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ABSTRACT

The primary objective of this research is to examine different testing protocols used to
evaluate the removal capabilities of small stormwater control devices. The focus of the field
research is to examine the different methods that have been used to measure the performance of
stormwater control devices. Detailed field evaluations of the Up-Flo® Filter, which was, in part,
developed by engineers at the University of Alabama through a Small Business Innovative
Research (SBIR) grant from the U.S. Environmental Protection Agency, are used to evaluate and
compare the different evaluation protocols. Past data from laboratory and pilot-scale tests that
examined unit process performance are also used in the examination of the different evaluation
protocols. Therefore, different evaluation tests were conducted under many different scales and
conditions to determine the expected performance of the Up-Flo® Filter. This is a unique
opportunity to examine the results of these different tests to compare and determine which results
are also reflected during the full-scale observations under actual rain conditions, and to
determine the performance insights which were found during the different testing methods.

The evaluation testing is based on the available protocols, including: TAPE, TARP,
NJCAT, and ETV, extended to incorporate additional information. The aim of this research is to
recommend modifications to these protocols and to develop a more robust testing and evaluation
procedure that can be better used under a broad range of conditions, considering scaling issues
and uncertainties associated with different testing environments. Even though these tests

examined a single technology in detail, it is expected that the insights obtained pertaining to
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evaluation protocols would apply to other similar devices (relatively small flow-through systems

having limited storage capacity for the treatment of stormwater).
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CHAPTER 1

1: INTRODUCTION

1.1 Common Stormwater Technology Testing Protocols

There have been many types of proprietary filtration devices developed for the treatment
of stormwater runoff over the past few decades as the significance of stormwater discharges has
become better understood. Recent focus on the attainment of total maximum daily load (TMDL)
requirements of Section 303d of the Clean Water Act, as well as the development of the
stormwater regulations of the National Pollutant Discharge Elimination System (NPDES), has
further emphasized the regulatory components of stormwater management. As innovative
technologies increase, there is a need for standard procedures which can evaluate these
applications so that the performance of different divices can be compared on a similar basis.
Protocols have been established to attempt to provide a standard method for testing stormwater
technologies.

The most common protocols used during current verifications of stormwater technologies
in the U.S. include the following: 1) Technology Assessment Protocol — Ecology (TAPE), 2) The
Technology Acceptance Reciprocity Partnership (TARP), 3) New Jersey Corporative for
Advanced Technology (NJCAT), and 4) Environmental Technology Verification Program (ETV).
According to the NJCAT’s “A Comprehensive Approach to Stormwater Treatment Technology

Verification”, NJCAT applies TARP for the verification process, so technically there are three



main testing protocols used with somewhat different criteria for evaluating technologies (NJCAT,
2009).

Different jurisdictions use different protocols. TAPE was developed and is used mainly
in Washington State, while NJCAT is the primary protocol for New Jersey. As noted above, New
Jersey is using substantially-modified TARP protocols under the NJCAT process. TARP has
been adopted, but not necessarily used, in multiple states including California, Massachusetts,
Maryland, New Jersey, Pennsylvania, and Virginia. The purpose of the U.S. EPA’s ETV
program is to provide standardization of testing, however; it has not been widely adopted by the
states. In addition, the U.S. EPA’s ETV program is also supporting the development of
verification systems in other countries, including Canada, the European Union (EU), Japan,
Korea, the Nordic countries, and the Philippines. There are other emerging protocols, or
international regulations, available for the verification of treatment technologies, especially for
special conditions or purposes such as the recommended field protocols developed to support the

International BMP Database.

1.2 Protocols Conflicts and Evaluation

In the US, different protocols have been used to evaluate stormwater controls. These
were usually developed by local governmental agencies or associations of states in an attempt to
measure the performance of different stormwater controls under similar conditions. However,
these protocols differ somewhat in several ways. The variety of different testing protocols makes
the evaluation and acceptance of emerging stormwater treatment technologies complicated,
especially for stormwater controls that may be used in different areas of the country, usually

requiring retesting and extra expenses. Testing stormwater controls using all available protocols



can be very costly and causes delays in introducing new devices to the marketplace. The main
objective of this research is to evaluate existing protocol components through testing of the
upflow filter, and to recommend a comprehensive testing protocol framework suitable for critical
source area treatment devices that may be applicable for a wide range of national conditions.
Proprietary in-drain treatment technologies are those which these protocols are most suited and
are defined by NSF International as “inserts placed in floor or area drains to treat waters entering
the drain for contaminant removal” (In-Drain Treatment Technologies, 2001). Features of some
critical source areas include large paved areas, heavy vehicular traffic, gas stations, equipment
maintenance areas, and storage areas. These critical areas are characterized as having larger
amounts of pollutants compared to most land uses in the drainage area.

The most common protocols currently used for evaluating stormwater treatment
technologies in the U.S include: 1) Technology Assessment Protocol — Ecology (TAPE), 2) The
Technology Acceptance Reciprocity Partnership (TARP), 3) New Jersey Corporative for
Advanced Technology (NJCAT), and 4) Environmental Technology Verification Program (ETV).
There are similarities in each protocol, but they apply slightly different criteria. The protocols
were examined as part of this research, specifically as how they apply to a typical stormwater
control device. Historical and new data were available for this device collected under different
conditions and scales. These were enable the effects of the different criteria (such as storm event
sizes and numbers of samples) and scaling issues (such as laboratory vs. field testing) to be
identified and quantified. Early bench-scale and pilot-scale test results of upflow filtration
processes could be compared to the results of the on-going full-scale tests in order to identify
scaling issues associated with small, medium, and large physical tests and uncertainties

associated with different testing environments.



1.3 The need for New Protocols used to Test Emerging Stormwater Technologies

Many new stormwater control technologies are proposed and receive preliminary
evaluations, but most of these devices have failed to gain their desired result when more in-depth
evaluations are conducted. One very common problem is a lack of understanding of the range of
flows that need to be treated, resulting in under-sized devices having insufficient treatment
capacity. Also, many are designed to treat only a small subset of the many stormwater pollutants
(such as relatively large particulates) and they are not capable of handling the large amounts of
debris and floatable materials typically existing in the stormwater that can easily clog the device.

Sand and other media filters, such as those developed in Delaware and in Texas, Austin,
have been found to be effective for the removal of sediments and associated particulate
pollutants. However, these down-flow filters have relatively low treatment flow rates and require
large areas to treat runoff from typical source areas. Typical down-flow filters can clog easily,
depending on the nature of the water being treated, and require frequent maintenance. Once a
filter is clogged, future flows are bypassed without receiving any treatment (Urbonas, 1999).

Initial lab tests using upflow filtration for stormwater treatment had promising results
(Clark, 2000). During the SBIR 1 tests, Gill (2004) and Pratap (2004) further conducted column
laboratory tests and showed that the upflow columns provided a much greater treatment flow rate
compared to down-flow filter columns. The clogging of the media was also reduced during
upflow filtration.

Pilot-scale field tests of the upflow stormwater filter were conducted by Khambhammettu
(2006) as part of the Phase II project of the US EPA’s Small Business Innovative Research
(SBIR) program. The prototype of the commercialized upflow filter had maximum treatment

flow rates of about 25 GPM per square foot of filter area with about 20 inches of head. The filter



performance tests indicated 70 to 99% reductions of sediments during both controlled and actual
storm event monitoring, as well as 70 to 90% reductions of common stormwater pollutants for a
broad range of influent conditions (Khambhammettu, 2006)

Protocols must, therefore, be capable of examining a variety of stormwater treatment unit
processes under a range of scales and flow rates. The main objective of a protocol is to predict
performance under full-scale, real-world runoff conditions. A desirable protocol would enable
the cost-effective testing of a lab-scale device and reasonably predict its long-term field
performance. Full-scale testing is also needed in order to both verify the protocols and to

examine the performance under highly variable conditions.

1.4 Up-Flo® Filter Overview

The Up-Flo® Filter is a recently developed high-rate stormwater filtration technology that
includes a range of complementary unit treatment processes. Compared with traditional
downflow filtration, the upflow filtration method reduces clogging problems and can treat
stormwater at a much rate. The Up-Flo® Filter was developed to remove a broad range of
stormwater pollutants, especially those associated with particulates, including: trash, sediments,
nutrients, metals, and hydrocarbons. The high treatment flow rate capacities of the Up-Flo® Filter
are accomplished through controlled fluidization of the filtration media, while still capturing
very small particulates through a flexible, but constraining, media container. The Up-Flo® Filter
also drains down between rain events which minimizes anaerobic conditions in the media and
which also partially flushes captured particulates from the media to the storage sump, decreasing

clogging and increasing run times between required maintenance events. Gross floatables are



captured through the use of an angled screen before the media and the sump captures bed load

particulates.

1.5 Significance of the Study

Stormwater is recognized as a significant source of contamination of many receiving
waters. New regulations are requiring the use of stormwater controls, and new controls are
continuously being brought to the marketplace. However, many of these new stormwater control
devices have not been extensively tested due to cost and time requirements, and have relied on
simple evaluations that have often been misleading. The main purpose of the protocols is
providing a consistent method for evaluating stormwater technologies and identifying those that
will best meet the needs of specific treatment objectives. Currently, there are four main protocols
in the U.S. being used depending on the local regulations. If the main objective of a protocol is
improving the efficiency of the verification process, the different and conflicting protocols do not
support this goal and make this assessment process complicated. Testing with all available
protocols require extra costs and times. A single comprehensive protocol framework is therefore

desired, especially one that can be applied nationwide.

1.6 Hypotheses

This project addressed the following hypotheses:
1. The development of a single testing and evaluation protocol framework is possible, based
on, and improving, components of existing protocols. This framework is especially

needed for critical source area treatment devices used in small drainage areas.



2. This single protocol framework can be used to relate pilot-scale to full-scale tests; and
controlled tests to actual event tests. The benefits from different protocol components can

be tested and verified by laboratory and field tests.

1.6.1 Methods and Analyses

In order to test the hypotheses, the following methods and analyses were performed:
e Comparison of Existing Protocols (Chapter 2):

0 Examining and comparing the existing protocols were the first research task of this
dissertation research. Literature reviews had identified several different protocols
currently used in the assessment process. The main U.S. protocols, TAPE, TARP,
NJCAT, and ETV were evaluated to identify similarities and differences.

e Data from Different Experimental Scales (Chapter 4):

0 Data was examined from experiments conducted at different scales, and in different
manners for the same basic control practice. This could the effects of scaling to be
identified and quantified. Early bench-scale and pilot-scale test results of upflow
filtration processes were available from several prior research projects
(Khambhammettu, 2006; Penn State Harrisburg, 2007; Pitt & Khambhammettu,
2006; Pratap, 2004). These data were compared to the results of the full-scale tests to
identify scaling issues associated with small, medium, and large physical tests. In
addition, the field tests that were conducted during this research were included both
controlled and actual rain event tests for comparisons of performance results using
these two common testing methods that examine steady-state vs. highly variable
hydraulic conditions. In addition, high resolution sampling data was compared with

single composite data. High resolution sample data was collected in the prototype



phase using separate bottle sampling and analysis, and data were also obtained using
water quality sondes during past and current research. Composite data was available
from the current full-scale tests, and calculated from the past data, and were used to
determine the value of the more abundant data obtained during individual events from
the sonde data.

e Full-scale Field Experimentation (Chapter 3 and Chapter 5):

0 A full-scale upflow filtration device was installed at the Riverwalk parking lot near
the Bama Belle excursion boat dock on the Black Warrior River in Tuscaloosa,
Alabama. Detailed test location and land use were described in Section 3.9.1. The
first series of flow tests was conducted for the purpose of determining the hydraulic
capacity and the pollutant removal capabilities in a full-scale field installation under
controlled conditions. In these tests, the filtration rate of the CPZ Mix ™ filter media,
a proprietary mixture of bone char activated carbon, peat moss, and manganese
coated zeolite, was evaluated. Based on results of prior lab scale testing, this mixed
media was expected to have high pollutant removal at relatively high treatment flow
rates. The Up-Flo® Filter was fitted with two stacked media bags in each of the 6
chambers, for a total of 12 bags, as well as the flow distribution material placed above
and below the media bags. The maximum treatment flow rate of this configuration
was measured to be between 100 and 150 gpm before the filter partially bypasses
higher flows.

0 The Up-Flo® Filter removal capacity of pollutants were tested during actual rain

events and examined sediment, particle sizes, metals, nutrients, and bacteria.



0 Sampling at the influent and effluent locations were conducted using two ISCO 6712
automatic samplers and the flow rates and level of the water were measured using an
ISCO 4250 area-velocity meter. Another ISCO 4250 area-velocity meter was situated
in the main sedimentation chamber to continuously monitor water depths. All the
sampling equipments were calibrated during the controlled flow tests.

O The rainfall intensity and depth were measured using a standard tipping bucket rain
gauge (ISCO 674), as well as a small totalizing rain gauge for rainfall verification.
The main sampling location was located close to moderate sized trees, and the main
rain gage was likely affected by their presence. This rain gauge was mainly used to
trigger the automatic samplers, and accurate rain data was not expected from this
device. We also operated another tipping bucket rain gauge on the roof of the Civil
Engineering building on campus 1.75 miles away. In addition, small manual
totalizing rain gages were located in the small drainage area to measure the rainfall
pattern at the test site. The continuously recorded runoff flow rate was the primary
hydraulic parameter affecting the performance of the upflow filter and was
periodically calibrated during the test period.

0 YSI 6600 water quality sondes were also be used to measure high-resolution (every 5
to 15 minute measurements) water quality data for temperature, dissolved oxygen, pH,
ORP, turbidity, conductivity, and water depth. The sondes were installed in the
sampling trays at the influent to the Up-Flo® Filter and in the outlet sampling box.
After the samples had been retrieved for delivery to the laboratory, the sampling tray

was emptied into the filter sump and the influent sonde was moved into a perforated



pipe in the filter sump to continuously measure water quality between events in the
standing water.
e Statistical Analysis (Chapter 4 and Chapter 5):

O A number of statistical analyses were used to evaluate the performance data. Paired
non-parametric statistical tests, such as the Kruskal-Wallis and the Mann-Whitney-
Wilcoxon Test, were used to determine the statistical significance of the differences
between the influent and the effluent pollutant concentrations. Numerous graphical
analyses of the data were also be conducted, especially for the numerous particle size
groupings. Regression analyses, with ANOVA and residual analyses were used to
create simple performance models.

e Verification of Protocols (Chapter 6):

0 Protocols were evaluated for possible modification and for guidance for merging
protocols. Detailed analyses for the same unit process (upflow filtration) were
available from different scales and test protocols. The results of these different
evaluations were compared to highlight knowledge gained and conclusions were
transferable across these protocol methods. A final composite protocol were then

proposed.

1.7 Objective

The objectives of this research were as follows:
e Verify existing protocols and establish guidance to create a protocol framework useful

under a wide range of conditions and scales for in-drain treatment technologies.
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e Verify that the upflow filtration process is a suitable in-drain treatment technology for
stormwater treatment under a wide range of site and hydraulic conditions.

e Verification of the Up-Flo® Filter in actual full-scale operation and determine the
expected treatability of the device following the different protocols and the proposed

protocol framework.

1.8 Contributions

The significant contributions of this research were as follows:

e Contribute to the improvement of existing evaluation protocols and develop a new
protocol framework for evaluating stormwater control practices.

¢ Quantify the benefits of upflow filtration as an effective stormwater control practice that

is applicable under a wide range of discharges and contaminants.
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CHAPTER 2

2: LITERATURE REVIEW

2.1 Background History for Protocols

Point source discharges, mostly sewage and industrial wastewaters, have been regulated
as part of the National Pollutant Discharge Elimination System (NPDES) incorporated with the
Clean Water Act of 1972. After 15 years, in 1987, the Clean Water Act was further amended to
establish regulations for the control of stormwater, especially stormwater discharges associated
with industrial activities and construction sites. Although stormwater has long been regarded as a
major source of pollution to urban receiving waters, policymakers have only started to regulate
these problems in recent years. According to EPA (2006), 42% of the U.S. stream miles are in
poor condition, 25% are in fair condition, and 28% are in good condition. The EPA also reported
that the most widespread pollutant problems across the country were associated with nitrogen,
phosphorus, and sediments, which are common pollutants in stormwater (EPA, 2006).
Stormwater is a documented major source of these (and other pollutants) in receiving waters near
urban centers and in coastal areas. Stormwater quality management may be a relatively new
topic in the U.S., but the human history of managing stormwater flows dates back more than
5,000 years. Some notable ancient wastewater drainage systems were researched by Gray (1940),

including the Mesopotamian Empires of Assyria, Babylonia from around 2500 B.C. Excavations
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exposed sewers constructed of brick, with laterals connected to water-flashed latrines in the
houses.

Another example of notable historical significance is the drainage system excavated in
the Indus civilization in the area of Mohenjo-Daro, which in Sindi means “The Place of the
Dead.” According to Webster (1962), they had well-build chalcolithic houses, baths, and
drainage systems built of bricks. He also notes that there were at least nine phases of rebuilding
in the city’s history from about 3300 B.C. to about 2700 B.C. Gray (1940) also described another
ancient and very remarkable civilization that was established about 3000-1000 B.C, the Palace of
Minos near Knossus on the Island of Crete. In particular, he described the Middle Minoan Period,
dated about 1900-1700 B.C., when a system of stone drains were built which carried sewage,
roof runoff, and general drainage.

There are many other notable historical drainage systems that have been developed over
the centuries. Steven and Findlay (2002) summarized unique urban drainage techniques from
around 3000 BC to the twentieth century. They also describe changes in public prospective of
urban drainage as it was originally viewed as a convenient waste disposal system to becoming a
vital component of a sustainable urban system (Burian & Edwards, 2002).

It is clear that wastewater drainage systems have been used since the early history of
human civilization, however; mediaeval and some recent western countries had far less
developed sewage systems than those ancient cities. Webster (1962) described the earlier
drainage systems in Europe which were mainly designed for stormwater and were also used for
flushing the streets of dumped chamber pot contents. In London excreta was not legally allowed

to be discharged to the storm drainage systems until 1815, until 1833 in Boston, and until as late
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as 1880 in Paris (Webster, 1962). Poor sanitary conditions in many large cities resulted in the
great cholera epidemics in nineteenth century Europe.

Struggles in the past related to public health and safety, including tragedies in waste and
stormwater drainage, lead to rapid developments of treatment technologies since the early years
of the 20™ century. As many technological applications were developed in a short period, there is
a correspondingly large demand to carry out verification processes in a consistent and objective
manner to ensure the satisfactory performance and comparability of the new technologies. To
satisfy these needs, federal agencies and local governments have created protocols to verify new
technologies. However, as markets for the technologies expand from the local to the national
level, different protocols created in different areas become an obstacle for their efficient
applications. Different and conflicting protocols are confusing and require extra costs to satisfy
all the protocols requirements. Therefore, the establishment of a single, unifying protocol is

highly desirable.

22 Development of Stormwater Treating Protocols

Stormwater treatment protocols have been developed to provide a consistent
methodology to test emerging technologies. In the current verification environment in the U.S.,
four different protocols are applied for evaluating new applications, including: TAPE, TARP,
NIJCAT, and ETV. NJCAT is mostly based on the TARP protocol. The following section briefly

describes each of these protocols.
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2.2.1 Technology Assessment Protocol — Ecology (TAPE)

The TAPE protocol was developed as part of the Stormwater Management Manual
(SWMM) for Western Washington, published by the Washington Department of Ecology in
2001 (Ecology, 2001). Volume V, Chapter 12 of the SWMM describes emerging applications; it
does not provide any criteria for the selection and sizing of new technologies. As technologies
are rapidly changing, detailed information is not included in the manual. Ecology’s basic criteria
for an acceptable technology is to achieve a removal goal of 80% for total suspended solids (TSS)
for influent concentrations that are greater than 100 mg/L and less than 200 mg/L. For influent
TSS concentrations greater than 200 mg/L, a higher treatment goal is set, and for influent
concentrations less than 100 mg/L, the facilities are intended to achieve an effluent TSS of 20
mg/L, or less. For the fine particles in the TSS fraction (less than 50 micron mean size), Ecology
established a goal of a 50% removal rate for concentrations greater than 100 mg/L and less than
200 mg/L or maximum effluent concentrations of 50 mg/L for influent concentrations less than
100 mg/L (Ecology, 2001). The TAPE protocol was created for local governments in the State of
Washington in order to provide guidance for evaluating and accepting new treatment
applications. The TAPE protocol also describes removal goals for dissolved metals, phosphorus,
and oil and grease for enhanced treatment (TAPE, 2002). TAPE is currently being reviewed for

possible changes and updates.

2.2.2  Technology Acceptance Reciprocity Partnership (TARP)
The TARP protocol was developed for the purpose of evaluating both structural and
nonstructural stormwater control practices. This protocol (2001) is primarily used for controls
that are designed for the following purposes: 1) directing and distributing flows; 2) reducing

erosive velocities; and 3) removing contaminants such as suspended or dissolved pollutants from
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collected stormwater through physical and chemical processes such as settling, media-filtering,
ion-exchange, carbon adsorption, and precipitation (TARP, 2001). The states that signed on to
this protocol include California, Massachusetts, Maryland, New Jersey, Pennsylvania, and
Virginia. As New Jersey is one of the partners of TARP, TARP is used as the foundation for the

current NJCAT protocol (Section 2.2.3).

223 New Jersey Corporation for Advanced Technology (NJCAT)

NIJCAT is a non-profit membership organization and was created for promoting the
retention and growth of technology-based businesses in emerging environmental and energy
fields in New Jersey (NJCAT, 2009). NJCAT (2009) is specially focused on the following areas:
1) advance policy strategies and regulatory mechanisms to promote technology
commercialization, 2) identify, evaluate, and recommend specific technologies for which the
regulatory and commercialization process should be facilitated, 3) establish
relationships/alliances to bring new technologies to market and new business to the state, and 4)
assist in the identification of markets and applications for commercialized technologies (NJCAT,
2009). For stormwater technologies, NJCAT requires innovative technologies to be tested and

verified using the TARP protocol.

2.2.4  Environmental Technology Verification Program (ETV)

ETV was developed to describe requirements and guidelines for verifying the
performance of new stormwater treatment applications. ETV (2002) is directed by the Wet
Weather Flow Technologies program of the US EPA National Risk Management Research
Laboratory, Urban Watershed Management Branch, in Edison, NJ, and its verification partner,

NSF International (ETV, 2002). NSF International develops standards, provides educational
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services for public health, and offers conformity assessment services as a third-party reviewer

(ETV, 2002).

2.3 TAPE, TARP, NJCAT, and ETV Comparison

Each protocol has different requirements in evaluating stormwater treatment technologies,

as described in the following section.

2.3.1 Applicable States

Table 1 shows the jurisdictions that are using the different protocols. As noted previously,
New Jersey is using the TARP protocols under the NJCAT process. In addition to the U.S., the
EPA’s ETV program is supporting the development of verification systems in other countries,

including Canada, the European Union (EU), Japan, Korea, the Nordic countries, and the

Philippines.
Table 1. Applicable States for each protocol
TAPE TARP NJCAT ETV
California
Massachusetts
Washington Maryland New Jersey Us. azgsz:ﬁ;zl other
New Jersey

Pennsylvania Virginia
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2.3.2  Stormwater Criteria for Sampling

2.3.2.1 Minimum Number of Events

The minimum number of storms to be monitored varies for each protocol. TAPE requires
the monitoring of 12 to 35 rain events, depending on the statistical variability of the constituent
of concern (TAPE, 2002). TARP requires that the sample should represent the storm events in
the climatic region and the sum of the monitored rain depths must be at least 50% of the total
annual rainfall (TARP, 2001). ETV necessitates recording all events of precipitation and flow
measurement that occur during the study period regardless of the other criteria (ETV, 2002).

Table 2 indicates the minimum number of events in each protocol.

Table 2. Minimum Number of Events

TAPE TARP ETV

12-35 15-20 15

2.3.2.2 Minimum Number of Subsamples per Event

Each protocol defines different requirements for the minimum number of subsamples per
event. TAPE requires the collection of subsamples over the entire runoff period and the
composite samples should cover at least 75% of each storm’s total runoff volume, up to the
design storm volume (TAPE, 2002). TARP requires a minimum of 10 water quality subsamples
per storm event and requires a minimum of 5 subsamples for each composite sample (TARP,
2001). ETV requires that each composite sample should be composed of a minimum of five

subsamples including at least two subsamples on the rising limb of the runoff hydrograph, at
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least one subsample neat the peak, and at least two subsamples on the falling limb of the runoff
hydrograph (ETV, 2002). Table 3 shows the minimum numbers of subsamples per event for each

protocol.

Table 3. Minimum Subsamples per Event

TAPE TARP ETV

10 5-10 5

2.3.2.3 Minimum Storm Depth, Intensity, Duration

Each protocol has slightly different requirements for minimum storm depth. There are no
specific requirements for minimum rainfall intensities for the event for the protocols, however;
TAPE requires the shortest acceptable runoff duration of 1 hour (TAPE, 2002). Table 4 shows

the minimum storm depth for each protocol.

Table 4. Minimum Storm Depth (inches)

TAPE TARP ETV

0.15 0.1 0.2

2.3.2.4 Storm Start/End Periods

All protocols require a minimum of six hours between qualified sampling events. Thus,

there should be a minimum of six hours between the termination of measured effluent samples
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during one event and the start of measured influent samples for the next event. TAPE also

requires 6 hours minimum with less than 0.04 inches of rain (TAPE, 2002).

Table 5. Minimum Time Duration (hours)

TAPE TARP ETV

6 6 6

2.3.3 Sampling Procedure

2.3.3.1 Composite Sampling Method

All of the protocols require the use of programmable automatic water samplers with
continuous flow measurements, unless automatic sampling is not feasible. Grab sampling can be
used only for parameters which require manual sampling (such as for bacteria). TAPE further
includes detailed descriptions for 1) Automatic flow-weighted composite sampling 2) Discrete
flow composite sampling, and 3) Combination sampling. All three sampling methods are used to
determine whether the treatment technology meets Ecology’s 80% TSS removal on an average
annual basis goal (TAPE, 2002). TARP protocol specifically notes that time-weighted composite
samples are not acceptable, unless flow is monitored and the event mean concentration can be

calculated from the data (TARP, 2001).

2.3.3.2 Sampling Location Requirements

The TAPE protocol requires a site diagram showing all monitoring locations and identify
the location of equipment (TAPE, 2002). TARP requires more detailed information about the site

including all buildings, land uses, storm drain inlets, and other control devices as well as
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description of the site drainage area, percent impervious area, percent of the area directly
connected to the treatment technology, description of the path of runoff to the technology, type
of activities conducted, pollutant sources, soil type, geological and hydrological conditions,
existing control structures, and a site drainage plan (TARP, 2001). In contrast, ETV simply states
that the location should maximize the mixing of the flow for sampling; there is no other criteria

mentioned in the protocol (ETV, 2002).

2.3.3.3 Influent and Effluent Sampling Location

Each protocol contains slightly different criteria for the locations to be used for collecting
influent and effluent samples. The TAPE protocol requires influent sampling locations to be a
pipe that conveys the total influent to the unit and the effluent sample point should represent the
treated effluent (TAPE, 2002). The TARP protocol states that the influent location to be directly
upstream of the system and before the flow is split between the treatment system and any bypass.
Also, the effluent sampling location needs to be directly downstream of the treated flow and after
the effluent joins the bypass flows (TARP, 2001). ETV requires that the influent sampling
location to be as close as possible to the inlet of the treatment device, preferably from a pipe that
conveys the total influent to the unit. Effluent samples are to be collected at a location that
captures the total treated effluent from the device and if there is a bypass, effluent samples must

be taken downstream of the flow recombined point (ETV, 2002).

2.3.4  Constituents for Analysis

Target constituents are defined in each protocol, as shown in Table 6 (primary) and Table
7 (advanced). The primary constituent for TAPE is only TSS. TARP requires TSS and SSC as a

minimum analysis and recommends other parameters as a support of performance claims. ETV’s
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criteria are much more flexible and requires reduction of at least one of the pollutants in the five
categories such as sediments, nutrients, metals, petroleum hydrocarbons, and bacteria. Advanced
constituents listed in each protocol include sediments, nutrients, metals, petroleum hydrocarbons,
bacteria, and other categories. Each protocol has slightly different pollutants required for analysis
in those specific categories. For the metal analyses, TAPE and ETV have the same constituents,
but TARP also lists nickel. The TAPE protocol does not have a requirement for bacteria analysis,
but it does lists toxicity. Only the ETV protocol requires turbidity which can be used as a

reference for sediment analysis (ETV, 2002; NJCAT, 2009; TAPE, 2002; TARP, 2001).
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Table 6. Primary Water Quality Constituent of Protocols

TAPE

TARP ETV"

Sediments

TSS

At least one type of
sediment test, if no
TSS other constituent
SSC analyzed including:
nutrients, metals, PHs,
bacteria

Nutrients

At least one type of
nutrients test, if no
other constituent
analyzed including:
sediments, metals,
PHs, bacteria

Metals

At least one type of
metals test, if no other
constituent analyzed
including: sediments,
nutrients, PHs,
bacteria

Petroleum
Hydrocarbons

At least one type of
PHs test, if no other
constituent analyzed
including: sediments,
nutrients, metals,
bacteria

Bacteria

At least one type of
bacteria test, if no
other constituent
analyzed including:
sediments, nutrients,
metals, PHs?

1) ETV’s primary goal is at least one type of test in five pollutant categories above
2) PHs are petroleum hydrocarbons
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Table 7. Advanced Water Quality Constituent of Protocols

TAPE TARP ETV
TSS
Sediments TSS TDS gss (S:
SSC
TKN
n i
Nutrients TP TP & DP TKN
NOs-N NOs-N
NOrN NO»N
Ammonium 2
Ni
Cd Cu Cd
Cu Pb Cu
Metals Pb 7n Pb
/n Cr /n
Cd
Petroleum TPH TPH
PH PAHs
Hydrocarbons 0il & Grease PAHs
E. coli Fecal Coliform
Bacteria N.A. Total Coliform E. coli
Enterococci Enterococci
COD ggg
. BOD Turbidity
Other Toxicity pH pH
Conductivity Conductivity
Temperature Temperature

2.3.5  Sampling Preservation and Handling

Each protocol lists somewhat different lab procedures. ASTM Methods or Standard
Methods (Standard Method, 2005) are the most common. Different laboratory procedures can
result in different results, especially for TSS vs. SSC, so consistent updated methods are

necessary.
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Table 8. Testing Procedures

TAPE TARP ETV
Ecology method US EPA method
US EPA method ASTM methods Standard Methods

Standard Methods ASTM method
2.4 Other Protocols for Stormwater Technology Verification

The four main protocols used in the US were described in the previous sections. There
are other emerging protocols, or international regulations, available for the verification of
technology, especially for special conditions or purposes. Other than full-scale test protocols
described above, there are requirements for laboratory-scale evaluations.

The Wisconsin Department of Natural Resources (WIDNR) established an evaluation
standard for sedimentation devices. The standard consists of four separate sections including the
technical standard, criteria for modeling, laboratory testing criteria, and standard method for
using a Coulter Counter to quantify small sediment particles under laboratory-scale testing
(Wisconsin Standard, 2008).

There is also a protocol specifically designed for in-drain treatment technologies under
the EPA’s ETV program. Verification of In-Drain Treatment Technologies (2001) was
developed under the Source Water Protection Pilot of the EPA and describes the detail criteria
for the in-drain treatment technologies analysis procedure (In-Drain Treatment Technologies,
2001).

Besides those described by the WIDNR, special laboratory analysis procedures for TSS
are available from the New Jersey Department of Environmental Protection, certifier for the

NJCAT (NJCAT Laboratory Standard, 2009).
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The following section discusses additional full-scale protocols.

2.4.1 International BMP Database Protocol

The International BMP Database was developed through support of the Water
Environment Research Foundation (WERF), the American Society of Civil Engineers
(ASCE)/Environmental and Water Resources Institute (EWRI), the American Public Works
Association (APWA), the Federal Highway Administration (FHWA), and the U.S.
Environmental Protection Agency (USEPA). The Database is intended to provide a consistent
and valuable set of data on Best Management Practice (BMP) technologies and related
performance (BMP, 2007). The BMP Database has almost the same criteria for sampling as the
other protocols, except that the database includes a detailed procedure for the verification process
specifically for structural and non-structural stormwater controls (including retention ponds,
porous pavements, swales, grass filters, media filters, green roofs, etc.) (BMP, 2007). They
require much more information describing the design of the stormwater control and the drainage
area than most of the protocols. The following table is a brief comparison of the sampling
requirements for the International BMP Database and the other major protocols (TAPE, TARP,
and ETV). The listed water quality constituents desired for the International BMP Database is

similar to the other major protocols.

Table 9. Comparison of BMP Database with Other Major Protocols

BMP Database Other Major Protocols
Minimum number of events 5 12-35
Minimum subsamples per event 5 5-10
Minimum storm depth (inch) N.A. 0.1
Minimum time duration (hours) 6 6
. U.S. EPA method U.S. EPA method
Testing procedures Standard Methods Standard Methods
ASTM method
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242 International Protocols

There are only a few countries that have stormwater protocols for the evaluation of new
technologies. European countries, including the United Kingdom, do not have specific
stormwater regulations. The British Board of Agreement (BBA) does regulate construction
products and materials, but they do not include any protocols for evaluating stormwater quality
treatment technologies (BBA, 2010). UK regulations mainly focus on volume reduction rather
than the quality of effluent water. Canada uses the U.S.EPA’s ETV protocol for the verification
of new stormwater technologies and also applies the laboratory procedures of the ASTM
methods (ETV Canada, 2010). In Japan, eutrophication associated with stormwater nutrient
discharges is a recognized wide-spread problem. However, there is no stormwater quality
regulation yet developed. Japan has developed a flood control system and regulates the volume

of runoff, however; there is no regulation for stormwater quality.

2.5 Statistical Analyses for Data Presentations

There are many different statistical methods used to present the results of the stormwater
technology evaluations. Different methods used to present the test results may be used during the
presentation of results of protocol tests, but care needs to be taken so consistent comparisons
with objectives and between devices can be made. The following sections summarize some of
the conflicts and technical difficulties associated with different data presentation methods that

are commonly used to describe the effectiveness of stormwater control devices.

27



2.5.1 Numbers of Storms to Monitor

Throughout the country, there are seasonal differences in precipitation amounts, inter-
event periods, and intensities. The number of influent/effluent sample pairs collected for an
evaluation of a stormwater treatment device is critical. In many cases, too few sample pairs are
collected, resulting in too few data for suitable statistical tests and low power. The larger the
number of samples collected, the smaller the difference in influent and effluent concentrations
that can be detected with appropriate confidence and power. Some of the protocols use the
methods described by Burton and Pitt (2001) to determine the number of sample pairs needed for
different data quality objectives.

Burton and Pitt (2001) summarize experimental design objectives and sampling need
interactions. The following equation can be used to estimate the needed number of samples for a

paired comparison:

n=2[(Ziat Zp) (11 -p2))0”

where o = false positive rate (1-a is the degree of confidence. A value of o of
0.05 is usually considered statistically significant, corresponding to a 1-a
degree of confidence of 0.95, or 95%)

[3 = false negative rate (1-p is the power. If used, a value of § 0of 0.2 is
common, but it is frequently ignored, corresponding to a 3 of 0.5.)

Z.o = Z score (associated with area under normal curve) corresponding to
l-a

Z,.3 = Z score corresponding to 1-B value
W = mean of data set one

12 = mean of data set two
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o = standard deviation (same for both data sets, same units as p. Both data
sets are also assumed to be normally distributed.)

This equation is only approximate, as it requires that the two data sets to be normally
distributed and have the same standard deviations. Most stormwater parameters of interest are
likely closer to being log-normally distributed. If the coefficient of variation (COV) values are
low (less than about 0.4), then there is probably no real difference in the predicted sampling
effort, but such low COV values are rare for stormwater. This method can be applied to log-
transformed data for more accurate evaluations, but the confidence limits are uneven.

Figure 1 is a plot of this equation (normalized using COV and differences of sample
means) showing the approximate number of sample pairs needed for an a of 0.05 (degree of
confidence of 95%), and a 3 of 0.2 (power of 80%). As an example, twelve sample pairs will be
sufficient to detect significant differences (with at least a 50% reduction in the influent

concentration values), if the coefficients of variation are no more than about 0.5.
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Figure 1. Sample Effort Needed for Paired Testing (Power of 80% and Confidence of 95%) (A.
Burton & R. Pitt, 2001)

More detailed power tests can be used after the data have been collected to better
determine the power of the statistical tests using the actual data distribution and a preset
confidence value.

The major protocols previously described require paired sampling of 12 to 35 events.
With typical stormwater COV values of about 1, this would require that the influent to be 1.6 to

twice the effluent concentrations, in order to be statistically identified. However, as noted below,
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treatment effectiveness is highly dependent on influent concentration, and concentrations can
vary greatly from storm to storm. It is therefore important that the samples to be obtained
covering a wide range of storm types and influent concentrations. Covering the complete range
of stormwater conditions is difficult with few samples; larger numbers of samples that better
represent the range of expected conditions allow a better understanding of how a stormwater

treatment device operates under the anticipated wide range of local conditions.

2.5.2  Short-Comings Associated with Pollutant Percent Removal

Performance Requirements

The description of performance of a treatment technology can be confusing because of
the different objectives for the use of the data. TMDL (total maximum daily load) discharge
goals set in NPDES discharge permits are usually established based on concentration conditions
in receiving waters under critical flow conditions needed to achieve the recognized beneficial
uses. These concentrations are multiplied by the critical flow rates and result in load (Ib/day)
goals. These loads are allocated to the various dischargers in a watershed or region. When
compared to current discharges, discharge reductions, usually expressed in percentages, are
calculated. Therefore, an agency may set a percentage reduction goal needed for stormwater in a
watershed, even though the original criterion was based on receiving water concentrations. The
same percentage reductions are also applied across a range of similar dischargers in an attempt to
be equitable. Hence, the common use of a treatment goal of TSS for 80%.

However, the common 80% TSS removal criterion established by some protocols and
state agencies can be misleading. Lenhart (2007) describes an example where the influent TSS
concentrations are a very low 20 mg/L. In this case, an 80% reduction results in required effluent

concentrations of 4 mg/L, which is lower than any normal stormwater treatment technology
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could achieve consistently. For common treatment technologies, irreducible concentrations can
be identified which is the lowest achievable effluent concentration (Schueler, 1996). Schueler
shows that the irreducible concentrations of TSS in most stormwater treatment system effluents
are commonly in the range of 20 to 40 mg/L (Schueler, 1996). Again in Lenhart’s example, if the
influent concentrations are already at 20 mg/L or below, clearly any additional TSS removal is
very unlikely. If the influent concentrations of the monitored site are continuously low, the
reported percentage removal rates will also be low. Lenhart suggests the use of the Performance
Expectation Function (PEF) which is based on target effluent concentrations, percent removals,
and load reductions. Lenhart’s method results in a baseline concentration for the lower
concentration influent events and a required percentage removal for the higher influent
concentration events. However, this method requires significant amounts of data in order to
establish the performance curve over the range of influent concentrations. The following figures
illustrate Lenhart’s example. Black dots indicate the observed data (Lenhart, 2007). Once the
Performance Expectation Curve is established, it will be a good indicator to determine the target

effluent quality from the influent concentration.
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Figure 2. Lenhart’s Performance Expectation Curve (Lenhart, 2007)

2.5.3 Percentage Reduction and Effluent Quality

The TAPE protocol specifies an 80% total suspended solids (TSS) removal criterion for
the acceptance of a device (TAPE, 2002) for a set range of influent concentrations. TAPE
considers this necessary to ensure that the technology being evaluated can achieve both the
necessary effluent concentrations and the required percent removals. In the extreme case, if a
nearby source of sediment results in extremely high influent TSS concentrations, the percentage
removal rates are more likely to be very high, but the effluent quality may still be poor (high
effluent TSS concentrations). Therefore, TAPE further specifies an 80% removal goal for TSS

when the influent TSS concentrations range between 100 and 200 mg/L. For influent
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concentrations greater than 200 mg/L, it is expected that the removal rate would be generally
high and the application should just state a “higher treatment goal” will be the target. For influent
concentrations less than 100 mg/L, the treatment technology should achieve an effluent goal of

20 mg/L TSS (TAPE, 2002).

254 Percent Removal and Particle Size Distribution

The usefulness of the 80% reduction goals can be improved if used with a better
understanding of the particle size distributions (PSD) of the influent suspended solids. As an
example, if all the influent particle sizes are extremely small, e.g., less than 5 um, it would be
very difficult to achieve a high rate of TSS removal, even if the concentrations are very high, due
to the inability of most stormwater control practices to remove these very small-sized particles.
However, if a control device is located near a source area generally only having large particles
(e.g., >100 pum), the removal rates can be much greater for the same TSS influent concentrations.

Pitt et al. (2007) reports that about 90% of all stormwater particulates monitored at
outfalls, by mass, are in the range of 1 to 100 um, while about 10% of the particles can be larger
than 400 pm. A useful protocol should, therefore, consider the particle size distribution (PSD) of
the influent TSS particulates and set logical criteria. As an example, target effluent
concentrations or percentage reduction goals may only be applied for particles larger than 5 pm
(not 50 pm as sometimes applied). Some protocols using controlled laboratory tests specify
influent particle distributions that need to be added to the influent water (typically a Sil-Co-Sil
designation or formula, based on ground silica obtained from U.S. Silica Co.). It is difficult to
specify a particle size range for influent TSS during full-scale tests under actual rain conditions.
However, the data analyses need to include PSD tests and the statistical tests should include

specific PSD analyses, as shown in later sections of this dissertation.
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2.5.5  Field Testing Challenges

Full-scale field testing under actual rain conditions to evaluate the performance of
stormwater technologies is difficult to control. Each site has different pollutant concentrations,
different rainfall characteristics, and different site hydrologic conditions. Therefore, standard lab
test protocols have been available for evaluating treatment technologies, either as an interim step
to certification/verification or as a replacement to field testing. Controlled lab tests should be
repeatable and comparable between devices, but they rarely, if ever, achieve conditions
representing actual field conditions. Therefore, results obtained from the controlled lab tests,
usually based on prototype devices; need to be adjusted to consider the increased variability that
will be observed in the field.

Another potential problem arises from the use of automatic samplers. Clark et al. (2008)
and Clark et al. (2009) investigated the performance of automatic samplers under different
sampler conditions and concluded that the peristaltic pump driven samplers are not able to
accurately sample particles larger than several hundred micrometers, especially when the
elevation of the sampler above the water surface exceeds 2.5m. Therefore, complete mass
balances must be conducted for the sampling period: all events in the sampling period need to be
sampled, and at the end of the sampling period, the mass of pollutants collected in the device
needs to be compared to the calculated removal based on measured removals from the automatic
samplers. Automatic samplers also require a set period to collect samples, possibly not being
able to keep up with rapidly changing flow conditions. This problem can be mostly overcome by
obtaining a large number of subsamples during the flow-weighted sampling period.

Evaluating a treatment technology at different scales, in the laboratory and in the field,

and at different steps in the development, is the most reasonable approach to developing an
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effective stormwater control device and to understanding its performance. Preliminary lab tests
result in valuable information needed for prototype development. Small-scale prototype field
tests are scaled up lab tests and can be tested during both controlled and actual events, further
improving the reliability of the evaluation. The final full-scale tests, again with controlled and
actual events, are the most valuable and indicative of actual treatment conditions. However, as
shown in this research, there was a need for testing (and protocols) for different test
environments and conditions during device development and evaluations. The results from the
research on the upflow filter were compared for the different test conditions and scales to
demonstrate the advantages and limitations of each approach, especially when predicting the

performance under full-scale real-world conditions.

2.5.6  TSS Reduction Criterion and/or TP Removal Requirements

Phosphorus is a common nutrient that is also described in some of the existing protocols.
It is a nutrient that can cause significant water quality degradation when present in excess
amounts. Human activities through agricultural practices, industrialization, and urbanization
significantly contributed to the eutrophication of water bodies, which is an expanding global
problem. States, including Maine, New York, Virginia, Wisconsin, and Minnesota, are
aggressively addressing the removal of total phosphorus (TP) and specific regions in New York
State are targeting 65% reductions for TP (MDM, 2010; MSM, 2007). TARP contains TP
reduction goals of 50% when the influent TP concentration is in the range of 0.1 to 0.5 mg/L
(enhanced treatment protocol). TAPE recommends the evaluation of TP in addition to the
primary constituent of TSS as an enhanced evaluation of the stormwater technology (TAPE,

2002).
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Successful stormwater control technologies result in the removal of a broad range of
pollutants, including debris and floatable materials, over a wide range of flows. From a practical
standpoint, limiting the evaluation of technology performance to only TSS and TP reduction may
not be suitably comprehensive for all areas. Rather, it may be better to expand the evaluations to
a broader range of likely contaminants. Some treatment technologies can be modified to target
narrower ranges of contaminants, especially media filtration when sorption and ion exchange are
the main treatment mechanisms and are relatively specific for the contaminants that can be
controlled. However, very high levels of treatment can be accomplished for a wide range of
contaminants, such as in the Multi-Chamber-Treatment-Train (MCTT) developed by Pitt, et al.
(1999), but usually at a sacrifice in size (large) and treatment flow rate (relatively low per unit

area).

2.6 Review of the Upflow Filtration Technology

The upflow filtration device being studied during this research can capture large amounts
of sediment in the sump, reducing clogging problems. The device is installed in a chamber
similar to a catch basin, and the main sedimentation and floatables capture occurs in this main
compartment. Further treatment is provided as the stormwater passes through specifically-
designed media prior to discharg. Because of the upflow filtration and associated partial bed
expansion of the media, high treatment flow rates and decreased clogging occur simultaneously,
which does not occur in downflow filters. The following section briefly reviews the components

and their interactions within the device.
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2.6.1 Definition and Purpose of Catch Basin

A catch basin is usually at the entrance to the storm drain system below an inlet grating.
Catch basins, by definition, have a sediment sump intended to capture sediment and debris to
keep these coarse materials from depositing in the stormwater drainage system and causing
maintenance problems (Lager, Smith, & Tchobanoglous, 1977). A simple storm drain inlet, by
definition, does not have a sediment sump, however; these terms are used interchangeably in
practice. Stormwater usually enters the storm drain system through a grating along the curb. As
noted, the main purpose of a catch basin is to trap coarse debris to prevent clogging of the

drainage pipe and prevent odors from combined sewers by providing a water seal.

2.6.2 Geometries of Catch Basins

In the USA, there is no standard catch basin geometry (Lager et al., 1977), although they
are relatively standardized in each city for periods of time. Currently, 4 ft diameter concrete
catch basins are the most common for new construction. In Europe, catch basin sizes vary, but
are standardized in different countries. They are usually termed gullypots instead of catch basins
and are used as water seals in combined sewer systems. European catch basins are smaller in size,
with smaller drainage areas, per inlet. Figures 3 and 4 show typical older catch basin styles used

in the USA, Canada, and Europe.
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Figure 3. Typical Catch Basin Designs in United States and Canada (Lager et al., 1977)
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A recommended geometry for catch basins to enhance sediment capture was determined
by hydraulic modeling analyses by Lager et al. (1977). Pitt (1979) and Avila (2008) verified the
model under laboratory and field conditions. The recommended geometry of catch basin is
shown in Figure 5. If the outlet diameter is D», the total height of the device is 6.5D,_the
diameter of the manhole is 4D,, and the bottom edge of the outlet pipe is located 4D, above the

device bottom and 1.5D, below the top.

0, JF\_/ 6.50,

Figure 5. Recommended design (Lager et al., 1977)

2.7 Stormwater Pollutants

Stormwater pollutants can be categorized as floatable, suspended, and dissolved materials.

Stormwater carries many types of pollutants including trash, sediment, nutrients, metals, and
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bacteria. Many previous researches concluded that automobile activities contribute heavy metals
to the street surface and runoff (Pitt, 1979; Shaheen, 1975). Pitt (1979) determined that tire wear
is a major source of zinc, along with runoff from areas having galvanized metals. Other sources
of pollutants can include atmospheric deposition, but Pitt, et al. (2004) concluded that only small
portions of the atmospheric deposition material is expected to directly contribute to runoff for
most situations. Pitt, et al. (2008) collected and evaluated stormwater data from NPDES
(National Pollutant Discharge Elimination System) and MS4 (municipal separate storm sewer
system) monitoring activities to describe the characteristics of stormwater quality nationwide for
different conditions. Data has been collected over a ten year period and includes information
from more than 8,500 events from about 100 municipalities throughout the country, representing

several major land uses. Table 10 is a summary of these data.
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Table 10. Summary of Selected Stormwater Quality Data included in NSQD, Version 3.0 (Pitt et

al., 2008)
TSS ~ COD  Fecal Colif. T;?j{’&i“;s Cu, total  Zn, total
(mg/L) (mg/L)  (mpn/100 mL) © o (ngh) (ng/L)
mg/L)
All Areas Combined (8,139)
Average 137.0 77.6 47665 0.4 30.1 181.1
Coef. of variation (COV) 2.2 1.1 5.0 2.8 2.1 33
Median 62.0 53.0 4300 0.2 15.0 90.0
Number of samples 6780 5070 2154 7425 5165 6184
% of samples above detection 99 99 91 97 88 98
All Residential Areas Combined
(2,586)
Average 122.7 68.8 55891 0.4 27.1 123.2
Coef. of variation (COV) 2.0 1.0 5.7 1.6 1.9 33
Median 59.0 50.0 4200 0.3 12.0 70.0
Number of samples 2167 1473 505 2286 1640 1912
% of samples above detection 99 99 89 98 88 97
All Commercial Areas Combined
916)
Average 118.2 90.7 26065 0.3 314 197.5
Coef. of variation (COV) 1.7 1.0 3.0 1.2 1.4 1.4
Median 55.0 63.0 3000 0.2 17.9 110.0
Number of samples 843 640 270 920 753 839
% of samples above detection 97 98 89 95 85 99
All Industrial Areas Combined (719)
Average 171.0 97.6 47329 0.4 40.6 243.9
Coef. of variation (COV) 1.7 1.3 6.1 1.4 2.1 1.7
Median 73.0 59.0 2850 0.2 19.0 156.2
Number of samples 594 474 317 605 536 596
% of samples above detection 98 98 94 95 86 99
All Freeway Areas Combined (680)
Average 113.7 88.2 8553 0.7 33.7 162.4
Coef. of variation (COV) 2.6 1.0 2.7 5.2 2.2 1.4
Median 53.0 64.0 2000 0.3 17.8 100.0
Number of samples 360 439 67 585 340 587
% of samples above detection 100 100 100 99 99 99
All Institutional Areas Combined
(24)
Average 47.0 62.6 3100 0.2 24.7 308.7
Coef. of variation (COV) 1.1 1.0 0.4 0.9 0.6 0.9
Median 18.0 37.5 3400 0.2 21.5 198.0
Number of samples 23 22 3 23 21 22
% of samples above detection 96 91 100 96 57 100
All Open Space Areas Combined
(79)
Average 36.5 22.3 7323 0.1 9.2 59.1
Coef. of variation (COV) 1.8 0.6 1.2 1.5 0.4 0.8
Median 10.5 21.3 2300 0.0 9.0 57.0
Number of samples 72 12 7 77 15 16
% of samples above detection 97 83 100 97 47 50
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2.8 Up-Flo® Filter Technology Background

2.8.1 General Technology

The Up-Flo® Filter was tested during this research. As noted, prior data were available
from controlled laboratory experiments (Andoh, Pitt, Togawa, & Osei, 2009a, 2009b;
Khambhammettu, 2006; Pitt & Khambhammettu, 2006; Pratap, 2004). The Up-Flo® Filter was
commercialized by Hydro International as part of the EPA SBIR project that developed the
concept. It is a high capacity subsurface filtration system that can be retrofitted into an existing
storm drain manhole, or easily installed in new systems using conventional components. The
system can contain from two to six filter modules, with each module having a treatment flow rate
of about 20 to 30 gal/min/ft*. It is designed with a treatment train concept that incorporates a
catch basin having a settling chamber and a screen (sedimentation and screening), plus fine
sediment filtration, ion exchange and sorption in the media, with unit processes similar to the
MCTT (Pitt et al., 1999). A draindown system allows water levels in the chamber to stay below
the filter media between events, which prevents the media from remaining saturated and
becoming anaerobic. Flows larger than the treatment flow rate are bypassed through the bypass
weir, which also has a floatable trap. Periodic inspection and maintenance is required to sustain
the designed filtration rate, with cleanout usually conducted every year for most installations.

The major components of a 6-module configuration in a 4-ft manhole are shown in Figure 6.
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