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BACKGROUND
The science of treating stormwater pollutants has evolved from simple swales and detention ponds to a whole host of structural and non-structural Best Management Practices (BMPs) promulgated by federal, state, and local authorities. In the 1980’s and 1990’s, required treatment techniques were based upon presumptive criteria that assumed an 80% pollutant reduction of pollutants would be reached using specific design guidelines. While it was acknowledged that this 80% reduction goal was not always attainable for all pollutants and all BMPs, it was the best available science at the time.

EPA, ASCE, Caltrans, Florida Department of Environmental Protection (FDEP), University of New Hampshire (UNH), and others have accumulated extensive databases documenting BMP performances. While there is still considerable debate over the most accurate method of measuring BMP effectiveness, the regulatory world of EPA, State stormwater permits, and TMDL programs are requiring municipalities and the development community to begin taking a more sophisticated approach to calculating pollutant removals. Depending on individual watershed and regional issues and the parameters involved, TMDLs are expressed in a number of ways, including:

1. Event Mean Concentration (EMC) % Reduction

2. Load Reduction (tons/square mile-year)

3. Effluent Limitation (parts per million or gm/day)

4. Annual Mass Reduction (kg/year)

5. Temperature Limitation (degrees)

6. Total Dissolved Gas (mm Hg)

7. Bacteria Count (cfu/100 mg)

In Virginia, Florida and other states the calculation of pollutant loadings and reductions using BMP removal efficiencies is a permit requirement for new development. In Florida, EPA 404 permits for discharges to impaired waters also require a demonstration that pre development pollutant loads match post development pollutant loads. In addition, EPA 319 grant applications for stormwater retrofit projects requires calculation of pollutant removal using removal efficiencies.

The most common pollutants of concern in Florida are Total Nitrogen (TN), Total Phosphorus (TP), bacteria, mercury, and BOD. While BOD is not a true pollutant, it is often symptomatic of poor health of a waterbody caused by other pollutants. BOD reductions are typically addressed by using the nutrient pollutants TN and TP as surrogates. Total Suspended Solids (TSS) is also often targeted because pollutants such as heavy metals and phosphorus bind to the sediment particles. 

The purpose of this paper is to propose the use of a mass balance approach to calculate pollutant removal effectiveness of BMPs. The parameters TSS, TN, and TP are discussed as examples in this paper, but the proposed methodology could be used for most pollutants. 

MEASURING BMP EFFECTIVENESS 
The use of laboratory testing can be appropriate for predicting or certifying performance of certain types of BMPs such as manufactured devices or inlet traps, but field monitoring is the only practical method to determine the effectiveness of larger scale BMPs. 

Field measurement of pollutant loadings and BMP pollutant reductions can be performed as single events, multiple events, or as continuous long-term programs. Unlike calculating a single peak flow rate for hydraulic and hydrologic analysis, the highly variable nature of pollutant loads and the BMP removal of those loads prevents accurate performance measurement using a single rain event. Based on the EWRI’s “Guidelines for Monitoring Gross Solids in Stormwater Runoff” (2009), (Gross Solids Guideline) statistically valid BMP field performance verification requires sampling at least 7 – 10 rainfall events over at least one year to account for fluctuations in rainfall, watershed loading of pollutants, seasonality of leaf falls, seasonality of plant growth in lakes, fluctuations of anoxic zones in lakes, and other long term variables. Field monitoring protocols for New Jersey DEP Final Certification of Manufactured Treatment Devices require monitoring 20 – 25 rainfall events. The use of long term monitoring strategies assures an understanding of BMP performance over a wide range of pollutant loadings and flow conditions.

In the Gross Solids Guideline methods are promulgated for collection and measurement of Gross Solids masses from manufactured devices. This paper presents a methodology for combining Gross Solids masses with water column masses to obtain a mass balance of the total pollutant loads treated in a BMP. 

An important recommendation in the EWRI Gross Solids Guideline is that TSS be defined as inorganic sediment particles < 75 microns and sediment >= 75 microns be called coarse solids. By using these sediment definitions, the author believes many of the inconsistencies and controversies of past BMP evaluations that relied on water column sampling with autosamplers can be resolved. As long as the acronym TSS is used for both wastewater and stormwater purposes there will be confusion as to definitions and applications. It may be better to break away from the term TSS for stormwater purposes and use another term such as Stormwater Suspended Solids (SSS) for particles < 75 microns, with particles >= 75 microns being called coarse solids.

BMP MASS BALANCE
Recent studies (Smith 2009) and (England 2009) have demonstrated that mass pollutant loads from the Gross Solids of large sediment particles > 75 microns, organic debris, and trash, can be greater than mass loads from the water column. A critical concept to this paper is to understand that BMP performance measured by percent reduction of a pollutant in the water column is not scientifically valid. However, an annual mass reduction of a pollutant removed from both the water column and the Gross Solids can give a reasonably accurate estimation of a BMP’s performance. 

Stormwater pollutants can be divided into two classes: 1) Dissolved and settleable pollutants in the water column, and 2)  Gross Solids consisting of coarse sediment, organic debris, and anthropogenic trash. The key to characterizing total BMP performance is to accurately measure both the water column pollutants as well as the Gross Solids. The total mass of a pollutant entering a BMP is the sum of the mass load in the water column and the mass load in the Gross Solids.

Water column pollutants are measured as EMCs using standardized methods from FDEP, EPA, or the International BMP Database. Conversion of EMCs to pollutant mass enables the summation of water column pollutants and gross solids pollutants with common units. Water column mass removal is calculated using cumulative volume treated and the flow weighted pollutant EMC for each parameter at the inlet and outlet: 

Water Column Removal = ∑ Volumei (EMCinf i – EMCeff i)

                                          
        

         i=1,n
Where:  Water Column Removal = Pollutant mass removed from water column




   Volumei = volume of water passing through the BMP during time increment i




   EMC inf i  = influent EMC during time increment i




   EMC eff i  = effluent EMC during time increment i

A flow chart for monitoring a BMP using the procedures from the Gross Solids Guideline is shown in Figure 1.
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                     Figure 1 -  Mass Balance Monitoring Procedures
POLLUTANT COMPONENTS
Past difficulties in evaluations of BMP performance can be attributed in part to attempting to characterize the complex treatment mechanisms and many pollutants interacting in the BMP with a single removal efficiency number. A BMP is a unit operation that can have one or more unit processes that provide treatment of one or more pollutant components and pollutants. By breaking BMP performance down into multiple discrete unit processes, a more accurate understanding of pollutant removals can be obtained.

The methods discussed in this paper refer to four principal pollutant components of 1) Inorganic sediment in the water column, 2) other pollutants dissolved the water column, 3) coarse sediments, and 4) organic debris. Any pollutant parameter can be associated with any of these pollutant components. Not all BMPs can treat each of these components. The first step of this analysis is to identify which pollutant components could be effectively treated by seven common BMPs shown in Table 1. 

	BMP Type
	Water Column Inorganic Sediment
	Water Column Other
	Coarse Sediment
	Organic Debris

	Wet Detention Basin 
	X
	X
	X
	

	Infiltration Basin
	X
	X
	X
	X

	Extended Detention Pond
	X
	X
	X
	

	Constructed Wetland
	X
	X
	X
	

	Exfiltration Trench
	X
	X
	X
	X

	Gross Solids Separators
	X
	
	X
	X

	Inlet Traps
	X
	
	X
	X


Table 1 - Pollutant Component Treated By BMP

Based on the Gross Solids Guideline, there are three groups of pollutants that should be separately monitored and reported for a BMP: 1) Water column pollutants, 2) Coarse solid pollutants, and 3) Organic debris. An important factor to consider is that TSS in the effluent of some BMPS can have significant phytoplankton or algae components in addition to sediments, leading to inaccuracies in using TSS to measure sediment concentrations in the BMP effluent. To distinguish between organic based TSS and sediment based TSS in the water column, the Gross Solids Guideline recommends measurement of TSS as well as Total Organic Carbon (TOC) in pond influent and effluent. TOC is a measure of the organic based material in a water sample. TSS –TOC gives the inorganic sediment based component of TSS.

Testing methods for solid materials are different than those used for water samples. For instance, TSS cannot be measured for solids. Instead, solids are directly sampled and a particle size distribution used to separate sediments < 75 microns from those >= 75 microns. Performing the Percent Organic Matter (POM) analysis will enable calculation of the organic vs sediment components of the solids. 

To aid in the analysis of discrete pollutants, Table 2 shows a grouping of inorganic sediment TN, and TP pollutants according to their presence in each of the three groups. Separating the pollutants into three groups of components brings obvious questions to the use of data from historic monitoring of BMPs. Most historic monitoring programs have focused on water quality parameters. While that data collected was accurate in terms of what it measured, those programs were not complete since they did not fractionalize solids <> 75 microns and did not account for Gross Solids. Future monitoring programs should measure all three components of stormwater pollutants.

	Component
	Inorganic Sediment
	TP
	TN

	Water Column
	X
	X
	X

	Coarse Sediment
	X
	X
	

	Organic Debris
	
	X
	X


    Table 2 – Pollutant Parameters in Stormwater Components

UNIT PROCESSES
Structural BMPs are unit operations consisting of one or more unit process (treatment mechanisms). Each unit process removes a certain mass of one or more pollutants. The mass of pollutants removed varies with flow velocity, BMP size, storage volume, pollutant concentration, interactions between multiple pollutants, sediment particle size and shape, and other variables (Sansalone 2007).  The unit processes discussed in this paper are:

1. Sedimentation – gravitational settling of heavy pollutants

2. Filtration by screening or media filters

3. Infiltration of stormwater and pollutants into the surrounding soils

4. Biological treatment – typically for nutrients and organic parameters

By analyzing the individual unit processes associated with any particular BMP, a more accurate determination of that BMP’s performance can be obtained. Unit processes for seven common BMPs are illustrated in Table 3.  

	BMP TYPE
	Sedimentation
	Filtration
	Infiltration
	Biological

	Wet Detention Basin 
	X
	
	
	X

	Infiltration Basin
	
	
	X
	

	Extended Detention Basin
	X
	
	
	

	Constructed Wetland
	X
	X
	
	X

	Exfiltration Trench
	
	
	X
	

	Gross Solids Separators
	X
	X
	
	

	Inlet Traps
	
	X
	
	


Table 3 BMP Unit Processes
Using the groupings and unit processes shown in Tables 1, 2, and 3, matrices were developed for each of the seven BMPs that show % mass removal efficiencies for each of the pollutants and unit processes within each stormwater component. For purposes of demonstrating the mass removal methodology, removal efficiencies were shown for BMPs based upon Florida’s BMP Database, other research projects noted, and BMP characteristics. Use of removal efficiencies with this methodology should reflect localized data. The purpose of this report is not to provide absolute accuracy of BMP removal efficiencies, but rather to demonstrate a method to be used for BMP evaluation regardless of what data is used.
Due to the limited amount of Gross Solids research performed in the past, there is incomplete data to populate the coarse solids and organic debris sectors of many BMP matrixes. Having incomplete data for this format does not mean the method is inaccurate or inappropriate; rather, it points to areas where additional research is needed to more fully understand complex BMP unit processes and may explain why some BMPs tested only for water column parameters have large and consistent variability of monitoring results.
It is obvious that analyzing a BMP using this methodology does not give one number for a BMP removal efficiency. In these examples for three pollutants, there was a potential for 12 different removal efficiencies for each unit operation. Discrete definition of each of these removal efficiencies can enable a linear calculation of mass removals by components through a BMP or treatment train of multiple BMPs. Each of the BMPs is further discussed below. 
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Wet Detention Ponds

Gravitational sedimentation and biological transformation are the two principal treatment mechanisms in wet detention ponds. Sedimentation removes sediment, coarse solids, and TP attached to coarse solids. While a properly designed wet detention pond can trap floating organic debris, nutrients bound in the organic debris rapidly leach out (England et al 2000), resulting in little removal of TN or TP by the filtration unit process. 

Biological action removes 43% of TN and 66% of TP (Florida BMP Database) from the water column. The fate of TN and TP associated with coarse sediments is not totally understood, while TN and TP released from trapped organic debris is treated biologically. The biological action of algae growth can increase non-sedimentary TOC and TSS levels.

Dry Retention Pond with One Inch Runoff Volume

[image: image2.png]Mass % Removal

Efficien

™ 0
TP [
Inorg. Sediment
Coarse Sediment
Parameter
TP 0
Coarse Sediment 69+ 0
Organic Debris
Parameter
™ o a3
TP o 86

No removal due to leaching organics back to water column

[ Florid's BMP Database




In dry retention ponds the treatment mechanism is infiltration into the ground of all pollutants in all three of the pollutant components. In Florida, a pond designed for one inch of retention volume removes 99% of the runoff volume on an annual basis (Harper 1995), resulting in 99% removal of all pollutants.

Extended Dry Detention Pond 

The unit process for an extended dry detention pond is sedimentation during the designed holding time of the pond (generally 24 – 48 hours). Based on the Florida BMP Database, water column removals are 84% for TSS, 24% for TP, and an export of 28% for TN. The negative TN removal can be attributed to the rapid release of nutrients from the dried organic masses washed into the ponds (England et al 2000), resulting in no treatment for the organic debris. It was assumed that 99% of the coarse sediments and TP bound to the coarse sediments entering the pond would be captured due to high settling velocities of those particles.
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Exfiltration Trenches with One-Inch Runoff Volume

Exfiltration trenches function in the same manner as a dry retention pond, albeit they are more maintenance sensitive. All dissolved pollutants entering the trench will infiltrate into the ground, with the coarse solids and organic debris screened in the pipes or soil. The same 99% removal rates apply as discussed for dry retention ponds.

Nutrient Separating Baffle Box

These type of gross solids separators have sedimentation treatment for sediments and filtration treatment for the gross solids. One of the first full mass balance studies was performed on two nutrient separating baffle boxes by Smith, 2009. Continuous pollutant removals from each of the three components were monitored over a two-year time frame. Water column sampling showed an average 24% removal for TSS, and negative removals for TN and TP of -19% and -9% respectively. On a mass basis for all three components, average removals were 90.1% for sediments (TSS + coarse sediment), 27.2% for TN, and 16.8% for TP.

Grate Inlet Skimmer Box
A Grate Inlet Skimmer Box is an inlet trap manufactured by Suntree Technologies for grated inlets. The screened fiberglass box provides a filtering unit process that only traps gross solids. There is no treatment of the water column. Testing by England, 2001, showed an 89% removal of coarse sediments and 79.3% removal of organic debris. 

Constructed Wetlands

Wetland performance varies widely with seasonal variations as plant material dies and resuspends nutrients. Based on the Florida BMP Database, constructed wetlands removes 37% of TSS and increases TN and TP in the water column by 32% and 7% respectively. While coarse solids removal has not been measured in wetlands, it is intuitive that there will be almost complete removal of larger sediments from inflows, although there may be coarse solids leaving a wetland from scouring. Organic debris and nutrient loadings from wildlife in wetland will leach out nutrients, accounting for the observed export of nutrients.
Conclusions

Most previous studies of BMP performance were based upon water column analysis. While the data analyzed for the water column was correct, the studies were incomplete if the remaining parts of the pollutant loads in the form of Gross Solids were not also measured. A spreadsheet methodology is presented that supports a full mass balance of all water column and Gross Solids pollutants by breaking down a BMP into discrete unit processes and pollutant components. The result is that a BMP can have % removal efficiencies for many pollutants, pollutant components, and unit processes. Examples of spreadsheets for 7 common BMPS are given using Florida specific BMP performances. Any structural BMP could be analyzed using this proposed method. When using this method in other regions, local data should be used for BMPs in that area. The lack of monitoring for gross solids, TOC, and POM in past research efforts leaves unpopulated data fields in the above spreadsheets. Future BMP testing should include these parameters.

By subdividing a BMPs performance into discrete pollutants and processes and using the proposed methodology, the author believes the use of % removal efficiency for monitoring can give more accurate and complete measurements than previous studies. To use this methodology for field monitoring, it is critical to use long term testing to account for season rainfall and loading fluctuations, water column monitoring using autosamplers, continuous flow data during the life of the test, and measurement of the mass of gross solids in the stormwater runoff. Measurement of gross solids is difficult and expensive, but best achieved by testing according to EWRI’s Guidelines for Monitoring Stormwater Gross Solids. Using the data to perform a mass balance for all pollutants gives an accurate measurement of a BMP’s performance. 
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