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Executive Summary 
This report provides a conceptual comparison of Best Management Practices (BMPs) and 
treatment technologies to be considered for potential application in the Newport Bay/San 
Diego Creek watershed to reduce selenium and nitrogen concentrations from discharges 
of groundwater and/or surface waters. The comparison of BMPs is just one component of 
the overall Nitrogen and Selenium Management Program (NSMP) to aid in meeting water 
quality objectives and protecting beneficial uses within the Newport Bay/San Diego 
Creek watershed. 

This report applies the findings of a previous summary on physical, biological, and 
chemical methods for treating waters containing selenium and nitrogen toward 
developing a proposed list of candidate technologies for more detailed comparison.  

Based largely upon available information on the ability of these technologies to achieve 
water quality targets of 5 ppb selenium (Se) and 5 ppm nitrate-nitrogen (NOx), five 
technologies were selected: Reverse Osmosis (RO), Anaerobic Bacterial Removal, Katchall 
Systems, Ferrous Hydroxide, and Constructed Wetlands, including both surface flow and 
subsurface flow types of systems. A standard of comparison was developed as a basis for 
sizing technology applications to achieve the water quality objectives, consisting of two 
inflow rates (0.5 cfs and 5 cfs, representing small and large flows, respectively), and two 
inflow concentration scenarios (10 ppb Se and 10 ppm NOx, and 100 ppb Se and 30 mg/L 
NOx). 

For each flow and water quality influent scenario, a conceptual process flow was 
developed and preliminary sizing was prepared for the component processes. Conceptual 
land surface-area requirements for each technology were developed. To treat high Se and 
NOx concentrations for a 5 cfs inflow rate, area requirements for physical, chemical, and 
biological systems varied from 300 sq. ft. for a Ferrous Hydroxide system to 3,700 sq. ft. 
for an RO system, while wetland requirements varied widely from 100 acres for a surface 
flow system to 34 acres for a subsurface flow system. Area requirements to treat low Se 
and NOx concentrations for small flows (0.5 cfs) ranged from 100 to 600 sq. ft. for 
physical, chemical, and biological systems, and area requirements varied from 3.4 to 25 
acres for wetland systems. These results indicate that, given the area constraints within 
the Newport Bay/San Diego Creek watershed, constructed wetland systems are 
potentially only feasible for treating small flows, and that the remaining technologies are 
a more realistic option.  

These results were then extended by developing conceptual capital costs, operation and 
maintenance (O&M) costs, and ten-year estimates of Net Present Worth. These results 
were used to estimate measures of hydraulic treatment effectiveness (annualized 
cost/1000 gallons of annual flow treatment capacity) and mass removal effectiveness 
(annualized cost/annual lb Se removed). When arrayed in order of increasing cost, these 
measures indicated that constructed wetlands, where feasible, are most effective at 
treating contaminants to the water quality standards, but given the likelihood of area 
limitations to wetland applications, the Anaerobic Bacterial system appears to show the 
next greatest potential for treatment of low and high flows. The remaining three 
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technologies showed different efficiencies for the various flow and water quality 
scenarios. These results indicate that all four technologies warrant further consideration to 
resolve their potential application in the treatment of San Diego Creek waters. 

To allow a standardized comparison of technologies, the development of a single testing 
center is recommended, where a secure compound could be constructed, supplied with 
waters subject to a range of contamination, and managed and tested by an appointed 
representative of the Working Group. The compound would be open to vendors invited 
to demonstrate technologies that incorporate the processes investigated in this report, or 
processes developed by others that show potential for effective treatment. A critical 
requirement of all testing is that all technologies would need to be tested to meet a 
standardized inflow rate and quality as a basis of design and performance extrapolation. 
Depending upon financing availability, seed monies could be made available to vendors 
to account for setup and testing. A separate and more detailed BMP Testing Protocol is 
appended to this report. 

This report follows on previous work by creating a generalized ranking of the potential 
technologies, but expands those efforts by proposing potential performance criteria and 
recommending further pilot-testing in the watershed of specific technologies that show 
promise but for which current information is lacking to make fully informed decision 
about the suitability of a potential BMP or treatment technology. 

This report is deemed an “interim” report because the Work Plan recognizes the ongoing 
nature of research on selenium and nitrogen treatment technologies. The information in 
this report will continue to be updated as additional information becomes available. 
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1. Introduction 
Task 2 of the NSMP Year 1 Work Plan involves developing and evaluating treatment 
technologies/Best Management Practices (BMPs) that might be applied in the Newport 
Bay/San Diego Creek watershed (hereafter referred to as the Newport Bay watershed) to 
reduce selenium and nitrogen levels in order to meet permit and California Toxic Rule 
(CTR) criteria. Task 2.4 of the NSMP Year 1 Work Plan specifically focuses on providing 
recommendations and procedures for additional testing of selenium and nitrogen 
treatment methods/BMPs.  

2. Purpose and objectives 
The purpose of this memorandum is to identify candidate BMPs and treatment 
technologies most suitable for pilot testing and, if warranted, further development for 
application in the Newport Bay watershed.  

The primary objective of Subtask 2.4 is to select a reduced list of technologies from the 
suite of BMPs and technologies established in previous tasks based on criteria related to 
efficiency, reliability, cost-effectiveness, feasibility for application within the watershed, 
and acceptability to stakeholders. These criteria will be applied to the relevant features of 
potential BMPs/technologies described in this report to identify those BMPs or 
technologies that have the highest likelihood for achieving water quality objectives while 
considering the other factors noted above. Where available information is insufficient to 
make a fully informed decision about the suitability of a potential BMP or treatment 
technology, BMPs will be recommended for pilot-scale demonstration tests focused on 
evaluating those key aspects of performance for which information is lacking. Through 
coordination with stakeholders in the Working Group, the potential environmental and 
institutional impacts of these BMPs will be reviewed and stakeholder concerns and 
comments reviewed and incorporated into the final analysis.  

A secondary objective is to address a framework for cost sharing to encourage 
participation and testing by vendors and/or others identified in Task 2.2 who have 
ongoing projects that can be modified or extended to provide useful data for this project. 
For the purposes of this report, a protocol has been outlined for standardized testing of 
appropriate BMP technologies to be performed by technology vendors or other interested 
parties.  

This report is deemed an “interim” report because the Work Plan recognizes the ongoing 
nature of research on selenium and nitrogen treatment technologies, thus this report will 
continue to be updated as additional information becomes available.  

A previous BMP Data Needs report prepared in November 2005 and reviewed by the 
Working Group (NSMP Working Group, 2005) identified the categories of technologies 
and initial BMPs to be considered and evaluated. This earlier report served to guide the 
more detailed research effort discussed in this memorandum.  



BMP Selection and Testing  Final Report – November 28, 2006 

 

 2 

3. Developing a Basis for Comparison 

3.1  Importance of Standardizing Comparisons 
To equitably implement the Nitrogen and Selenium Management Program (NSMP) for 
the Newport Bay Watershed, best management practices must be developed and 
promulgated that meet environmentally protective water quality standards in a cost-
effective manner. Previous tasks within this project have identified a list of technologies 
that are candidate BMPs, but all have advantages and disadvantages that complicate the 
analysis. Differences in maintenance, size, power, performance, environmental exposure, 
cost and areal efficiency need to be assessed using standardized evaluation criteria.  

Several programs provide a model for an approach to testing and evaluating treatment 
technologies. Of these, the Everglades Advanced Treatment Technologies and the 
Environmental Technology Evaluation Center (EVTec) programs are relevant examples of 
BMP testing plans conducted in a highly visible setting with significant cost and 
compliance implications, similar to the San Diego Creek watershed. These programs are 
briefly outlined here, highlighting points of relevance to the San Diego Creek watershed. 

3.2 Everglades Advanced Treatment Technologies 
The Everglades Forever Act of 1994 (Act) requires that the Florida Department of 
Environmental Protection (Department) and the South Florida Water Management 
District (District) design and conduct a series of 56 projects, including research, 
regulation, and construction activities, to restore the Everglades. As is widely understood 
and reported, a primary factor in the degradation of the Everglades has been the 
discharge of runoff from agricultural areas (e.g., sugar cane, vegetable farms) south of 
Lake Okeechobee into the historic remnant Everglades. The runoff is contaminated by 
high concentrations of total phosphorus (TP). Within the Everglades Agricultural Area, 
the District and Department have designed and constructed the world’s largest treatment 
wetlands, or Stormwater Treatment Areas (STAs), to intercept and treat over 1 billion 
gallons per day of runoff. Through the Act, the treatment objectives have become more 
stringent with time. Originally, the STAs were designed to treat runoff TP to a 
concentration of 50 parts per billion (ppb) before discharging to the Everglades Protection 
Area. In 2003, a total phosphorus standard of 10 ppb P was established for all discharges 
to the Everglades.  

The Act directed the District and Department to initiate research and monitoring to 
generate sufficient water quality data to evaluate the effectiveness of both constructed 
wetland treatment systems, known as stormwater treatment areas (STAs) and on-farm 
Best Management Practices (BMPs) for improving water quality. The long-term goal of 
the Everglades Program has been to combine point source control, basin-level and 
regional solutions in a system-wide approach to ensure that all waters discharged into the 
Everglades Protection Area meet the numeric phosphorus criterion and other applicable 
state water quality standards. Because the phosphorus standard of 10 ppb was known to 
be lower than what was achievable by STAs alone, the District, Department, United States 
Army Corps of Engineers (USACE), and Everglades Protection District (EPD) conducted a 
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multi-year program to develop Advanced Treatment Technologies (ATTs) capable of 
meeting the 10 ppb discharge standard. Details on the Everglades ATT program can be 
found in reports included on the District’s web site (http://ww.sfwmd.gov). 

Research on ATTs began in 1996, with the following projects receiving some level of 
investigation through some or all of the ensuing ten years because of their known or 
reputed ability to reduce phosphorus concentrations to less than 10 ppb:  

• Periphyton-based STAs (PSTAs) – Shallow beds (0.5-1.0 foot) of calcareous blue-
green algae on a lime-rock substrate and adapted to waters with low 
concentrations of phosphorus.  

• Submerged Aquatic Vegetation/Limerock (SAV) – Deep marshes (2-3 feet) 
dominated by aquatic plants commonly known as pond weeds suspended below 
water surface. 

• Chemical Treatment/Solid Separation (including several forms of Chemical 
Treatment/Direct Filtration, Chemical Treatment/High-Rate Sedimentation, 
Chemical Treatment/Dissolved-Air Flotation, Chemical 
Treatment/Microfiltration). 

• Low-Intensity Chemical Dosing – Addition of alum or iron-based coagulants to 
marshes to precipitate phosphorus for sedimentation within the wetland.  

• Managed Wetlands – Pre-treatment of runoff using alum or iron coagulants before 
final polishing and conditioning within wetlands. 

The advanced technologies evaluated in this program ranged from constructed wetlands 
that require fairly low maintenance to full chemical treatment for the removal of P (PEER 
Consultants and P.C./Brown and Caldwell, 1996; 1998; 1999). This fact is relevant to the 
needs of the NSMP, as well as the basis of evaluation, which included projected nutrient 
removal performance, costs and compatibility with environmental criteria.  

Demonstration and research projects were conducted at various locations within one of 
the original STAs (STA-1W) and adjacent to STA-2. Small-scale mesocosm and pilot scale 
studies were located strategically near the inflow to STA-1W to test waters representative 
of water quality after on-farm BMP application before STA treatment, and near the outlet 
of the STA to sample post-STA water quality. A compound was established at each of the 
locations that allowed vendors and researchers to construct small-scale versions of these 
technologies. Small flows of water were pumped to the test systems and monitored 
continuously during testing events.  

Larger scale studies were also performed within half-acre wetlands (“test cells”) located 
within Cells 1 and 3 of STA-1W. Additional field scale projects and studies were located 
in Cells 4 and 5 of STA-1W and in a 15-acre area adjacent to STA-2. Each technology was 
subject to the review of a scientific panel, and results were reviewed by the Department, 
interested agencies, professional peers and public input. 

The different ATTs were evaluated using the evaluation methodology established by the 
District for the following quantitative and qualitative data. 



BMP Selection and Testing  Final Report – November 28, 2006 

 

 4 

QUANTITATIVE EVALUATION METHODOLOGY 

1. Phosphorus Concentration Reduction  

2. Phosphorus Load Reduction – (standardized for area by expression in g/m2/yr to 
allow comparison across different scales of area or flow).  

3. Cost-effectiveness 

4. Potential toxicity 

5. Implementation schedule 

QUALITATIVE EVALUATION METHODOLOGY 

6. Uncertainty Assessment of Full Scale Construction, Operations, and Scale-up 

7. Operational flexibility 

8. Sensitivity to fire, flood, drought and hurricane 

9. Level of effort to manage side streams control 

10. Other water quality issues. 

Research studies conducted during 1998 and 1999 revealed that Chemical Treatment – 
Direct Filtration, Chemical Treatment – Dissolved Air Flotation/Filtration and Low 
Intensity Chemical Dosing of Wetlands did not achieve the 10 ppb TP goal, and these 
technologies are not considered viable technologies. Attention has shifted in the past few 
years to the so-called “Green Technologies” of SAV and PSTA. The District is now in the 
process of evaluating the feasibility of alternative water quality solutions for each of the 
basins that discharge into the Everglades Protection Area. These basin-specific feasibility 
studies will integrate information from research, regulation, and planning to determine 
the basin-specific optimal combination of BMPs, optimized STAs, and ATTs to meet the 
final water quality objectives.  

Results of the ATT research have been augmented by findings and demonstration of new 
vendor products for treatment within priority watersheds contributing to the Everglades 
Protection Area. In general, these studies provide a basis for development of a BMP 
comparison system for the NSMP. For example, HSA (2001) recently reported on a recent 
demonstration of a Chemical Treatment/Solids Separation Technology for the Everglades 
Stormwater Program (ESP). In that study, concentration reductions and pollutant mass 
removals were calculated, but to provide a basis for comparison of cost-effectiveness, 
costs were estimated according to the following breakdown: 

• Capital costs include: equipment, residuals management system, conveyance, 
pumping, land, equalization basin, access roads, etc. 

• Operation costs include: labor, maintenance, chemicals, energy, residuals, etc. 

• Demolition/replacement costs. 

• Salvage costs. 

• Lump sum/contingency costs include: telemetry, control structures, buildings, 
and support facilities, energy. 
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• Analyses used to calculate 50-year present worth cost for $/million gallons treated 
and $/pound P removed. 

This analysis required that a conceptual scenario of flow treatment be developed as a 
basis for developing planning-level order of magnitude costs. Similar analyses have been 
conducted and reported for all of the other Advanced Treatment Technologies, such as 
PSTA (CH2M HILL, 2002) and SAV (DB Environmental Inc., 2002).  

3.3 Examples of Stormwater Treatment BMP Comparisons 
Several recent projects either have collected BMP performance data or have 
independently tested BMPs to establish performance relevant to a specific geography. At 
a regional scale, for example, the California Department of Transportation (Caltrans) 
conducted the Litter Management Pilot Study (LMPS) to assess the effectiveness of several 
best management practices (BMPs) in reducing litter discharged from Caltrans’ storm 
water conveyance systems (Lippner et al, 2000). In that study, BMPs were experimentally 
tested in the field based on a paired-catchment experimental design, where watershed 
basins of similar size, location and traffic volume were monitored for one year, and then 
one of each pair of watersheds was outfitted with a BMP system. A comparison could 
then be made of the BMP effectiveness in reducing litter between years and sites. This 
type of study is clearly effective at eliminating certain BMPs (in this case, a bicycle grate-
type of BMP was found to be ineffective early in the study), but variability in 
environmental conditions (e.g., watershed response to runoff, geographic variability in 
rainfall distribution, slight differences in watershed characteristics) can increase the 
statistical “noise” and reduce precision between comparisons. 

At a national scale, the International Stormwater Best Management Practices (BMP) 
Database (http://www.bmpdatabase.org) provides data sets of BMP types and 
performance that can be compared and evaluated statistically by type. The study was 
administered by the American Society of Civil Engineers (ASCE) and funded by the US 
EPA, and is readily accessible by Internet. Strecker et al (2001) evaluated the overall 
effectiveness of different BMP types in this extensive database, and identified the 
following inconsistencies in reporting of BMP performance that limit comparisons, and 
warrant further consideration for the NSMP: 

• Sample collection techniques, e.g., grab or composite, flow measurement 

• Water quality constituents, in terms of parameters selected, and analytical 
methodology 

• Data reporting on contributing watershed and BMP design characteristics 

• Efficiency estimation techniques, discussed in more detail below 

• Statistical validation of results. 

Alternatively, the construction of a stormwater testing facility for experimental 
comparison allows sources of observational and environmental error to be reduced. The 
Environmental Technology Evaluation Center (EVTec) Evaluation Plan for Ultra-Urban 
Stormwater Technologies is a research platform constructed in Seattle Washington for the 
testing of new and proprietary stormwater technologies, with the intent of providing 
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guidance to regional stormwater management agencies about the effectiveness and 
removal efficiencies of these types of stormwater control devices. Performing well-defined 
field and laboratory testing is the primary objective of the Stormwater Ultra-Urban 
Evaluation Plan. The program is overseen and coordinated by the Washington State 
Department of Transportation and the Environmental Technology Evaluation Center 
(EvTEC), a program of the Civil Engineering Research Foundation (CERF), the research 
and technology transfer arm of the American Society of Civil Engineers (ASCE). Data are 
summarized in Verification Reports for each technology to be distributed to federal, state, 
and local environmental regulators and agencies.  

The testing facility is constructed on fenced land owned by the Washington State 
Department of Transportation. A modified manhole diverts flow into a storm sewer that 
conveys stormwater to the facility. Baseline water quality data are collected for 
comparison with results of post-BMP sampling. During the first round of testing, the 
StormFilter, Aqua-filter, Stormvault, and BaySaver technologies were monitored. 

Related to the EVTec Ultra-Urban Evaluation Plan, a testing protocol for the EVTec 
program was published by the Washington State Department of Ecology (WSDOE, 2004), 
that provides useful examples of the kinds of quality control methods for BMP sampling, 
testing and reporting envisioned by the NSMP. 

3.4 Other Examples: Oxnard Membrane Concentrate Pilot Wetlands Study 
The construction of a standardized test unit receiving water from a common source 
provides another way to control environmental conditions while providing greater 
experimental control. As one regional example, the Membrane Concentrate Pilot Wetland 
Project was conducted by the City of Oxnard, CA between 2003-2005 to investigate use of 
membrane concentrate as water source to brackish or salt marsh wetlands. Twelve one 
cubic meter (m3) tanks were constructed of six wetland types, including five flow-through 
mesocosms (surface flow (SF) high marsh, SF low marsh, horizontal subsurface flow 
(SSF), peat-based vertical upflow (VF), and submerged aquatic vegetation (SAV)), and a 
saltgrass evaporation system. The water source was RO membrane concentrate trucked 
weekly from the Port Hueneme Water Authority’s Brackish Water Research Desalination 
Facility. Detailed reports are available on the City of Oxnard web site 
(http://www.oxnardwater.org/projects/great/wetlands.asp). 

Similar to the NSMP, key constituents of concern in the study were selenium and nitrate-
nitrogen. Initial studies indicated that vertical flow and surface flow wetland systems 
could reduce these constituents below detection levels. To further test the concept after 
completion of initial studies, supplemental testing was conducted using bins re-plumbed 
as two sequential treatment trains of three cells each to test the hypothesis that a sequence 
of varied types of wetland treatment cells can provide higher mass removal rates of trace 
metals than individual cells. Two treatment trains were created: 

• Treatment Train 1 - VF, SSF, and SAV cells in series, designed as a pre-treatment 
system with the least potential exposure of the concentrate to sensitive ecological 
receptors. 
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• Treatment Train 2 - VF, SFHM, and SFLM cells in series, designed to approximate 
a natural salt marsh. 

Data gained from this study were positive, indicating that wetlands can provide 
treatment of concentrate to allow safe discharge to a natural system, and that a pilot 
system can provide information useful for sizing and, importantly, provide a means of 
side-by-side comparison. Also, of relevance to the NSMP program is the general 
conclusion that a pre-treatment train of wetland systems could be constructed for 
treatment of concentrate to safely discharge to a natural system.  

3.5 Considerations for Comparative Testing 
From this brief overview of related studies, several general conclusions can be drawn for 
the benefit of the NSMP: 

1. A standard of comparison should require cost-efficiency to be a basis of 
comparison. Cost per unit mass removed or cost per unit water processed both 
could be useful indicators of performance. Costs should also include some basis 
for estimating operation and maintenance costs. 

2. A single testing facility, such as that developed for the Everglades, EVTec and 
Oxnard projects, provides a means of controlling environmental conditions, such 
as flow rate, water quality, monitoring frequency and consistency, as well as 
providing opportunities for technology transfer and information exchange. These 
types of “side-by-side comparisons” offer members of the Working Group the 
potential to learn the operative processes within the technologies tested.  

3. Data quality should be an important objective to all comparisons. Consistency in 
sample collection techniques, water quality constituents investigated and 
analytical methods employed, data on the environmental conditions of the test, 
and a standardized means of reporting efficiency should be required. A testing 
protocol, similar to that developed for the EVTec project, will be required. 

4. A train of treatment methods may be appropriate for testing. In a common test 
facility, it may be feasible to test the performance of a series of technologies to 
develop a cost-effective system.  

3.6 Proposed Standards of Comparison 
Five standards are proposed as a basis for comparison between the selenium and nitrate-
nitrogen reduction technologies: efficiency, reliability, cost-effectiveness, feasibility for 
application within the watershed, and acceptability to the stakeholders.  

Efficiency is a measure of the pollutant removal performance of the technology, and is 
usually reported as (Ci – Co)/Ci x 100%, where Ci is the inflow concentration or mass, and 
Co is the outflow concentration or mass. Strecker et al (2001) describe three common 
measures of quantifying efficiency, all of which are appropriate for the NSMP:  

• Statistical characterization of inflow and outflow concentrations. By measuring the 
difference between inflow and outflow concentrations over several trials, median 
and average concentrations can be computed and compared for statistically 



BMP Selection and Testing  Final Report – November 28, 2006 

 

 8 

significant differences. Standard descriptive statistics (e.g., mean, median, 
standard error, and others) and graphical methods (e.g., box-and-whisker plots) 
can establish the significance of differences between inflow and outflow values. 

• Calculation of inflow and outflow loads. Depending upon the amount of storage 
in a system, and potential water losses, or if there is an interest in mass load 
reduction, efficiency may be more relevant if estimated as a difference in mass 
loads. This could be totaled over several trials to determine a final efficiency. 

• Percent removal. Concentration reductions can be calculated by storm event, or 
technology trial, or other unique event, and then averaged over one or more 
events. This approach may underestimate performance. For example, for tests 
with low inflow concentrations, there may not be much of a corresponding 
difference with the outflow, and the percent removal would be relatively low. This 
type of data can be helpful, but it loses value if not matched by either one or both 
of the quantitative measures proposed above. For the NSMP, determination of 
selenium speciation is important to meet project goals, so, as an example, percent 
concentration reduction or mass removal of inorganic and organic selenium forms 
should be assessed, or other species, as appropriate.  

Reliability is described as consistency of removal performance across a range of flow, 
concentration, environmental or other disruption or difference. A preferred technology 
should be reliable in winter and summer conditions of flow, temperature or other 
environmental parameter. Also, the effect of upsets to pre-treatment systems may be an 
important discriminating factor between technologies.  

As mentioned above, cost-effectiveness is the cost per unit mass removed or volume of 
water processed. A preferred technology would be cost-effective for the conditions 
typically encountered, but technologies may be different depending upon conditions. For 
example, a treatment technology that is not cost-effective at low flows may be more cost-
effective at higher flows. In general, technologies will be more cost-effective at high mass 
loads. There may be more than one technology feasible for these types of different 
conditions. 

Feasibility within the watershed will likely be an important discriminator between 
technologies. Preference for a given technology will have to take into account the high 
population density, high percentage of urban land use, arid climate and related seasonal 
flow regime, regulatory requirements, and other factors.  

Finally, the preferred technologies should be acceptable to stakeholders. The 
performance, costs, aesthetics, and other factors of a treatment technology will need to 
meet the expectations and needs of the Working Group stakeholders. 
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4. Best Management Practice Comparison 

4.1 Candidate Best Management Practices 
The preliminary survey of treatment technologies and BMPs for removal of selenium and 
nitrogen identified 18 potential technologies (RBF, 2006.) The technologies consist of 
physical, biological and chemical removal methods.  

Physical treatment technologies included: 

• Katchall Filtration Systems HMR Media 

• Reverse Osmosis 

• Nanofiltration 

• Evaporation Ponds 

• Enhanced Evaporation Systems 

• Salinity-Gradient Solar Ponds 

• Ion Exchange 

Biological treatment technologies included the following: 

• Constructed Wetlands 

• Algal – Bacterial Removal 

• Process Biological Nitrification-Denitrification 

• Agroforestry 

• Enzymatic Selenium Reduction. 

Chemical treatment technologies included the following: 

• Ferrous Hydroxide 

• Zero-valent iron (ZVI) Removal. 

Detailed descriptions of each technology are available in RBF (2006). For each technology, 
literature was reviewed to evaluate multiple considerations, including: 

• Pollutant removal potential 

• Lowest effluent concentration 

• Removal efficiency 

• Potential applicability in the watershed 

• Area requirements; and 

• Estimated cost. 

These attributes of each technology are summarized in Table 1. 
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Using these previously established characteristics as a basis, the list was further reduced 
to nine candidates for more detailed analysis, based upon the previous assessments (RBF, 
2006). 
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TABLE 1: Summary of Preliminary Survey of Treatment and Best Management Practices 
 

Lowest Effluent 
Concentration 

Reported Potential Applicability 
Pollutant Removal 

Potential Testing Scale Selenium Nitrate 

Technology 
Se 

(ug/L) 
NO2/3 

(mg/L) 

Order R8-
2004-
0021 

Newport 
Bay 

Watershed Se NO2/3 
Portable/ 
Scalable Footprint Cost Range Lab Pilot Field 

Pre-
Treatment 
Required 

pH 
Adjustment Removal 

Influent 
(ug/L) 

Effluent 
(ug/L) Removal 

Influent 
(mg/L) 

Effluent 
(mg/L) 

Physical Treatment                                         

Katchall Filtration 
Systems HMR Media 

1 ND Yes Yes High ND Yes Small Low X ND ND Yes Yes 99% 71 1       

Reverse Osmosis 2 3 Yes Yes High High Yes Small High     X Yes No 83-91% 12-22 2 83-92% 20 3 

Nanofiltration ND 72 Yes Yes High Low Yes Small High     X Yes No 95% 24-308   8-34% 109.9 71.7 

Evaporation Ponds 15 ND No No Low None No Large High if land 
must be 

purchased 

    X No No             

Enhanced 
Evaporation Systems 

ND ND No No Low None No Large High if land 
must be 

purchased 

    X No No             

Salinity-Gradient 
Solar Ponds 

ND ND No No ND ND No Large High if land 
must be 

purchased 

    X No No             

Ion Exchange 50   Not 
without 

Identified 
resin 

Not without 
identified 

resin 

Low High Yes Moderate High       No No             

Biological 
Treatment 

                                        

Anaerobic Bacterial 
Removal  

2 1 Possibly Yes High High Yes Low/ 
Moderate 

Moderate X X ND No No   50-80 10-20 
(remove

d) 

97% 29-30 1 

                                ND <50, <2 
(at 

times) 

      

                              86-92% 35-60 5 90-93% 10-15 1 
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TABLE 1: Summary of Preliminary Survey of Treatment and Best Management Practices 
 

Lowest Effluent 
Concentration 

Reported Potential Applicability 
Pollutant Removal 

Potential Testing Scale Selenium Nitrate 

Technology 
Se 

(ug/L) 
NO2/3 

(mg/L) 

Order R8-
2004-
0021 

Newport 
Bay 

Watershed Se NO2/3 
Portable/ 
Scalable Footprint Cost Range Lab Pilot Field 

Pre-
Treatment 
Required 

pH 
Adjustment Removal 

Influent 
(ug/L) 

Effluent 
(ug/L) Removal 

Influent 
(mg/L) 

Effluent 
(mg/L) 

                                    97% 30 1 

Constructed Wetlands 5 0.1 Possibly Yes High High No High Moderate ND X X Not likely No 80% 15 2-5       

                              75-83% 20-30 5       

                              74% 19 5 97% 11.7 0.4 

                              50% 20 10 6.4 mg/l     

                              83% 240 40 99% 44 0.1 

Algal – Bacterial 
Removal 

10 ND Not Likely Not Likely Moderate ND No Moderate/High   ND X ND No No 98% 400 
(selenat

e) 

10 
(selenat

e) 

      

                              92% 402 32       

                              82% 422 77       

                              66-75% 300-400 100       

Process Biological 
Nitrification-

Denitrification 

ND 1 No No None Good No Moderate/High Moderate/High ? ND ND No No           3-5 

Agroforestry     No Only in 
existing 

agriculture 

                                

Enzymatic Selenium 
Reduction 

    No No                                 

Chemical Treatment                                         

Ferrous Hydroxide 2   No Yes High ND No Moderate Moderate/High ND ND X Yes No 99.5% 2000 2-10 0     

Zero-valent iron (ZVI)     Yes Yes Very 
Good 

Moderate Potentially ND ND X ND ND No No 56-100% 
(selenate) 

1000 
(selenat

e) 

  49%     

                              93-100% 
(selenate) 

1000 
(selenat
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TABLE 1: Summary of Preliminary Survey of Treatment and Best Management Practices 
 

Lowest Effluent 
Concentration 

Reported Potential Applicability 
Pollutant Removal 

Potential Testing Scale Selenium Nitrate 

Technology 
Se 

(ug/L) 
NO2/3 

(mg/L) 

Order R8-
2004-
0021 

Newport 
Bay 

Watershed Se NO2/3 
Portable/ 
Scalable Footprint Cost Range Lab Pilot Field 

Pre-
Treatment 
Required 

pH 
Adjustment Removal 

Influent 
(ug/L) 

Effluent 
(ug/L) Removal 

Influent 
(mg/L) 

Effluent 
(mg/L) 

e) 

Galvanically 
Enhanced 

Cementation 
Technology 

ND ND     ND ND ND ND ND X ND ND ND ND             

Ferrihydrite 
Precipitation 

35 ND     High ND     High X ND ND                 

Note:                     

ND - No data available                     
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Three physical treatment technologies (evaporation ponds, enhanced evaporation 
systems, and salinity-gradient solar ponds) were previously determined to be non-
applicable within the watershed based on their relatively large footprints and relatively 
low nutrient removal. Also, these technologies lacked portability, a potentially important 
criterion given the broad range of expected applications within the watershed. 

Three biological treatment technologies (process biological nitrification-denitrification, 
agroforestry, enzymatic selenium reduction) had been previously classified as non- 
applicable to the watershed based upon reasons of scale, as well as portability and a 
general lack of information.  

Two chemical treatment technologies (galvanically enhanced cementation technology, 
ferrihydrite precipitation) were also excluded from detailed consideration, based on a 
relative lack of information and expected higher cost. 

Table 2 summarizes the resulting list of technologies considered potentially feasible for 
application within the watershed.  

 
TABLE 2: Potentially Feasible Watershed Treatment Technologies  

 

Physical Treatment 

 Reverse Osmosis 

 Nanofiltration 

 Katchall Filtration Systems Heavy Metals Removal (HMR) Media 

 Ion Exchange 

Biological Treatment 

 Anaerobic Bacterial Removal 

 Algal – Bacterial Selenium Removal 

 Constructed Wetlands 

Chemical Treatment 

 Ferrous Hydroxide 

 Zero-Valent Iron (ZVI) 

 

The nine potentially feasible technologies were further evaluated to determine those that 
warranted further analysis and consideration for field testing. To address this potential, 
values of 5 ppb Se and 5 ppm nitrate were assigned as water quality goals common to 
each treatment technology assessment. These values incorporate the chronic total Se value 
for the watershed as noted in the Newport Bay Toxics TMDL established by the US EPA 
(2002). The nitrate target was considered representative of a significant reduction over 
existing concentrations in the watershed.  
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An influent concentration of selenium was anticipated to range from 10 ppb to 100 ppb 
depending on the source of the water to be treated. Consequently, these values were 
selected to represent a range of low concentration sources (10 ppb) and high concentration 
sources (100 ppb). Similarly, the influent concentration of nitrate is anticipated to range 
from 10 ppm to 30 ppm depending on the source of the water to be treated; these values 
were used as input concentration values for low (10 ppm) and high (30 ppm) 
concentration inputs. A local example of these high values is groundwater at the Tustin 
MCAS, which often exceeds 100 ppb Se, depending upon the zone or zones being 
pumped within the aquifer (T. Reeder, SARWQCB, pers.comm., September 5, 2006).  

With these targets selected, five of the technologies appear to have the ability to achieve 
the anticipated effluent selenium concentrations at influent selenium concentrations 
similar to the estimated range of influent concentrations. These include: 

• Reverse Osmosis (RO) 

• Katchall Filtration Systems Heavy Metals Removal (HMR) Media 

• Anaerobic Bacterial Removal 

• Constructed Wetlands 

• Ferrous Hydroxide. 

The primary factor in the selection of this final list was the apparent ability of the 
technology to meet anticipated water quality goals given an influent concentration that is 
within the anticipated range observed for the watershed, with selenium being the priority 
element and nitrate being a secondary consideration. Consequently, technologies that 
have demonstrated the ability to treat similar influent concentrations to produce the 
required effluent selenium or nitrate concentrations were the focus of the evaluation.  

Of the chemical technologies, the zero valent ion (ZVI) is a prospective technology worthy 
of additional investigation for Se removal, but its potential for nitrate removal was 
unknown. For the purposes of the BMP comparative analysis in Section 3, ZVI was not 
considered further primarily because insufficient information was available to determine 
an economic efficiency. This is not intended as a criticism of the technology, and only 
points to the need for further testing, possibly as part of the NSMP. Ion exchange was not 
carried forward as a candidate technology because the lowest value of Se reported in prior 
studies was 50 ppb, which is an order of magnitude greater than established by the 
feasibility assessment criteria. The reference did not indicate whether this stated objective 
of the project was to reduce the concentration of dissolved selenium in the effluent waters 
to a level under the National Primary Drinking Water Regulation Maximum Contaminant 
Level for selenium (50 ppb) established by the EPA. Data available from reviews of 
nanofiltration technology indicated a strong potential application, but uncertain 
information regarding nitrate removal potential. As with ZVI, nanofiltration is relatively 
well-established as a water quality improvement technology, and it could be incorporated 
into future research and demonstration phases.  

The biological systems put aside from additional consideration included algal-bacterial 
selenium removal, primarily for reasons of data availability indicating clear potential of 
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the technology to achieve the selenium target. Nitrate performance data were not 
available for review to warrant providing similar consideration to this technology. 

The previous memorandum (RBF 2006a) summarized the water quality performance of 
the five final candidate technologies as follows: 

1. For reverse osmosis, selenium concentrations of 2 ppb and significant nitrate 
reductions (up to 95%) have been demonstrated (Sobelewski, 2005; Wilkes 
University, 2006; Liu, et al 2001) from influent concentrations of 22 ppb Se and 20 
ppm nitrate. For higher influent concentrations, additional testing may be needed.  

2. The Katchall Filtration Systems HMR Media has been demonstrated to achieve an 
effluent Se of 1 ppb from influent selenium concentrations of 71 ppb in a small 
scale test (Katchall Filtration Systems, 2006). Additional information was not 
available for determining the nitrate removal capabilities of the HMR media. 
Additional testing will be needed for determining the nitrate removal capability. 

3. Anaerobic bacterial removal systems have been demonstrated to reduce influent 
concentrations to <5 ppb Se and as low as 2 ppb Se> from influent concentrations 
ranging from 35 to 80 ppb (OC Stormwater Program; MSE, 2001; IRWD). Similarly, 
nitrate concentrations of <1 ppm were achieved from influent concentrations 
ranging from 10 to 30 ppm (OC Stormwater Program; MSE, 2001; IRWD; Picket, 
2006). Based on this information, it is anticipated that anaerobic bacterial removal 
systems should be applicable to both selenium and nitrate removal. For higher 
influent concentrations, additional testing may be needed.  

4. Constructed wetland systems (including both surface flow and subsurface flow 
systems) have been demonstrated to reduce influent selenium concentrations 
ranging from 15 to 30 ppb to discharge concentrations of >5 ppb Se (Hansen, et al, 
1998; CH2M Hill, 2005). Non-detectable nitrate concentrations are readily 
achievable by wetlands from inflow concentrations of 12 to 44 ppm, given 
appropriate loading rates (CH2M Hill, 2005; Scheidlinger, 2005). Based on this 
information, constructed wetlands are appropriate for further consideration for 
both nitrate and selenium removal. For higher influent selenium concentrations, 
additional testing may be needed.  

5. Ferrous hydroxide applications have been demonstrated to achieve discharge 
selenium concentrations as lows as 2 ppb from influent selenium concentrations of 
up to 2,000 ppb (Utah Mining and Processing Industries Collaborative, 2006). No 
data are available for determining the nitrate removal capabilities of ferrous 
hydroxide. Based on this information, a ferrous hydroxide system is capable of 
producing an effluent selenium concentration of 5 ppb or less for very high 
influent selenium concentrations. However, the presence of nitrate interferes with 
the removal of selenium by ferrous hydroxide (Twidwell et al, 1999) and, thus, 
nitrate will be preferentially removed by ferrous hydroxide. Additional testing 
will be needed for determining the nitrate removal capability, and how it affects 
the operating cost of the system, or nitrate could be removed prior to treatment 
with ferrous hydroxide to remove selenium in order to reduce the operating costs. 
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4.2 Conceptual Sizing 
Each of the five technologies were further analyzed to estimate the pre-treatment 
requirements for application of the technology and to estimate preliminary sizing of the 
major process equipment. Sizing estimates were based on the anticipated influent 
concentrations and effluent concentration, as discussed above, and the anticipated 
influent flow rates. Two different influent flow rates are anticipated based on the source 
of the water. An influent flow rate of 0.5 cfs is anticipated for water from dewatering 
activities, and an influent flow rate of 5.0 cfs is anticipated for water from stormwater 
runoff within the watershed. A series of sizing scenarios are proposed in the following 
sections that allow a direct comparison of performance, and as a basis for development of 
conceptual costs.  

4.2.1 Conceptual Reverse Osmosis System 

Table 3 summarizes the main process equipment expected to be required for a reverse 
osmosis system. Reverse osmosis systems require pre-treatment to primarily remove total 
suspended solids (TSS) and other constituents that may clog the reverse osmosis 
membranes, which in turn will result in greater operating pressures, greater power 
requirements, and shorter membrane life. It was assumed that the pre-treatment system 
would consist of multi-media filtration to remove TSS particles greater than 40 microns, 
water softening to remove other constituents (e.g. calcium, magnesium, etc.) that may 
cause scaling on the membranes, and a polishing (bag) filter to remove particle greater 
than 5 microns.  

For the purpose of conceptual sizing and cost comparison, the reverse osmosis system 
will consist of a multi-media filtration system, followed bag filter systems, and then the 
reverse osmosis systems. The flow will first be sent through the multi-media filtration and 
then the bag filters system to remove TSS in order to prevent clogging and blinding of the 
reverse osmosis membranes, which can lead to increased pressure loss, increased energy 
requirements, and decreased performance. The flow will then be sent through multiple 
reverse osmosis systems for removal of the selenium and nitrate. The effluent from the 
reverse osmosis system will then be discharged to the receiving water. 
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TABLE 3: Conceptual Design Data - Reverse Osmosis 

     

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Pretreatment System     

 Multi-Media Filtration     

  Effluent Particle Size, micron 30 30 30 30 

  Hydraulic Loading Rate, gpm/ft2 4 4 4 4 

  Minimum Surface Area Required, ft2 56.1 561 56.1 561 

  Quantity  2 5 2 5 

  Diameter, ft 6 12 6 12 

  Straight Side Height, ft 6 6 6 6 

       

       

 Water Softening     

  Hydraulic Loading Rate, gpm/ft2 10 10 10 10 

  Contact , gpm/ft3 5 5 5 5 

  Minimum Surface Area, ft2 22.4 224 22.4 224 

  Minimum Resin Volume, ft3 44.9 449 44.9 449 

  Softener Tank     

  Quantity 2 3 2 3 

  Diameter, ft 5 12 5 12 

  Height, ft 5 6 5 6 

  Brine Tank     

  Quantity 2 3 2 3 

  Diameter, ft 5 12 5 12 

  Height, ft 5 6 5 6 

       

 Bag Filter     

  Effluent Particle Size, micron 5 5 5 5 

  Filter Loading Rate, gpm/ft2 45 45 45 45 

  Quantity 2 2 2 2 

  Inlet Diameter, in 3 4 3 4 

  Outlet Diameter, in 4 6 4 6 
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TABLE 3: Conceptual Design Data - Reverse Osmosis 

     

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Reverse Osmosis System     

 Quantity 2 6 2 6 

 Length, ft 16 30 16 30 

 Width, ft 4.5 5 4.5 5 

 Height, ft 6.75 7.5 6.75 7.5 

  Feed Pump, HP 40 125 40 125 

      

 

 

4.2.2 Conceptual Katchall Filtration HMR Media 

Table 4 summarizes the main process equipment expected to be required for a Katchall 
Filtration HMR Media system. A Katchall Filtration HMR Media system will require pre-
treatment to primarily remove TSS that may clog the HMR media, which will result in 
greater operating pressures, greater power requirements, and operational problems. It 
was assumed that the pre-treatment system would consist of multi-media filtration to 
remove TSS particle greater than 40 microns.  

For developing a conceptual sizing and cost comparison, the Katchall Filtration Systems 
HMR Media system will consist of multi-media filtration systems in parallel followed by 
HMR media tanks in series containing the media. The flow will first be sent through 
multi-media filtration systems to removal TSS in order to prevent clogging and blinding 
of the HMR media. Following the filters, the water will flow through the HMR media 
system, which consists of multiple trains of three tanks in series containing the media. The 
effluent from the HMR media system will then be discharged to the receiving water. 
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TABLE 4: Design Criteria - Katchall Filtration Systems Heavy Metals Removal Media 
  

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 
Pretreatment System     

 Multi-Media Filtration     

  Effluent Particle Size, micron 30 30 30 30 

  Hydraulic Loading Rate, gpm/ft2 4 4 4 4 

  Minimum Surface Area Required, ft2 56.1 561 56.1 561 

  Quantity 2 5 2 5 

  Diameter, ft 6 12 6 12 

  Straight Side Height, ft 6 6 6 6 

       

Katchall Filtration Systems Heavy Metals Removal Media System   

 Hydraulic Loading Rate, gpm/ft2 10.0 10.0 10.0 10.0 

 Media Requirement, lb/gpm 21.6 21.6 21.6 21.6 

 Minimum Surface Area Required, ft2 22.4 224.4 22.4 224.4 

 Minimum Media Required, lb 4847 48474 4847 48474 

 Media Tanks     

  Quantity 6 8 6 8 

  Diameter, ft 3 6 3 6 

  Depth, ft 5 9 5 9 
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4.2.3 Conceptual Anaerobic Bacterial Removal System 

Table 5 summarizes the main process equipment expected to be required for an anaerobic 
bacterial removal system. An anaerobic bacterial removal system generally will not 
require pre-treatment, but may require treatment of the effluent to remove TSS that was 
discharged from the system. It was assumed that a multi-media filtration to remove TSS 
would be required. The system is modeled from available information on the ABMet 
system. 

The anaerobic bacterial removal system will consist of anaerobic reactors followed by a 
multi-media filtration system. It is anticipated that no pre-treatment of the water is 
required prior to entering the anaerobic reactors. The anaerobic bacterial removal system 
will utilize multiple trains of three anaerobic reactors in series. A nutrient feed system will 
be included with the anaerobic bacterial removal to provide the energy source for the 
growth of the bacteria in the reactors. The effluent from the individual trains will likely 
contain TSS greater than the discharge limit; therefore, it will be discharged to the multi-
media filtration systems in order to remove the TSS. The effluent from the filtration 
system will then be discharged to the receiving water.  

 
TABLE 5: Conceptual Design Data - Anaerobic Bacterial Removal 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

ABMet     

 Total Hydraulic Retention Time, hours 24 24 36 36 

 Total Volume, gal 323,158 3,231,584 484,738 4,847,377 

 Number of Trains 2 2 2 2 

 Reactors per Train 3 3 3 3 

 Reactor Hydraulic Retention Time, hours 8 8 12 12 

 Minimum Reactor Volume, gal 53,860 538,597 80,790 807,896 

 Reactor Diameter, ft 20 62 24 76 

 Minimum Reactor Height, ft 24 24 24 24 

       

Nutrient Feed System     

 Carbon Source Molasses Molasses Molasses Molasses 

 Daily Volume, gal TBD TBD TBD TBD 

 Storage Time, days 30 30 30 30 

 Quantity of Tanks 1 2 1 2 

 Diameter, ft TBD TBD TBD TBD 

 Height, ft TBD TBD TBD TBD 
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TABLE 5: Conceptual Design Data - Anaerobic Bacterial Removal 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

 Feed Pumps     

  Quantity 2 2 2 2 

  Capacity, gpm TBD TBD TBD TBD 

  Discharge Pressure, psig TBD TBD TBD TBD 

       

Multi-Media Filtration     

 Hydraulic Loading Rate, gpm/ft2 4 4 4 4 

 Minimum Surface Area Required, ft2 56.1 561.0 56.1 561.0 

 Quantity 2 5 2 5 

 Diameter, ft 6 12 6 12 

 Straight Side Height, ft 6 6 6 6 

              

  

 

 

4.2.4 Conceptual Constructed Wetland System 

Table 6 summarizes the main process equipment expected to be required for a 
constructed wetland system. Two options for a constructed wetland system have been 
sized – a surface flow system and a sub-surface flow system. Neither of these systems is 
anticipated to require pre-treatment. First-order removal rates were utilized for sizing of 
the systems, using methods of Kadlec and Knight (1996) and are reported in meters/year 
(m/yr). 

The constructed wetland systems will consist of multiple cells of wetlands in series. 
Surface flow wetlands would consist of shallow (1-foot), densely vegetated ponds with a 
controlled hydrology, modeled after surface flow constructed wetlands such as the 
WetCAT system for Laguna Niguel and the Irvine Ranch Water District (IRWD) Natural 
Treatment System at San Joaquin Marsh. Subsurface wetland soil media would be a 
vegetated, layered mixture of gravel, sand, compost, and possible supplementary 
compounds, such as ZVI, to augment performance. A regional model includes the Dairy 
Wetlands designed and constructed by the Orange County Water District (OCWD). It is 
anticipated that no pre-treatment of the water is required prior to entering the wetlands, 
and that the wetlands would be designed to include an open deep zone at the inlet for 
solids settling and floatable material capture. The effluent from the filtration system will 
then be discharged to the receiving water.  
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As shown in Table 1, the wetland systems required to meet the target concentrations are 
large because of the combination of inflow concentration and flow rate. In practice, only 
the existing IRWD natural treatment system at the San Joaquin Marsh is of sufficient size 
to meet these expectations.  
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TABLE 6: Conceptual Design Data - Constructed Wetland 
  
   Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Surface Flow Wetland     

 
Selenium Removal Rate, 
meter/year (m/yr) 35 35 35 35 

Selenium Background 

 Concentration, ppb 0.1 0.1 0.1 0.1 

 
Nitrate Removal Rate, 
m/yr 35 35 35 35 

Nitrate Background 

 Concentration, ppm 0 0 0 0 

 
Minimum Surface Area, 
acres 3.4 a 25 10 b 100 

 
Hydraulic Loading Rate, 
cm/d 8.9 12 3.0 3.0 

       

Sub-surface Flow Wetland     

 
Selenium Removal Rate, 
m/yr 70 70 70 70 

Selenium Background 

 Concentration, ppb 0.1 0.1 0.1 0.1 

 
Nitrate Removal Rate, 
m/yr 50 50 50 50 

Nitrate Background 

 Concentration, ppm 0 0 0 0 

 
Minimum Surface Area, 
acres 6.4 a 8.2 8.1 a 34 

 
Hydraulic Loading Rate, 
cm/d 4.7 37 3.7 8.9 

              

a - Size determined by nitrate 

b - Size determined by selenium 

4.2.5 Conceptual Ferrous Hydroxide System 

Table 7 summarizes the main process equipment expected to be required for a ferrous 
hydroxide system for removal of selenium. It is anticipated that the system will require 
pre-treatment to primarily remove TSS that will reduce the efficiency of the system. It was 
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assumed that the pre-treatment system would consist of multi-media filtration to remove 
TSS particle greater than 40 microns. Following pre-treatment, the water will require pH 
adjustment to bring the water to the optimum pH for the reaction to remove selenium. 
The pH adjustment system will consist of a mixing tank with mixers and chemical feed 
systems. Additionally, since the system produces a significant quantity of iron precipitate, 
a means of settling, storing, and dewatering the iron sludge is required. It is anticipated 
that this will consist of sedimentation tanks, sludge holding tanks, and a plate and frame 
filter press. 

For conceptual sizing, the process flow is anticipated to include several separate treatment 
steps. The ferrous hydroxide system will consist of multi-media filtration systems in 
parallel, mixing tanks, sedimentation tanks, sludge storage tanks, and plate and frame 
filter presses. The flow will first be sent through multi-media filtration systems in order to 
remove TSS that would otherwise reduce the overall efficiency of the ferrous hydroxide 
reaction. The flow will then be sent to a mixing tank to thoroughly mix the influent water 
with the ferrous hydroxide. A chemical feed system will be used to generate the ferrous 
hydroxide solution by mixing ferrous chloride with sodium hydroxide and pumping it to 
the mixing tank. Following the mixing tank, the water will be discharged to 
sedimentation tanks. The sedimentation tanks will allow the precipitated solids to settle 
out of the water. The clarified water will then be discharged to the receiving water. The 
sludge that has settled to the bottom of the sedimentation tank will be periodically 
pumped to the sludge holding tank. From the sludge holding tank, the sludge will be 
periodically sent to a plate and frame filter press for dewatering. The dewatered sludge 
will be sent to a landfill. 

 
TABLE 7: Conceptual Design Data - Ferrous Hydroxide System 
  
        Influent Influent 

    Se = 10 ppb Se = 100 ppb 

    NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Pretreatment System     

 Multi-Media Filtration     

  Effluent Particle Size, micron 30 30 30 30 

  Hydraulic Loading Rate, gpm/ft2 4 4 4 4 

  Minimum Surface Area Required, ft2 56.1 561 56.1 561 

  Quantity 2 5 2 5 

  Diameter, ft 6 12 6 12 

  Straight Side Height, ft 6 6 6 6 

        

Ferrous Hydroxide Required for Se Removal 

 mg/l of Fe(OH)2 per mg/l Se 1250 1250 1250 1250 

 pound Fe(OH)2 per pound Se 1250 1250 1250 1250 
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TABLE 7: Conceptual Design Data - Ferrous Hydroxide System 
 Daily Se loading, lb/day 0.027 0.270 0.270 2.70 

 Daily Fe(OH)2 requirement, lb 33.7 337 337 3369 

        

Ferrous Hydroxide Preparation     

 mol FeCl2 per mol Fe(OH)2 1:1 1:1 1:1 1:1 

 pound FeCl2 per pound Fe(OH)2 1.41 1.41 1.41 1.41 

 Daily FeCl2 requirement, lb 47.5 475 475 4752 

 mol NaOH per mol Fe(OH)2 2:1 2:1 2:1 2:1 

 pound NaOH per pound Fe(OH)2 0.89 0.89 0.89 0.89 

 Daily NaOH requirement, lb 30.0 300 300 2999 

 Storage Time, days 30 30 30 30 

 Ferrous Chloride Feed System     

  Density of FeCl2, lb/ft3 120.4 120.4 120.4 120.4 

  Storage Hopper     

   Quantity 1 1 1 1 

   Volume, ft3 11.8 118 118 1184 

  Screw Feeder     

   Capacity, ft3/hr 0.0164 0.164 0.164 1.6 

   HP 1/8 1/8 1/8 1/4 

 Sodium Hydroxide Feed System     

  Pound NaOH (50% solution) per gallon 6.37 6.37 6.37 6.37 

  Storage Tank     

   Quantity 1 1 1 1 

   Volume, gal 141 1412 1412 14124 

  Feed Pump     

   Capacity, gph 0.196 1.96 1.96 19.6 

   HP 1/8 1/8 1/8 3/4 

        

pH Adjustment & Ferrous Hydroxide Addition     

 Detention Time, min 15 15 15 15 

 Volume, gal 3366 33662 3366 33662 

 Quantity 1 3 1 3 

 Diameter, ft 8 12 8 12 

 Side Water Depth, ft 8.96 13.27 8.96 13.27 

 Mixer      

  Quantity 1 3 1 3 

  Horsepower 1 5 1 5 
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TABLE 7: Conceptual Design Data - Ferrous Hydroxide System 
Sedimentation Tank     

 Overflow Rate, gpm/ft2 400 400 400 400 

 Sludge Production, lb/day 28.9 289 289 2893 

 Quantity 2 2 2 2 

 Diameter, ft 23 72 23 72 

 Side Water Depth, ft 12 12 12 12 

 Hydraulic Retention Time, hr 5.6 5.5 5.6 5.5 

        

Sludge Holding Tank     

 Storage Time, days 7 4 4 4 

 Sludge Volume, gal/day 173 1735 1735 17347 

 Storage Volume, gal 1214 6939 6939 69388 

 Quantity 1 1 1 3 

 Diameter, ft 8 12 12 12 

 Side Water Depth, ft 3.23 8.21 8.21 27.35 

        

Plate and Frame Filter Press     

 Quantity 1 1 1 1 

 Dewatering Frequency, days/week 1 5 5 5 

 Cycles per Day 1 2 1 2 

 Capacity, ft3 9.0 9.0 18.0 90 

 Feed Pump     

  Capacity, gpm 10.1 10.1 20.2 101 

  Pressure, psi 225 225 225 225 

                

  

4.3 Conceptual Area Requirements 
Based upon the preliminary sizing prepared in this section, a rough estimate of the 
surface area requirements of each technology can be made. Table 8 summarizes these 
findings for each of the proposed flow and concentration scenarios. Total areas for the 
non-wetland technologies are estimated in square feet based upon the total tankage area 
of each times a 2.0 multiplier to conservatively shape a total footprint for each technology. 
Total area for the wetland technologies is reported in acres. 

 
TABLE 8: Conceptual Area Requirements by Technology    

    

Technology Conc. 
High 
Flow 

Low 
Flow 
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Reverse Osmosis (ft2) High/Low 3700 600 

    

Katchall Filtration System (ft2) High/Low 1600 200 

    

Anaerobic Biological Reactor (ft2) High 1800 300 

 Low  1700 300 

    

Ferrous Hydroxide (ft2) High/Low 300 100 

    

Surface Flow Constructed Wetland (ac) High 100 25 

 Low 10 3.4 

    

Subsurface Flow Constructed Wetland (ac) High 34 8.2 

 Low  8.1 6.4 

For each technology, the total “footprint” increased in direct proportion with flow, 
although not equally, and are not necessarily linear. Higher flows require larger tanks to 
retain flows to achieve target hydraulic and solids residence times. In general, the most 
area-effective technology (i.e., smallest footprint) based on this initial comparison is the 
ferrous hydroxide chemical treatment, and the largest area requirement is constructed 
wetlands, with a broad range of sizes required depending on whether a surface flow or 
subsurface flow system is proposed. Also, the general footprint required indicates that the 
chemical treatment and Katchall Filtration systems, and to a lesser extent, the anaerobic 
biological system, might be readily truck- or skid-mounted.  

4.4 Conceptual Capital Costs 
To complete the comparison, conceptual planning-level cost opinions were prepared for 
each technology to provide an economic numerator for determining cost-effectiveness. 
Tables 9-13 summarize the conceptual costs prepared for the conceptual process designs 
prepared for the Reverse Osmosis System, Katchall Filtration System, Anaerobic Bacteria 
Removal System, Constructed Wetlands, and Ferrous Hydroxide Systems. Table 14 
summarizes costs for each flow and concentration scenario for each technology.  

 
TABLE 9: Conceptual Equipment Capital Cost Estimate - Reverse Osmosis 

     

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Pretreatment System     

 Multi-Media Filtration  $ 105,000   $ 520,000   $ 105,000   $ 520,000  
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 Water Softening  $ 91,000   $ 270,000   $ 91,000   $ 270,000  

 Bag Filter  $ 9,000   $ 53,000   $ 9,000   $ 53,000  

       

Reverse Osmosis System  $ 850,000   $ 3,400,000  $1,062,500   $4,250,000 

              

Total Equipment Capital Cost  $ 1,055,000   $ 4,243,000  $1,267,500   $5,093,000 

 
TABLE 10: Conceptual Equipment Capital Cost Estimate - Katchall Filtration Systems Heavy Metals Removal Media 
  

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 
Pretreatment System     

 Multi-Media Filtration  $ 105,000   $ 520,000   $ 105,000   $ 520,000  

       

Katchall Filtration Systems 
Heavy Metals Removal 
Media System  $ 319,000   $ 1,269,000   $ 399,000   $ 1,586,000  

              

Total Equipment Capital Cost  $ 424,000   $ 1,789,000   $ 504,000   $ 2,106,000  
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TABLE 11: Conceptual Equipment Capital Cost - Anaerobic Bacterial Removal 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

ABMet Process, including Nutrient Feed System  $ 618,000   $ 2,458,000  $ 772,000   $ 3,073,000 

       

Multi-Media Filtration  $ 104,000   $ 513,000   $ 104,000   $ 513,000  

              

Total Equipment Capital Cost  $ 722,000   $ 2,971,000  $ 876,000   $ 3,586,000 

 
TABLE 12: Conceptual Equipment Capital Cost - Constructed Wetland 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Surface Flow Wetland  $ 252,011   $ 747,468   $ 477,748   $ 1,471,292  

       

SF Wetland Total Equipment Capital Cost  $ 252,011   $ 747,468   $ 477,748   $ 1,471,292  

       

Sub-surface Flow Wetland  $ 748,000   $ 1,472,000   $ 1,480,000   $ 3,782,084  

       
SSF Wetland Total Equipment Capital Cost  $ 748,000   $ 1,472,000   $ 1,480,000   $ 3,782,084  
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TABLE 13: Conceptual Equipment Capital Cost - Ferrous Hydroxide 
  
        Influent Influent 

    Se = 10 ppb Se = 100 ppb 

    NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Pretreatment System     

 Multi-Media Filtration  $ 104,000   $ 513,000   $ 104,000   $ 513,000  

        

pH Adjustment & Ferrous Hydroxide Addition System  $ 244,000   $ 623,000   $ 284,000   $ 869,000  

        

Sedimentation Tank  $ 325,000   $ 1,040,000  $ 406,000   $ 1,300,000 

        

Sludge Holding Tank  $ 95,000   $ 200,000   $ 200,000   $ 898,000  

        

Plate and Frame Filter Press  $ 301,000   $ 301,000   $ 427,000   $ 915,000  

                

Total Equipment Capital Cost  $ 1,069,000  $ 2,677,000  $ 1,421,000   $ 4,495,000 
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TABLE 14: Conceptual Capital Cost Summary by Technology    

    

Technology Conc. High Flow Low Flow 

Reverse Osmosis High  $ 5,093,000   $ 1,267,500  

 Low  $ 4,243,000   $ 1,055,000  

    

Katchall Filtration System High  $ 2,106,000   $ 504,000  

 Low  $ 1,789,000   $ 424,000  

    

Anaerobic Biological Reactor High  $ 3,586,000   $ 876,000  

 Low   $ 2,971,000   $ 722,000  

    

Ferrous Hydroxide High  $ 4,495,000   $ 1,421,000  

 Low   $ 2,677,000   $ 1,069,000  

    

Surface Flow Constructed Wetland High  $ 1,471,300   $ 477,800  

 Low  $ 747,500   $ 252,000  

    

Subsurface Flow Constructed Wetland High  $ 3,782,100   $ 1,480,000  

 Low   $ 1,472,000   $ 748,000  

 

Conceptual capital costs range from a high of $5.1 million for the high concentration, high 
flow scenario for a Reverse Osmosis system, to a low of $252,000 for the low 
concentration, low flow surface flow constructed wetland system. Higher flow scenarios 
yielded higher costs as systems increased in size to match the hydraulic loads, and in 
response to higher concentration inputs. Land costs have not been specifically factored 
into this equation because of the likely high variability in land cost with system location. 
Final estimates of BMP system costs for a future application would need to include an 
assessment of land costs.  

4.5 Conceptual Operation & Maintenance Costs 
Tables 15-19 summarize conceptual, planning-level annual costs associated with the 
operation and maintenance of each technology. Table 20 provides a comparison of 
conceptual O&M costs for all technologies considered. O&M cost data were developed 
from the information summarized in RBF (2006). Conceptual costs of disposing of brine or 
media wastes were factored into the O&M costs for the purpose of this initial comparison; 
actual costs are expected to vary and must be defined in final BMP selection analyses. 
Wetland O&M costs do not include the cost of infrequent dredging and soil disposal or 
media flushing. While based in part on available data (e.g., annual O&M costs incurred 
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for the Laguna Niguel WetCAT wetlands), all O&M cost data should be considered 
conceptual, and intended to support a comparative analysis of cost effectiveness as part of 
this study. 

 
TABLE 15: Conceptual O&M Cost Estimate - Reverse Osmosis 

     

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Pretreatment System     

 Multi-Media Filtration  $ 34,700   $ 70,000   $ 43,400   $ 87,500  

 Bag Filter  $ 14,600   $ 25,000   $ 14,600   $ 25,000  

       

Reverse Osmosis System  $ 502,200   $ 1,408,100   $ 627,700   $1,760,100 

              

Total Annual O&M Cost  $ 551,500   $ 1,503,100   $ 685,700   $1,872,600 
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TABLE 16: Conceptual O&M Cost Estimate - Katchall Filtration Systems Heavy Metals Removal Media 
  

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 
Pretreatment System     

 Multi-Media Filtration  $ 34,700   $ 70,000   $ 43,400   $ 87,500  

       

Katchall Filtration Systems 
Heavy Metals Removal 
Media System  $ 315,100   $ 3,150,800   $ 393,900   $ 3,938,500  

              

Total Annual O&M Cost  $ 349,800   $ 3,220,800   $ 437,300   $ 4,026,000  

 
TABLE 17 : Conceptual O&M Cost - Anaerobic Bacterial Removal 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

ABMet Process, including Nutrient Feed System  $ 110,000   $ 438,000   $ 137,500   $ 547,500  

       

Multi-Media Filtration  $ 34,700   $ 70,000   $ 43,400   $ 87,500  

              

Total Annual O&M Cost  $ 144,700   $ 508,000   $ 180,900   $ 635,000  
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TABLE 18: Conceptual O&M Cost - Constructed Wetland 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Surface Flow Wetland  $ 18,900   $ 112,500   $ 70,000   $ 450,000  

              

Total O&M Cost  $ 18,900   $ 112,500   $ 70,000   $ 450,000  

       

Sub-surface Flow Wetland  $ 6,090   $ 65,800   $ 31,500   $ 202,500  

       
Total Annual O&M Cost  $ 6,090   $ 65,800   $ 31,500   $ 202,500  

 
TABLE 19:  Conceptual O&M Cost - Ferrous Hydroxide 
  
        Influent Influent 

    Se = 10 ppb Se = 100 ppb 

    NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Pretreatment System     

 Multi-Media Filtration  $ 34,700   $ 70,000   $ 43,400   $ 87,500  

        

pH Adjustment & Ferrous Hydroxide Addition System  $ 177,000  $ 1,769,300  $ 221,200   $ 2,211,700 

        

Sedimentation Tank  $ 24,400   $ 78,000   $ 30,500   $ 97,500  

        

Sludge Holding Tank  $ 10,000   $ 20,000   $ 25,000   $ 55,400  

        

Plate and Frame Filter Press  $ 25,100   $ 126,000   $ 126,000   $ 136,500  

                

Total Annual O&M Cost  $ 271,200  $ 2,063,300  $ 446,100   $ 2,588,600 
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TABLE 20 : Conceptual Annual O&M Cost Summary by Technology    

    

Technology Conc. High Flow Low Flow 

Reverse Osmosis High  $ 1,872,600   $ 685,700  

 Low  $ 1,503,100   $ 551,500  

    

Katchall Filtration System High  $ 4,026,000   $ 437,300  

 Low  $ 3,220,800   $ 349,800  

    

Anaerobic Biological Reactor High  $ 635,000   $ 180,900  

 Low   $ 508,000   $ 144,700  

    

Ferrous Hydroxide High  $ 2,588,600   $ 446,100  

 Low   $ 2,063,300   $ 271,200  

    

Surface Flow Constructed Wetland High  $ 450,000   $ 70,000  

 Low  $ 112,500   $ 18,900  

    

Subsurface Flow Constructed Wetland High  $ 202,500   $ 31,500  

 Low   $ 65,800   $ 6,090  

O&M costs for the low flow scenarios can be ranked in descending magnitude as: Reverse 
Osmosis>Ferrous Hydroxide>Katchall Filtration System> Anaerobic Biological 
Reactor>Surface Flow Constructed Wetland>Subsurface Constructed Wetlands.  

4.6 Conceptual Technology Cost-Effectiveness 
The results of the preceding analysis indicate a broad range of area requirements for all of 
the technologies, an equally broad range of capital costs, and a range of O&M costs that 
are on the order of the capital costs of the system. To answer the question, “Which 
systems might be most cost-effective, given the information available?”, a set of common 
denominators is proposed to allow as direct a comparison as possible. Typically, 
particularly when comparing a wide range of technologies, the present worth value of a 
project is estimated over an established time, annualized, and then divided by the annual 
hydraulic treatment capacity or annual mass removal capacity of the system. For this 
analysis, a ten-year present worth cost was applied which leads to the calculation of the 
following metrics: 

• $/1000 gallons treated, or hydraulic treatment effectiveness. This value is 
determined by dividing the annualized 10-year cost of the system, including O&M 
and capital costs, by the sum of the daily flow values for a calendar year, 
expressed in 1,000s of gallons treated. 
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• $/lb pollutant treated, or pollutant removal effectiveness. Similarly, this value is 
determined by dividing the same numerator by the total mass of pollutant treated 
in a calendar year, in this case, selenium.  

These values were calculated for each scenario. Tables 21-25 summarize the Net Present 
Worth of each technology by flow and concentration scenario, calculated over a 10-year 
basis, assuming an 8% discount rate, which was selected to be relatively conservative (i.e., 
relatively high). 

 
TABLE 21: Net Present Worth - Reverse Osmosis    

    

      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Total Equipment Capital Cost  $ 1,055,000   $ 4,243,000   $1,267,500   $ 5,093,000  

Annual O&M Cost  $ 551,500   $ 1,503,100   $ 685,700   $ 1,872,600  

Discount Rate 8% 8% 8% 8% 

Life of the equipment, yrs 10 10 10 10 

Present worth factor for O&M 6.71 6.71 6.71 6.71 

Present worth of O&M    $ 3,700,700   $ 10,086,000   $4,601,200   $ 12,565,300  

NET PRESENT WORTH  $ 4,755,700   $ 14,329,000   $5,868,700   $ 17,658,300  
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TABLE 22: Net Present Worth - Katchall Filtration Systems Heavy Metals Removal Media 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Total Equipment Capital Cost  $ 424,000   $ 1,789,000   $ 504,000   $ 2,106,000  

Annual O&M Cost  $ 315,100   $ 3,150,800   $ 393,900   $ 3,938,500  

Discount Rate 8% 8% 8% 8% 

Life of the equipment, yrs 10 10 10 10 

Present worth factor for O&M 6.71 6.71 6.71 6.71 

Present worth of O&M    $ 2,114,400   $ 21,142,200   $ 2,643,200   $ 26,427,700  

NET PRESENT WORTH  $ 2,538,400   $ 22,931,200   $ 3,147,200   $ 28,533,700  

 
TABLE 23: Net Present Worth - Anaerobic Bacterial Removal 
  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Total Equipment Capital Cost  $ 722,000   $ 2,971,000   $ 876,000   $ 3,586,000  

Annual O&M Cost  $ 144,700   $ 508,000  $ 180,900  $ 635,000  

Discount Rate 8% 8% 8% 8% 

Life of the equipment, yrs 10 10 10 10 

Present worth factor for O&M 6.71 6.71 6.71 6.71 

Present worth of O&M    $ 971,000   $ 3,408,800   $ 1,213,900   $ 4,261,000  

NET PRESENT WORTH  $ 1,693,000   $ 6,379,800   $ 2,089,900   $ 7,847,000  
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TABLE 24: Net Present Worth - Constructed Wetland 

  
      Influent Influent 

   Se = 10 ppb Se = 100 ppb 

   NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Surface Flow Wetland     

Total Equipment Capital Cost  $ 253,000   $ 478,000   $ 356,000   $ 952,000  

Annual O&M Cost  $ 18,900   $ 112,500   $ 70,000   $ 450,000  

Discount Rate 8% 8% 8% 8% 

Life of the equipment, yrs 10 10 10 10 

Present worth factor for O&M 6.71 6.71 6.71 6.71 

Present worth of O&M    $ 126,900   $ 754,900   $ 469,800   $3,019,600  

NET PRESENT WORTH  $ 379,900   $1,232,900   $ 825,800   $3,971,600  

       

Sub-Surface Flow Wetland     

Total Equipment Capital Cost  $ 748,000   $1,472,000   $1,480,000   $3,783,000  

Annual O&M Cost  $ 6,090   $ 65,800   $ 31,500   $ 202,500  

Discount Rate 8% 8% 8% 8% 

Life of the equipment, yrs 10 10 10 10 

Present worth factor for O&M 6.71 6.71 6.71 6.71 

Present worth of O&M    $ 40,900   $ 441,600   $ 211,400   $1,358,800  

NET PRESENT WORTH  $ 788,900   $1,913,600   $1,691,400   $5,141,800  
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TABLE 25: Net Present Worth - Ferrous Hydroxide 

  
        Influent Influent 

    Se = 10 ppb Se = 100 ppb 

    NO2/3 = 10 ppm NO2/3 = 30 ppm 

  0.5 cfs 5.0 cfs 0.5 cfs 5.0 cfs 

Total Equipment Capital Cost  $ 1,069,000   $ 2,677,000   $ 1,421,000   $ 4,495,000  

Annual O&M Cost  $ 271,200   $ 2,063,300   $ 446,100   $ 2,588,600  

Discount Rate 8% 8% 8% 8% 

Life of the equipment, yrs 10 10 10 10 

Present worth factor for O&M 6.71 6.71 6.71 6.71 

Present worth of O&M  $ 1,819,800   $ 13,845,000   $ 2,993,400   $ 17,369,800  

NET PRESENT WORTH  $ 2,888,800   $ 16,522,000   $ 4,414,400   $ 21,864,800  

• Table 26 summarizes the annualized hydraulic treatment effectiveness of each 
technology. Figure 1 shows the technologies ranked by increasing “low flow” 
hydraulic efficiency; Figure 2 shows the same data, but technologies are sorted by 
increasing “high flow” hydraulic efficiencies. These data indicate the following 
general conclusions: 

• All systems show more hydraulic cost-effectiveness for high flows than low flows. 
Unit costs are lowest for the highest flows in all scenarios. 

• The natural systems have a lower unit cost, and are more cost-effective, than the 
more engineered systems. 

• The results are generally similar in ranking between low flow and high flow 
scenarios. The wetlands, followed by the anaerobic bacterial system, are 
consistently the most cost-effective. The rankings then diverge between scenarios, 
with the Katchall system more cost-effective in the low flow scenario than the RO, 
and the RO system becoming more cost effective in the high flow scenario. 



BMP Selection and Testing  Final Report – November 28, 2006 

 

41 

 
TABLE 26: Conceptual 10-yr Annualized Hydraulic Treatment Effectiveness by Technology ($/1000 gallons annual capacity) 
 

Technology Conc. High Flow Low Flow 

Reverse Osmosis High  $ 1.50   $ 4.98  

 Low  $ 1.21   $ 4.03  

    

Katchall Filtration System High  $ 2.42   $ 2.67  

 Low  $ 1.94   $ 2.15  

    

Anaerobic Biological Reactor High  $ 0.67   $ 1.77  

 Low   $ 0.54   $ 1.44  

    

Ferrous Hydroxide High  $ 1.85   $ 3.74  

 Low   $ 1.40   $ 2.45  

    

Surface Flow Constructed Wetland High  $ 0.38   $ 0.80  

 Low  $ 0.13   $ 0.32  

    

Subsurface Flow Constructed Wetland High  $ 0.44   $ 1.43  

 Low   $ 0.16   $ 0.67  
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Technology Ranking by Hydraulic Efficiency
Sorted by Increasing "Low Flow" Results
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FIGURE 1: Technology Hydraulic Efficiency, Sorted By Increasing “Low Flow” Results 
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Technology Ranking by Hydraulic Efficiency
Sorted by Increasing "High Flow" Results
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FIGURE 2: Technology Hydraulic Efficiency, Ranked by Increasing “High Flow” Results 
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• Table 27 summarizes the annualized mass removal effectiveness of each 
technology. Figure 3 shows the technology results ranked by increasing “low 
flow” mass removal efficiencies; Figure 4 shows the same data, but technologies 
are sorted by increasing “high flow” mass removal efficiencies. These data 
indicate the following general conclusions: 

• All systems show more mass removal cost-effectiveness for high concentration 
influent scenarios. Unit costs are lowest when inflow concentrations are the 
highest in all scenarios. As with all results of this analysis, a basic assumption is 
that the systems achieve the target concentration ranges.  

• The natural systems have a lower unit cost, and are more cost-effective, than the 
more engineered systems. 

• The results are generally similar in ranking between low flow and high flow 
scenarios. The wetlands, followed by the anaerobic bacterial system, are 
consistently the most cost-effective. The rankings then diverge between 
scenarios, with the Katchall system more cost-effective in the low flow scenario 
than the RO, and the RO system becoming more cost effective in the high flow 
scenario. 
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TABLE 27: Conceptual 10-yr Annualized Mass Removal Effectiveness by Technology ($/lbs Se removed annually) 
 

Technology Conc. High Flow Low Flow 

Reverse Osmosis High  $ 1,910   $ 6,347  

 Low  $ 29,446   $ 97,729  

    

Katchall Filtration System High  $ 3,086   $ 3,404  

 Low  $ 47,123   $ 52,164  

    

Anaerobic Biological Reactor High  $ 849   $ 2,260  

 Low   $ 13,110   $ 34,791  

    

Ferrous Hydroxide High  $ 2,365   $ 4,774  

 Low   $ 33,952   $ 59,364  

    

Surface Flow Constructed Wetland High  $ 486   $ 1,025  

 Low  $ 3,087   $ 7,787  

    

Subsurface Flow Constructed Wetland High  $ 556   $ 1,829  

 Low   $ 3,932   $ 16,212  
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Technology Ranking by Mass Removal Efficiency
Sorted by Increasing "Low Flow" Results
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FIGURE 3: Technology Mass Removal Efficiency, Ranked by Increasing Low Flow Results 
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Technology Ranking by Mass Removal Efficiency
Sorted by Increasing "High Flow" Results
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FIGURE 4: Technology Mass Removal Efficiency, Ranked by Increasing High Flow Results 
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4.7 Discussion 
The comparative analysis performed in this section is intended to provide insight into 
those technologies from among the list of candidates that might exhibit the greatest cost-
effectiveness, and therefore should become the subject of focused research and 
development. Based on the assumptions in this analysis, wetlands appear to provide the 
most cost-effective means of treating the range of concentrations expected – provided 
the land area is available and that land does not need to be purchased. Clearly, in the 
Newport Bay watershed, there is little or no land available for conversion to constructed 
wetlands. There may be sufficient land to construct a subsurface flow wetland system 
that could be sited as a regional facility for treating contaminated groundwater trucked 
in by tanker or possibly piped in from dewatering sites. Based upon these broad 
assumptions a regional constructed wetland treatment facility would be the most cost-
effective treatment technology for low concentration influent waters. This is perhaps 
most appropriate given the eco-toxicological profile of selenium as a contaminant, and 
the desire to minimize Se, or at least, organic species of Se in surface waters. 

In general, though, from this list of candidate technologies, the realistic choices to be 
made will lie more nearly to the center of the ranked technologies, and appear to suggest 
that the Anaerobic Bacterial Removal system exhibits the next most cost-effective mass 
removal under the range of flows bracketing these flow scenarios. The next-ranked 
technologies are closely matched between the Katchall, Ferrous Hydroxide and RO 
systems. All of these systems function more cost-effectively on high concentration 
sources. These results suggest that engineered treatment systems will be most cost-
effectively deployed at known areas of high concentration, or if dewatering project 
assessments indicate the potential for very high concentrations, regardless of the flow 
range. 
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5. BMP Testing Approach and Protocol 
Based on the conclusions provided in Section 3, and given the range of cost-effectiveness 
assessed in Section 4, a comparison of efficiency, reliability, cost-effectiveness, 
geographic suitability and stakeholder acceptance under controlled conditions would 
best define an appropriate technology for the NSMP. These controlled conditions could 
be provided at different sites, where assessments of BMP performance may be 
conducted on-site if a pre-defined protocol governing testing and ambient conditions is 
followed. Alternatively, the BMPs may be tested at a common location, under controlled 
conditions of inflow rate and water quality. This section provides an overview of the 
expected benefits of a common test facility, and introduces the Draft BMP Testing 
Protocol developed for the NSMP, attached to this report as Appendix A.  

5.1 Benefits of a Common Test Facility 
As described above, an approach using a common test facility would resemble that 
taken for the Everglades Advanced Treatment Technologies, the EVTec and the Oxnard 
studies. This approach requires identifying a site with suitable attributes, and the 
benefits of this approach would include the following: 

• More control over variability in influent water quality and flow rate. Assuming 
that water obtained from the source could be split between technologies, or that 
technologies could be tested at a common season, this should lead to more 
consistent assessments of performance differences between technologies.  

• Improved accessibility and consistency of treatment to vendors. A technology 
vendor may be more willing to participate if they see a common program being 
implemented with suitable water quality controls. Also, a “level field” of 
comparison may be more apparent to them if there is a central test facility. 

• Simpler and more consistent access to the Working Group for purposes of 
technology transfer and stakeholder education. 

• Greater ease of quality control audits. Scheduling visits during periods of normal 
operation under typical conditions may be simpler at a common test facility. 

5.2 BMP Test Facility Location 
A preliminary reconnaissance by RBF staff identified a feasible location on property 
operated by the City of Irvine in the right-of-way along the Warner Channel (T. Bonigut, 
RBF, pers.comm. June 27, 2006). The location is adjacent to a supply of water that 
includes a groundwater source discharging to surface waters. The size of the facility 
appears sufficiently large within a gated, chain-link fenced area approximately 1,500 feet 
long and 30 feet wide. The site is readily accessible by road, and is sufficiently large to 
allow trucks or large vehicles to maneuver to deliver equipment, chemicals, or other 
requirements. Power is available close to the site. A sanitary sewer is close to the site 
with the potential to receive discharge from test equipment, pending appropriate 
approvals and further investigation on the specific details of discharging into the sewer. 
Importantly, the site is maintained by a stakeholder of the Working Group. Other 
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candidate sites may also be available, but the preliminary assessment indicates that this 
site appears to fit all of the requirements of a comparative test facility. The only 
technology that would not be feasibility tested at this location is a large-scale, surface 
flow wetland. It is also possible to conduct detailed sampling of IRWD’s existing natural 
treatment system, the San Joaquin Marsh system, as a way of quantifying the cost-
effectiveness of regional treatment wetlands for nitrate and Se removal.  

5.3 Testing Protocol Summary 
In return for receiving information from a technology vendor that will help with the 
demonstration and selection of appropriate treatment technologies, the NSMP project 
team will be expected to provide the vendor with the necessary resources and direction. 
To assist the designated vendors, as well as provide a standardized basis for technology 
performance, a detailed Testing Protocol was prepared. Originally conceived as a 
separate section of this report, the complexity and basis of design of the Warner Channel 
BMP testing facility and approach ultimately warranted a separate document of 
sufficient detail that could stand alone. The Testing Protocol is attached to this Interim 
Report as Appendix A. The reader is referred to this material for more detailed 
information. 

6. Next Steps 
With the information presented in this report, and the assumption that a suitable 
candidate testing facility is identified soon through input of Working Group members, 
the next steps include: finalizing a detailed BMP testing protocol, contacting vendors for 
testing and coordination, setup of the test facility, and implementation of the testing 
program. The testing program is anticipated to be completed no later than the end of 
2006.  
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Organic Selenium. Organic selenium will be determined by HPLC-ICP-DRC-MS utilizing the 
laboratory’s standard operating procedure. 

Inorganic Selenium. Inorganic selenium will be determined by HPLC-ICP-DRC-MS utilizing 
the laboratory’s standard operating procedure. 

Total Suspended Solids and Particulate Selenium. TSS will be determined using USEPA method 
160.2. The laboratory will collect and hold (stored frozen) filters for possible future analysis 
of particulate selenium. 

Conductivity, Temperature, Dissolved Oxygen, and pH. These parameters will be measured in 
the field using a field meter that will be calibrated at the beginning of each day using 
standard procedures. The calibration results will be recorded daily in a logbook. 

Standard EPA Methods will be used for the following parameters: 

• Calcium 

• Magnesium 

• Potassium 

• Sodium 

• Chloride 

• Iron 

• Manganese 

• Sulfate 

• Alkalinity 

• Hardness 

• Biological Oxygen Demand (BOD) 

• Total Organic Carbon (TOC) 

 

3.5 Flow Measurement  

The vendor shall supply a continuous record of flow during the testing period in electronic 
or manual format. The vendor shall supply estimate of error associated with the flow 
measurement device.  

3.6 Laboratory  

The NSMP Consulting Team shall use Applied Speciation in Tukwila, WA for the selenium 
speciation laboratory analyses. Contact information for Applied Speciation is: 

Russ Gerads 

Phone: (206) 219-3779 

Website: http://www.appliedspeciation.com 

The NSMP Consulting Team shall use a County of Orange approved laboratory for all other 
constituents. 
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4.0 DATA QUALITY ASSURANCE 

Data generated from this field investigation must be of sufficient quantity and quality to be 
useful. The field procedures and Quality Assurance/Quality Control (QA/QC) procedures 
required to produce data that satisfy the NSMP needs are discussed briefly in this section. 

4.1 Sample Documentation and Custody 

A sample is physical evidence collected from a medium of interest or the immediate 
environment. A sample numbering system is necessary to identify each collected sample and 
associated duplicates for analysis. This system will provide a tracking number to allow 
retrieval and cross-referencing of sample information and will provide anonymity for field 
QA samples at the laboratories. A list of sample ID numbers will be maintained in the field 
notebook.  

COC procedures are used to maintain and document sample possession and to track the 
locations of samples from collection to the laboratory. The principal documents used to 
identify samples and to document possession include: 

• COC records 

• Air bills or shipping records 

• Field notebooks 

• Global positioning system (GPS) coordinates 

• Photographs of the investigation 

The vendor will maintain a supply of field documents, including sample custody seals and 
COC records.  

Chain of Custody 

The following field COC procedures will be followed to document sample custody: 

• Custody will be documented through the use of COC records 

• A minimum number of individuals including NSMP Consulting Team members will 
handle samples 

• The NSMP Consulting Team field collector for the Warner Channel test center and 
offsite collector for the vendor research facilities will be personally responsible for the 
care and custody of the samples collected until they are transferred or shipped 
properly 

A COC record will accompany samples. When transferring sample custody, all individuals 
relinquishing and receiving them will sign, date, and note the time of the transmittal on the 
record form.  
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Procedures for “split” samples will be described in the “remarks” section of the COC record. 
The information includes with whom the split is being made, signature of both parties, and 
other details of delivery of the samples.  

Samples will be packaged properly for shipment and dispatched to the laboratory for 
analysis with a separate COC for each shipping container. Containers will be sealed with 
custody seals. Method of shipment, courier name, and other information are included in the 
“remarks” section of the COC document. All bills of lading and other receipts will be 
retained for additional documentation. COC documents will be distributed as follows: 

• COC original is shipped with the samples 

• COC copy is returned to the project files 

• COC copy is sent to the Data Validation Manager 

At the laboratory, the designated sample custodian will accept receipt and custody of the 
samples and verify that the samples received match those on the COC records. The 
appropriate information as to shipment will be recorded in the “remarks” section of the COC 
record. The sample numbers are recorded in a laboratory logbook. 

The laboratory sample custodian uses sample identification numbers or assigns laboratory 
numbers to each sample and ensures that samples are transferred to the proper analyst or 
stored in the appropriate secure area.  

Laboratory personnel will be responsible for the care and custody of the samples in the 
laboratory. After analyses are completed, all identifying seals, labels, and COC records will 
be retained as part of the permanent documentation. 

Custody Seals and Labels 

All samples shipped to the laboratory will be placed in appropriate shipping containers 
(coolers) and sealed with custody seals containing the signature of the individual who 
packed the samples and sealed the container. 

Sample bottles/containers will have labels attached that contain sample ID numbers, date 
and time of sample collection, and the sample collector’s initials. 

Field Notebook 

A daily record of sampling events, observations, and other field measurements (pH, 
conductivity, temperature, water depth, GPS coordinates, etc.) and sampling activities will 
be recorded in a bound field notebook maintained by the NSMP Consulting Team staff. 
Entries in this notebook will be signed and dated by the vendor and will be maintained as a 
permanent record of the project. 

If errors are made on original documents (labels, seals, field notebooks, and COC records), 
corrections will be made by crossing a line through that error and entering the correct 
information. The corrections will then be initialed and dated by the individual who made the 
entry and correction 
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4.2 Quality Control 

Analytical chemistry procedures will be reviewed before any samples are collected so that 
the appropriate types and volumes of samples are obtained, shipped, and stored to ensure 
adequate project quality control. The analyses to be conducted will require specific sample 
handling and preservation procedures and furthermore will require specific sample 
container types, sample volumes, and numbers. 

Close coordination with the laboratory before sampling begins will minimize later analytical 
problems and maximize data validity. Samples collected, handled, preserved, and processed 
incorrectly, or of insufficient volume or number, are of little or no value. 

The NSMP Consulting Team will ensure that field personnel who conduct sampling 
procedures are adequately trained. Furthermore, the NSMP Consulting Team will collect all 
samples and directly observe and closely supervise other field activities to ensure that proper 
procedures are conducted to meet the project’s objectives for quality control. 

The standard quality control checks including equipment blanks, and field replicates will be 
instituted. One set of equipment blanks and field replicates for the lower and upper range 
concentration source waters will be taken. Sample handling will be minimized as a means of 
preventing contamination, and field gear will be pre-cleaned and rinsed thoroughly with site 
water before each sampling event. 
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5.0 DATA REPORTING 

Data reporting formats are provided in Attachment A. They include spreadsheet formats, 
field data recording log requirements, and weekly and final report format requirements from 
the site. 
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6.0 SUMMARY OF WHAT THE VENDOR MUST PROVIDE 

The vendor must agree to abide by the goals and objectives of the testing program, as 
summarized here. Table 2 outlines the minimum requirements summary checklist.  

• Ability to process the full range of concentrations of source waters. 

• Pre-treatment equipment consistent with that required for normal equipment 
operation. 

• A system for rapid setup and demobilization. 

• Compact demonstration “footprint.”  

• Weather-proof demonstration system, or if required, an appropriate cover for the 
system. 

• Consistent, safe operation, with a minimum of flow or service operations.  

• Provide system water flow requirements, in terms of rates, daily variation, and test 
duration. 

• Flow meters and proof of calibration consistent with manufacturer requirements.  

• On-site retention of residuals during operation, and safe and legal disposal of 
residuals at the conclusion of the study. 

• Sufficient site presence to confirm operational consistency. This could be contracted 
personnel, company staff, or other factors.  

• Agreement to maintain sufficient chemicals and compounds on-site to successfully 
conclude the study in an environmentally safe and efficient manner. 

• Operation through a sufficient number of hydraulic residence times or other 
appropriate sizing method to characterize typical performance. 

• Daily log of flow, power use, chemicals, site activities, and other pertinent data. 

• Weekly data summaries during the test. 

• Final summary report, including all data summaries and copies of daily logs, 
responses to requests for information on treatment process, residuals handling and 
disposal, and other non-proprietary information related to long-term management 
needs by January 15, 2007.  
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Table 5: Vendor Pilot System – Minimum Requirements Summary and Checklist 

Item Category Operational Goals  

A Target Water Quality 
Criterion/Objectives  

5 ug/L Se 
5 ug/L nitrate-nitrogen (NOx) 

B Range of Inflow 
Concentrations 

10 ug/L Se and 10 mg/L NOx 
100 ug/L Se and 30 mg/L NOx 

C Hydraulic Residence 
Time 

Operation through a sufficient 
number of hydraulic residence 
times or other appropriate sizing 
method to characterize typical 
performance. 

D Flowmeter and 
Calibration Procedures 

Proof of accuracy in flow range and 
proof of calibration according to 
manufacturer requirements  

E Pre-treatment 
Equipment 

Consistent with that required for 
standard equipment operation 

F Footprint Compact 

G Weatherproof (or 
appropriate cover)  

All-weather 

H Assembly and 
Demobilization  

Vendor supplies the necessary 
equipment and personnel 

I Disposal of Residuals Procedure for on-site retention of 
residuals during study.  
Procedure for safe, legal disposal 
after conclusion of study. 

J Chemical Handling Agreement to maintain sufficient 
chemicals and compounds on-site 
to successfully conclude the study 
in an environmentally safe and 
efficient manner. 
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Attachment A 
Data Reporting Formats 
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Nitrogen and Selenium Management Plan BMP Field Form 
Observer/System: _______________________ 

Date/Time: _____________________________ 

Sample #: _______________________________ 

Weather (Temperature): __________________ 

Parameter Value 

Influent  
Flowrate, gpm 

Effluent  

Initial  
Flow Totalizer  

Final  

Units and Calibration 
 
 
 

Influent pH 

Effluent 

 

Water Temperature  

Influent Conductivity 

Effluent 

 

Units and Calibration 
 
 
 

 

Chemicals Used with Description: 

__________________________________________________________________________________ 

__________________________________________________________________________________ 

__________________________________________________________________________________ 

__________________________________________________________________________________ 

 

Power Requirement (Power Used): 

__________________________________________________________________________________ 

__________________________________________________________________________________ 


