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C O S T  E S T I M A T E  O F  P HO S P HO R U S  
R E MO VA L  A T  W A S T E W A T E R  

T R E A T ME N T  P L A N T S  

TECHNICAL SUPPORT DOCUMENT 

In concert with the U.S. Environmental Protection Agency’s (EPA) Office of Wetlands, Oceans, and 
Watersheds (OWOW), Tetra Tech developed this technical support document as an update and 
revision to Ohio Environmental Protection Agency’s (OEPA) previous cost estimate (Analysis of 
Treatment and Disposal Standards for Phosphorus for Publicly Owned Treatment Works, Ohio EPA 
Division of Surface Water, April 4, 2006). This document outlines the procedures used to produce 
cost estimates for nutrient removal technologies at wastewater treatment plants. The goal of this 
document is to present OEPA with planning level capital, operations and maintenance (O&M), and 
life-cycle cost estimates for total phosphorus (TP) removal technologies for both mechanical and 
lagoon wastewater treatment facilities. OEPA requested specific cost scenarios for capital, O&M, 
and life-cycle costs, which are shown in the table below: 

Influent Character 

 Chemical   Enhanced Biological 
Phosphorus Removal  

 Enhanced Biological Phosphorus 
Removal+Chemical  

1-4 
MGD 

5-10 
MGD 

>10 
MGD 

1-4 
MGD 

5-10 
MGD 

>10 
MGD 

1-4 MGD 5-10 MGD >10 
MGD 

Low (3-5.9 mg/L)          

Medium (6-8.9 mg/L)          

High (>9 mg/L)          
 

These cost estimates were developed using data from two key literature sources:  

1. EPA’s Municipal Nutrient Removal Technologies Reference Document, Volumes 1 and 2, Office 
of Wastewater Management, Municipal Support Division, September 2008 (Reference 
Document). 

2. CH2MHill’s Statewide Nutrient Removal Cost Impact Study, prepared for Utah Division of 
Water Quality, October 2010 (Impact Study).  

Cost data from EPA’s Reference Document were 
used to estimate expansion and retrofitting costs 
for chemical addition, enhanced biological 
phosphorus removal (EBPR), and EBPR plus 
chemical addition (EBPR+C). CH2MHill’s Impact 
Study was used to estimate the costs of 
constructing and retrofitting discharge lagoons. All 
cost data were converted to 2013 dollars using a 
3% annual inflation rate.  

The Reference Document and Impact Study contain technical information, data on process 
performance, and cost analyses from literature reviews, case studies, and computer models. It is 

Assumption 

The literature cost data used in this 
document were presumed to be accurate. 

Tetra Tech has not independently confirmed 
the accuracy of these data. 
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important to note that these sources developed and reported costs for specific treatment plants, 
each with a unique set of facility characteristics and site specific variables (e.g. influent pH, sludge 
disposal costs, alkalinity, electricity costs, supply of volatile fatty acids (VFAs), and removal 
percentage). This document uses data presented in the referenced sources to arrive at cost 
estimates for normal influent facilities and outlines an extrapolation analysis aimed at estimating 
costs for facilities receiving high levels of TP. Specifically, the extrapolation analysis estimates costs 
for facilities receiving 6, 7, 8, and 20 mg/L TP using three different removal technologies: 1-point 
chemical addition; fermenter, filter, and 1 point chemical addition; and 2-point chemical 
addition with a filter. This extrapolation generates a very rough estimate of TP removal costs, but 
it does provide a starting point for future analyses.  

For these reasons, the cost estimates presented here should be used with caution as they pertain to 
particular facilities and vary greatly depending on influent water characteristics, facility 
configuration, and a variety of other site- and plant-specific conditions.  

BACKGROUND ON PHOSPHORUS REMOVAL AT WASTEWATER 
TREATMENT PLANTS  

Wastewater treatment facilities are commonly required to implement treatment processes that 
reduce effluent nutrient concentrations to levels that regulators deem sufficiently protective of 
receiving waters. As nutrient issues continue to persist, requirements will become increasingly 
important and more stringent. Although nearly all wastewater treatment plants provide a minimum 
of secondary treatment, conventional secondary treatment processes typically do not remove 
enough phosphorus to meet water quality standards in nutrient-sensitive environments. To meet 
regulatory requirements, facility operators may retrofit a plant to enhance the biological treatment 
processes or add chemical treatment for precipitating phosphate. This additional stage of treatment 
is a form of tertiary treatment.  

Treatment plant modifications can remove nitrogen and phosphorous through carefully designed 
biological and chemical processes that generate easily isolated products such as precipitates and 
gases.1 As mentioned above, phosphorus can be removed from wastewater through biological 
uptake by microorganisms (or enhanced biological phosphorus removal, EBPR) and by chemical 
precipitation with a metal cation. Depending on the target concentration, a facility might employ 
both technologies. This combined approach might be of particular benefit if the target 
concentration is very low and the starting concentration is high. In such a case, EBPR is used to 
remove the bulk of the phosphorus, and chemical polishing follows to achieve the final effluent 
concentration. This approach (referenced here as EBPR+C) maximizes the ability of the existing 
biological population in the wastewater to assimilate phosphorus while reducing chemical sludge 

                                                             
1 Carberry, J.B. 1990. Environmental Systems and Engineering. Saunders College Publishing, Orlando, FL. 
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formation.
2
 Most of the EBPR processes greatly increase uptake of phosphorus by organisms that 

are later removed as solids.
3
 

There are many EBPR protocols, each of which could be appropriate depending on a facility’s site-
specific conditions. The challenge for facilities, however, is determining which treatment 
alternatives will best meet their needs, both technically and financially, and to choose the most 
sustainable path. Decision makers seeking to select a retrofit or expansion technology to achieve 
nutrient removal requirements should first determine which processes are technically suited for 
their specific objectives. Using that information, the decision makers can then determine which 
modifications are available for their unique situation. After candidate technologies have been 
identified, the decision makers should assess the estimated capital and O&M costs and use the 
information as a factor in selecting a process.  Other factors to consider include reliability, 

sustainability, and environmental considerations.
4
  

At the request of OEPA, Appendix V includes cost estimates for nitrogen removal spanning various 
treatment technologies.   

FACTORS AFFECTING COSTS 

As noted previously, the costs for retrofitting or expanding a wastewater treatment facility are 
highly dependent on site specific characteristics. These factors include the following:  

Capital Costs O&M Costs 

Retrofit or expansion technology selected Cost of chemicals, electricity, labor, etc. 

Flexibility of current facility design The amount of automation 

Availability of expansion space Number of chemical addition points 

Separate storage tanks for secondary and 
primary sludge (particularly for EBPR facilities to 
consider for control of recycle loads) 

Costs associated with additional sludge 
handling  

Treatment of recycle flows Use of a fermenter  

Addition of new fermenters Facility size (economies of scale) 

The amount of automation  

Facility size (economies of scale)  

 
A major factor affecting capital costs is the existing facility’s site configuration. Cost-effective 
retrofits are more feasible in facilities with available space and tanks as opposed to situations 
where new EBPR treatment facilities need to be constructed. Facilities that already include 
fermenters for EBPR or tanks that can be retrofitted as anaerobic selector reactors will afford 

                                                             
2 USEPA. 2008. Municipal Nutrient Removal Technologies Reference Document, Volume 1. EPA 832-R-08-006. 
http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf. September 2008. Accessed February 8, 
2013.  
3 USEPA. 2004. Primer for Municipal Wastewater Treatment Systems. EPA 832-R-04-001. 
http://water.epa.gov/aboutow/owm/upload/2005_08_19_primer.pdf. September 2004. Accessed March 11, 
2013. 
4 USEPA. 2008. Municipal Nutrient Removal Technologies Reference Document, Volume 1. EPA 832-R-08-006. 
http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf. September 2008. Accessed February 8, 
2013. 
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greater flexibility in the design and implementation of advanced nutrient removal technologies. 
Along with facility design, the retrofit or expansion technology chosen greatly affects costs.  

While mechanical retrofits or expansions generally have high upfront construction costs, chemical 
treatment costs are minimal at the beginning of treatment but accrue over time. Chemical 
precipitation of TP increases sludge generation and more importantly limits disposal options for 
facilities. Additionally, the sludge treatment steps may liberate phosphorus resulting in high TP 
recycle streams that need to be dealt with, which will require more process upgrades for nutrient 
removal in some instances. Facilities that have existing equalization basins will generally be more 
cost effective as they lower O&M costs because of lower peak demands for power and chemicals. 
Installing equalization basins should be considered for retrofits where they don’t already exist. 

O&M costs are dependent on the nutrient removal technology selected, the flexibility of the facility 
design, and whether the systems for controlling power and chemical feed are automated or manual. 
For example, operating the exact number of aerobic zones at optimal dissolved oxygen control 
levels would be critical in power management. The distribution of the O&M costs among the various 
components will vary depending on facility size, the selected technology, the characteristics of the 
influent wastewater, and the required level of treatment. In general, smaller facilities will have a 
larger fraction of the total O&M costs devoted to labor when compared to larger facilities. This is 
because, essentially, a 10 million gallons per day (MGD) facility will not require 10 times the 
staffing of a 1-MGD facility but will require 10 times the energy and chemical expenditure. Thus, the 
overall fraction devoted to staffing decreases, as the relative fraction devoted to other components 
increases. For the technologies examined in this study, the labor costs for 1-MGD facilities are 
generally around 40 to 50 percent of the total, while the costs for 10-MGD facilities are generally 
around 15 to 25 percent of the total. However, these are general trends, and local conditions could 
greatly affect the final fractions. 

When a plant must use chemical phosphorus removal to meet its TP effluent discharge limit, it will 
tend to have higher costs than if only biological phosphorus removal is used. This is due to the 
increased costs of purchasing the chemicals themselves and an increase in the amount of sludge 
that must be disposed of at the end of the process. Ideally, where additional carbon is needed 
(beyond what is available in the influent chemical oxygen demand (COD)) for phosphorus 
bioaccumulating organisms (PAOs), the biological phosphorus removal will use site-generated 
VFAs for the carbon source in the anaerobic zone. If they are not available, chemical addition may 

be required.
5
 

MECHANICAL FACILITY COST ESTIMATES 

 The Reference Document draws upon full-scale operating data from 30 wastewater treatment 
plants, various literature sources, and 9 facilities contacted for in-depth case studies. Capital, O&M, 
and life-cycle costs (in 2007 dollars) are presented for almost all facilities. In addition, capital, O&M, 
and life-cycle costs were estimated for 12 retrofit and 20 expansion alternatives using 
CAPDETWorks software (Hydromantis Corporation, Ontario, Canada). The software is a planning 
tool. When site specific input variables are provided, CAPDETWorks’ construction cost estimates 

                                                             
5 USEPA. 2008. Municipal Nutrient Removal Technologies Reference Document, Volume 1. EPA 832-R-08-006. 
http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf. September 2008. Accessed February 8, 
2013. 
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TABLE 1. COST MODEL INFLUENT WASTEWATER 
PARAMETERS. 

are generally within plus or minus 20% of the actual costs. The cost estimates are based on unit 
costs updated to 2007 dollars using published cost index values. Certain input assumptions were 
common to all model runs, and they are presented in Table 1. The CAPDETWorks model 
simulations were run for three flow rates: 1 MGD, 5 MGD, and 10 MGD. These rates were selected to 
represent the majority of facilities in the country. 

The Reference Document categorized the costs from 
the case studies, CAPDETWorks, and literature 
sources into three categories: modifications, 
expansions, and retrofits of existing wastewater 
treatment facilities. The costs associated with 
facility modifications only pertained to total 
nitrogen (TN) removal. Expansion and retrofit costs 
were presented for facilities that removed either TP 
or both TP and TN. For this reason, this document 
only uses cost data from expansion and retrofit 
projects. Facilities that only reported the costs 
associated with TP reductions were attributed 
entirely to TP removal. Facilities that reported both 
TP and TN removal were portioned using the 
assumptions in the call out box. 

The Reference Document presents costs for 
various nutrient removal technologies, a list of 
which can be found in Appendix I. For this 
analysis, each technology was grouped into one 
of three technology categories: chemical 
additions, EBPR, or EBPR+C. The cost data for all 
technologies that removed just TP or TP+TN 
were included in this analysis exactly as they 
were presented in the Reference Document. This 
collection of data points included costs for 
medium (2-30 MGD) and large facilities (50-100 
MGD) with influent TP levels ranging from low 
(3-5.9 mg/L) to medium (6-8.9 mg/L). An 
analysis of the values within the Reference 
Document resulted in the cost estimates 
presented in Table 2. These costs were derived 
by calculating the arithmetic mean of all data 
points that fell within the specified facility 
characteristics, which are grouped by technology 
type, facility size, and influent character. 

                                                             
6 TSS – total suspended solids  
7 BOD – biochemical oxygen demand 
8 COD  – chemical oxygen demand 
9 TKN  –  total Kjeldahl nitrogen 

Parameter Value 

Average flow (MGD) 1, 5, 10 

TSS6 (mg/L)  220 

% volatile solids 75% 

BOD7 (mg/L) 220 

Soluble BOD (mg/L)  80 

COD8 (mg/L)  500 

Soluble COD (mg/L)  300 

TKN9 (mg/L) 40 

Soluble TKN (mg/L) 25 

Ammonia nitrogen (mg/L)  22 

TP (mg/L)  5 

pH (standard units)  7.6 

Nitrite/nitrate (mg/L)  0.0 

Temperature, summer  23 °C 

Temperature, winter 10 °C 

Assumptions 

• Electrical power was allocated proportional 
to oxygen demand. 

• The external carbon source was entirely for 
nitrogen removal.  

• Fermenters were assumed to be entirely for 
phosphorus removal. 

• The tertiary filter was assumed to be 
entirely for phosphorus removal. 

• The denitrification filter was assumed to be 
95 percent for nitrogen removal and 5 
percent for phosphorus removal via 
filtration. 

• The coagulation chemicals were assumed to 
be entirely for phosphorus removal.  
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TABLE 2. REFERENCE DOCUMENT COST ESTIMATES 

Capital Costs - $/gpd 

Influent 
Character 

 Chemical   EBPR   EBPR+Chemical  

1-4 MGD 
5-10 
MGD 

>10 
MGD10 

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 
MGD 

3-5 mg/L $0.59 $0.35 $ - $2.60 $1.90 $ - $2.95 $1.90 $1.87 

O&M Costs - $/MG 

Influent 
Character 

 Chemical   EBPR   EBPR+Chemical  

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 
MGD 

3-5 mg/L $240.30 $202.03 $ - $391.35 $352.01 $ - $648.11 $538.02 $207.77 

Life-cycle Costs - $/MG 

Influent 
Character 

 Chemical   EBPR   EBPR+Chemical  

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 
MGD 

3-5 mg/L $373.14 $263.65 $ - $854.60 $786.38 $ - $1357.24 $1036.00 $597.03 

 
These costs as well as a comparison across technologies are presented in the Results section of this 
document. Graphs pertaining to the analysis for mechanical facilities are presented in Appendix 
III.11   

Following the first iteration of this analysis, it became clear that the number of data points within 
each scenario was quite low, particularly the medium and high influent TP levels. To bolster the 
initial estimates, three technologies from the Reference Document were extrapolated to provide a 
larger spread for OEPA’s scenarios. An additional extrapolation was required to estimate costs for a 
facility in the state that receives very high levels of TP year round. The following sections 
demonstrate the process of extrapolating cost data (capital, O&M, and life-cycle costs) from the 
Reference Document to estimate costs for a facility receiving an average TP level of 20 mg/L, but 
are representative of all extrapolation procedures (e.g. 
6mg/l, 7mg/L, and 8mg/L). The three technologies 
used in this extrapolation analysis are 1-point 
chemical addition; Fermenter, filter, and 1 point 
chemical addition; and 2-point chemical addition 
with a filter. The capital, O&M, and life-cycle costs 
were calculated for a 1 MGD and 10 MGD facility to 
measure the effects of economies of scale on the 
treatment technologies selected. 

CAPITAL COSTS 

The capital costs for the three technologies selected for the extrapolated analysis were presented in 
the Reference Document as cost per gallons per day ($/gpd) capacity. For the purposes of the rough 

                                                             
10 Costs are assumed to be constant above 10 MGD. 
11 Note: Costs are not discounted; all facilities options have the same timing assumptions. 

Assumption 

Capital costs are not affected by the 
level of nutrients entering a 

treatment facility. 
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estimates generated in these analyses, it was assumed that the capital cost did not need to be 
adjusted up significantly to account for the higher TP removal required, i.e., to provide for adequate 
sludge handling facilities to process the additional sludge generated from the increased use of 
chemicals. Where this is not the case, costs need to be increased based on the specific facility solids 
handling infrastructure available. The capital costs for the three technologies are presented 
below.12 

TABLE 3. CAPITAL COSTS FOR THE THREE TECHNOLOGIES 

Capital Costs (1 MGD) ($/gpd capacity)  Capital Costs (10 MGD) ($/gpd capacity) 

1-point chemical addition, no 
filter, 0.5 TP target 

$0.29 
1-point chemical addition, no 
filter, 0.5 TP target 

$0.03 

Fermenter and filter and 1 point 
chemical addition, 0.1 TP target 

$0.89 
Fermenter and filter and 1 point 
chemical addition, 0.1 TP target 

$ 0.48 

2 point chemical addition, filter, 
0.1 TP target 

$0.75 
2 point chemical addition, filter, 
0.1 TP target 

$ 0.29 

 
Appendix IV displays a cost comparison of the phosphorus removal technologies by target effluent 
TP concentration.  

OPERATIONS & MAINTENANCE COSTS  

Based on literature sources, it was assumed that 
chemical and sludge handling and disposal costs make 
up roughly 70% of O&M costs for facilities using 
chemicals to remove TP.13 Therefore 30% of O&M 
costs are assumed to remain unchanged with an 
increased level of influent TP. An example of this 
extrapolation analysis (i.e., to estimate costs for 20 
mg/l influent TP facility) is presented below using a 
facility employing 1 point chemical (alum) addition 
with no filter with 5 mg/L influent TP, a target TP 
concentration of 0.5 mg/L, and a flow rate of 1 MGD.  

To calculate the cost to upgrade a 1 MGD facility with an average influent TP concentration of 20 
mg/L to achieve an effluent of 1.0 mg/l TP, we began with unit O&M costs for retrofitting a facility 
for chemical additions presented in the Reference Document. The unit O&M cost for this facility (as 
reported in the Reference Document) is $130/MG treated. This reflects the costs to remove 4.5 
mg/L TP (5 mg/L influent – 0.5 mg/L effluent). Since the desired reduction for this analysis is 19 
mg/L (20 mg/L influent – 1.0 mg/L effluent), the sludge handling and disposal O&M costs were 
adjusted for this additional TP removal. The calculations below are reflected in Table 4 which 
reports all of the extrapolated O&M costs for facilities receiving high levels of TP.14  

                           
                

        
                                      

                                                             
12 All costs are in 2013 dollars, converted using a 3% inflation rate.  
13 Metcalf and Eddy, 2003. Wastewater Engineering: Treatment and Reuse, 4th ed., McGraw-Hill, New York.  
14 All costs are in 2013 dollars, converted using a 3% inflation rate. 

Assumption 

When calculating extrapolated O&M 
costs, assume chemical and sludge 

handling and disposal costs are 70% of 
total O&M costs (rough assumption). 
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TABLE 4. EXTRAPOLATED O&M COSTS FOR MECHANICAL FACILITIES 

O&M Costs (1 MGD) 
Cost $/MG 

treated 
Baseline 

O&M 
Reduce 

Additional TP 
Total Adjusted 

Costs $/MG 
Annual O&M 

1-point chemical 
addition, no filter 

$130 $39 $ 384 $423 $154,476 

Fermenter and filter 
and 1 point chemical 
addition 

$175 $52 $475 $527 $192,537 

2 point chemical 
addition, filter 

$265 $79 $ 719 $799 $291,557 

O&M Costs (10 MGD) 
Cost $/MG 

treated 
Baseline 

O&M 
Reduce extra 

19mg/L 
Total Adjusted 

Costs $/MG 
Annual O&M 

1-point chemical 
addition, no filter 

$98 $29 $290 $319 $1,164,512 

Fermenter and filter 
and 1 point chemical 
addition 

$110 $33 $299 $332 $1,210,236 

2 point chemical 
addition, filter 

$220 $66 $597 $663 $2,420,471 

 
In general, unit costs are higher for smaller facilities than for larger facilities because of economies 
of scale. Figure 1 depicts how economies of scale impact the total adjusted O&M costs at a 1 MGD 
and 10 MGD facility.  

 

FIGURE 1. COMPARISON GRAPH - EXTRAPOLATED O&M 

LIFE-CYCLE COSTS  

Annual life cycle costs were calculated for the high TP technologies by annualizing the capital costs 
over 20 years using a 6% interest rate and adding the annual O&M cost.  The annual O&M costs 
were calculated by multiplying the cost per MG ($/MG) by the flow rate and 365 days in a year. 
Table 5 below displays how the annualized capital costs and the annual O&M costs are added 

 $-

 $100

 $200

 $300

 $400

 $500

 $600

 $700

 $800

 $900

1-point chemical addition, no
filter

Fermenter and filter and 1
point chemical addition

2 point chemical addition, filter

Total Adjusted
Costs $/MG (10
MGD)

Total Adjusted
Costs $/MG (1
MGD)
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together to arrive at the total annual life-cycle costs. Annual life cycle costs are then divided by 365 
days in a year and the annual flow rate to get the total life-cycle cost per MG.15  

TABLE 5. EXTRAPOLATED ANNUAL LIFE CYCLE COSTS 

Life-cycle Costs  
(1 MGD) 

Capital ($/yr) 

+ 

O&M ($/yr) 
Divide by 

annual 
flow. 

= 

Total 
($/MG) 

1-point chemical addition, no 
filter 

$25,284 $154,476 $492 

Fermenter and filter and 1 point 
chemical addition 

$77,594 $192,538 $740 

2 point chemical addition, filter $65,388 $291,557 $978 

Life-cycle Costs  
(10 MGD) 

Capital ($/yr) 

+ 

O&M ($/yr) 
Divide by 

annual 
flow. 

= 

Total 
($/MG) 

1-point chemical addition, no 
filter 

$26,155 $116,451 $326 

Fermenter and filter and 1 point 
chemical addition 

$418,486 $121,024 $446 

2 point chemical addition, filter $252,835 $242,047 $732 

 
For the purposes of the above analysis, it was assumed that the cost would increase at a linear rate 
from treatment for 5 mg/L effluent up to treatment for a 20 mg/L effluent. The amount of chemical 
added for precipitation depends on a number of wastewater factors (pH, other ions, solubility, etc.) 
and on the percentage of TP removal needed in the plant. A higher percentage removal requires a 
higher chemical addition in terms of mole ratio of metal to phosphorus. This ratio increases 
significantly for desired effluent concentration below 0.5 mg/L TP.    

These costs as well as a comparison across technologies are presented in the Results section of this 
document. Graphs pertaining the analysis for mechanical facilities are presented in Appendix III.  

DISCHARGING LAGOON COST ESTIMATES 

The Utah Division of Water Quality (Division) conducted a 
Statewide Nutrient Removal Cost Impact Study to evaluate 
the economic impacts of potential nutrient removal 
requirements for Utah’s publicly owned treatment works 
(POTWs). The study estimated economic, financial, and 
environmental impacts associated with a range of potential 
nutrient discharge standards for all 30 mechanical POTWs 
in the state as well as a “model” lagoon. The study analyzed treatment plant upgrade requirements 
and the associated costs to meet four effluent nutrient discharge levels or tiers. The tiers were 
developed with increasingly stringent nutrient requirements so that a broad array of treatment 
technologies and upgrade approaches would be considered and a wide range of upgrade costs 
developed for each facility. Capital and O&M cost estimates were intended to reflect the cost of 
upgrading Utah’s POTWs to provide nutrient removal only. Costs for normal improvements needed 

                                                             
15 All costs are in 2013 dollars, converted using a 3% inflation rate. 

Tier TP (mg/L) TN (mg/L) 

Tier 1N 0.1 10 

Tier 1 0.1 No limit 

Tier 2N 1.0 10 

Tier 2 1.0 No limit 
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to support service population growth, repairs, and replacement of existing infrastructure were not 

included.16  

 

The average design capacity of the twenty-seven small lagoons in Utah is 0.55 MGD. The table to the 
right provides a summary of information used as the model input conditions for the “model” lagoon. 
The lagoons are primarily designed to remove TSS and BOD only. This study determined that in 
order to meet the different levels or  ”tiers” of nutrient standards more conventional chemical and 
biological treatment processes would be required. Phosphorus can be removed using chemical or 
biological treatment processes, while nitrogen removal will require a biological process. Keeping 
this in mind, it was decided to keep the lagoon and add additional infrastructure for Tiers 2 and 1, 
and build an entirely new mechanical treatment process for Tier 2N and Tier 1N.17 Tiers 1N and 2N 
were included in the cost analysis to provide OEPA with additional cost data on TN costs, however 
they are not fully explained in this section (specific information regarding Tiers 1N and 2N can be 
found in Appendix II).  

Tier 2 Phosphorus: the TP target of 1.0 mg/L is achieved by adding a secondary clarifier which 
would receive the effluent from the lagoons. A metal-salt feed 
point would be implemented ahead of the clarifier for chemical 
phosphorus removal. A process flow diagram for this treatment 
approach is presented in Appendix II.18 

Tier 1 Phosphorus: the TP target of 0.1 mg/L is achieved through 
chemical removal by adding metal-salt to the secondary clarifiers 
and ahead of new deep bed granular media filters, settled 
secondary effluent would be pumped to the new granular media 
filters for chemical phosphorus polishing. A process flow diagram 
for this treatment approach is presented in Appendix II. 

CAPITAL COSTS  

The capital costs to upgrade all of the discharging lagoons in 
Utah were estimated based on the analysis of the model 0.55 
MGD lagoon facility. For Tier 2, a lift station and a secondary 
clarifier with a metal-salt feed facility would be required. For 
Tier 1, in addition to the facilities proposed for Tier 2, a new 
deep bed granular media filtration system with a secondary effluent pump station would be 
required. The capital cost estimates  were generated for each tier of nutrient removal and applied 
to the facility upgrades for the “model” lagoon in Table 6 (as presented in the Impact Study in 2010 
dollars). These estimates were prepared in accordance with the guidelines of the Association for 
the Advancement of Cost Engineering (AACE) International and defined as a Class 4 estimate. The 
expected accuracy range for the estimates is -30%/+50%.  

                                                             
16 Information in this section was taken from: CH2MHill. 2010. Statewide Nutrient Removal Cost Impact 
Study. Prepared for Utah Division of Water Quality. 
17 Ibid.  
18 Ibid.  

Summary of Input Conditions 

Input 
Parameter 

Input 
Conditions  

Flow  0.28 MGD 

BOD 250 mg/L 

TSS 240 mg/L 

TKN 40 mg/L 

TP 5 mg/L 

Capital Cost $/gallon 

 Tier 2         Tier 1 

$/gallon $2.21 $10.24 
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TABLE 6. CAPITAL COST ESTIMATES (IN 2010 DOLLARS)  

Unit Process Facility Tier 1 Tier 2 

Influent Pump Station $0 $0 

Headworks $0 $0    

Metal-Salt Feed Facility $507,878 $386,955  

Anaerobic Basin with mixers $0 $0  

Anoxic Basin with Mixers $0 $0  

Aerobic Basin $0 $0  

Nitrate Recycle Pumps $0 $0  

Flow Split Structure $0 $0  

Blower Building (1300 scfm = 75 Hp) $0 $0  

Secondary Clarifiers $507,878 $507,878  

RAS/WAS Pumps $0 $0  

Piping Modifications $72,554 $72,554  

UV Disinfection $0 $0  

Dewatering System $0 $0  

Electrical Substation $60,462 $60,462  

Secondary Effluent Pumps $846,463 $0  

Deep Bed Filters $2,418,466 $0  

Backwash Pumps $483,693 $0  

Mudwell and Pumps $169,293 $0  

Miscellaneous $84,646 $84,646  

Total Tier Cost $5,151,333 $1,112,494 

 
The capital costs per gpd were calculated by dividing the capital cost estimates above by 0.55 MGD, 
the flow rate of the “model” lagoon. The capital costs were converted to 2013 dollars, assuming an 
inflation rate of 3%. The table to the right displays the capital costs associated with each tiered 
effluent limit.  

OPERATIONS & MAINTENANCE COSTS 

The O&M costs (plus debt services) for the base year 
(2009) and the planning year (2029) for 
implementing the identified improvements 
necessary for achieving the nutrient limits were 
estimated based on the process models outputs of 
Pro2D and unit O&M costs. The unit O&M costs were 
assumed based on the average costs in the State of 
Utah, and are presented in the table to the right. A 
straight line interpolation was used to estimate the 
differential cost for the two years over a 20-year period. O&M costs for each alternative included 
the following components: 

• Biosolids management: hauling , use, and disposal 
• Chemical consumption costs: metal-salt, and, polymer 
• Power costs for the major mechanized process equipment: 

aeration, secondary effluent pumps, backwash pumps, 
filtration system and dewatering units 

Parameter Value 

Biosolids hauling $8/wet ton 

Biosolids tipping fee $6/wet ton 

Ferric chloride $1,000/ton 

Alum $480/ton 

Methanol $1.75/gallon 

Polymer $1.65/pound 

Power $0.05/kilowatt-hour 

O&M Costs 

 Tier 2           Tier 1 

$/MG $649 $2,588 
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O&M costs ($/MG) were calculated by dividing the annual O&M costs by the flow rate multiplied by 
the days in a year. The costs were then converted into 2013 dollars assuming a 3% inflation rate. 
For example, Tier 2 has an annual O&M cost of $119,300, which is divided by 0.55 MGD multiplied 
by 365 to produce $594/MG, converted into 2013 dollars is $649/MG.  

LIFE-CYCLE COSTS  

Annual life cycle costs were calculated the discharge lagoons by annualizing the capital costs over 
20 years using a 6% interest rate and adding the annual O&M cost.  The annual O&M costs were 
provided by an official with the Utah Division of Water Quality in a phone conversation on March 7, 
2013. Table 7 below displays how the annualized capital costs and the annual O&M costs are added 
together to arrive at the total annual life-cycle costs. Annual life cycle costs are then divided by 365 
days in a year multiplied by the annual flow rate to get the total life-cycle cost per MG.19  

TABLE 7. ANNUAL LIFE CYCLE COSTS (0.55 MGD) 

                                                             
19 All costs are in 2013 dollars, converted from initial value using a 3% inflation rate. 

 
Annualized Capital 

Costs ($/yr) 

+ 

Annual O&M Costs 
($/yr) 

= 

Life-cycle Cost 
($/MG) 

Tier 1 $449,306 $475,500 $5,033.92 

Tier 2 $96,862 $119,300 $1,176.62 
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RESULTS  

The results of this cost estimate are presented below; the corresponding technology specific graphs 
are presented in Appendix III.20  The tables below represent the average of all data points that fall 
within the specified facility characteristics. It is clear from these tables that the literature sources 
did not adequately cover the requested combinations of technology, flow, and influent character. 
However, these results do provide a starting point for future analysis.  

Capital Costs - $/gpd 

Influent 
Character 

 Chemical   EBPR   EBPR+Chemical  

1-4 MGD 
5-10 
MGD 

>10 
MGD21 

1-4 MGD 
5-10 
MGD 

>10 MGD 1-4 MGD 
5-10 
MGD 

>10 
MGD 

Low 
(3-5 mg/L) 

$0.59 $0.35 $ - $2.60 $1.90 $ - $2.95 $1.90 $1.87 

Medium  
(6-8 mg/L) 

$0.62 $ - $ - $ - $ - $4.10 $1.06 $ - $1.28 

High 
(>9mg/L) 

$0.62 $0.19 $ - $ - $ - $ - $1.06 $0.57 $ - 

O&M Costs - $/MG 

Influent 
Character 

 Chemical   EBPR   EBPR+Chemical  

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 MGD 1-4 MGD 
5-10 
MGD 

>10 
MGD 

Low 
(3-5 mg/L) 

$240.30 $202.03 $ - $391.35 $352.01 $ - $648.11 $538.02 $207.77 

Medium 
(6-8mg/L) 

$140.10 $ - $ - $ - $ - $81.79 $102.49 $ - $126.57 

High 
(>9mg/L) 

$803.73 $586.39 $ - $ - $ - $ - $629.86 $395.91 $ - 

Life-cycle Costs - $/MG 

Influent 
Character 

 Chemical   EBPR   EBPR+Chemical  

1-4 MGD 
5-10 
MGD 

>10 
MGD 

1-4 MGD 
5-10 
MGD 

>10 MGD 1-4 MGD 
5-10 
MGD 

>10 
MGD 

Low 
(3-5 mg/L) 

$373.14 $263.65 $ - $854.60 $786.38 $ - $1357.24 $1036.00 $597.03 

Medium  
(6-8 mg/L) 

$288.41 $ - $ - $ - $ - $ - $356.33 $ - $ - 

High 
(>9mg/L) 

$877.88 $632.03 $ - $ - $ - $ - $883.70 $532.82 $ - 

 
From the cost analysis preformed it is clear that chemical treatment is typically more cost-effective 
than EBPR, but facility-specific factors such as existing system configuration and available sludge 
disposal alternatives could create a significant difference in terms of life-cycle costs. Specifically, 
facilities that add one-point and two-point alum addition to an existing BNR system have relatively 

                                                             
20 Note: Costs are not discounted; all facilities options have the same timing assumptions. 
21 Costs are assumed to be constant above 10 MGD. 
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lower capital costs, but these facilities do tend to have relatively higher O&M costs. The costs for 
including post-secondary chemical phosphorus removal are conservative, according to the 
Reference Document, because regular biological phosphorus uptake was not accounted for. 
Therefore, the required chemical dose would be lower, reducing chemical costs, and thereby 
lowering O&M costs.  

The 3-stage modified UCT process and 5-stage Bardenpho process (both EBPR processes that 
remove TN and TP) have the highest overall costs because of process complexity. These processes 
are very effective at reducing TN and should be considered when substantial nitrogen removal is 
also required. The data suggest that all biological processes, whether new or existing, can be 
enhanced for phosphorus removal by installing a sand filter, alum addition, or both.22 Including a 
sand filter or alum addition might have overall treatment benefits beyond TP and/or TN removal, 
including enhanced wastewater reuse potential, and TSS control. The Reference Document states 
that the UCT process costs can be assumed to be representative of other 3-stage processes, such as 
the Virginia Initiative process (VIP), anaerobic/anoxic/oxic process (A2O), and Westbank 
bioreactor because all involve three stages with varying amounts of mixing and aeration in the 
different stages.23  

The lagoon capital and O&M cost estimates were significantly higher than the mechanical 
technologies evaluated. This difference is most likely due to the lagoon system’s need for additional 
facilities (secondary clarifiers and where needed, aeration basins and equipment/facilities, etc.) 
and could possibly be attributed to the influence of economies of scale, given that the discharging 
lagoon systems had a flow rate of 0.55 MGD and the average flow of mechanical facilities was ~5 
MGD. Capital, O&M, and life-cycle cost comparison charts are presented below to show this 
difference in costs. Nitrogen removal costs are included in these graphs as well (nitrogen estimates 
are presented in Appendix V).  

                                                             
22 See Appendix III for costs pertaining to these treatment technologies.  
23 USEPA. 2008. Municipal Nutrient Removal Technologies Reference Document, Volume 1. EPA 832-R-08-
006. http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf. September 2008. Accessed 
February 8, 2013. 
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CONCLUSION  

While the literature sources used in this analysis do provide valuable cost data for general analysis 
and discussion, it is not possible to apply these costs to specific treatment plant. However, the costs 
can provide useful information regarding general cost ranges and considerations that come into 
play when selecting TP removal technologies. The cost estimates provided in this document 
provides a starting point for future analysis, which should be aided by facility specific design and 
wastewater attributes. As previously noted, the costs to retrofit or expand a wastewater treatment 
facility are greatly dependent on site specific characteristics that must be accounted for when 
selecting which technology to implement.  
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APPENDIX I: LIST OF TREATMENT TECHNOLOGIES 

Source Classification Technology24 

CAPDETWorks Chemical 1-point chemical addition (retro, 1MGD) 

CAPDETWorks Chemical 1-point chemical addition (retro, 5 MGD) 

CAPDETWorks Chemical 1-point chemical addition (retro, 10 MGD) 

CAPDETWorks Chemical 2-point chemical addition, filter (retro, 1 MGD) 

CAPDETWorks Chemical 2-point chemical addition, filter (retro, 5 MGD) 

CAPDETWorks Chemical 2-point chemical addition, filter (retro, 10 MGD) 

CAPDETWorks Chemical 2-point chemical addition, filter (expansion) 

CAPDETWorks Chemical 2-point chemical addition, filter (expansion) 

CAPDETWorks Chemical 2-point chemical addition, filter (expansion) 

CAPDETWorks 
(high TP) 

Chemical 2-point chemical addition, filter (high TP, 10 MGD) 

CAPDETWorks 
(high TP) 

Chemical 1-point chemical addition, no filter (high TP, 10 MGD) 

CAPDETWorks 
(high TP) 

Chemical 2-point chemical addition, filter (high TP, 1 MGD) 

CAPDETWorks 
(high TP) 

Chemical 1-point chemical addition, no filter (high TP, 1 MGD) 

CAPDETWorks Chemical 1-point chemical addition, no filter (6mg/L) 

CAPDETWorks Chemical 1-point chemical addition, no filter (7mg/L) 

CAPDETWorks Chemical 1-point chemical addition, no filter (8mg/L) 

CAPDETWorks Chemical 2-point chemical addition, filter (6mg/L) 

CAPDETWorks  Chemical 2-point chemical addition, filter (7mg/L) 

CAPDETWorks  Chemical 2-point chemical addition, filter (8mg/L) 

CAPDETWorks Chemical 1-point chemical addition (expansion) 

CAPDETWorks Chemical 1-point chemical addition (expansion) 

CAPDETWorks Chemical 1-point chemical addition (expansion) 

CAPDETWorks EBPR Fermenter  (retro, 1MGD) 

CAPDETWorks EBPR Fermenter  (retro, 5 MGD) 

CAPDETWorks EBPR Fermenter  (retro, 10 MGD) 

CAPDETWorks EBPR Fermenter, sand filter  (retro, 1MGD) 

CAPDETWorks EBPR Fermenter, sand filter  (retro, 5 MGD) 

CAPDETWorks EBPR Fermenter, sand filter  (retro, 10 MGD) 

Las Virgenes, 
Calabasas, CA 

EBPR 5-stage Bardenpho with MBR and 
reverse osmosis 

Kalispell, MT 
(CS) 

EBPR Modified UCT, fermenter, sand filter 

Kelowan, BC (CS) EBPR 3-stage Westbank, fermenters 

                                                             
24 ∎=TP Removal Only  ∎=TP and TN Removal  
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Source Classification Technology24 

North Cary, NC 
(CS) 

EBPR Oxidation ditch, sand filter 

Central Johnston 
County, NC (CS) 

EBPR Plug flow AS, denitrification filter 

CAPDETWorks  EBPR A/O  (expansion) 

CAPDETWorks EBPR A/O  (expansion) 

CAPDETWorks EBPR A/O  (expansion) 

CAPDETWorks EBPR A/O, fermenter (expansion) 

CAPDETWorks EBPR A/O, fermenter (expansion) 

CAPDETWorks EBPR A/O, fermenter (expansion) 

CAPDETWorks EBPR A/O, fermenter, sand filter (expansion) 

CAPDETWorks EBPR A/O, fermenter, sand filter (expansion) 

CAPDETWorks EBPR A/O, fermenter, sand filter (expansion) 

CAPDETWorks EBPR Step-feed (expansion) 

CAPDETWorks EBPR Step-feed (expansion) 

CAPDETWorks EBPR Step-feed (expansion) 

CAPDETWorks EBPR SBR (expansion) 

CAPDETWorks EBPR 3-stage process (expansion, 1 MGD) 

CAPDETWorks EBPR 3-stage process (expansion, 5 MGD) 

CAPDETWorks EBPR 3-stage process (expansion, 10 MGD) 

CAPDETWorks EBPR 5-stage Bardenpho (expansion) 

CAPDETWorks EBPR Modified UCT, fermenter, filter (expansion, 1 MGD) 

CAPDETWorks EBPR Modified UCT, fermenter, filter (expansion, 5 MGD) 

CAPDETWorks EBPR Modified UCT, fermenter, filter (expansion, 10 MGD) 

CAPDETWorks EBPR 5-stage Bardenpho, filter (expansion) 

Western Branch, 
MD (CS) 

EBPR+Chemical 3-stage activated sludge, chemical addition 

Clearwater, FL 
(Marshall St., CS) 

EBPR+Chemical 5-stage Bardenpho, sand filter, chemical addition 

Lee County, FL 
(Fiesta Village, 
CS) 

EBPR+Chemical Denitrification filter, chemical addition 

Fairfax, VA (CS) EBPR+Chemical Step-feed AS, dual-media and deep-bed filters, chemical addition  

CAPDETWorks EBPR+Chemical Fermenter, sand filter, 1-point chemical addition (retro, 1MGD) 

CAPDETWorks EBPR+Chemical Fermenter, sand filter, 1-point chemical addition (retro, 5 MGD) 

CAPDETWorks EBPR+Chemical Fermenter, sand filter, 1-point chemical addition (retro, 10 MGD) 

Clark County, NV EBPR+Chemical A/O with VFA, dual-media filters, chemical addition 
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Source Classification Technology24 

(CS) 

CAPDETWorks EBPR+Chemical PID retrofit, 1-point chemical addition, clarifier, filter (retro, 1 MGD) 

CAPDETWorks EBPR+Chemical PID retrofit, 1-point chemical addition, clarifier, filter (retro, 5 MGD) 

CAPDETWorks EBPR+Chemical PID retrofit, 1-point chemical addition, clarifier, filter (retro, 10 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho retrofit, chemical addition (retro, 1 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho retrofit, chemical addition (retro, 5 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho retrofit, chemical addition (retro, 10 MGD) 

CAPDETWorks EBPR+Chemical Nitrification, chemical addition, denitrification filters (retrofit, 1MGD) 

CAPDETWorks EBPR+Chemical Nitrification, chemical addition, denitrification filters (retrofit, 5 MGD) 

CAPDETWorks EBPR+Chemical Nitrification, chemical addition, denitrification filters (retrofit, 10 MGD) 

CAPDETWorks EBPR+Chemical A/O, fermenter, filter, chemical addition (expansion, 1 MGD) 

CAPDETWorks EBPR+Chemical A/O, fermenter, filter, chemical addition (expansion, 5 MGD) 

CAPDETWorks EBPR+Chemical A/O, fermenter, filter, chemical addition (expansion, 10 MGD) 

CAPDETWorks EBPR+Chemical PID, 2-point chemical addition, clarifier, filter (expansion, 1 MGD) 

CAPDETWorks EBPR+Chemical PID, 2-point chemical addition, clarifier, filter (expansion, 5 MGD) 

CAPDETWorks EBPR+Chemical PID, 2-point chemical addition, clarifier, filter (expansion, 10 MGD) 

CAPDETWorks EBPR+Chemical SBR, chemical addition, filter  (expansion, 1 MGD) 

CAPDETWorks EBPR+Chemical SBR, chemical addition, filter  (expansion, 5 MGD) 

CAPDETWorks EBPR+Chemical SBR, chemical addition, filter  (expansion, 10 MGD) 

CAPDETWorks EBPR+Chemical Nitrification, 1-point chemical addition, denitrification filter 
(expansion) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho, chemical addition (expansion, 1 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho, chemical addition (expansion, 5 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho, chemical addition (expansion, 10 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho, chemical addition, filter (expansion, 1 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho, chemical addition, filter (expansion, 5 MGD) 

CAPDETWorks EBPR+Chemical 5-stage Bardenpho, chemical addition, filter (expansion, 10 MGD) 

CAPDETWorks EBPR+Chemical Fermenter and filter and 1 point chemical addition (6mg/L) 

CAPDETWorks EBPR+Chemical Fermenter and filter and 1 point chemical addition (7mg/L) 

CAPDETWorks EBPR+Chemical Fermenter and filter and 1 point chemical addition (8mg/L) 

CAPDETWorks 
(high TP) 

EBPR+Chemical Fermenter and filter and 1 point chemical addition (high TP, 10 MGD) 

CAPDETWorks 
(high TP) 

EBPR+Chemical Fermenter and filter and 1 point chemical addition (high TP, 1 MGD) 

High TP indicates a rough estimate of costs for a facility with ~20mg/L TP 

CS = case study (see EPA, 2008 for facility specific information) 
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APPENDIX II: LAGOON TREATMENT PROCESSES SCHEMATICS  

 

FIGURE 2. MODIFICATION FOR TIER 2  NUTRIENT CONTROL 

Tier 2 – Phosphorus: The nutrient limit of this alternative is 1.0 mg/L total phosphorus. The 
“model” lagoon can achieve the 1.0 mg/L total phosphorus by adding a secondary clarifier which 
would receive the effluent from the lagoons. A metal-salt feed point would be implemented ahead of 
the clarifier for chemical phosphorus removal. 
 

 

FIGURE 3. MODIFICATIONS FOR TIER 2N  NUTRIENT CONTROL 

Tier 2N – Phosphorus & Nitrogen: the TP target of 1.0 mg/L is achieved by abandoning the existing 
lagoon treatment plant and building a new mechanical treatment facility. The new mechanical 
facility would have influent pump station, headworks and a biological nutrient removal process 
complete with engineered anaerobic, anoxic and aerobic zones, a mixed liquor recirculation system 
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for efficient biological phosphorus and nitrogen removal, secondary clarifiers with a metal salt feed 
facility, UV disinfection system, and dewatering of secondary residual solids by a mechanical 
dewatering system.  

 

FIGURE 4. MODIFICATIONS FOR TIER 1 NUTRIENT CONTROL   

Tier 1 Phosphorus: This alternative builds upon the Tier 2 approach for phosphorus control. 
Phosphorus would be chemically removed by adding metal-salt to the secondary clarifiers and 
ahead of new deep bed granular media filters to achieve the 0.1 mg/L TP limit. Settled secondary 
effluent would be pumped to the new granular media filters for chemical phosphorus polishing. 
 

 

FIGURE 5. MODIFICATIONS FOR TIER 1N  NUTRIENT CONTROL 

Tier 1N Phosphorus & Nitrogen: the TP target of 0.1 mg/L is achieved as described for Tier 2N 
using a new mechanical treatment facility, with phosphorus levels chemically polished down to 0.1 
mg/L via the filtration method described in Tier 1.  
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APPENDIX III:  MECHANICAL FACILITY COST COMPARISON GRAPHS  

 

 

 $-

 $0.10

 $0.20

 $0.30

 $0.40

 $0.50

 $0.60

 $0.70

 $0.80

 $0.90

 $1.00

Chemical Treatment - Capital Costs ($/gpd) 



March, 2013 Page 24 

 

 $-

 $100

 $200

 $300

 $400

 $500

 $600

 $700

 $800

 $900

 $1,000

Chemical Treatment - Total O&M ($/MG) 



March, 2013 Page 25 

 

 $-

 $200

 $400

 $600

 $800

 $1,000

 $1,200

Chemical Treatment - Life-cycle costs ($/MG treated) 



March, 2013 Page 26 

 

 $-

 $1

 $2

 $3

 $4

 $5

 $6

 $7

EBPR Treatment - Capital Costs ($/gpd) 



March, 2013 Page 27 

 

 $-

 $100

 $200

 $300

 $400

 $500

 $600

 $700

 $800

 $900

 $1,000

EBPR Treatment - Total O&M ($/MG) 



March, 2013 Page 28 

  

 $-

 $500

 $1,000

 $1,500

 $2,000

 $2,500

EBPR Treatment - Life-cycle costs ($/MG treated) 



March, 2013 Page 29 

 

 $-

 $0.50

 $1.00

 $1.50

 $2.00

 $2.50

 $3.00

 $3.50

 $4.00

 $4.50

 $5.00

EBPR+Chemical Treatment - Capital Costs ($/gpd) 



March, 2013 Page 30 

 

 $-

 $100

 $200

 $300

 $400

 $500

 $600

 $700

 $800

 $900

 $1,000

EBPR+Chemical Treatment - Total O&M ($/MG) 



March, 2013 Page 31 

 

 $-

 $500

 $1,000

 $1,500

 $2,000

 $2,500

EBPR+Chemical Treatment - Life-cycle costs ($/MG treated) 



March, 2013 Page 32 

APPENDIX IV: CAPITAL COST COMPARISON FOR TARGET EFFLUENT TIERS 
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APPENDIX V: NITROGEN COSTS ESTIMATES  

The nitrogen removal processes evaluated for this analysis all employ biological nitrification of 
ammonia nitrogen and organic nitrogen under aerobic conditions. Most of the systems also employ 
biological denitrification under anoxic conditions.  

For nitrogen removal, key factors that impact performance include an adequate supply of carbon 
from internal or external sources, the number of anoxic zones, favorable temperature, sufficient 
alkalinity, the sludge age and maintenance of a deep sludge blanket in the secondary clarifier, and 
proper management of the recycle flows. An adequate supply of carbon is needed to meet one of the 
following: chemical oxygen demand (COD)-to-total Kjeldahl nitrogen (TKN) ratio, readily 
biodegradable COD-to-TKNratio, biochemical oxygen demand (BOD)-to-TKN ratio, or VFAs.25  

The number of anoxic zones necessary is a determined by the facilities target concentration and the 
existing design. For facilities with a target concentration of 3 mg/L or less, typically two anoxic 
zones are required for a single-sludge system.26 Having a number of swing zones provides 
significant protection against changing wastewater characteristics and other conditions. This is 
important in climates where seasonality may impact the performance of nitrogen removal 
technologies (e.g. at lower temperatures, nitrification and denitrification rates decrease). In 
addition, the size of the anoxic zone depends on the carbon source: smaller zones are designed with 
a readily biodegradable carbon like VFAs, whereas larger zones are designed with a less 
biodegradable carbon source in the wastewater.  

Alkalinity is an essential requirement for nitrification, and its stoichiometry is well established. 
Denitrification in the same sludge system enables recovery of approximately 30 percent of the 
alkalinity in accordance with the stoichiometry.27 Supplementary alkalinity, in the form of caustic or 
lime, can be used in soft-water regions. The sludge age is an operating parameter that varies from 
region to region, reflecting the temperature and changing characteristics of wastewater during the 
year. It varied from 10 to 50 days in the case studies presented in the Reference Document.28 

Operationally, many facilities reported a strategy by which a significant amount of denitrification 
was accomplished by maintaining 3 to 4 feet of sludge blanket in the secondary clarifier. Recycle 
flows contributed to a significant amount of nutrient and affected the performance of the 
technologies. Ammonia nitrogen from anaerobic digestion and dewatering are significant, and flow 
equalization reduces shock effects on the biological processes. 

 

                                                             
25 All information in this section is from: USEPA. 2008. Municipal Nutrient Removal Technologies Reference 
Document, Volume 1. EPA 832-R-08-006. http://water.epa.gov/scitech/wastetech/upload/mnrt-
volume1.pdf. September 2008. Accessed February 8, 2013. 
26 Barnard, J. 2006. Biological Nutrient Removal: Where We Have Been, Where We Are Going. In Proceedings 
of the Water Environment Federation’s 79th Annual Technical and Educational Conference, Dallas, TX, October 
21–25, 2006. 
27 Ibid.  
28 WEF and ASCE (Water Environment Federation and American Society of Civil Engineers) Environmental 
and Water Resources Institute. 2006. Biological Nutrient Removal (BNR) Operation in Wastewater Treatment 
Plants. WEF Manual of Practice No. 29. WEFPress, Alexandria, VA. 
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To develop cost estimates for nitrogen 
removal technologies, data from the 
Reference Document was used to create 
the following scenarios. 

These average costs represent both 
retrofit and expansion cost scenarios 
from CAPDETWorks and nine case 
studies from literature sources as 
reported in the Reference Document.29 
Modifying or retrofitting existing facilities 
is often the lease costly and most 
environmentally favorable approach for 
wastewater treatment facilities that are 
required to implement nutrient removal 
technologies. Maryland and Connecticut 
have both implemented programs to 
assist treatment plants in upgrading 
processes for nutrient removal.  

The Maryland data consist of projected costs to upgrade from the current treatment process. The 
O&M costs from Maryland, where available, are based on only the projected increase in electricity 
and chemical usage. Specifically, labor costs and any anticipated increases in sludge-handling or 
disposal costs are not included in the Maryland data. The Connecticut data are based on actual costs 
to upgrade the plant. The O&M costs for the Connecticut plants are an estimate of the actual costs 
associated with nitrogen removal. The O&M costs represent the total O&M costs for nitrogen 
removal, not the incremental increase from the upgrades. Specifically, the Ridgefield, Connecticut, 
O&M costs include electricity, sludge-handling and disposal, labor, maintenance, and administrative 
costs associated with nitrogen removal at the plant. No chemicals are added at this facility. O&M 
costs for Cheshire, Connecticut, include electricity, chemicals, and laboratory costs associated with 
nitrogen removal at the plant. See the accompanying excel spreadsheet for specific data from the 
Maryland and Connecticut studies.  

All other data points were generated using CAPDETWorks for both retrofit and expansion options. 
For the retrofit calculations, the following assumptions were made: 

1. The cost to convert an existing activated-sludge process to MLE or step-feed would incur 33 
percent of the cost of a new such unit with the same capacity; this allows for the addition of 
walls and baffles to set off anoxic zones, along with additional piping and recirculation 
pumping. The same ratio was applied to install additional secondary clarification and 
blower capacity. 

2. Methanol was assumed to be needed only for the denitrifying filter, at a dose of 3 mg 
methanol per mg nitrate nitrogen. 

3. The target TN concentration was assumed to be 3 mg/L. 

                                                             
29 USEPA. 2008. Municipal Nutrient Removal Technologies Reference Document, Volume 1. EPA 832-R-08-
006. http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf. September 2008. Accessed 
February 8, 2013. 

Capital Costs - $/gpd 

Influent Character 1-4 MGD 5-10 MGD >10 MGD 

6.5-15 mg/L $2.08 $0.00 $1.33 

40 mg/L $2.32 $1.63 $0.00 

O&M Costs - $/MG 

Influent Character 1-4 MGD 5-10 MGD >10 MGD 

6.5-15 mg/L $147.47 $0.00 $115.03 

40 mg/L $491.95 $323.89 $0.00 

Life-cycle Costs - $/gpd 

Influent Character 1-4 MGD 5-10 MGD >10 MGD 

6.5-15 mg/L $0.00 $0.00 $0.00 

40 mg/L $1,118.23 $706.13 $0.00 

TABLE 8. COSTS FOR NITROGEN REMOVAL TECHNOLOGIES 
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Amongst the retrofit technologies, the lowest-cost option is 
the installation of additional tank capacity for an existing 
oxidation ditch because this had both the lowest capital and 
O&M costs and therefore the lowest life-cycle cost. It should 
be noted, however, that a great deal of land area could be 
required for this alternative. The denitrifying filter had 
clearly the highest operating cost, because of the methanol 
requirement. The other processes use organic matter in the 
wastewater to support denitrification, which gives a large 
cost savings. The high operating cost for denitrifying filters 
led to that alternative’s having the highest life-cycle cost. 
The advantage of denitrifying filters, however, is that they 
have very small footprints. The step-feed and MLE 
alternatives had similar capital, O&M, and life-cycle costs. 
Technically, each has advantages and disadvantages, as described elsewhere in this manual. None 
of these alternatives employed a post-secondary filter. Such a filter could be useful in achieving low 
TN concentrations through removal of solids containing nitrogen. For example, an effluent with a 
TSS at 10 mg/L could contain 0.5 mg/L (i.e., 5 percent) TN in a filterable form. Therefore, in 
meeting an overall effluent limit of 3 mg/L TN, a tertiary filter could be helpful. 

Amongst the expansion technologies, the lowest-cost options are the oxidation ditch and the 
denitrification filter. The denitrification filter has the advantage of a very small footprint for 
inclusion within an existing system. Step feed also has major advantages as a retrofit technology 
with an existing activated-sludge system because it can be accomplished largely by redirecting 
flows without needing to build substantial additional tank capacity. The 3-, 4-, and 5-stage 
processes had the highest overall costs because of the number of tanks and process complexity. The 
3-stage process costs can be assumed to be representative of all 3-stage processes––UCT, A2O, VIP, 
Westbank, or others. 

 

The assumptions entered into 

CAPDETWorks for calculating 

the nitrogen removal costs 

include the following:  

 TKN 40 mg/L (influent)  

 TSS 220 mg/L 

 BOD 220 mg/L 

 Soluble BOD 80 mg/L  

 pH 7.6 

 Nitrate/nitrite 0.0 mg/L 

 Temperature 23°C 

(summer) and 10°C (winter) 
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March, 2013 Page 45 

 

 $-

 $100

 $200

 $300

 $400

 $500

 $600

 $700

 $800

 $900
M

LE
 (

re
tr

o
, 1

 M
G

D
)

M
LE

 (
re

tr
o

, 5
 M

G
D

)

M
LE

 (
re

tr
o

, 1
0

 M
G

D
)

P
h

as
ed

 o
xi

d
at

io
n

 d
it

ch
(r

et
ro

, 1
 M

G
D

)

P
h

as
ed

 o
xi

d
at

io
n

 d
it

ch
(r

et
ro

, 5
 M

G
D

)

P
h

as
ed

 o
xi

d
at

io
n

 d
it

ch
(r

et
ro

, 1
0

 M
G

D
)

St
ep

-f
ee

d
 (

re
tr

o
, 1

 M
G

D
)

St
ep

-f
ee

d
 (

re
tr

o
, 5

 M
G

D
)

St
ep

-f
ee

d
 (

re
tr

o
, 1

0
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(r
et

ro
, 1

 M
G

D
)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(r
et

ro
, 5

 M
G

D
)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(r
et

ro
, 1

0
 M

G
D

)

C
yc

lic
 o

n
/o

ff
 a

er
at

io
n

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

M
LE

, 4
-s

ta
ge

 B
ar

d
en

p
h

o

M
LE

, 4
-s

ta
ge

 B
ar

d
en

p
h

o

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

P
ID

(e
xp

an
si

o
n

, 1
 M

G
D

)

P
ID

(e
xp

an
si

o
n

, 5
 M

G
D

)

P
ID

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

M
LE

(e
xp

an
si

o
n

, 1
 M

G
D

)

M
LE

(e
xp

an
si

o
n

, 5
 M

G
D

)

M
LE

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

4
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 1

 M
G

D
)

4
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 5

 M
G

D
)

4
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 1

0
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(e
xp

an
si

o
n

, 1
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(e
xp

an
si

o
n

, 5
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

St
ep

-f
ee

d
(e

xp
an

si
o

n
, 1

 M
G

D
)

St
ep

-f
ee

d
(e

xp
an

si
o

n
, 5

 M
G

D
)

St
ep

-f
ee

d
(e

xp
an

si
o

n
, 1

0
 M

G
D

)

SB
R

(e
xp

an
si

o
n

, 1
 M

G
D

)

SB
R

(e
xp

an
si

o
n

, 5
 M

G
D

)

SB
R

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

3
-S

ta
ge

 U
TC

(e
xp

an
si

o
n

, 1
 M

G
D

)

3
-S

ta
ge

 U
TC

(e
xp

an
si

o
n

, 5
 M

G
D

)

3
-S

ta
ge

 U
TC

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

5
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 1

 M
G

D
)

5
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 5

 M
G

D
)

5
-S

ta
ge

 B
ar

d
en

p
h

o
 (

ex
p

an
si

o
n

, 1
0

 M
G

D
)

Nitrogen Removal Total O&M ($/MG) 



March, 2013 Page 46 

 

 $-

 $200

 $400

 $600

 $800

 $1,000

 $1,200

 $1,400

 $1,600

 $1,800

 $2,000

M
LE

 (
re

tr
o

, 1
 M

G
D

)

M
LE

 (
re

tr
o

, 5
 M

G
D

)

M
LE

 (
re

tr
o

, 1
0

 M
G

D
)

P
h

as
ed

 o
xi

d
at

io
n

 d
it

ch
(r

et
ro

, 1
 M

G
D

)

P
h

as
ed

 o
xi

d
at

io
n

 d
it

ch
(r

et
ro

, 5
 M

G
D

)

P
h

as
ed

 o
xi

d
at

io
n

 d
it

ch
(r

et
ro

, 1
0

 M
G

D
)

St
ep

-f
ee

d
 (

re
tr

o
, 1

 M
G

D
)

St
ep

-f
ee

d
 (

re
tr

o
, 5

 M
G

D
)

St
ep

-f
ee

d
 (

re
tr

o
, 1

0
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(r
et

ro
, 1

 M
G

D
)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(r
et

ro
, 5

 M
G

D
)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(r
et

ro
, 1

0
 M

G
D

)

P
ID

(e
xp

an
si

o
n

, 1
 M

G
D

)

P
ID

(e
xp

an
si

o
n

, 5
 M

G
D

)

P
ID

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

M
LE

(e
xp

an
si

o
n

, 1
 M

G
D

)

M
LE

(e
xp

an
si

o
n

, 5
 M

G
D

)

M
LE

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

4
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 1

 M
G

D
)

4
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 5

 M
G

D
)

4
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 1

0
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(e
xp

an
si

o
n

, 1
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(e
xp

an
si

o
n

, 5
 M

G
D

)

D
en

it
ri

fi
ca

ti
o

n
 f

ilt
er

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

St
ep

-f
ee

d
(e

xp
an

si
o

n
, 1

 M
G

D
)

St
ep

-f
ee

d
(e

xp
an

si
o

n
, 5

 M
G

D
)

St
ep

-f
ee

d
(e

xp
an

si
o

n
, 1

0
 M

G
D

)

SB
R

(e
xp

an
si

o
n

, 1
 M

G
D

)

SB
R

(e
xp

an
si

o
n

, 5
 M

G
D

)

SB
R

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

3
-S

ta
ge

 U
TC

(e
xp

an
si

o
n

, 1
 M

G
D

)

3
-S

ta
ge

 U
TC

(e
xp

an
si

o
n

, 5
 M

G
D

)

3
-S

ta
ge

 U
TC

(e
xp

an
si

o
n

, 1
0

 M
G

D
)

5
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 1

 M
G

D
)

5
-S

ta
ge

 B
ar

d
en

p
h

o
(e

xp
an

si
o

n
, 5

 M
G

D
)

5
-S

ta
ge

 B
ar

d
en

p
h

o
 (

ex
p

an
si

o
n

, 1
0

 M
G

D
)
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Source Technology Flow 
Rate 
(MGD) 

Influent 
(mg/L) 

Target 
(mg/L) 

2013 Capital 
Costs ($/gpd) 

2013 Total 
O&M 
($/MG) 

2013 Life-cycle 
costs ($/MG 
treated) 

CAPDETWorks (retro) MLE (retro, 1 MGD) 1.0 40.0 3.0  $ 1.34   $ 119.41   $435.83  

CAPDETWorks (retro) MLE (retro, 5 MGD) 5.0 40.0 3.0  $1.07   $113.43   $346.28  

CAPDETWorks (retro) MLE (retro, 10 MGD) 10.0 40.0 3.0  $0.85   $ 97.91   $195.82  

CAPDETWorks (retro) Phased oxidation ditch(retro, 1 MGD) 1.0 40.0 3.0  $0.68   $117.02   $280.60  

CAPDETWorks (retro) Phased oxidation ditch(retro, 5 MGD) 5.0 40.0 3.0  $0.60   $65.67   $191.05  

CAPDETWorks (retro) Phased oxidation ditch(retro, 10 MGD) 10.0 40.0 3.0  $0.56   $52.54   $187.47  

CAPDETWorks (retro) Step-feed (retro, 1 MGD) 1.0 40.0 3.0  $1.29   $137.32   $447.77  

CAPDETWorks (retro) Step-feed (retro, 5 MGD) 5.0 40.0 3.0  $0.93   $119.41   $346.28  

CAPDETWorks (retro) Step-feed (retro, 10 MGD) 10.0 40.0 3.0  $0.78   $108.66   $292.54  

CAPDETWorks (retro) Denitrification filter(retro, 1 MGD) 1.0 40.0 3.0  $1.62   $525.38   $907.48  

CAPDETWorks (retro) Denitrification filter(retro, 5 MGD) 5.0 40.0 3.0  $1.13   $370.16   $632.85  

CAPDETWorks (retro) Denitrification filter(retro, 10 MGD) 10.0 40.0 3.0  $0.85   $186.27   $386.87  

Ridgefield, CT * Cyclic on/off aeration 1.0 9.6 5.1  $0.24   $132.54   NA  

Cheshire, CT * Denitrification filter 3.5 7.0 5.0  $1.97   $162.39   NA  

Seneca, MD* MLE, 4-stage Bardenpho 20.0 8.0 3.0  $0.25   $75.23   NA  

Freedom, MD* MLE, 4-stage Bardenpho 3.5 8.0 3.0  $1.18   NA   NA  

Cumberland, MD* MLE, 4-stage Bardenpho 15.0 8.0 3.0  $1.31   $145.67   NA  

Hurlock, MD* Lagoon, 4-stage Bardenpho 1.5 15.0 3.0  $4.92   NA   NA  

Baltimore, MD* Denitrification filter 180.0 8.0 3.0  $1.66   NA   NA  

Cox Creek, MD* Denitrification filter 15.0 8.0 3.0  $2.08   $124.18   NA  

Frederick, MD* 5-Stage Bardenpho, denitrification filter 7.0 6.5 3.0  $1.36   NA   NA  

CAPDETWorks (expansion) PID(expansion, 1 MGD) 1.0 40.0 5.0  $1.22   $226.87   $501.50  

CAPDETWorks (expansion) PID(expansion, 5 MGD) 5.0 40.0 5.0  $0.84   $167.17   $376.13  

CAPDETWorks (expansion) PID(expansion, 10 MGD) 10.0 40.0 5.0  $0.75   $145.67   $325.98  

CAPDETWorks (expansion) MLE(expansion, 1 MGD) 1.0 40.0 5.0  $3.00   $656.73   $1,408.98  

CAPDETWorks (expansion) MLE(expansion, 5 MGD) 5.0 40.0 5.0  $2.03   $429.86   $961.21  
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CAPDETWorks (expansion) MLE(expansion, 10 MGD) 10.0 40.0 5.0  $1.92   $368.96   $829.87  

CAPDETWorks (expansion) 4-Stage Bardenpho(expansion, 1 MGD) 1.0 40.0 5.0  $4.20   $895.54   $1,908.10  

CAPDETWorks (expansion) 4-Stage Bardenpho(expansion, 5 MGD) 5.0 40.0 5.0  $2.95   $597.03   $1,313.46  

CAPDETWorks (expansion) 4-Stage Bardenpho(expansion, 10 MGD) 10.0 40.0 5.0  $2.59   $540.91   $1,159.42  

CAPDETWorks (expansion) Denitrification filter(expansion, 1 MGD) 1.0 40.0 3.0  $1.70   $531.35   $907.48  

CAPDETWorks (expansion) Denitrification filter(expansion, 5 MGD) 5.0 40.0 3.0  $1.07   $370.16   $638.82  

CAPDETWorks (expansion) Denitrification filter(expansion, 10 MGD) 10.0 40.0 3.0  $0.85   $186.27   $386.87  

CAPDETWorks (expansion) Step-feed(expansion, 1 MGD) 1.0 40.0 5.0  $2.69   $597.03   $ 1,253.75  

CAPDETWorks (expansion) Step-feed(expansion, 5 MGD) 5.0 40.0 5.0  $1.90   $417.92   $865.69  

CAPDETWorks (expansion) Step-feed(expansion, 10 MGD) 10.0 40.0 5.0  $1.67   $364.19   $740.31  

CAPDETWorks (expansion) SBR(expansion, 1 MGD) 1.0 40.0 5.0  $3.82   $656.73   $1,564.21  

CAPDETWorks (expansion) SBR(expansion, 5 MGD) 5.0 40.0 5.0  $2.45   $417.92   $973.15  

CAPDETWorks (expansion) SBR(expansion, 10 MGD) 10.0 40.0 5.0  $2.33   $368.96   $919.42  

CAPDETWorks (expansion) 3-Stage UTC(expansion, 1 MGD) 1.0 40.0 5.0  $4.04   $895.54   $ 1,874.66  

CAPDETWorks (expansion) 3-Stage UTC(expansion, 5 MGD) 5.0 40.0 5.0  $2.81   $585.09   $1,217.93  

CAPDETWorks (expansion) 3-Stage UTC(expansion, 10 MGD) 10.0 40.0 5.0  $2.47   $525.38   $ 1,164.20  

CAPDETWorks (expansion) 5-Stage Bardenpho(expansion, 1 MGD) 1.0 40.0 5.0  $4.29   $903.90   $1,928.39  

CAPDETWorks (expansion) 5-Stage Bardenpho(expansion, 5 MGD) 5.0 40.0 5.0  $3.04   $632.85   $1,337.34  

CAPDETWorks (expansion) 5-Stage Bardenpho (expansion, 10 MGD) 10.0 40.0 5.0  $2.69   $540.91   $1,158.23  

 
Retro = retrofit 
* = Case Study  
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APPENXIX V: ACRONYMS 

 

A/O Anoxic/Oxic  
AACE Association for the Advancement of Cost Engineering 
AS Activated Sludge 
BNR Biological Nutrient Removal 
BOD  Biochemical Oxygen Demand 
C+EBPR Chemical addition plus enhanced biological phosphorus removal 
COD Chemical Oxygen Demand 
EBPR Enhanced Biological Nutrient Removal  
EPA Environmental Protection Agency 
gpd Gallons per day 
MBR Membrane Bioreactor 
MGD Million Gallons per Day 
MLE Modified Ludzack-Ettinger Process 
O&M Operations and Maintenance  
OEPA Ohio Environmental Protection Agency  
OWOW Office of Wetlands, Oceans, and Watersheds 
PAO Phosphorus Bioaccumulating Organisms 
PID Phased Isolation Ditch 
POTW Publicly owned treatment works 
RAS Return Activated Sludge 
SBR Sequencing Batch Reactor 
TKN Total Kjeldahl Nitrogen 
TN Total Nitrogen 
TP Total Phosphorus  
TSS Total Suspended Solids 
UCT University of Cape Town Process 
UV Ultraviolet  
VFAs  Volatile Fatty Acids 
VIP Virginia Initiative Process 
WAS Waste Activated Sludge  


