:nt Objective S; lc'aﬁt Egg:g cogt,
+ | - | element # restrictive, values US A
1 ] 1200 none | sitloam ¥ EE0 impervioushimpervious ~[7...values R oof [front] hd clinch_front  >J[7]... SCMs] 814 45.0
2 5} 1200 none ™| silt loam ¥ E.60 Imperviousimpervious |[]...values Roof [back) ha clinch_back  w|[]... SCMs 10.7 450
3 [} 930.0 none ¥ silt loam > E.60 impervioushimpervious [ 7...values[ Esisting Hardscape clinch_back [ SCMs 107 348
4 5 2600 hone ™| silt loam > 6.G0 Imnperviouzimnpervious | 7...values Diriveway hai clinch_frant =] ... SChs 914 975
5 0 956.0 none ™| silt loam > E.60 07, permeable pavementipermeable pavement i ...walues “r'ard [front) ha clinch_front  =[ ... SCMs 320 191
53 0 F00.0 none ™| silt loam E.60 DB, infiltration areasforest, good [land. cap. cond.) [ .. values Yard [(back) ha clinch back [ 7... SChs 52.0 182
Figure 14: High density residential - scenario 2
Location Pollutant removal OK? GREEN Req. volume red depth, in. [ 1.00 Fieq pollutant portion removed, % [ 800 Oiverall complementary score
Wolume red. OK? GREEN Met volume red. depth, in. 1.32 Partion pollutant remaoved, % 91.7 Total annual cost, US$Ar
T arget requirements Flow paths OK? GREEN Met runoff val, ft3 B0.7 Partion pall. remave by reduction, % [ &7.1
Met minaff depth, in. 0128 Met pollutant val releazed, ft3 41.0 I:l
Mum design elements |I| Total suface area, 2 | 7REED Imp treat ratio [+:1) et Met hotzpot val releazed, it3 1]
Design elements 1
Design  Discharges R Depth surf Element A Annual
element #  todesign  Area, ft2 CSDﬁSEEL . Sail to Baze SCM / management SCh Dejg;ﬁ;gsm Objective S;'gﬁt Eggﬁ cogt,
+ | elemant # restrictive, values LS g
1 5 1200 haone > silt loam EED [ Imperviouzsimpervious |[]...values Fioaf [front) [0 clinch frant ¥, SCMs 914 45.0
2 B 1200 none | silt loam ¥ EED [ IMmperyioughimpervioLs i[7...values Roof [back) [ clnch_back  |[7].. SCMs 107 450
3 B 930.0 haohe > silt loam (= Imperviouzsimpervious wl[7..values| Esisting Hardscape vl  clinch_back  ~|[ .. SCMs 10.7 344
4 5 2600 none ™| silt loam ¥ EED [ IMmperyioughimpervioLs wl[]...values Diriveray [  clinch_front  *l[]..5CMs 914 975
5 0 956.0 none ™| silt loam * EED [T 0B, infilration areazharazsland ~|[7...values “V'ard [front] [0 clinch front [T, SCMs 206 172
5} 0 F00.0 none ¥ silt loam ¥ B0 [ 04. bioretention’bioretention |7 values Yard [back) |7 clnch_back  *l[]..SCHs E.G7 5E0

Figure 15: High density residential - scenario 3
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In scenario 1 (Figure 13), the first two SCMs from the list in Figures 9 and 11 are selected. Selecting
those SCMs results in the highest overall complementary score, higher than those for scenarios 2 and 3.
This design also works well hydrologically as indicated by the three green lights. In fact, the runoff
reduction and pollutant removal is much greater than the requirement. However, the total annual cost
is much higher than for the other two scenarios. Moreover, converting the existing hipped roof to a
green roof may not be practical for a residential project.

Scenario 2 is a design using the second-best SCMs from the recommended SCM lists. This design yields a
higher complementary score than scenario 3 with lower annual cost, but is unable to meet the pollutant
removal requirement, so fails hydrologically. In scenario 3, the “grassland infiltration area” SCM is
selected for the front yard and “bioretention with tree and understory” is selected for the back yard.
Bioretention is selected instead of forest infiltration area because the limited green space is inadequate
to meet the requirement of a good forest, where the density should be less than or equal to 200 ft*/tree
(TDEC,2014).

These three design scenarios show that the list of recommended SCM should only be used as selection
guidance. The first SCM on the list is not always the best SCM for a project. Users need to use their
subjective judgment to select SCMs that meet cost and site condition requirements.

5.3 Downtown parking garage

A parking garage project in a downtown area consists of 88,700 ft* roof and 13,300 ft’ of pervious area.
The soil is designated as “Urban soil”, so an in-situ soil texture test is required. The main Design Goal for
this project is to provide parking inside a building in an ultra-urban area where minimal area of practice
is required. The vehicle traffic to/from the parking spots in the garage makes vehicle corridor another
main Design Goal for this project. Since people are also accessing the parking spots by foot, human
corridor is also one of the goals, but a relatively low score will be given to this to indicate that it is not a
top priority. It should be noted that the sidewalk outside the building, where an SCM can be located, is
outside the property line, so it is excluded from the runoff reduction and pollutant removal calculations.
Since the garage is designated for high traffic, traffic surfaces for medium and light traffic are avoided by
assigning -99 to those characteristics. The set of Design goals for this project is summarized in Table 17.

Table 17: Design goals for a downtown parking garage

Design goal: “High traffic” Objective: Parking garage
. DG-C . O-DG
Characteristics Design goals
score Score
Vegetation - Turf -99 Parking 4
Traffic surface - Pavers -99 Building 4
Traffic surface - Gravels -99 Corridor - Vehicle 4
Traffic surface - Grass-based -99 Corridor - Human 2
Minimize area of practice 4
High traffic 4
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SCM zelection information |
Annual
# SCh Mame:Option Total zoaore cosgt,
LIS $ e
1 Imperviouzhimperious 26,7 330
2 10. green roofhareen roof 21.3 R9200
3 13, manufactured / proprietary treatment devicestreatment device BE= 80 10.7 2280
4 13, manufactured / proprietary treatment devicestreatment device BE= 70 10.7 22a0
] 13, manufactured / proprietary treatment devicestreatment device BE= B0 10.7 22a0
G 13, manufactured / proprietarny treatment deviceshreatment device RE= 50 10.7 2280
v 11. rairmater harvestinghcigtern: U nderground 10.7 1]
3 3. underground infiltration zystems wnderground infiltration sostemn 10.7 ]

Figure 16: List of recommended SCMs based on design goals described in table 17

Based on the Design goals in Table 17, the ranked list of recommended SCMs is shown in Figure 16.
Among the fairly limited SCM choices, it may be unexpected to see impervious surface on the top list of
recommended SCMs, since impervious is commonly labeled as runoff generator. However, impervious
surface earns the highest score because “high traffic surface”, as one of its Characteristics, provides
parking, human corridor, and vehicle corridor for high traffic (see Table 18). If impervious surface is
selected to meet the complementary requirements, other SCMs need to be used to compensate for the
absence of runoff reduction and pollutant removal by the surface.

Table 18: Impervious surface characteristics and their matching design goals.

Impervious surface Design goals

Characteristics Score Parking Score

Public space General 4

Traffic surface Concrete/asphalt 4
Traffic surface H- concrete/asphalt 4
Vehicle corridor Score
Traffic surface H- concrete/asphalt 4
Human corridor Score
Traffic surface H- concrete/asphalt 4

*Grey colors are Characteristics that are not
associated with Impervious surface and
Characteristics that are eliminated because of
“High Traffic” design goal.
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Green roof is also on the top of the list because its characteristics meet building and minimum area of
practice design goals. Nonetheless, green roof may not be a good SCM choice for this project because
the roof is also utilized as parking spaces. The “proprietary treatment device” and “underground” SCMs
are the next on the list because they require minimum area of practice.

The runoff flow path over the site is shown in Figure 18. If an underground cistern is used to capture all
runoff from the impervious area, a 5,100 ft> volume with water use withdrawal rate of 100 ft* per day is
required to meet the Tennessee stormwater requirements (see Figures 18 and 20).

If aesthetic appeal is added to the set of Design Goals in Table 17 and given a score of O-DG = 2, the
ranked list of recommended SCMs is shown in Figure 17. Despite the low score given to the new Design
Goal, the list of SCMs changes substantially compared to that in Figure 16. Noticeably, the previous list
has only 8 recommended SCMs, while the new one many more SCMs. The expansion is caused by
multiple Characteristics that meet the aesthetic appeal Design Goal, including most types of vegetation
and open water. Since vegetation is a Characteristic for a majority of SCMs, the list of recommended
SCMs is longer. Evidently, additional SCMs listed in Figure 17 have tree and/or bush as one of their
characteristics. For this scenario, the SCM “bioretention with low vegetation” is selected to receive
runoff from the roof of the parking garage (see Figures 19 and 21).

Sk zelection information
Apnual |«
ft SCk Mame: Option Total zocore cogt, [
IS $ o

1 imperyiouzhimpervious 229 293

2 10. green roofareen roof 2249 5210

3 13. manufactured / proprietan) reatment devices\reatment device BE= 80 914 1440

4 13. manufactured / proprietan) reatment devices\treatment device BE= 710 914 1440

5 13, manufactured ¢/ proprigtan treatment deviceshireatment device RE= B0 914 1440

B 13. manufactured / proprigtan treatment deviceshhreatment device RE= B0 914 1440

v 12, storrmwmater reatment wetlandz wetland RE=30%: G eneral 914 7410

a 12, storrmwater reatment wetlandz wetland RE=F0%: General 914 10
3 12, stormwater treatment wetlandzwetland RE=60%: G eneral 314 7410
10 12, stormwater treatment wetlandz wetland RE=50%: General 914 7410
11 11. rairwater harvestinghoistern: nderground 914 1]
12 08, underground infiltration zeztems underaround infiliration spstem 914 1]
13 [E. infiltration areaz\forest, good [land. cap. cond.|:Mixed 914 2030
14 [E. infiltration areazforest, good [land. cap. cond. .Evergreen 914 2030
15 (E. infiltration areaghforest, good [land. cap. cond.):Deciduouz 914 2030
16 5. managed wegetated areazhforeszt, good [land. cap. cond. ) Miged 914 936
17 5. managed wegetated areazhforest, good [land. cap. cond. [ Evergreen 914 93.6
13 5. managed wegetated areazhforest, good [land. cap. cond.]:Deciduous 914 936
19 _..hion'wrban bioretention with underdrain and liner:Trees & some understary 914 0200
20 ... binretentionturban bioretention with underdrain and liner:Low vegetation 914 40300 | -

Figure 17: Recommended SCMs based on design goals described in Table 17 with additional aesthetic appeal
design goal
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directed to an underground cistern

Figure 19: Runoff from rooftop is directed to a bioretention wit

h low vegetation
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Lacation Pallutart rermoyal 0F7 GREEM Feq wolume red depth, in. 1.00 Req pollutant partion rermoeed. 2 a0.0 Owerall complerentary soore
Walurne red. OK? GREEN MNet valume red. depth, in. 1.05 Partioh pollutant remaved, % a0.4 Tatal annual cost, S 1.0
Target requirements Flow paths Ok.? GREEM Met runaff wal, (3 3390 Partion pall. remave by reduction, % a0.4
Met runoff depth, in. 0.399 Met pallutant vol released. ft3 1450 l:l
Murn design elements Tatal surface area, it2 [ 102000 Imp treat ratio 1] 0 Met hotspot vol released, 3 0
Deszign elements _
Design  Discharges Sreci Depth suf Element ] LIE
. pecial . Design element . Select Comp
element #  todesign  Area, fr2 L T Sail to Base SCM / management SCH dlzseiltan Objective SCH - cost,
+ | - | element # restrictive, values US$ir
1 3 28700 rone > szl loam ¥ EED [ impervioushimpervious [ 7. values R oof i parking garage *|[ 7]... SChis 267 3330
2 0 13300 rone )l zilkt loam T EED [ 05, managed vegetated areas'turl, Fair ~I[]...values| Existing green space parking garage T ... SChs -1.00
3 0 none T ] 11. rairnwater harvestingcisterm -|[7...values| Underground cistemn ™ parking garage T ... SChis 10.7 1830
Al inflow? Yes Drain irveert depth below suif. in. Starage wolume, i3 [ 5100
Surface removal eff, & 100 Uirain disch element # Bulk withdraweal rate, ft32hr 100
Urain dizch rem eft, = Surh starage depth avernde, in.
SCM layers |
L Laver material Hasz fixed  Min. depth, Desian b &, Laver has - ziisuus Practice optiotis —
el ¥ maternial? in. depth, in.  depth, in. drain? E tam? . Active
ottarn ! Dption # Marmne optian?
] I | | | | |
1 Above-ground Mo
2 Underground ez
: : - Extra element values :
Deesign Contrib. Bt_l,lpass Contributes  Element Allow Have Interceptio Depreszion Matx [FEiian ltn't'al Peak inflow Inflow. 3 Flow to Dirain Polluted HILImtO”t [?I[atm i Hotfsfpotl dHDLSDDt Fietained  Totalinfil  Total surf
element area, ft2 siorags pollutant? type inflow?  impervious n, in. starage, in. #orags SIOTA08 ate frads O nest, ft3 disch, it3  inflow, ft3  POIWEN pofutant  unatt vol, — discharge depth, in. time, b infil time, hr
+ | - when full? uged, depth, in. out, fi3 out, fi3 ft3 wal, fr3
1 88700 Mo es surface Yes Yes 0 0.0500 0 0 0 10700 9510 0 7330 7130 0 0 0 0123 155 155
2 13300 Mo o surface Mo Mo 0.0750 0.0750 0 0 0 1610 0 0 0 0 0 0 0 1.45 155 155
3 88700 Yes o L.ure & uge Yes Yes 476 291 0 33530 0 BEE0 1450 0 0 0 EE.3 0
Figure 20: Parking garage — Scenario 1
Location Puollutant rermowal OF? GREER Req. volume red depth, in. 1.00 Req pollutant partion remaoved, 2 20.0 Overall complementary score
Yalume red. O GREEM Met wolume red. depth, in. 117 Portion pollutant removed, 2 22 E Tatal annual cost, US$Ar 1.0
Target requirerments Flow paths 0K7 GREEMN Met runoff val, i3 EESI] Partion pall. remove by reduction, 3 o6
Met runoff depth, in. 284 Met pollutant vol releazed. ft3 1290 l:l
Mum desigh elements Total surface area, (2 [ 102000 Imp treat ratio (1] 17.7 Met hotspot vol released, ft3 1]
Design elements _
[Design  Discharges . Depth surf Element p Annual
element #  todesign  Area, fE2 Sps?al Sail ta Base SCM / management SCH De;g;:l?g:nt Objective Sglcehit Eggﬁ cozt,
+ | - | element # gondichs restrictive, values R US$Ar
1 3 aav00 none ¥ skt loam T EED [ Imperviousimpervious |[]..values Roof ~|[]...q garage outside *I[ ... SCMs 229 3330
2 0 2300 none ¥l il loam ¥ EED [ 05, managed vegetated areashturf, fair *l[]...values| Existing green space *|[ ... garage outside [ ]... SCMs -1.00
3 0 5000 none ¥l default ¥ 233 [ 04, bioretention\bioretention |7 values Bioretention *|[7...q garage outside *[ ... SCMs 914 2050

Figure 21: Parking garage — Scenario 2
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5.4 Apartment complex with multiple soil types

A proposed 26-acre apartment complex has the desired image of providing a healthy lifestyle for its
residents. The area lies on 3 different soil types. To be congruent with its slogan, the main Design Goals
for this design are to have corridor for pedestrian and provide space for social gathering and some
outdoor activities while still providing access for vehicles. To encourage people to have outdoor
activities, traffic calming and child friendly are also important. Aesthetic, which is a need for emotional
health, is also valuable as selling point. The summary of the design goals is shown in Table 19. Based on
the set of Design Goals, the ranked list of recommended SCMs is shown in Figure 23.

Table 19: Design goals for the apartment complex
Objective: Apartment complex

. O-DG
Design goals
Score
Corridor - Vehicle 3
Corridor - Human 4
Aesthetic appeal 3
Traffic calming 3
Social gathering 4
Child friendly 4

It is worth noting that selecting SCMs with the highest complementary score only is not enough to reach
the desired Design Goals, as the placement of the SCMs on the site is also critical, so a site analysis is
required. For complex projects like this, multiple Objectives can be created for different parts of the site
(see section 5.2.2). Another way to select and place SCMs is by matching recommended SCMs with the
site analysis. Using this method, some of the suitable SCMs may not be at the top on the list. For
example, figure 22 shows site analysis based on fully utilizing site potential. The site is hilly, with a few
level areas suitable for outdoor activities and public space. The best view is on the northeast side, so tall
trees should not be placed in that area. On the other hand, a rather unpleasant view over the southwest
property line can be blocked by evergreen forest

Figure 25 shows the selected and placement of the selected SCMs on the site. Since there are multiple
soil types and slopes in the site, the project is divided into four sections. Runoff from the first and
second sections drains to a “bioretention with trees and understory” SCM. Tall vegetation for the
bioretention and evergreens for the managed vegetated area on the southwest border are selected to
block the view from and of adjacent lots. Turf for another managed vegetated area (number 6 in Figure
25) is selected to encourage outdoor activities. This common area also overlooks the best long-range
view. Runoff from section 3 drains to permeable pavement. Two permeable pavement parking lots
infiltrate the runoff from roads and roofs. Permeable pavement is also placed on portions of the access
road close to a turf managed vegetated area to drain runoff from the surrounding and also to calm
traffic. Traffic calming is important for this area because the managed vegetated area with turf is
designated for a gathering place. Grassland as managed vegetated area is selected for the steep slope
on the north side of section 3. Those grasses provide aesthetic and also control erosion.
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Bad view. Use
evergreen trees
to block.

Gentle slope for outdoor
common area

Good long-range
view, do not
block. Use low
vegetation.

Good long-range
view, do not
block. Use low
vegetation.

. 1l

Gentle slope for outdoor
common area

Figure 22: Soil type map and simple site analysis

Loam
25-40% slope

Silt Loam
12-25% slope
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Figure 23: List of recommended SCMs for apartment complex project
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Lacation Fallutant removal OK? GREEM Req. wolume red depth, in 1.00 Req pollutant partion remowved, 3 20.0 Dwverall complementary score
Yolume red. OK? GHEEM Met volume red. depth, in. 1.37 Portioh pallutant removed, % 100 Total ahiual cost, US$Ar
Target requirerments [nane] -] Flowe paths QK2 GREEM Met runoff wal, i3 7800 Fartion pall. remave by reduction, % 830
Met runaff depth, in. | 0.0820 Met pallutant vol released, #3 ] |:|
Murn design elements Total surface area, ft2 Inp traat ratio (1] | 5.24 et hotspat vol released, i3 ]
Design elements ]
Design  Discharges g Depth surf Element . Annual
elemeat # o desiggn Area, ft2 Sps_c:_lal Sail pto Base SCM / management SCM Ded3|gn nlalniment Objective S;Igﬁt Cini cost,
+ | element # el restrictive. values EECIpHOn score LIS §pr
1 7 130700 none ) gl loam ¥ B.ED IMTEE oL him peryious | 7...valuez| 1. Road % parking lot ¥ apartment hd . SChis 40.0 44900
2 1 ER3A0 none ) gl loam ¥ B.ED IMTEE oL him peryious [ ]...values . Roof hd apartment hd . SChis 40.0 2450
3 0 7000 none ) gl loam ¥ B.ED 05. managed vegetated areastforest, good (land. cap. cond.) [ ]...values . Forest hi apartment hd . SChis 533 1040
4 7 ayoa0 rone )l sl loam T B.6D 05, managed vegetated areashgrassland [ ]...values 1. Grassland hd apartment [ 7]... SChs 44.7 22
5 7 21800 none ¥l loam T B.6D imperyious \Mmperyious | ]...values 2. Foof -] apartment ~l[].. SCHs 40.0 218
B 0 166000 none ¥l loam T B.6D 05, managed vegetated areasturf, good w|[7]...values 2 Lawn -] apartment ~l[].. SCHs 9.3 936
7 0 30000 none ¥l loam T B.6D 04, bioretentiontbioretention | ..valuez| ... ees & understory ¥ apartment ~l[].. SCHs 533 36300
8 10 133800 none ¥l loam T E.ED Impervious\imperyious w|[]...valuez| 3. Foad & parking ot *|[] apartment ~l[].. SCMs 40.0 5020
9 8 101300 none ¥l loam T E.6D Impervious\imperyious |[]..values 3. Roof ] apartment ¥l[]..SCMs 40.0 3820
10 0 Foooo none ¥l loam T E.6D 07. permeable pavement'permeable pavement |[]..values 3. Parking lat ] apartment ¥l[]..SCMs 48.0 26300
11 0 108300 none ¥l loam T E.6D 05. managed vegetated areashgrassland |[]..values 3. Grassland ] apartment ¥l[]..SCMs 44.7 E53
12 0 108300 none ¥l loam T E.6D 05. managed vegetated areashturf, good |[]...values 3 Lawn -] apartment *l[]..5CMs 393 E53
13 0 30490 rone ™l .uloam E.60 05. managed vegetated areashturf, good |7, values 4. Lawn - apartment *|[].. SCMs 393 183
Element design details / descriptions / results | Requirement modifiers] Time-bazed element values] Rainfall values]
: : - Extra element values :
Design Contrib. Bypass Contributes  Element Allow Have Interceptio Depression Max portion il Peak inflow Flow to Dirain Polluted Runaft Drain Hatspot HDtSDDt Fietained  Totalinfil  Total surf
slement # area, ft2 S pollutant? type inflow?  impervious n, in. starage, in. ST S rate, ft3/s Iflowy, ft3 next, i3 disch., (£33 inflow, ft3 palltant  polutant — runoff vol,  dischaige depth, in. time, hr infil time, hr
+ | - when full? uged, depth, in. out, ft3 out, ft3 ft3 wal, ft3
1 196000 o Yes surface Yes Yes 0 0.0500 0 0 214 23000 21700 0 16100 15800 0 0 0 0123 55 [
2 E5400 o Yes surface Yes Yes 0 0.0500 0 0 0 7900 230 0 B450 5250 0 0 0 0123 55 55
3 avoao o Mo surface Mo Mo 0.150 0.200 0 0 0 10500 0 0 0 0 0 0 0 1.45 55 55
4 avoao o Mo surface Mo Mo 0.200 0.150 0 0 0 10500 0 0 0 0 0 0 0 1.45 55 55
5 21800 o es surface es es 1] 0.0500 1] 1] 1] 2630 2500 1] 1820 1800 1] 1] 1] 0.0721 5.5 5.5
E 166000 o Mo surface Mo Mo 0.100 0.100 0 0 0 20100 0 0 0 0 0 0 0 1.45 55 55
7 335000 o Mo surface Yes Mo 0.150 0.100 0.374 0 715 27800 0 0 17&00 0 0 0 0 111 E9.8 55
g 236000 o Yes surface Yes Yes 0 0.0500 0 0 335 27300 27100 0 159600 15400 0 0 0 0.0721 155 55
9 102000 o Yes surface Yes es i} 0.0500 i} i} i} 12300 11700 i} 8430 2400 i} i} i} 0.0721 155 55
0 306000 o es surface es o 0 0.0200 0133 0 775 35500 0 FE00 25300 0 2530 0 0 475 Nnhs 55
1 103000 o o surface o o 0.200 0.150 0 0 0 13200 0 0 0 0 0 0 0 45 55 55
2 103000 o o surface o o 0.100 0.100 0 0 0 13200 0 0 0 0 0 0 0 45 55 55
3 30500 o o surface o o 0.100 0.100 0 0 0 3680 0 0 0 0 0 0 0 45 5.5 55

Figure 24: RRAT interface for apartment complex project
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Figure 25: Placement of selected SCMs for the apartment complex project
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5.5 Strip Mall

A strip mall along a major road near the University of Tennessee consists of businesses and joining
parking lots. The site is dominated by impervious surfaces from the roof, parking lot, and hardscape, and
generates runoff that goes directly to storm drains (Figures 27 and 28). If this site is redesigned to meet
the new stormwater requirements, some impervious surfaces need to be converted to design elements
that can receive or store runoff.

The main design goal for this site is to have minimum area of practice since the space is limited. In order
to maximally utilize the limited space, the user is willing to include parking and building as part of the
LID system. The rest of the design goals are listed in Table 20. Based on those design goals, the
recommended SCMs are shown in Figure 26. Permeable pavement and green roof get the highest
scores, caused primarily by the parking, building, and minimize area of practice design goals. It might be
surprising to see stormwater treatment wetland in the recommended SCMs list for a strip mall project
that has space limitation. However, a wetland can fulfill aesthetic appeal design goal. Wetland can be
excluded from the recommended list of SCM by assigning DG-C score of -99 for open water for minimize
area of practice design goal. As shown in Figures 29 and 30, the site can meet the new stormwater
regulations by mainly changing the impervious surface of parking spaces to permeable pavement and
routing runoff from the roof to these areas.

Table 20: New set of design goals is made for high density residential projects

Design goals 0O-DG Score
Aesthetic appeal 4
Human corridor 4
Parking 4
Building 2
Minimize area of practices 4

Annual | .

# SCh M ame: Option Total zoore cost, [
IS $ ur

1 7. permeable pavementspermeable pavement: Grazs-based 44.8 2920

2 7. permeable pavementpermeable pavemnent: Gravel-bazed 44.8 2920

3 7. permeable pavementspermeable pavement: Favers 44 8 A480

4 10. green roofhgreen roof 320 3750

] IMmperiouzhimperious 206 248

G 12, stormwater treatment wetlandswetland BE=80%:General 286 13300

v 12 stormwater treatment wetlands\wetland BE=70%: General 286 13300

g 12, stormiwater treatment wetlandswetland RE=E0%: General 256 13300

9 12, stormwater treatment wetlands'wetland RE=50%: General 256 13300

110 [E. infiltration areazsforeszt, good [land. cap. cond.]:bized 28E 3800

11 [E. infiltration areaz\forest, good [land. cap. cond. | Ewverareen 206 2800

12 (5. infiltration areas'\forest, good [land. cap. cond. |:Deciduous 206 Ja00

13 5. managed vegetated areazhforest, good [land. cap. cond. ) Mized 206 175

14 5. managed vegetated areashforest, good [land. cap. cond.):Evergreen 28E 175

15 5. managed veqetated areazhfarest, aood [land. cap. cond. ) Deciduous 206 175

16 ..fionhurban bioretention with underdrain and liner: Trees & zome underston 206 REGOD

Figure 26: List of recommended SCMs for strip mall project
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Figure 27: Strip mall - The site is dominated by impervious surface

Lacation Fallutant removal 0F7 FED Feq wvolume red depth, in. 1.00 Req pollutant portion removed, & 200 Dverall complementary scare
Yolurme red. OK? YELLOW MHet volurme red. depth, in. 0133 Partion pollutant removed, % 353 Total annual cost, US$Ar
T arget requirements Flow paths OK? GREEM et runoff val, 3 [ G800 | Portion poll. remove by reduction, 3 353
Met runoff depth, in. 1.32 Met pollutant vol releaszed, fit3 4340 TH_INFIL_OUTPUT_QBJ_PTR |:|
Mum design elements Tatal surface area, k2 Imp treat ratio (+<:1) ] Met hotzpot vol releaszed, ft3 0
Design elements
Design  Discharges p Depth surf Element Annual
element #  todesign  Area, fi2 Cgﬁsﬁilis Soil ta Base SCh / management SCh [resign element description Objective Sglcehit Egg:i cozt,
+ | - | element # testrictive, valles US540
1 3 1400 hone ] silt loam | EEDl [ imperdoushimpervious ~[7...values Rioof ~ strip_mall ~[[7..5CMs[  Z5E 543
2 3 2400 none gilt loam - EED [ IMpervious Impervious [ 7]..values Hardscape [ strip_mnall [ 7]..5ChHs 286 122
3 0 10400 none default b 23 ] Impervious impervious -I[7]...values Parking -] strip_mall [ ]... S5Chis= 2hE 390
4 0 1500 none ¥ default ha 233 ] Impervious impervious [ 7]..values Hardscape -] strip_mall [ ... 5CHs= 256 5E.3
&5 5} 19200 none ¥ default i 83.3 Impervioushimpearvious > .. walues Foof i strip_mnall [ ]... S5CHs 256 720
5 i 12400 hohe 7 default hai 833 impervioussimpervious >, valuss Parking bl strip_rnall *[7.. SCMs 256 465
7 0 500.0 none v default - 83.3 0B, infiltration areas'turf, good [ 7. values E sizting green space i strip_rnall ~|[ ... SChis 9,60 TR0

Figure 28: Existing strip mall project does not meet the new stormwater requirements
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Figure 29: Runoff flow path in the strip mall site

Lacation Pallutant rermoyval 0K? GREEN Req. wolume red depth, in. 1.00 Req pallutant partion remaoved, 2 80.0 Overall complementary score a0
“Wolume red. OK? GREEM Met volume red. depth, in. 125 Portion pollutant removed, % 00 Total annual cost, US$A
Target requirements Flaw paths OK? GREEN Met runaff vol, it3 972 Partion pall. remove by reduction, % ]
Met runoff depth, in. 0193 Met pollutant vol released, it3 ] TH_INFIL_OUTPUT_OBJ_PTR
Murn design elements Tatal surface area, it2 Imp treat ratio (4:1] 3.55 Met hatspat vol released, ft3 1]
Dezign elements
Design  Discharges . Diepth surf Element Annual
elemeat # o design Area, ft2 Special Soil pto Basze SCM / management SCh [esign element description Objective Sglcehit Cang cost,
+ | element # conditions restrictive, values scare LIS /vr
1 4 14600 none [ zilt loam i E.ED impervioushimpervious >i[].. values R oof e [0 ship_mall -|[]..5CMs 256 548
2 3 3000 none [ zilt loam i E.ED impervioushimpervious ~I[7...values Hardzzape [l hip_mall -|[7.. SCMs 2hE 113
3 0 400.0 none [ default i 833 04. bioretentionturban bioretention >i[].. values Bioretention e [0 ship_mall -|[]..5CMs 960 a6a
4 0 10400 none [ default i 833 ...ermeable pavementypermeable pavement [ 7...values Parking [l hip_mall -|[7.. SCMs 44.8 3900
5 7 19200 none [ default i 833 impervioushimpervious >i[].. values R oof e [0 ship_mall -|[]..5CMs 256 720
3 7 5400 none [ default e EEE] impervioushimperyvious ~|[7]...values Parking [l strip_rnall ~[7..5CMg|  Z5E 240
7 0 EO00 none [ default i 833 ...ermeable pavementypermeable pavement ¥ .. values Parking e [0 ship_mall -|[]..5CMs 448 2250
2 0 500.0 none [ default - 833 04, bioretention'urban bioretention [ 7...values E xigting green space [ tip_mall ~|[7.. SCMs 2hE 2170

Figure 30: RRAT interface for strip mall project. This design meets the hydrologic requirement

55




6. DISCUSSIONS AND CONCLUSIONS

The objective of this study is to integrate hydrologic performance and complementary requirements of
the LID approach to help designers select the best SCM for their project. A logical framework was
developed to meet the objective, which included a detailed description of all necessary inputs for the
complementary score, a definition of the flow of logic and logic rules used in the decision process, and
some description of inputs needed for hydrologic calculation. The logical framework resulted in the
selection of the “best” SCM, defined as meeting the hydrologic performance requirements while
yielding the highest possible score for the site-specific complementary requirements. The
complementary scoring was accomplished using a method involving design Objectives, Goals, and SCM
Characteristics. This approach is flexible to reflect a wide range of possible complementary goals. The
hydrologic design was handled using the Runoff Reduction Assessment Tool (RRAT), which also allowed
some flexibility in the design specification while still following design standards in the first edition of
Tennessee Permanent Stormwater Management and Design Guidance Manual. Those two elements
were then integrated into a complete package to provide an idea of the best SCM design configuration,
its dimension for each design element, and its rough cost estimation.

As more states are adopting the EPA’s interpretation of the Clean Water Act by enforcing the regulation
that every new development needs to manage the first inch of rainfall and remove 80% of pollutant
onsite, having SCM onsite is no longer voluntary but is required by the language in the permit. In
Tennessee, there are 94 municipalities in the state that must meet this requirement. All developers
within those MS4s must meet the requirements, and to do so need to select the best SCMs for their
project. A tool such as this can therefore prove beneficial to those developers. This tool is not, however,
meant to replace the roles of landscape architects and stormwater engineers. In fact, their role is critical
to ensure the correctness of the SCM selection for the site condition, the design specification of the
selected SCM in the site, and the placement of the SCM to meet the design goals.

This project and its resulting framework and approach have clear limitations. One example is in the way
overall complementary score calculated. This score, one of whose inputs is the project’s Design Goals, is
presently calculated using area-weighted average to allow users to compare combinations of SCMs in a
project. However, Design Goals such as water supply, parking, building, child friendly, traffic calming,
and minimize area of practice are not necessarily area dependent, while others such as cooling effect,
attract wildlife, and aesthetic probably are positively correlated to surface area.

As an attempt to find an alternative to the area-weighted method, the ratio of SCMs’ complementary
score to the highest possible complimentary score on the list was explored. Mathematically, this can be
expressed as the following:

n (C omplementary scorei)

i Highest SCM score
Overall Complementary Score = —=1 8 - * 100%

Equation 3
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Where:

— Highest SCM score : Highest complementary score on the list of recommended SCM

— n: Number of SCMs in the design

Example: The high density residential design in Figure 15 and 13 currently have overall complementary

scores of 10 and 35. Using the alternative method, the designs get scores 21% and 67% respectively.

Table 21: Possible alternative overall complementary score for figure 15

High density residential — Scenario 3

Base SCM/Management

Complementary Highest score

Complementary score;

Score Highest SCM score
impervious\impervious 9.14 50.3 0.18
impervious\impervious 10.7 58.7 0.18
impervious\impervious 10.7 58.7 0.18
impervious\impervious 9.14 50.3 0.18
06. infiltration areas\grassland 20.6 50.3 0.41
04. bioretention\bioretention 6.67 58.7 0.11

Total 1.25

Overall complementary score 20.85

Table 22: Possible alternative overall complementary score for figure 13

High density residential — Scenario 1

Base SCM/Management

10. green roof\green roof

10. green roof\green roof
impervious\impervious

07. permeable pavement

06. infiltration areas\grassland
06. infiltration areas\forest, good

Complementary Highest score

Score

50.3
58.7
10.7
27.4
20.6
50.7
Total

Overall complementary score

50.3
58.7
58.7
50.3
50.3
58.7

Complementary score;

Highest SCM score

1.00
1.00
0.18
0.54
0.41
0.86
4.00
66.67

This method allows comparison of successes among different projects because the overall

complementary score is treated as a measure of completion. However, this method also has some

problems. Since it completely ignores the area of the SCM, breaking up a large area into separate little

SCMs can yield a higher overall complementary score than a reasonably-sized single SCM. This problem

can be solved by using design specification or size threshold for each Design Goal so that SCM that is

smaller than the “standard” is not getting a full complementary score. Unfortunately, finding

information about what size is considered “good” for each Design Goal has proved to be difficult.
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Another possible limitation is fact that the complementary scores should ideally be assigned by
committees of designers, but currently are based solely on the author’s subjective judgment supported
by the limited available literature. The author realizes that the assigned default scores may lead to
guestions regarding the validity of the recommended SCMs list. However, the focus of the study is to
develop the framework itself rather than specifying the “correct” scores. Therefore, the assigned scores
should be considered only as initial starting points rather than the final consensus. In fact, users can
modify the scores to match their preferences. It is also the hope of the author that over time, this
approach will get more validation by numerous stormwater engineers and landscape architects through
usage of this tool. The lesson learned, corrections, and feedback can then be incorporated back into the
framework to improve the scoring and ranking in this tool. Unfortunately, due to limited time, testing
the tool is limited to author’s trials to various design case study scales and scenarios. Although the
results are promising, inputs from stormwater management professionals can be useful for the next
version of the logical framework.
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O-DG scores

Appendix A

Table 23: Scores to show how important the Design Goals for a specific Objective

Design Goals

Attract wildlife

Corridor
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Residential
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Institutional
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2
2

Primary/secondary

Higher education

Offices

Parks
Shops, banks

Recreational

Commercial

Factories

Industrial

Ultra urban

Parking garage

Transportation

Farmland

Agriculture
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DG-C scores

Appendix B

Table 24: Scores to show how important the Characteristics in meeting the Design Goals

Design Goals

Attract wildlife

Corridor
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Vegetation

Perennials

Tall grasses

0

Low shrubs/bushes
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Evergreen tree
Canopy tree

0
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Not vegetated
Vegetated
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0

High traffic surface
Medium traffic

Traffic surface

surface - pavers

Medium traffic

surface - gravel
Light traffic

surface

Open constant

depth

Water

Open fluctuating

depth

Enclosed

No additional surface area

Shelter

Green Innovation
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C-SCM scores

Appendix C

Table 25: Scores to show how well the SCMs can provide the Characteristics

Characteristics

Water

Traffic surface

Public
space

Vegetation
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Table 25. Continued.
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Characteristics
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Table 25. Continued.

Characteristics
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Traffic surface

Public
space

Vegetation

uoienouul uaain
1933ys

eaJe 9JeJIns [euolippe oN
pasojpu3

Sunenjon)y uado

yadap jueisuod uado

aiyesy s paseq-sselo
yyen 19h€15
wnipaiy sianed
ayen ysiy  Meydse/aa1ouo)
paielasan

|e4auap

sjueid puejam

?a. Adoue)

9943 udausiang

994] dA11BI009p /|lewsS
saysnq /sqniys mo
sasseso el

sjeluuaiad

yny

SCMs

Pavers

3
3
4 4 4

4
4
0

0
0

Gravel-based
Grass-based

Permeable pavement

Green roofs

SINDS
uonesyu|

Underground infiltration system

m N O
o o o
o o <
< T <
o o o
o o o
o o o
o o o
o o O
o o O
o o O
o o o
o o o
o o o
o o O
o o O
o o o
o o O
o o O
o o o
©
c T
> C
mu
o o
0 X
S o
O T
o 9 C
< O
©u

(O]

—

—

©

o £
c 3
‘T .2
e O
[-T+]
£
L od
w
e
©
=
S
[]
L
(4]
3
£
(C
o
asnaui g
ainyde)

Manufactured treatment devices

Impervious (all kind)

s13Y10

71



VITA

Maudy Indriani Budipradigdo was born in Semarang, Central Java, Indonesia. She moved to Surabaya,
Indonesia to complete her Bachelor of Arts degree in Architecture from Universitas Kristen Petra. After
graduating, she worked at an architecture firm that focused on high-end residential. Budipradigdo
earned her master’s degree in Landscape Architecture from University of Tennessee in August 2011. The
3-year Landscape Architecture program exposed her to various environmental problems the world is
facing, including stormwater management issues. Her interest in stormwater management led her to
her job as a research coordinator for the Stormwater Management Assistance Research and Training
(SMART Center) Center project, whose aim is to provide facilities for research and training related to
stormwater management. Although she was initially hired to design the landscape and buildings and to
produce graphic illustrations for obtaining funding for the Center, her responsibilities evolved to include
surveying, designing wetlands, and co-designing research and demonstration practices. As most of her
landscape architecture knowledge focused heavily on the aesthetic, she felt that her lack of engineering
competency is a limitation in her design effectiveness in certain cases. She decided to pursue another
master’s degree in Biosystems Engineering Technology at the University of Tennessee, Knoxville and
expected to complete her study in May 2015.

72



